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The law of mass action has been extended to include imperfect mixing and dead-zone effects in nonlinear
chemical systems. It is concluded that if there is more concentration difference between two homogeneous
layers in an incompletely mixed inhomogeneous solution obeying nonlinear kinetic laws, the reaction rate
also is increased compared to that calculated on the basis of average reactant concentrations for homogeneous
mixing. The presence of an unmixed dead-zone enhances this effect further.

The law of mass actidrnwas proposed on the basis of the zones. All material enters and leaves the reactor through the
assumption that the chemically reacting components have“active zone”, which is treated by the perfect mixing model.
uniform concentrations throughout the solution. During kinetic The dead zone is also treated as perfectly mixed, and the
measurements the reaction vessel is normally stirred continu-interchange between the two zones is reversible. The effect of
ously with the belief that it would make the solution homoge- imperfect mixing seems to be a real phenomenon associated
neous. However, experiments in the recent past indicate thatwith chemical systems obeying nonlinear kinetic laws. Imper-
in at least some highly nonlinear kinetic systems exhibiting fect mixing may well increase the overall reaction rate compared
bistability or sustained oscillations, significant concentration to that calculated from an average homogeneous concentration,
gradients persist despite vigorous stirring of the solution. Spatial which was pointed out by Epstefn.n the present paper, we
heterogeneities may well nucleate in a poorly stirred region, have built up a general theory to extend the law of mass action
either in a batch reactor or in a continuous flow stirred tank to include the effect of incomplete mixing in nonlinear dynamics
reactor (CSTR). on the basis of a kinetic model, which has the following features

Mixing is accomplished in two stages, macromixing and different from those of the KE model: The “reactive zone”
micromixing. Macromixing is the formation of macroscopic follows inhomogeneous kinetics, and the “dead-zone” volume
heterogeneities and their breakdown into tiny segregated liquid is assumed nonreactive due to no mixing.
parcels. The segregations then either mix into the bulk by = We consider a CSTR of voluméhavingt (molesl/liter), the
molecular diffusion (micromixing) or escape through the outlet, average concentration of the species X, whose concentration
thus producing an effective “dead-zone” volume inside the shows a spatial gradient in a real experiment due to the nonlinear
reactor, where mixing is very much inefficient. Stirring effects kinetic effect of the chemical processes. Since our reactor is
become prominent whenever the micromixing time is compa- inhomogeneous due to imperfect mixing, the total voluis
rable or longer than the shortest chemical relaxation time. assumed to be divided into two regions, namely, (1) a dead

Roux et aP obtained the dramatic effect of imperfect mixing zone ¥/g) of volumexV (0 < x < 1) and (2) a reactive zone
for the bistable chloriteiodide reaction where the hysteresis (Vi) subdivided into a large number of small volumessuch
limits (as a function of the flow rate of the feed chemicals) that the homogeneous concentration of X inithecompartment
vary significantly with stirring rate. Menzinger and Dutt (X)) is given byc(1 + aidc), wheredc is a hypothetical quantity
reported quantitative measurements of macroscopic concentraof small value, less than or equal to the recipractimes the
tion gradients in the same system carried out in a CSTR. They maximum deviation ofX; in the ith compartment from the
obtained concentration differences up to 800% between poorly average valu€, anda; is a real number such that meg) >
and strongly stirred regions. Dutt et “ll.obtained stirring 0. M denotes the molecular weight of X. Therefore, we have
induced bistability in the minimal bromate oscillator (MBO)
and BelousowZhabotinskii (BZ) reaction using gallic acid as (1-xV= ZVi (1)
the organic substrate in CSTR experiments. Gyorgyi and Field |
reproduced the experimental results of stirring and mixing effects
on MBO system in numerical simulation using a micromixing (1 —XMVC  Mc

model’® Several other modeldc of imperfect mixing in a 1000 = 1OOOzVi(1+ aoc)  or

CSTR have been proposed in the past to explain stirring and !

mixing effects in nonlinear dynamics. The Kumpinsky and (1—xVv= zvi + 6Czaivi )
| I

Epsteirf® model (KE) divides the reactor into active and dead
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For the elementary reaction
nX — products 4

the reaction rateR,g from average concentrationis given
according to the law of mass action by

R, = k(@©)" (%)

wherek andn are respectively the rate constant and order of
the reaction. The overall rate from imperfect mixirf@) is
given by

Rim = Vhrlzvi(xi)n

k

D vl +000)'(©)" (6)

In eq 6, we have imposed imperfect mixing, a nonlinear effect
to the homogeneous kinetics, eq 5, in termsug$ andv;’s.
The ratio of the two reaction rates is given by

Ratio i ! 1+ 060" @
io=—=——Y\, a;
R. V(- x).Z ' '

For first order reaction, one obtains from egs 1, 3, and 7

1
Ratio= —Zvi(l + a,00) =

1 -+
V(l — X) T V( X

ocy o] =1 (8)
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Figure 1. (a) Ratio versus percentage of concentration difference
(PCD) between two homogeneous layers for first, second, and third
order reactions on the basis of a two homogeneous compartment model
of eq 7: oc, 10°3; ay, 100;x, 0; V, 1000 mL. The dotted line corresponds

to x = 0.1 for the second order reaction. (b) Ratio as a functiom, of

for two different PCD values (300 and 100), for the second order
reaction. The parameters are the same as those xn=a0. (c) Ratio

as a function ofx for different values ofo; for the second order
reaction: PCD= 300. The other parameters are the same as those in
a.

The cubic terms on the right hand side of eq 10 are either

Therefore, neither imperfect mixing nor the existence of a dead POSitive or negative according to whether is positive or
zone inside the solution has any effect on the reaction rate of "egative. In this case in the algebraic calculatllon it does not
first order reactions. For second order reactions, one obtainsh€lP to have any idea about the value of the ratio. To resolve

fromeqgs 1, 3, and 7
. 1 2
Ratio= —Zvi(l + 0;00)° =
V(1 —Xx45

1
1+ m[(ac)zlzmﬁi + 2(3CIZ(1ivi]

1
=1+——(0c)°Y oy, > 1 9
V(1—x)( c) EI 047, 9)

For third order reactions (this, of course, is a rare possibility),
we have from eqgs 1, 3, and 7

1
Ratio=———% »(1+ 0,0¢)% =
V(l - X) [

1+ ﬁ[(éc)SZaFvi + 3(6C)ZZai2vi] (10)

this, we computed numerically this ratio for first, second, and
third order reactions from eq 7 using the constraints given by
egs 1 and 3.

Figure la is the plot of the ratio versus percentage of
concentration difference (PCD) between two homogeneous
layers for first, second, and third order reactions, assuming that
the reactor contains only two homogeneous compartments due
to imperfect mixing,i having only two values, 1 and 2. The
bold lines assume the absence of any dead zone in the reactor,
and the dotted line is for the effect of the dead zone for the
second order reaction. Figure la shows that for the third order
reaction, the contribution from the cubic term in eq 10 is less
than that from the quadratic term, which ensures that the ratio
is greater than 1. For second order reactions, this ratio is also
greater than 1, as is evident from the analytical and numerical
calculations (vide eq 9 and Figure 1a), though the value is less
compared to that in the third order reaction. The presence of a
dead zone with a second order reaction increases the ratio
further, which should be noted with interest. For a first order
reaction, the ratio is 1, both analytically (eq 8) and numerically
(Figure 1la).
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Figure 1b is a plot of the ratio for the second order reaction R.= k|A|a||§|b (12)
as a function ofy; at two different PCD values, 300 and 100
in the absence of a dead zone. Sinds inversely proportional k N a b
to modgy) for a two compartment model (vide eq 3); = Rm=———IAI'IB| zVi(l + 0, 0A) (1 + a;goB)”  (13)

zero corresponds ta(v2) = V(0), and the ratio becomes 1 for Va =X :

the parameters in the figure caption. Asis increased, the 1

ratio gradually increases decreasesy, increases) to make ratio= —zvi(l + 0 0A) (1 + ()LiB(SB)b >1 (14)

v1 equal tow, at o, 600 (ratio, 1.36) for PCD, 300. The ratio V(1= x4

attains the maximum value (1.56)a@t, 1500 @1, YsV; v, #/sV). The theory presented here has incorporated the nonlinear effect
With a further increase oft;, the ratio starts to decrease, ( Of imperfect mixing to the law of mass action to derive that,
decreases further and increases) and at;, 3000 1, 0; v2, the greater the concentration difference between two layers in
V), the ratio becomes 1 again. Therefore, for PCD, 300, the @n inhomogeneous solution, the more is the overall reaction rate
effect of imperfect mixing is maximum ify:v, = 1:4. The compared to that calculated on the basis of average homoge-

effect becomes less pronounced if a lower PCD value of 100 is "€0US concentration. The presence of dead zone enhances the
considered, for which the maximum effect (ratio, 1.12) is effect further, which is a result of great interest. Our result
observed atu, 500, for whichyyiv, = 1:2. conforms to the comment of Epstéion the basis of simple

) ) ) ) ) calculations on an incompletely mixed second order kinetic
Figure 1c is a plot of the ratio as a functionyofor different

values ofo; at a constant PCD value, 300, illustrating the dead- system.

zone effect in second order chemical kinetics. The plots in  Acknowledgment. We are indebted to an anonymous
Figure 1c are according to what is expected from Figure 1b reviewer for useful comments.

with a gradual increase af; for PCD, 300. It is clear from
Figure 1c that, for all of the plots, the ratio is increased further
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