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Summary

A simple mixing-reaction model has been developed [1] which allows a
description and simulation of the coupling of the mass diffusion with the chemical
reaction during the mixing process of two miscible reactant solutions. For
competitive, consecutive as well as for competitive, parallel second-order reactions
the general behaviour and the dependence of the product distribution on diffusion
effects are calculated for semi-continuous reaction conditions using various
simplifying assumptions. The usefulness of these assumptions is discussed with
reference to the calculated predictions of two versions of the mixing-reaction model.

1. Introduction. - For the purpose of rationalizing the path taken by reagents
during their reaction to give the product it is convenient to subdivide a chemical
reaction into various individual processes: At first the solutions of the reacting
species have to be mixed together. This mixing process is accompanied by a
molecular diffusion process in which the encounter complex is formed. Finally, this
encounter complex can either dissociate, or the bond-making and bond-breaking
events lead to the product. In the case of fast reactions the mixing process or the
encounter complex formation can be the rate limiting step and hence affect the
observed product distribution.

In Part I of this series [1] a simple mixing-reaction model was developed which
allows a description of the coupling of the mass diffusion with the bond-making
and bond-breaking events of a chemical reaction during the mixing process. The
dependence of the product distribution on mass diffusion effects was simulated.
In Part 11 of this series [2] the disguise of the chemical selectivity by the mixing
process was demonstrated experimentally using the fast nitration with nitronium
salts in aprotic solvents.

1y Part I (20d Communication) cf. [2].
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In the present paper, the calculated predictions of two versions of the mixing-
reaction model are compared. In contrast to version I [1], the new version II is
expected to allow more accurate predictions to be made of the product distribution
in mixing-disguised batch-wise reaction systems such as those encountered in
everyday laboratory syntheses.

2. The Mixing-Reaction Model. - The concept of the presented model has
already been described in detail [1]. It is based on the assumption that during the
addition of one reactant solution to another, liquid elements, so-called eddies, are
formed. The mean size of these eddies, i.e. the segregation length, will be a function
of the solvent and of the intensity of the turbulence [3] [4]. The latter will depend
on the kinetic energy added to the system, for example, by mechanical stirring.
1t will also depend on the viscosity of the solvent.

The turbulent flow of a liquid consists of disorderly displacements of fluid elements. According to
Kolmogoroff (4] these displacements can be thought of as a superposition of pulsations of successively
increasing frequency. Such a process of successive refinement of turbulent pulsations may be continued
until, for pulsations of some sufficiently large order n, the kinetic energy of the liquid elements is
viscously dissipated as heat thus preventing the formation of pulsations of order n+ 1. The characteristic
length of the liquid elements (eddies) which are associated with the pulsations of the order n, is defined
as the Kolmogoroff turbulence microscale.

In our mixing-reaction model it is assumed as a first approximation that the
dispersion of the eddies throughout the whole liquid is much faster than the
molecular diffusion within them, and that the eddies are spherical with a mean
radius R of the order of the Kolmogoroff turbulence microscale.

For the mathematical description of the mixing-reaction-process the equation
of continuity is used: o]

7=—1000(V~Ni)+ri. (1)
[[]  molar concentration of species i [M];
N, molar flux of species i with respect to stationary coordinates [mol cm~2s}];
t time [s];
r;  molar rate of production of species by chemical reaction [M s™1];
vV ‘del’ or ‘nabla’ operator [cm~1].
Equation (1) describes the change of molar concentration of the component / with
respect to time at a fixed point in space. This change results from the motion of
species i and its chemical reaction. Choosing the eddy as diffusion-reaction system
and assuming constant diffusion coefficients, constant total molar concentration,
zero molar average velocity?) and spherical eddies with constant mean radius,

equation (1) becomes?): . .

0 [i] o] 2 ai]

=Dl =5 +— )+
ot or r Or

D, diffusion coefficient of species i [cm2s™1];

r polar coordinate {cm].

@

2) The molar average velocity is understood to be the velocity caused by the bulk motion of the fluid
within the eddy. If it is assumed that the bulk motion of the main component of the eddy fluid,
namely the solvent, is zero, the molar average velocity can also be assumed to be zero.

3)  For a more detailed derivation of equation (2) see [1].
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The molar rate of production by chemical reaction, r; in equation (2), can be
replaced in a competitive, consecutive second-order reaction system (Scheme 1) by
the expressions (3)-(6) and in a competitive, parallel second-order reaction system
{Scheme 2) by the expressions (7)-(11).

Scheme 1
k1 . .
A+ B —* R primary reaction

k
R+B ——>§ secondary reaction

ki, ky intrinsic second-order rate constants [M~!s~1].
ra=—k[A][B] (3)
rp= —k,[4][B]— k2 [R][B] C)
= ki[A][B]-k,[R][B] ()
rs= ky[R][B] (6)
Scheme 2
k3
A+B —»P

c+BXsp

ks, k4 intrinsic second-order rate constants [M~1s~1].

ra=—ks[4]{B] (N
rp=—k3[A][B]— k4[C][B] @®
tc= —k4[Cl[B] )
rp= k3[4][B] (10)
ro= k4[Cl[B] (11)

If the solutions of the differential equation systems (2)-(6) and (2), (7)-(11)
satisfy certain specified initial and boundary conditions the product distributions
can be calculated.

The initial conditions are taken when the eddies are built (t=0) assuming that no diffusion and
reaction in the eddy have taken place until this moment. If one reactant solution is initially present
in the reaction vessel and the second reactant solution is added to it, i.e. if the reactions are carried out
batch-wise, the initial conditions will depend on the rate of addition of the solutions: If the feed rate is
slow (e.g. dropwise addition), different initial conditions will apply for every new eddy. These initial
conditions are determined by the reaction behaviour of the previous eddies. Such a situation is
encountered daily in laboratory syntheses. However, for the calculations discussed in the present paper
the simplifying assumption is made that the reactant solutions are combined and dispersed
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instantaneously (degree of segregation is one) thus the same initial conditions (see pp. 2930 and 2931) for
all eddies apply. If the reactions are conducted under continuous conditions the initial conditions are again
different#): For instance in the case of competitive, consecutive reactions (Scheme 1), the steady-state
initial concentrations of 4 or R are lower and higher, respectively, than the initial concentrations in
batch-wise reactions. Furthermore, these initial conditions will also depend on the degree of dispersion
(macroscopic mixing) and thus on the point of entry of the feed streams.

Boundary conditions result from the symmetry of the spherical eddy: There is no flux of the mobile
species through the centre of the eddy, i.e. the concentration gradient there is zero.

old]

R =0. 12

< or >r=0 (2

Further boundary conditions are derived from a material balance of the mobile reactants over the
solution and the eddy. a1 o1i]
Il 1

vl e} ——sDi{ T2 ) . 13

S<' ot >r2R ¢ < or >r=R ()

V, volume of solution excluding eddy volume [cm?];

R mean radius of the eddies [cm};
S  surface of the spherical eddy [cm?].

The left hand side of equation (13) expresses the change in the amount of species i in the volume of
solution with respect to time. The right hand side describes the flux of species i through the interface of
the substrate eddy. Equation (13) can be rearranged to equation (14).

oy __3Ne Difcll
( ot >r>R 3Vs R < Jr >I=R- (9

V. volume of the spherical eddy [cm?].

Equation (2) and the appropriate initial and boundary conditions can be
normalized for i=A4, B, C, R by introducing the following dimensionless
expressions’) (the same diffusion coefficient D for all species i is assumed):

x=L. Dbt _ Al _ 181
SRR A TP B
[C] [R] [4lo [Clo Va
Fe=—1-"2-3 =vn E=175 M= =y’
T [Cl A7 14, [Blo [’ %7 Vs
R%k,[B} R%k,[B
¢B,1=—-11) ¥ ¢%,2=——*12)[ L.
_ R2k;[B], 2 _ R2k4[Blo
?83 D N PB4 WD .

V A, Vg volume of solution of reactant A and B, respectively [1].

For the competitive, consecutive and the competitive, parallel reactions this
normalization leads to the generalized differential equations (15)-(17) and
(18)-(20), respectively.

4} A comprehensive discussion is in preparation.

%) The index O refers to the initial concentrations before mixing. The normalization using [4]o or [Blo
leads to dimensionless expressions which are labelled with the index A and B, respectively.
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The equations of continuity for the products S (competitive, consecutive case),
and P and Q (competitive, parallel case) are redundant as long as it is assumed that
the concentration profiles of these species have no influence on the product
distribution of the diffusion-reaction process. The total amount of the products S, P
and Q can be calculated by a material balance over the whole system.

The term for the diffusional flux in these equations can be neglected if the
species i is considered to be immobile: In version I [1] zero diffusion was assumed of
the molecules A, R and S in the competitive, consecutive case (Scheme 1) and of
the molecules 4, C, P and Q in the competitive, parallel case (Scheme 2). These
molecules were assumed to be fixed (immobile) within the eddy into which the
species B diffuse and react. Consequently for version I, the term for the diffusional
flux has only to be considered in equations (16) and (19).

In version 11 the opposite assumption is made, namely that the reagent B is fixed
within the eddy. The diffusing species are now 4, R and § in the consecutive case
(Scheme 1) and A, C, P and Q in the parallel case (Scheme 2). Therefore, for
version II the term for the diffusional flux in equations (16) and (19) can be
neglected.

The appropriate initial and boundary conditions are given for the competitive,
consecutive case after equations (15)-(17) and for the competitive, parallel case
after equations (18)-(20).

Competitive, Consecutive Second-Order Reactions (Scheme 1):

04y _0%As 2 04,
T  ox® X oX

—@3,A2By (15)

0By 0°By 2 0By

aT ~ox? Tx ax EBs(@h14ateh,24) (16)

Ry PRy 209,
T ~oxt T x ax TBr@hiAa—ei 20 (17)

Initial conditions: T=0
Version I: X<l: A,=1; By=0; 2,=
X=1: AA=15 BB=1’ QA=

Version II: X<l: A,=0; Bg=1; 2,=
X=1: AA=1’ BB=1, QA=

Boundary conditions: T >0

Version [: X =0-: O0Bp _0
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Version I1: Yy 20
=0: ——A=0; A _
X oXx ’ 175, ¢ 0
g Ma__30An 02 3o0m,

oT o X’ oT  a X

Competitive, Parallel Second-Order Reactions (Scheme 2):

0As  PA, 2 A4
oT ~ ox? Tx ax #badaBs

OBy 0°By 2 0By
T~ ox2 T X oxX —EBy(pf3Aat o} TcM)

e e 2 lc
hall +2%C L2 r.B
o  ox* X ox BefcPs

Initial conditions: T=0

Version I:
X<l: Ap=1; By=0; Ie=1
X=1: A,=1; By=1; Fe=1
Version II:
X<l: A,=0; Bg=1; =0
X=1. A,=1; Bg=1; I'c=

Boundary conditions: T> 0

Version I:
i}
X=0: ~B—B——0
1),
OBy OBy
=]:. —=-3a——
X oT 7).
Version I1:
X=0 a—AA=0; Te g
0X oX

0dn _ _394s L¢3 ¢

oT a 0X ° oT a 0X

2931

(18)

(19)

(20)
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3. Procedure for Numerical Solution. - Since an analytical solution of the two
systems of equation (15)-(17) and (18)-(20) does not exist, a numerical
approximation must be used. In addition to the stable explicit finite difference
method [5], the Method of Lines [6] was employed. When (pB < 10, the algorithm
of Runge-Kutta-Gill was used for the integration. For values of ¢ 03 ;> 10* the method
of Hindemarsch & Gear [} for stiff differential equations was applied.

4. Simulated Behaviour of Mixing Disguised Reactions. - The selectivity
behaviour of mixing-disguised competitive, consecutive and competitive, parallel
reactions are shown in Figure I and 2 and Figures 3-35, respectively. The dotted and
the solid lines represent the behaviour calculated using version I and version II,
respectively. The appropriate values are listed in Tables I and 2. The product

1.0 T T T
Y i
Xs —”"
a -~
. A
-
0.5 . =ZZ .
C rd
d g
A
e /’
’/
= 2
f
— Py,
0 1 i L
kY
107 1 10 102 10

Fig. 1. Competitive, consecutive second-order reactions (Scheme 1): Calculated relative yields X as a
Sfunction of % , for different (a-f) intrinsic selectivities o3 |/} , (spherical geometry)
a=1;b=2;¢=5,d=10;e=10% f=104 E=1;a=1

—————— Version I; Version II

1.0 T T T

-3
o
—

0.5

o

107" 1 10 10 10°
Fig. 2. Competitive, consecutive second-order reactions (Scheme 1): Calculated relative yields Xg as a
Sunction of 3 , for different (a-c) values of a (spherical geometry)
a=0.1;b=10;c=10; E a=1; 0} /p} ,= 100
—————— Version I; Version II
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1.0 = 7 T
Xa
05
0
107" 1 10 102 108

Fig. 3. Comperitive, parallel second-order reactions (Scheme 2): Calculated relative yields Xy as a
Junction of % 4 for different (a-h) intrinsic selectivities ¢%,3/¢% 4 (spherical geometry)
a=001;b=0.1;¢c=03;d=1;e=3;f=10; g=10; h=104 E=1;M=1;a=1

—————— Version I; Version 11
0.5
0.25
0
1 10 10° 10° 10°

Fig. 4. Competitive, parallel second-order reactions (Scheme 2): Calculated relative yields Xy as a
Junction of 9} 4 for different (a-d) values of E (spherical geometry)
a=1;b=2;¢c=5;d=10; ¢} /¢} 4= 100: M=1; a=1

—————— Version I; Version 11

distribution after 100% conversion is expressed by the relative yield Xg or Xq. It is
defined as the fraction of the reagent B which has reacted after 100% conversion
to the product S or Q. The results in Figures 1-5 are self-explanatory®).

The general behaviour of the mixing-disguised reactions has already been
discussed in detail [1]. However, there are two major differences between the
predicted behaviour calculated according to version I and that calculated according
to version II: First, different slopes of the selectivity curves are observed
(Figures 1-4). The selectivity curves for version I always have a greater slope than
those for version II. Second, there is a striking difference in the dependence of X
or X, on the volume ratio a. These differences can be explained by the different

6) Additional calculations can be found in [8] and [9].
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Fig. 5. Competitive, parallel second-order reactions (Scheme 2): Calculated relative yields Xy as a
Sfunction of a for different (a,b) values of (p%’ 4 (spherical geometry)
a=1; b=10; (p%‘3/¢%,4= 100; Ea=1;M=1
—————— Version I Version 11

Table 1. Calculated relative yields Xs as a function of @3} ,, 0%, E and o for a competitive, consecutive
second-order reaction (Scheme 1; spherical geometry)
Xg-values calculated according to version II (For Xg-values according to version I, see [1])
RC: reaction-controlled

o51/0%, 0k E a Xs 0h /0%,  0ho E o Xs
1 RC 1 1 0.636 100 250 1 1 0.743
4 0.646 1000 0.842
10 0.662 10000 RC 1 1 0.002
40 0.718 0.1 0.002
100 0.772 0.4 0.005
1000 0.887 1 0.100
10 RC 1 1 0.232 4 0.220
1 0.252 100 0.1 10 0.1 0.053
4 0.314 04 0.063
10 0.404 1 0.093
40 0.569 4 0.187
100 0.655 10 0.277
400 0.748 40 0.441
1000 0.814 100 0.552
100 RC 1 1 0.052 1000 0.780
0.1 0.056 100 0.1 0.1 10 0.060
0.25 0.064 0.4 0.092
1 0.117 1 0.150
2.5 0.192 4 0.307
10 0.351 10 0.442
25 0.480 40 0.632
100 0.652 100 0.725
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Table 2. Calculated relative yields X as a function of (pZBJ, 0} 4, E and a for a competitive, parallel
second-order reaction (Scheme 2; spheri(fal geometry)
Xq-values calculated according to version II (For Xg-values according to version I, see [1])
M=1; RC: reaction-controlled

0h/0%s  0a E o Xq 057054 934 E & Xq
0.01 RC 1 1 097 100 RC 1 1 003
0.1 0.97 0.1 0.04
1 097 1 0.07
10 0.97 10 0.18
30 0.97 100 0.31
100 0.94 1000 0.40
300 0.89 1000 RC 1 1 00l
1000 0.82 0.1 0.01
0.1 RC 1 1 084 1 0.05
0.1 0.84 3 0.10
1 0.83 10 0.16
10 0.83 100 0.31
30 0.81 1000 0.41
100 0.76 100 RC 2 1 00l
1000 0.65 1 0.03
0.3 RC I 1 068 10 0.10
0.1 0.68 100 024
1 0.68 1000 0.35
10 0.68 10000 0.45
100 0.63 100 RC 5 1 00l
1000 0.57 1 0.02
1 RC 1 1 050 10 0.06
10 0.50 100 0.17
1000 0.50 1000 0.30
3 RC 1 1032 10000 0.42
0.1 0.32 100 RC 10 1 00l
1 0.32 1 0.02
10 0.34 10 0.05
100 0.41 100 0.15
1000 0.46 1000 025
10 RC 1 1 016 10000 0.39
0.1 0.16 100 1 02 S 008
1 0.17 1 01 10 008
10 0.24 1 001 100 008
100 0.35 100 10 02 5 o021
1000 0.43 10 01 10 022
10 001 100 023

concentration profiles for both versions. This can be shown, for instance, using the
concentration profiles for the competitive, consecutive reactions (Figure 6): In
version I every product R that is formed remains exposed to further attack by the
diffusing reagent B. In contrast, in version II some of species R is allowed to escape
from the reaction zone thus decreasing the probability of the second reaction to
form S and, therefore, decreasing the slope of the selectivity curves.

5. Conclusions. - The influence of micromixing on the product distribution of
mixing-disguised reactions has been simulated with the help of a simple mixing-
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Version | Version |l

Fig. 6. Calculated concentration profiles of mixing-disguised comperitive, consecutive second-order
reactions:
0% /03 ,=1000/10; E=1; a=1
Reaction times (T): a(0.004); b(0.01); ¢(0.02); d(0.04); e(0.1); £(0.2)

reaction model. Depending on the basic assumptions used in the calculation of the
coupling of mass diffusion with the chemical reactions some differences in the
predicted product distributions can be observed. Which of these assumptions are
more realistic only future experiments can decide. Despite these minor differences
the previous conclusions [1] concerning the usefulness of the moduli 4012351- as mixing
criteria are still valid.

Partial financial support of this investigation by the Swiss National Science Foundation
(Project Nr. 2.620.72) and by Ciba-Geigy AG., Basel is gratefully acknowledged.
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IV. Mixing-Disguised Nitrations of Aromatic Compounds with
Nitronium Salts')?)

4th Communication on the Selectivity of Chemical Processes!)

by Felix Nabholz and Paul Rys

Technisch-Chemisches Laboratorium
Eidgendssische Technische Hochschule, CH-8092 Ziirich

Zum ehrenden Andenken an Prof. Dr. H. Hopff

(24.VIIL.77)

Summary

The disguise of the intrinsic selectivity of competitive, consecutive reaction
systems by the mixing process is demonstrated experimentally using the fast
nitration of a number of aromatic compounds with nitronium salts in nitromethane.
The measured product distributions were compared with the distributions predicted
from our mixing-reaction model developed previously [2] [4]. This comparison
enabled the relative intrinsic rate constants for the second nitration step of the
aromatic compounds investigated to be determined.

1) Part III and 3rd Communication cf. {4].
2y Results taken from the PhD. thesis of F. Nabholz [1].



