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Abstract—The influence of forced concentration oscillations on a catalytic reaction with stop-efiect was
studied based on two different adsorption—desorption models. Both models predict mean reaction rates
which can be more than twice as high as the maximum rate under optimum steady state conditions. An
analytical solution is presented to describe the mean performance as a function of concentration, length of

period and cycle split.

INTRODUCTION

An interesting phenomenon of rapid increase of reac-
tion rate during deamination of amines on alumina
after a stop in the supply of amines was first observed
by Hogan (1973). He stopped the diisopropylamine
feed into the stream of inert carrier gas in the differ-
ential flow reactor and found that the reaction rate of
propene formation was increased 2-3 times compared
to the steady state value. The rise was only temporary
and was followed by a decrease to zero, due to the
absence of the reactant in the feed.

This phenomenon was aiso observed by Koubek et
al. (1980a, b) for the dehydration of alcohols and the
deamination of primary amines on acid-base oxide
catalysts. The authors called their observations “Stop-
Effect”.

The stop-effect (SE) was explained by two different
adsorption—desorption models, suitable to describe
the experimentally observed transient behaviour of
the catalyst after replacing the reactant by an inert
gas. Nowobilski and Takoudis (1986) proposed a
model assuming two different active sites, whereby the
reactant (amine or alcohol) is strongly adsorbed on an
acid site (S,) of the catalyst and an empty basic site
(S,) is required for reaction to take place. Elementary
steps for the model (model 1) are:

ki -
A+ 8§, =AS, 1)
k-1
kz .
A+85,=AS, 2
k-2
— -k _ _
AS, + 5,—>B+C+5, +5,. 3)

When the adsorption of A is strong on both sites,
active sites S, are blocked by A molecules and the

t Author to whom correspondence should be addressed.

production rate is low in the steady state. After a stop
in the flow rate of A, it desorbs from the surface.
Supposing that the desorption from the basic sites
proceeds much faster than from the acid ones
(k_, > k_,), the concentration of empty sites is rising
quickly, which results in an increase of the reaction
rate until the accumulated surface compound AS, has
been consumed.

A different model was proposed by Koubek et al.
(1980a, b) to fit their experimental results (model II).
According to model 11, the reactant can be adsorbed
on an occupied site forming a kind of second layer of
A molecules and hence stopping the surface reaction.
Model 11 is summarized as follows:

A+S=AS 4)
k-
p— kz _—
AS + A=AS8A )
k-2
_ ks —
AS—B + C + S, 6)

After stopping the reactant feed, the “second layer”
blocking the surface will desorb liberating active AS
species. As a result the reaction rate will increase,
going through a maximum and finally tending to zero.

This interesting observation of performance in-
crease under transient conditions leads to the ques-
tion whether it could be possible to get mean trans-
formation rates higher than in optimum steady state
by repeating the feed-interruption regularly and
imposing fluctuations to the system concentrationin a
square wave fashion as indicated in Fig. 1.

MATHEMATICAL MODELLING

Supposing a differential reactor, the dynamic beha-
viour of the surface compounds for model I can be
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described by the following equations:

d[z;tSJ =k, [A1[8,] — k_,[AS,] ~ k,[A8,][5,]
n
d[ﬁtgzj =k, [A1[S,] — k_,[AS,] (8)

where

[5:1=1-[AS,}[S:1=1-[A5;]. 9

Quite similar equations can be derived from model II:

AIAST _ 4 [AT[S] — &, [AS] — ks [AS]
— k,[A] [AS] + k_z[AgA] {10y
AIASAL ) [AJIAS] ~ k_,[ASA] (1n
where {(S1=1—[AS] —[ASA]. (12)

Assuming instantaneous equilibrium for the surface
species AS, and ASA respectively, eqs (2) and (5), the
mean reaction rate under forced concentration oscil-
lations can be investigated.

When the reactant concentration changes between
zero and [A] the above equations can be reduced to:

arxl, .
S = - FLx,
form—Nr<t<(n—Dr+yr (13)
arl,
=t = —(E+ F)[Y],+ B

for(n— 1 +y1<t<ne

n=12....

(14)

The initial condition is [X] = D for r =0, and the
continuity condition which follows from eqs (13) and
(14) is

lim{X7],

t=((n— Lyt + 1)

Zlm[Y],

t=({n— t)r+y7)

il

n=1,2...,n (15

Zlim[¥], = im[X],.,.

t—=nt
Notation for model I
[X],=[A5,] for(n -1y <t<(n— D + 7T
[Y],=[AS8,] forn—r+yr<t<ne

F=k_, +k,

E =k [A] — ks Ka[AT/Kq[A] + 1)
B =k, [A]

D =B/E + F)

Z=1.
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Fig. 1. Concentration of substance A during oscillations.

Notation for model II:
[X1,=[AS] for(n—Ip<t<(m— )z +7yt
[Y],=[A8] for(n—lr+yr<t<m

F=k_ | +ky

E =k [AJ(Ky[A]+ 1)
B = k,[A]

D=EJE + F)
Z=E/B.

The solutions of egs (13) and (14) can be found by a
similar way as shown by Thullie et al. (1986). The
results are:

X1, = [D(P’IU)”" - DT Y (P 'UT 'S —1)

Ll —turiye
=P UTT

form— <t n— N +yr

] exp (— Ft)
(16)

[Y]"=E+F

1 — (P UT 'Yy
A -—PiUT ) _US]

[U" —(PT)"1US - 1)

B
x exp[ — (E + F)] +m

an
forn—r+ypr<e g

where

P = exp (E1), T = exp (F1); U = exp (Eyt);

(18)

Now the mean reaction rate during the nth cycle can
be obtained. It takes different forms for each model.

S = exp (Fy1).

MEAN REACTION RATE FROM MODEL 1
The instantaneous reaction rate for this model is
defined as:

R, = k3[AS,]{1 — [AS;]). (19)
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[AS,] is given by egs (16), (17) and

[AS,] = Ku[A1/(Ku[A] + D«H[t — (n — )t — y7]
(20

where H[t —(n— 1)t —7p1] is a step function

(Heaviside function):

Ofort <(n— 1)t + 7yt

H[t —(n— Dt ~y1] = {1 fort > (n— Dt +yt.

The mean reaction rate over one period is:

_ 1 T 1 n—1)yt+yt
R, = ij R, (0)dt = f'r R, {t)dt
TJen—1x TJm—1n

1 T
+_
TJa-r+wm

After integration one obtains for the nth period:

R, (t)dt. (21)

M =1 —lyn—1 -1 =1
R"=E[(P UT 'y ' — (P'UT 'S — 1)
1_(P71UT*1)n~l _
XTHZpiuT? :l(l_sl)

M~ (B—ED]Bd —y)
DE + F)
[M—(B—ED]B(1—-S5)| ,_ Sy
* E+ Fr [(P Tty
1__ P-IUT—I r— 1 _ B _
+ 1(-—P“UT")1 J(S R
(22}
where M =k,D.

When forced cycling is repeated sufficiently often,
the results within the periods become identical and
one obtains for n — w:

_ M(1—P 'UT'S)

& =R 1=pror 0757
[M — (B — E)D]B
DE+F U~V
LM~ (B—BD]
E + Fyr
x-S =P UT Y (23)

1—pPturT 1Y)~

The mean production rate depends on the cycle split y
and the length of period t. For very long periods, the
system will attain the steady state condition within
each part of the period. The mean production rate
reaches a quasi steady state.

For T —» o, eq. (23) becomes:

_[M —(B—E)D]B

Ross =5t (1 =7
= ks[Agl]s(l - [Agz]s)(l -9
= Rs(1 —7). (24)

For short cycle times a limit of expression (23) can be
calculated and the mean reaction rate corresponds to
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the relaxed steady state:

imR = Rggs = Rs(1 —7)

=0

[ME + (B — EY\DF1y(1 — y)
El -9+ F

25

where Ry is the steady state reaction rate obtained for
constant concentration [A]. It can easily be proved
that the second term in expression (25) is always
greater than zero. This result indicates that the mean
reaction rate for small cycling times is always greater
than in quasi steady state.

Introducing

ME(E + F)+ (B — E)BF

2= MEE T F)—(B—E)BE’ (26)
eq. (25) can be rewritten in the form
_ . E(1—7y)
mﬂ~m%1yugaﬁ3ﬁ7%.aﬂ

It can be shown that Q is greater than 1 for E > 0.

As the reaction rate under steady state conditions
passes a maximum (Thullie and Renken, 1990), the
mean rate uncr pertodic operation will be referred to
this maximal value. Hence an enhancement factor is
defined as:

time averaged cyclic production rate
maximum steady state production rate’

(28a)

w =
For relaxed steady state operation, the enhancement
factor becomes:

lim R.
S.max t 0

V=% (28b)
The enhancement is shown in Fig. 2 for one set of
parameters as a function of concentration of reactant
A during the second part of a cycle. It is seen that for
an invariant cycle split (y = const), 2 maximum can
occur which is higher than 1. When an optimal cycle
split {y = y,,) is used, the maximal cnhancement at-
tained is up to 12% over the optimum steady state
value for [A] = 0.1 (bold line in Fig. 2).

The enhancement factor increases when both equi-
librium constants K, and Ky decrease and rate con-
stant k, tends to higher values.

The optimum split is given by:

_ELRQ ) JOFE QD)
Yor = EQ—1D
for E>0 (29a)

_(E+FHQ -1+ JOFE + FYQ —1)

Tor EQ—1)
for E<0 (29b}

for EQ > E+ F

ME k,
Yop = 1 — 25 for E=0and [A] > Ty (29¢)
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Fig. 2. Enhancement factor as a function of concentration
[A] during the second part of a cycle; model 1. Input data: k;
= 1000; k_, = 0.001; Ky = 100; k5 = 0.1.

Figure 3 shows for the same parameter set the
optimum split as a function of reactant concentration
[Al. 7,, changes quite rapidly for small concentra-
tions ([A] < 0.02). For higher concentrations, the
value of y,, 1s greater than 0.9. This is expected due to
the fact that only a short time is required to adsorb
enough reactant A on the surface which reacts in the
second part of the cycle.

When the equilibrium assumption is not valid, the
reaction rate after a stop in the flow of reactant A can
be calculated from the relation:

R = k3[AS, s exp l: —(koy + k3

+ IS0 —exp e |

x (1 — [A5;]sexp ( — k_;1))

which is obtained as a solution of an appropriate set
of differential equations. Under these conditions the
maximum reaction rate is lower compared to that
calculated for the equilibrium model. In consequence
the mean reaction rate under concentration oscil-
lations will be lower than the value predicted by eq.
(25). Some examples of the reaction rate behaviour in
contrast to the equilibrium case are given in Fig. 4.

The time to reach the maximum reaction rate is
given as

(30)

1

_ 1 4q
"= 1“[2 5 [Aszjs] B1)

where

g=k_y+k_;+2ky— Sk, +k_)> + 4l k_,
(37)
(33)
If inequality (33) is not satisfied, the increase in the
reaction rate after a stop does not take place.

For small time t* corresponding to high values of
k_,(k_, > 10, Fig. 4a), the equilibrium assumption

for [Als > g/Ky(2k; — g).
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Fig. 3. Optimum split as a function of concentration [A]
during the second part of a cycle. Input data: k; = 1000; k_,
= 0.001; Ky, = 100; k; = 0.1
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Fig. 4. Reaction rate after a stop in the flow of reactant A.
Input data: k; = 1000; k_, = 0,001; K, = 100; k; = 0.1. (a)
Model I. (b} Model II.

can be used and the mean reaction rate is estimated
from eq. (23) with cycle times 7 > t*.

Equation {25) gives the upper bound of the en-
hancement attainable for instantaneous adsorption
equilibrium.
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MEAN REACTION RATE FOR MODEL 11
Based on the kinetic model II, the instantaneous
rate of reaction within a period is given by:
R, = k,[AS]. (34)
Supposing established equilibrium for the secona
adsorption step, the time averaged reaction rate can

be determined according to eq. (21). After integration
one obtains for the nth period:

R, =%[(P“UT‘1)"" —(PTIUT 'S — 1)

L—(P'UT 'y! _
“—q—pgrt |45

MB

MB
+ T(l -7

T EE T+ Fr
x [(P’lUT“)" —piyT!

(s — plo (P LUT iy

1—pPIUT!
—(PflUT_])"S:I(P_'UT'l). (35
Whenn—» o« lim R, = R
s MJIQ—-P'UT 'S)(1—-S81) MB
R‘F:[ i—piur’ tp U
__MB (1—P ' UT 'Y —S 1)
E(E+ F) 1— P 'UT™! B
(36)

For increasing length of period the quasi state is
approached and the mean rate is calculated from
steady state kinetics:

Mgg(l — ) = k3 [AS], (1 — 7)) = Rs(1 — 7).

37

lim R =

T

At very short cycle times (t — 0), eq. (36) is simplified
and a relationship for the relaxed steady state results:

= _ E( ~y)y
E%R = Rpss = Rs[(l -7+ G—‘_‘E(l o+ F]
(38)
. E+F F
with G= 5 " E 1. (39)

The form of eq. (38) is similar to eq. (27) derived for
model I. As in the former case, the mean reaction rate
for small cycling times is higher compared to guasi
steady state values.

For the relaxed steady state an optimum cycle split
exists which is dependent on the reactant concentra-
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tion [A]:

1

_(E+FG-1—/GFE+ F){G—1)
o E(G—1)
(40)

for EG>E+ F,and E = 0.

As E is always higher or equal to zero, only one
relationship is obtained. Optimal split as a function
S[A] is shown in Fig. 3. Compared to model I the
optimal split is slightly higher for the same concen-
trations.

The enhancement factor ¢ in eq. (28) calculated on
the assumption of model II is shown in Fig. 5 and
compared to enhancements resulting from model I for
optimal cycle split y,,. It is interesting to note that the
rate at relaxed steady state calculated according to
model 11 (Rgssy) is always higher than that from
model I (R ggs,). The relative difference between both
models corresponds to about 50% at [A] = O.1.

As discussed for model I, the assumption of in-
stantanecus equilibrium for the second adsorption
step results in a maximum enhancement under
periodic operation. For non-equilibrium conditions,
the reaction rate as a function of time has to be
calculated for each period. Due to the fact that the
maximum reaction rate after the feed stop is delayed,
relaxed steady state is no longer the optimum condi-
tion. Nevertheless, mean rates, determined with eq.
(36) for high desorption rate constants (k_, > 10, Fig.
4b), give a good approximation for the attainable
mean reaction rate. The length of period has to be
longer than the time needed for the maximum in-
stantaneous rate after a feed stop. This time can be
estimated from the rate~time curve calculated accord-
ing to eq. (41):

k_,[ASA],
ko +ks—k_,

x [exp(— k- ) —exp[ —(k_, + k3}t]] 41)
fork_, +ky—k_, #0.

R =[AS)exp[ — (k_y + k3)t] +

c.08 0O
[A]

0O 002 004 006 1

Fig. 5. Enhancement factor as a function of concentration

[A] during the second part of a cycle. Input data: k, = 1000;

k_, = 0.001; ky = 100; k; = 0.1. Solid lines, model II; dashed
line, model 1. Rzs5(Vo5)/ Ks.max-
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Fig. 6. Comparison of enhancement factors for models I and
[1. Input data: k, = 10; k_, = 0.00}; K;; = 100; k; = 0.1.

As an example, the transient behaviour is plotted in
Fig. 4b. It should be noted that for the same set of
parameters, the predicted transient behaviours from
both models are hardly distinguishable.

CONCLUSIONS

The two kinetic models studied in this paper are
suitable to describe the experimentally observed
sudden increase of the reaction rate after a feed stop,
called stop-effect (Koubek et ai., 19803, b). The main
purpose was to investigate the possibility of getting
mean reaction rates under forced concentration oscil-
lations higher than the optimal steady state values. As
shown in Fig. 6, the reaction rate under relaxed steady
state conditions and applying optimum cycle-split
increases monotonically beyond the maximal rate for
optimum steady statc conditions. The enhancement
obtainable depends on the sorption equilibrium con-
stant for the considered adsorption steps. The en-
hancement factor increases with decreasing adsorp-
tion equilibrium constants (Fig. 6) as well as with
increasing sorption rates for the second steps, which
leads to an adsorption equilibrium. Although both
models predict similar steady state and transient reac-
tion rates for identical parameters, there is a remark-
able difference for the behaviour under periodic op-
eration. Model IT always predicts higher enhancement
factors compared to model I. The relative difference
can be as high as 50%, as shown in Fig. 6.

NOTATION
[A] dimensionless A concentration
[AS,] dimensionless AS, concentration
B dimensionless constant, B = k; [A]
D dimensionless constant,

D = B/(E + F) for model 1
D = E/(E + F) for model IT

JAN THULLIE and ALBERT RENKEN

E dimensionless constant,
E =k, [A] — k; K, [AJ/(K[A]+ 1) for
model 1

E = k,[A] (K4[A] + 1) for model 11

F dimensionless constant, F = k_, + k;

G dimensionless constant given by eq. (39)

g dimensionless constant given by eq. (32)

H Heaviside step function

K, equilibrium constant, K; = k, /k_,

Ky, equilibrium constant, K, = k,/k_,

k; dimensionless rate constant

M dimenstonless constant, M = k;D

P dimensionless constant, P = exp (E7)

Q dimensionless constant given by eq. (26)

Ry dimensionless steady state reaction rate

R, dimensionless instantaneous reaction rate
during nth cycle

] dimensionless concentration of active sites S

(8.1 dimensionless concentration of active sites
S;

S dimensionless constant, § = exp (Fyr)

T dimensionless constant, T = exp (F 1)

t dimensionless time

t* dimensionless time for the maximum reac-
tion rate after a stop in the supply of re-
actant A

U dimensionless constant, U = exp (Ey1)

Z dimensionless constant,

Z =1 for model 1
Z = E/B for model 11

Greek letters

7 cycle split

T cycle time

v enhancement factor
Subscripts

max maximum

op optimum

S steady state

0SS quast steady state

RSS relaxed steady state
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