Journal of Photochemistry, 22 (1983) 213 - 221 213

COMPUTER ANALYSIS OF MIXING PROBLEMS ARISING IN
CONSECUTIVE PHOTOCHEMICAL REACTIONS

J. C. ANDRE and M. BOUCHY

Groupe de Recherche et Applications en Photophysique et Photochimie, Laboratoire
associé au CNRS 328, Ecole Nationale Supérieure des Industries Chimiques, Institut
National Polytechnique de Lorraine, 1 rue Grandville, 54042 Nancy Cédex (France)

J. KOSSANYI

Laboratoire de Photochimie Solaire du Centre National de la Recherche Scientifique,
2 - 8 rue H. Dunant, 94320 Thiais (France)

(Received October 26, 1982)

Summary

The importance of agitation processes, particularly molecular diffusion,
in the kinetics of formation of products of consecutive photoreactions is
demonstrated and some types of photoreactors adapted to the simplified
study of such reactions are proposed.

1. Introduction

Simmons [1] and Erler and Tyler [2] have recently reviewed the equa-
tions for consecutive photochemical reactions, which are first order with
respect to the intensity of the absorbed light, in a stirred batch reactor. The
following processes are involved in these reactions:

hy
A— B quantum yield ¢, 1)
hv
B— A quantum yield ¢,’ (2)
B——C quantum yield ¢, 3)

It is assumed that A and B are unchanged in the absence of these reactions.
In refs. 1 and 2 the reactor is assumed to be perfectly stirred such that
the composition of reactants and products is uniform and independent of
the position (x, y, 2) in the reactor. Under these conditions, the equations
derived by Simmons [1] are perfectly rigorous and can be used to determine
the relative efficiencies of reactions (1) -(3). However, in addition to
mistakes in the formulae given in ref. 2, no indication as to whether the
photochemical reactor was stirred is given although this factor is of crucial
importance as shown in refs. 3 and 4. Despite these difficulties the kinetic
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problem discussed in ref. 2 is very interesting and in this paper we give an
extended treatment of the problem, including the effects of stirring, in the
reactor which is illustrated using data from ref. 2.

2. The case of a perfectly stirred batch reactor

In order to simplify the mathematical treatment of such reactors, an
example of which is shown in Fig. 1, we assume that the light is mono-
chromatic and is perpendicular to the front of the photoreactor.
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Fig. 1. Schematic representation of a perfectly stirred photochemical reactor.

If the reactor is perfectly stirred the kinetic rate equations describing
the variations in the bulk concentration C; can be written as follows:

dC, = I(L) _?IEAC-A :‘ ¢1,€B?—B (4)
di GACA + eBCB + Gccc

dCy = (L) B1€aCh — (¢i' + ¢2)5_BEB (5)
dt eAEA +eBCB +€CCC

dC, egC

Cec _jry— %% (6)
dt €pCp +egCp + €cC

where I(L) is the light intensity in einsteins per second per centimetre cubed
absorbed in a reactor of length L and the €; are the molar extinction coeffi-
cients. I(L) is given by

I(L) =1,F|V (7)
where I, is the intensity of the irradiating light at the entrance window, F is
the fraction of light absorbed which can be written

F =1— 10—-(6A(_3'A +egCn + ecCCo)L (8)
and V is the volume of the reactor.

The variation in the concentrations of A, B and C with time can be
calculated from the data for €;, C; at ¢t = 0, Iy and L.

3. The case of a non-stirred reactor

In a non-stirred reactor the concentrations C; are not constant. For
parallel irradiation as shown in Fig. 1 they are a function of the distance x
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from the entrance window. In the absence of external stirring the effects of
molecular diffusion and thermal convection, which are negligible in the
stirred reactor, must be taken into consideration.

We denote by D; the coefficients of molecular diffusion of the prod-
ucts. The kinetic rate equations for a layer of solution at a distance x from
the entrance window can be written

aC —¢1€4Ca + @,'€gC

A =D, V2C, +i(x) $1€ACa + ¢, €pCp 9)
ot €pCy + eBCB + €cCc
G Ca — (¢, + ¢P,)egC
B = Dy V2Cp + i(x) $1€ACA — (@1 + @97)epCp (10)
ot EACA + eBCB+eCCC
acC egC

C = Dg V2Ce + i(x) ¢,6pCp 1)
ot €aCy +€gCp + €cCq

i(x) is the local absorbed light intensity in einsteins per second per cubic
centimetre at x and is given by

L dF{(x
i(x) = '{;Io di) (12)
where .
Fx)=1— IO“J(EACA*’EBCB"'GCCC)GX (13)
ie.
l(x) == £ [O 1n(10) X 10—f(eACA + egCB + €CCC) dx (14)
eACA+eBCB+ECCC \ 4 °

It should be noted that the bulk concentrations (as measured by spectro-
photometry for instance) are given by

— 1 £
€= = [ Cux)ax (15)
(1)

This new set of differential equations can only be solved by a numerical
calculation. However, a simple solution can be obtained for the following
limiting conditions.

(1) When the intensity of the absorbed light is very low, diffusion
becomes a very important factor in homogenization and the reactor can be
considered as a stirred batch reactor. These conditions can easily be achieved
when the reactants and the products are gases (D =~ 1 cm? s™! [5] at atmo-
spheric pressure), but the case for a liquid is quite different. For example,
with D~ 1075 em? s7! (cyclohexane), ¢ =1 and L =10 cm (where L is the
length of the reactor), the mixing time is L?/D ~ 107 s. This is much longer
than the time required for homogenization which is assisted by thermal
stirring from the temperature gradient or than the photochemical reaction
time.
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(2) At very low optical densities the variations in the light intensity in
the reactor are very low and the light can be assumed to be uniformly
absorbed in the reactor. The concentrations of the reactants and the prod-
ucts are the same at any position. This situation is identical with the case of
a perfectly stirred reactor.

For unstirred reactions with a small path length L (of the order of milli-
metres) diffusion effects can affect the spatial distribution of the products.
Equations (9) - (11) can be integrated numerically provided that the follow-
ing conditions hold at £ = 0:

Ch=0C, Cg=0 Cc=0 (16)
dC, 0Cp 9Ceo
3x  ox  ox a a7
oC oC ac

A= 7B _-T"7C -0 at x=L (18)

ox ox ox

Condition (18) implies that no mass transfer takes place through the
entrance and exit windows.
These working conditions are discussed in the next section.

4. Evidence of stirring effects in the kinetics of the formation of B and C

Examination of the data given in ref. 3 for the disproportionation of
Mn,(CO),, in acetonitrile enables the effects of a number of parameters to
be demonstrated. When Mn,(CO),, is irradiated at 366 nm in neat ace-
tonitrile the following reactions occur:

366 nm 366 nm .
an(CO)lo %—m— an(CO)g(CHg,CN) m"' Mn(CO)3(CH3CN)3 +
A B C

+ Mn(CO)~

We have used the data reported in ref. 2 (see Table 1) to plot the time
dependence of the bulk concentrations C,, Cs and Cg in a perfectly stirred
reactor (curves identical with those given in ref. 2) and in a perfectly
unstirred reactor (i.e. when no molecular diffusion or thermal convection
occurs) (Fig. 2). The intermediate cases in which molecular diffusion occurs
(assuming D, = Dg = D) are plotted in Fig. 3.

Figures 2 and 3 clearly show the effect of stirring on the kinetics of
consecutive photoreactions. In the special case of the unstirred reaction,
because of the weak absorption by C, the concentration of B reaches an
almost stationary value and the growth of C approaches that of a primary
product. In contrast, the curves obtained for the perfectly stirred reactor are
characteristic of consecutive reactions.
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TABLE 1

Data for the computer analysis of the photoreactions at 366 nm
of Mn;(CO);4 in acetonitrile and W(CO)¢ with pyridine®

Mny(CO) 10 W(CO)¢
(o 0.43 1.0
o1 0.07 0.0
1 5 0.40 0.06
I (einsteins min™!) 3x10°°¢ 7 x1077
€a (M lem™1) 8900 400
eg(M lem™1) 10000 6500
ec(M lem™ 1) 400 7900
Cell path length (cm) 0.10 0.010
Initial concentration (M) 6.1 x1073 1.0 x 1072
Cell volume (1) 2.5 x 1079 2.5 X105

2The data are taken from ref, 2 and references cited therein.
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Fig. 2. Bulk concentrations C,, Cp and C¢ us. time for a perfectly stirred reactor (
and an unstirred reactor (— — —) (see text for details).

)

In order to illustrate this behaviour we have plotted in Fig. 4 the time
dependence of the concentration profiles along the cell path for D = 0 (per-
fectly unstirred reactor) and D = 10™* cm? s™! (rapid molecular diffusion; D
is of the order of 107> cm? s ! in the solvent used in this example). It appears
that mass transfer plays an important role in the apparent kinetics of the
reaction.

5. Intermittent irradiation

It is quite usual in photokinetic studies to stop the irradiation for a
time to allow the measurement of concentrations by a spectrophotometric
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Fig. 3. Bulk concentrations &y, Cg and C¢ vs. time for an unstirred reactor in which diffu-
sion occurs (Dy = Dg=D¢c=D): curves 1, D= 105 cm? s7!; curves 2, D =2 X 1075 cm?
s l;curves 3, D=4 %10 5 cm? s !; curves 4, D=6 X 1075 cm? s !; curves 5, D =8 x
10 5em?s ! curves 6, D = 104 cm?s7 L,

technique applied to the reaction cell itself. For a short irradiation experi-
ment, these periods can be much longer than the irradiation itself. This may
have two consequences: a dark reaction which modifies the chemical condi-
tions may occur, or the solution may be homogenized by diffusion, convec-
tion or agitation.

We have illustrated the latter case in Fig. 5 where the reaction is
assumed to take place during an irradiation period of 3 s and to be perfectly
stirred during the recording of the concentrations which requires several
minutes in darkness. The conditions are the same as in Fig. 2. It can be seen
that although the concentration measurements are rigorous (the bulk con-
centration does not change during the dark period) the recording of the
kinetics is strongly perturbed.

6. Reactors adapted to the study of consecutive reactions where the photo-
products also absorb the exciting light

It is possible to carry out significant measurements in a reactor where
the absorbances of the products are low. As an example Fig. 6 shows a plot
of the time dependence of the bulk concentrations in the photosubstitution
of CO by pyridine (py) in W(CO),:
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Fig. 4. Time dependence of the profiles of the local concentrations Cy, Cpand Cc along
the cell path in an unstirred reactor (conditions as in Table 1): (a) D =0; (b) D = 1074
cm? s~ 1. The time interval between each curve is 1.1 s and the arrows indicate increasing
time.
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Fig. 5. Effect of intermittent irradiation of a reactor under the conditions given in Table 1:
, perfectly stirred reactor under continuous irradiation; — — —, perfectly unstirred
reactor under continuous irradiation without diffusion; ------ , perfectly unstirred reactor
with no diffusion under intermittent irradiation but with complete homogenization every
3s.
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Fig. 6. Time dependence of the bulk concentrations Ca, Cp and Cg for products with
low absorbance: curves 1, perfectly stirred reactor; curves 2, perfectly unstirred reactor.

366 nm
W(CO)¢ + py — > W(CO)s(py) + CO

366 nm .
W(CO)s(py) + py — > cis-W(CO)4(py): + CO
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The data reported in ref. 2 and summarized in Table 1 were used to compute
the curves. Figure 6 shows that the absence of stirring has almost no effect
on the kinetics of formation of B and C.

It is also possible to use perfectly stirred reactors, but these are rather
difficult to design when small path lengths L are required. However, mea-
surements can be made in a reactor with external mixing such as that shown
schematically in Fig. 7 if no significant dark reaction occurs during the
mixing time.

—_— shirring .
Ig —» reactor
—_— L
pump
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Fig. 7. Schematic representation of a photoreactor with external mixing.

q. Conclusion

The apparent kinetics of consecutive photoreactions can be signifi-
cantly affected by the presence or absence of mixing of the solution. The
experimental cases modelled in this paper show that the experimental
arrangement and modelling procedure must be specified and coherent if
significant kinetic parameters are to be obtained.
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