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Summary 

The experimental rate of a photochemically initiated long chain reaction 
seems to be a function of the absorption profile of the light, the mean 
lifetime of the free radical chain carriers and finally of all the processes of 
homogenization of the medium. The influence of these different factors is 
defined theoretically and illustrated with the aid of gas-liquid-type reactions, 
i.e. photooxidation of heptanal and benzaldehyde and photochlorination of 
benzyl chloride. 

1. Introduction 

As a rule an order n of a photochemical reaction can be defined with 
respect to the mean luminous intensity & absorbed. If & represents the mean 
rate of formation of a photoproduct, then 

where k is a constant of proportionality which is independent of & but is a 
function of the macroscopic factors of the system. For long chain radical 
reactions n is found to be equal to 0.5. This value is due to the existence of 
processes of recombination of the chain carrier radicals. 

In order to develop a photochemical reactor adapted to the study of 
long chain radical reactions in the laboratory, a certain number of conditions 
are necessary : (1) knowledge of the absorption profile of the light, which 
gives information about the rate of formation of the free radical chain carriers; 
(2) the mean lifetime of these radicals; (3) the stirring in the reactor with a 
view to a homogenization of the irradiated solution, which tends to render 
the local concentrations of unstable species (radicals) and molecular species 
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(in particular reagents) uniform. (This stirring can be natural (diffusion) or 
artificial. ) 

We present here a mathematical description of the influence of these 
parameters on the rate of a chain reaction and we also present some experi- 
mental results which enable us to illustrate the influence of these parameters. 

2. Mean lifetime of a radical 

Let us first consider a mechanism for a long chain radical reaction 
which can be as follows: 

(a) photochemical initiation 

h, 
RH- . ..+ 2R’ 

& 

(formation of free radical chain carriers) 

(b) mechanism A of propagation 

R’ + Xz 
k1 

- RX2’ 

k2 
RX,’ + RH - RX2H + 

(c) mechanism B of propagation 

R’ -I- X2 
kl 

- RX+X’ 

X’+ RH k2 -R’+XH 

(d) termination 

(1) 

R’ (2) 

(3) 

(4) 

R’ + R’ 
k3 

- products (I) 
RX; + RX2* - products (II) 
X’ + X’ - products (III) 

By adjusting the relative concentrations of RH and X2 it is possible to 
obtain conditions where the processes of chain termination are essentially 
those described by scheme (d), i.e. corresponding to the existence of a much 
higher relative concentration of radical chain carrier. If, for example, the 
concentration of RH is sufficiently low, so that [RX,‘] /[R’] is much greater 
than unity, it becomes possible to define the lifetime of the radical present 
in the largest stationary quantity [ 1,2] . 

If we assume a homogeneous distribution of the reagents RH and X2 
and of the light absorbed, we can, for example, specify a population of the 
radicals RX2’ as RX2’*, placed at distances that are sufficiently far apart that 
their encounter probability is practically zero during their lifetime. The rate 
of disappearance of the RX2’* radicals is then expressed by 
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d[ RX2**] 

dt 
=-k&%‘*l [RHI +k,[R’] [X,] -kka[RX2’] [RX,‘+] 

As the reaction is a long chain reaction, then 

d[RXa’* ] 

dt 
= -ka[RXa’+ ] [RXa’]. 

under the chosen conditions (1) mechanism A of propagation and (2) reac- 
tion (II) as the preponderant termination reaction. 

From this 

[RX,‘*] = [RX2’*lr=o exp(--k3[RX2’],) 

We can therefore define a mean lifetime of a free radical chain carrier by 

1 

r = ka[RXa’] 

Thus 

which leads to 

1 

r = (ka&)l’* 
(5) 

Thus when all the radicals are in a homogeneous distribution in their 
surroundings, their lifetimes depend neither on the rate of initiation 94, nor 
on the rate constant of the preponderant process of recombination of the 
chains. 

3. Stirring of radical chain carriers 

However, as has been shown in ref. 3, the exciting light is absorbed 
according to non-flat profiles, which brings about an inhomogeneity in the 
concentration of the radical chain carriers. If the stirring is sufficiently good, 
we observe a homogenization of the reagents RH and X2 and of the radical 
chain carriers in the solution. In this case, the measured lifetime will cor- 
respond to that presented here. On the contrary, if the radical lifetime is too 
short with respect to the processes of homogenization (diffusion, mechanical 
stirring, convection etc.) a mean value of 7 must be used. 

3.1. No s Wring of the imdia ted solu tiom 
If we assume that the reactor used is an annular reactor of the same 

type as that described in ref. 3, the expression for the transmitted luminous 
intensity corresponds approximately to 
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I(r) = I@()) z exp {-kec(r - ro )) 

where k is a constant with a value greater than unity. We can justify the 
origin of k by the existence of rays emitted non-radially (and which as a 
consequence have an optical path that is longer than that corresponding to 
the rays emitted radially and which therefore have a larger probability of 
being absorbed). E is the molar extinction coefficient of the absorbing 
substance at the concentration c, r - r. is the distance between a point F 
inside the reactor and a point re on its entrance face and I(ro) is the flux of 
photons at the distance r. (Fig. 1). The luminous intensity absorbed between 
r and r + dr then corresponds to 

dr 
- = Ia(r) = kecI(r) 
dr 

= wo ) 2 v exp{v(r-rO)} 
T 

with v = kc. 
Under these conditions, if there is no displacement of the radical chain 

carriers, their local lifetime must then be expressed by 

1 

‘@‘) = (ks(pIa(r))1'2 

I 
1=2-i7 r,h I&) 

Fig. 1. The geometry of the photoreactor. 
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The mean lifetime (which has only a less significant meaning for radical 
species taken randomly in the reactor owing to a non-monoexponential 
mean decay) is obtained from this relationship by taking the mean local 
concentrations of these species into account: 

r1 

2A 
I r[ =2’1,7 (r) do. 

(7) = r” 
r1 

27l 
J r[RX,‘l, cb 

ro 

= v1l2 @12 - r~2){16k~~l(r,,)ro}-1~2 r,,‘12 - r11f2 exp -r0) + 
t 

(6) 

This value is necessary to compare with the lifetime ? which we would have 
obtained with sufficient stirring such that the concentration of the radicals is 
considered as homogeneous. Then if 

= 2r04r0) 

r12 - ro2 
11 - expC--01 - r0)ll 

(corresponding to the mean luminous intensity absorbed), we can write 

1 

’ = (k3&,>)1’2 

We then define a coefficient PC such that PC = T/(T) so that after calculation 

PC = 81/2[ro1/2 -r11i2 exp(-u(rI -ro)}] + (i-1/2 exp( 7)i-t (T)‘” - 

-erf z OI urO 1’2 {v{r12 - ro2)}-1i2[ 1 - exp{-u(rl - ro)]]-1/2 . (7) 
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I 
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Fig. 2. The variation in the coefficient P as a function of the logarithm of the optical 
density D: -, planar reactor ; - - -, cylindrical reactor. 

These different relationships are illustrated in Fig. 2 where we show a value 
of (7) that is always greater than that which would have been obtained if the 
solution had been perfectly stirred. 

For a linear reactor PL the expression for the local absorbed intensity is 
written as 

I,(X) = vl(xe) exp{--Y(3C -x0)) 

which leads to 

2 1 - exp(--lrl/2) 

PL = (~l)l’~ {l - exp(-uZ)]1’2 
(8) 

for the mean rate in the absence of migration of the free radical chain carriers. 

3.1.1. Consequences 
If we suppose that the reaction obeys the proposed mechanism A with 

termination process (III), then the expression for the local rate of disappear- 
ance of RH is expressed by 

according to the irradiation profile. Thus, as in the preceding case, according 
to the mean lifetime of the radicals and to the stirring of the solution we 
shall define a mean rate by (1) making the assumption that the solution is 
not stirred (leading to CR)) and (2) making, on the contrary, the assumption 
that the solution is perfectly stirred (leading to E). Then 



63 

r! 

277 
I 

rR(r) dr 

CR>= f” 
r1 

2n rdr s 
r0 

and 

r1 
2n 

s r!+[RH] (~p/k~)~‘~U,$~‘~ dr 

r1 

21r rdr 
s 
r. 

with 

CR) T 
-_=- 
R (7) 

As is shown by the results given in Fig. 2, the absence of stirring (in a time 
region that is less than the mean lifetime of the radical chain carriers) is 
responsible for the existence of a concentration gradient of the unstable 
species; this favours their recombination in the region of the entrance of the 
exciting light rays and, as a consequence, lowers the overall quantum yield of 
the phototransformation. 

3.1.2. Stray absorption of the light 
In an earlier article [ 4 3 we have used naphthalene, which is chemically 

inert, for the physical deactivation of the triplet states of aldehydes, pre- 
cursors of free radical chain carriers in the photooxidation of these com- 
pounds. The presence of stray absorption in a perfectly stirred reactor or, on 
the contrary, in an unstirred reactor can modify the rate of a chain reaction, 
all other things being equal. 

If we assume, for simplicity, an in-line reactor where the light enters 
axially in a cylindrical reactor, the axis of which is parallel to the direction 
of irradiation, the Reer-Lambert law enables us to calculate easily the values 
of the intensities of the light absorbed. 

If Y = ec and V’ = e’c’ corresponds to the stray absorption, then the 
luminous intensity absorbed at the distance 3t from the entrance face is 
expressed by 

I,(X) = I(O)v exp{-(v + v’)x) 

and 
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u-2’) v 1 - exp(-(v + v’)1/2) -=- 
1 - exp(-vl/2) 

- exp(-(v + v')c) 1/2 

1 - exp(-vl) 1 
The variations in UZ’}~/cR)&’ versus (v + v’)l shown in Fig. 3 indicate the 
influence that stirring has on the correction to be made to take into account 
the stray absorption of light. 

“A a, -.-.-. 

0 
-1 0 1 2 log ~9+SM] 

Fig. 3. (R’%/b? ~8. log(V + V')T: curve 0, V’/v f 0; curve 1, V’JV = 0.01; curve 2, v’/v = 
0.1; curve 3, V’/v = 1; curve 4, VP/v = 2; curwe 5, v’/v = 6. 

3.2. Stirring of solutions 
Many chain reactions studied in the laboratory which have industrial 

importance call into play a liquid reagent RH and a gaseous reagent X2 
(X2 = Oar Cls etc.). In order to regenerate the Xz in the solution, we must 
carry out a bubbling procedure adapted to the solution, which leads to 
stirring of the solution and, as a consequence to partial or total mixing of the 
reagents and of the radicals present in the medium. The lowest concentration 
in general is that of the gaseous product. We suppose then that the concentra- 
tion of RH is nearly constant in the medium. 

In the next sections we analyse the different processes which produce 
partial or total mixing of the radical chain carriers. There are chemicaI and 
physical diffusion on the one hand and mechanical stirring (essentially by 
bubbling) on the other hand, 

3.2.1. Physical and chemical diffusion 
Apart from the specific problem of homogenization of the reagents in 

the irradiated solution, so far several workers [ 5 - 71 have treated the in- 
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fluence of the diffusional phenomena on the homogenization of the solutions. 
We are led, in theory, to solve the equation 

ac 
_ = DV2C + *I(r) - 2k3C2 
at 

where C is the concentration of radicaJ chain carriers which determines the 
process of chain termination and D is the coefficient of diffusion for the 
radicals. 

This system can only be solved numerically. However, according to Adda 
and Philibert [S] it is possible to calculate the mean displacement (dIt of a 
radical as 8 function of time t. 

If C(r, t) represents the mean concentration in a system of spherical 
symmetry, then 

b 
C(r, t) = 

8(aDt)3’2 exp 
where b is a constant. Since 

4n f G(F, t)r2 dr = 1 
0 

we have 

s -9 
b 

exp(-r2/4Dt) dr 

(djt = 
0 

8 

r2 exp(-T2/4Dt) dr 
0 

4 
= ,112 (Dt)1’2 

The root-mean-square distance covered during the lifetime of a radical is 
expressed by 

00 

s (Dt)lf2 exp(--f/r) dt 
4 0 

(d> = - ,112 M 

s exp(--t/T) dt 
0 

= 2(07)1’2 (IQ) 

Thus in a practically homogeneous medium, if we know D and r, it is possible 
in theory to estimate whether the diffusional processes are able to explain 
homogenization of the solutions. 
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Having taken the values D < lo-’ cm2 s-l [ 91 and r < 10 s into account, 
<;I> is always less than 10F2 cm, a value which is generally very much smaller 
than the dimensions of the reactors used in photochemistry. The solution of 
the differential equation is then not necessary, as it has been shown that, in 
the majority of the studies which have been carried out, the physical diffusion 
of the radicals can be considered as negligible. 

3.2.2. Chemical diffision 
Independently of the processes of pure physical diffusion, the chain 

reaction itself can be responsible for a pseudomotion of the radicals as shown 
in Fig. 4 where we show qualitatively that the reaction from R’ to R’ via 
RXs- is a means of chemical diffusion, in contrast with classical physical 
diffusion. 

The calculation of the coefficient D, of chemical diffusion can be 
carried out starting from elementary statistical theories of diffusion. If 2’ 
represents the mean time between two reactions R’ + . . . + R’ and if d is the 
elementary displacement undergone at each reaction, the random motion of 
a particle R’ (or RX2-) in the three directions of space is expressed by 

d2 

Fig. 4. The displacement of radicals by chemical reaction. 
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where the power 2 comes from the fact that two reactions are needed in 
order to go from one radical R’ to another radical R’. 

If we suppose that the reaction obeys mechanism A of propagation and 
process (II) of termination, then the time T is defined by the mean time of 
reaction of RXz’ with RI-I 

RXs’ + RH A RXsH + R’ 

which leads to 

[RX,‘] = [RX,‘],-, exp(--ks[RH] t) 

and to 

1 
T= 

WRHI 
Under these conditions an estimation of D, will correspond to 

3.2.2.1. Estimation of 23,. In the particular case of the photooxidation 
of heptanal under the conditions [ RH] * 7.5 mol l-l, k2 = 3 X lo3 mol-1 1 
s-l [lo] andct=7AthenD,= 0.4 X 10V1’ cm2 s-l, a value that is much 
smaller than that for D. Thus physical or chemical diffusion will not, in 
general, be able to bring about homogenization of the irradiated solutions, 
even if the mean lifetime of the radicals is long (several seconds). 

On the contrary, in the case of the photochlorination of toluene, we 
have [RH] = 9.42 mol l-l, k2 = log-l mol-’ 1 s-l [ll] and d = 7 a and 
D, - 2 X 1O-5 cm2 s-l. This is about twice as large as the coefficient of 
physical diffusion in a fluid medium (heptane, water etc.). 

3.2.3. Diffusion by mechanical stirring 
The photoreactors used in industry, similar to those used in the labora- 

tory, are generally of the bulbous column type with no mechanical stirring; 
their performances depend essentially on the hydrodynamic conditions, the 
specific interfacial area and finally on the lighting conditions. Although the 
optimization of the running conditions of these reactors is difficult to carry 
out, as we do not know the relative importance of these parameters very well, 
it is certain that the homogenization of the reactive phase must contribute to 
the improvement of the overall performances of the photoreactor by causing 
the non-active zones to disappear. 

Having taken the industrial constraints into account, this partial or total 
homogenization can only be obtained by a modification of the hydrodynamic 
parameters (speed of the gas, volume and geometry of the reactor, mechanical 
stirring etc.) in order to provoke sufficient stirring for the homogenization of 
the unstable reagents such as the free radicals. During the past few years the 



68 

study of the mixing in bulbous columns has been the object of a large 
number of publications [ 12 - 271. 

In this type of reactor the superficial speed of the liquid phase is 
generally negligible compared with that of the gas phase; the upward current 
of the bubbles of gas induces a downward movement of the liquid and, more 
generally, eddies all along the column, which cause a back-mixing effect. The 
mixing does not occur in the same manner in all directions and we must 
distinguish two modes of dispersion, axial dispersion and radial dispersion. 

3.2.3.1. Axial mixing coefficient. Axial mixing in gas-liquid contactors 
is usually characterized by a dispersion coefficient which is based on the 
unidimensional diffusional model. In order to measure this coefficient, the 
majority of researchers [ 12 - 271 have used the “steady state tracer injection” 
technique, in which the tracer is continually injected into the liquid phase, 
and the analysis of the results of which is based on the differential equation 

d2c dc 
EL- 

dz2 +vLz=o 
W) 

EL is the coefficient of axial dispersion (in units of square centimetres per 
second) and VL is the speed of the liquid (in units of centimetres per second), 
which leads to the limiting conditions appropriate to the solution 

CZ 

log co = E= 0 VL 

L 
(13) 

and to the experimental determination of EL. 
Some researchers [19, 281 have also used “transient state measure- 

ments”, which lead to the differential equation 

ac a2c -= 
at EL - az2 (141 

with the limiting conditions ac/az = 0 for z = 0 and z = h. The solution is then 

(z/2h + n)2 

P 

with 

The results obtained with these two experimental techniques are 
comparable, which confirms the validity of the theory. The determination of 
the coefficient EL has then enabled us to study the influence of numerous 
parameters such as the diameter @ of the column, superficial speeds of 
the gas and of the liquid, viscosity of the liquid etc. on mixing. The studies 
have been carried out on columns of diameters varying from 2 to 106 cm 
with superficial speeds of the gas from 0.1 to 45 cm s-l. 
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TABLE 1 

Relationships for EL 

Reseurchem Reference EL (Cl2 s-l) 

Joshi and Sharma 
Cova 

Deckwer et 02. 
Towel1 and Ackerman 

Reith et al. 

25 0.31qPV~ 
14 VG 0. 4SPL0.40 

16 2@1-’ vG”-s 

19 1.32$‘-’ VGo” 

18 0.33gWL 

According to the different relationships presented in Table 1, which 
relate the coefficient of axial dispersion EL to the parameters of the bulbous 
column, it seems that the only important parameters for the axial mixing are 
the superficial speed of the gas and the diameter of the column; the physical 
properties of the liquid, the height of the column, the speed of the liquid 
and finally the geometry of the sprinklers play only a minor role. 

The fact that the coefficient EL depends on the diameter of the column 
indicates that the eddies produced by the motion of the bubbles are of the 
same dimensions as the diameter. Towell and Ackerman [ 191 have also shown 
that the movements of the liquid on a larger scale are added to these eddies. 

The axial mixing in bulbous columns is more generally described using a 
Peclet number defined in the following way: 

This adimensional number evidently only has a value in a comparative sense 
and does not enable us to know the variations in the coefficient EL with 
respect to other parameters. 

3.2.3.2. Radial mixing coefficient. Although all the researchers con- 
cerned have studied axial dispersion, few of them [13,18] have undertaken 
a study of radial dispersion, which is more difficult to demonstrate. With the 
aid of the tracer technique, on injection at the centre of the column and on 
analysis at different distances from the axis, Reith [ 181 has shown that the 
coefficients of radial dispersion E, are smaller by a factor of 10 than the 
coefficients of axial dispersion, all other things being equal, Le. 

(15) 

In conclusion, the mixing in bulbous columns is therefore essentially 
due to axial displacements. Now, if there is a photochemical reaction in the 
bulbous column on external irradiation, only radial dispersion could make 
the radical chain carriers migrate sufficiently quickly towards the centre of 
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the column: therefore we shall not take into account the coefficient of radial 
dispersion E, in the model of the stirring in photoreactors. 

3.2.3.3. Mixing time. By analogy with the root-mean-square displace- 
ment by diffusion of a radical during its lifetime F, it is possible to define a 
mixing time 8 such that during this time a molecule at the wall of the column 
travels the radius of the column in order to reach the centre of the reactor, i.e. 

9 
- = 2(E#‘2 
2 

(16) 

With the relationship given by Deckwer et al. [ 161 for the coefficient E, and 
eqn. (16) we have 

(17) 

We see in Table 2 that, although it is easy to obtain mixing times of 
about 1 s, it is almost impossible to obtain values of less than 0.1 s. For 
example, it is impossible to maintain a superficial speed of the gas of the 
order of 1 m s-l in a reactor of diameter 1 cm without carrying some of the 
liquid phase into the vapour phase. 

TABLE 2 

Mixing times calculated from eqn. (17) 

9 (cm) 8 (s) 

1 1 0.3 0.1 0.03 
10 3 1 0.3 0.1 
lo2 10 3 1 0.3 

Thus for free radicals with mean lifetimes that are greater than 0.1 s in a 
laboratory reactor of restricted dimensions, it will always be possible to 
homogenize the concentration of the radicals in the reactor using the move- 
ment of the gas in the liquid phase. For radicals with shorter lifetimes, there 
will be either partial mixing or, for very short lifetimes (e.g. the chlorine 
radical), a concentration profile that is directly defined by the absorption 
profile of the light. 

3.2.3.4. Demonstmtion of the processes of mechanical stirring. In order 
to visualize the different effects that we have described, we have thought of 
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constructing an experiment that is easy to run which is performed in the 
following way. The pseudo-photoreactor is made from a beaker into which 
nitrogen is bubbled through sintered glass. At the instant t = 0, we inject a 
waft of a fluorescent tracer (pyranine) and we monitor the evolution of the 
local concentrations of this tracer by taking a photograph every 0.7 s; the 
experimental system is submitted to irradiation at 365 nm (Wood lamp). 

The results obtained are assembled in Fig. 5 where we show (1) the 
presence of a dead volume in the littlestirred zone at the bottom of the 
reactor and (2) back mixing. 

4. Consequences 

If D, D, and EL are known, the root-mean-square 
a radical chain carrier is expressed by 

<;E> = 2 {(D + D, + ,?C,)T}~‘~ 

distance covered by 

(18) 

We can now try to schematize the working of a photoreactor in which a 
long chain reaction takes place, as is shown in Fig. 6. 

The luminous excitation takes place in the vicinity of the entrance face 
of the photoreactor and all processes of homogenization defined in Section 3 
intervene to render the reaction as homogeneous as possible. We can there- 
fore propose a simplified working model of such a system, i.e. a photoreactor 
(where radical species are formed) and a stirred buffer reservoir are perma- 
nently interconnected. The rate of reaction is then related to the flow & of 
the solution (see Fig. 6(b)) from one reactor to the other. If, for example, 
we assume mechanism A of propagation and eqn. (III) for termination and if 
~1 is the volume of the photoreactor and v2 that of the buffer reservoir, then 

SL - $ (IR&'l, - [RX;],) - ka[RX2’]i2 = 0 
1 

and 

$ ([RX,‘11 
2 

where the indices 1 and 2 characterize the species present in the photoreactor 

- [RX;],) -k3[RX2’]22 = 0 

and in the buffer reservoir respectively. We take 



(d) 

(e) 
Fig. 5. Visualization of etiti ing in a reactor 
t = 0; (b) - (f) photographs ta tken eve try 0.7 8 

(0, 
: (a) injection of the fluoresc :ent trace !r at 
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IRRADIATED ZONE , 

LUMINOUS 

EXCITATION 

STIRRED 
F+toT0REACT0R 

LUMINOUS 
- 

EXCITATKW 

FLOW a 

REACTOR 1 REACTOR 2 

(a) (b) 

Fig. 6. (a) A representation of the different processes of homogenization; (b) a schematic 
representation of a partially stirred system. 

rpL 
t 

112 

CRX2'11,o = 
(1 + ~2lU~3 

and 

[RX,‘11 

’ = WWI,O 
which corresponds to an infinite flow (perfectly stirred system). Then 

(l-y2)-2CYy3-or2y4=0 

and 

ERX2'12 

3c = -&2-11.0 

x=y +cyy2 

The solution to these equations can easily be found by numerical techniques 
(the method of Newton, for example). The mean rate of reaction is expressed 
by 

R = k2[RH] 
IRX2’114 + PX2’12~2 
- 

v1 + v2 

If R. corresponds to the rate obtained in the case of a perfectly stirred 
reactor, we have shown in Fig. 7 the variations in R/R, with a! = lp, the 
coefficient a! being inversely proportional to the mean rate of stirring. We 
have indicated three regions in Fig. 7. 

(1) Region A is the region of small a, i.e. long radical lifetime with 
respect to the mean speed of stir&g. The system behaves as if the exciting 
light was distributed in a homogeneous way throughout the reactor. 
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Fig. 7. The variation in the relative rate with a! (ar = 10”): curve 1, volume ratio = 10; 
curve 2, volume ratio = 100; curve 3, volume ratio = 1000. 

(2) Region B is the region of intermediate at. There is a restricted 
participation of the buffer reservoir to the kinetics. 

(3) Region C is the region of large 0~. The lifetime of the radical chain 
carriers is so short compared with the time of stirring that there is participa- 
tion of the buffer reservoir. Its only role is to assure regeneration of the 
reagents. 

5. Experimental results 

We have just defined three regions, two of which correspond to life- 
times that are either long or, on the contrary, very short compared with the 
speed of stirring. These different cases are demonstrated with the aid of 
kinetic examples which are described in this section. 

5.1. Pho tochbrina tion of benzyl chloride 
The photochlorination of benzyl chloride is a long chain reaction the 

kinetic scheme for which is similar to that shown in Section 2 with mechanism 
B of propagation. The initiation step can be obtained either by photolysis of 
chlorine (with a wavelength h in the range 280 - 450 nm) or by photolysis of 
the hydrocarbon (X in the range 230 - 280 nm). The local rate of chlorination 
is then written as 

k2lIRI-U 

The experimental results and data of the kinetic study of the photochlorina- 
tion of benzyl chloride at a temperature of 50 “C and at two wavelengths 
(254 and 313 nm) of irradiation are shown in Table 3. 

For the two wavelengths of irradiation, the calculation of the lifetime 
of the chlorine radicals (cp * 0.5 [2] and k3 = 101’m2 mol-’ 1 s-l) shows that 
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TABLE 3 

Photochlorination of benzyl chloride 

X(nm) v (cm-l) Ia X IO+ 7 (8) 
(einsteins 
S -1 1-l) 

PL WI,1/2 (RM,1f2PL 
(mol-l/2 p/z (mol-112 Ill* 

s -112) ,-l/2) 

254a 3466 0.96 1o-2 0.068 13.9 204 
313b 172 0.74 1.3 x 1o-2 0.260 60.0 240 

(p(CH2Cl) = 8.7 mollvl. 
aAbsorption by (q(CH2Ci). 
bAbsorption by Cl2 . 

there cannot be a homogenization of the radicals: the rate of chlorination is 
therefore related to the absorption profile of the light (see Table 3). 

In order not to make the calculations too complex, for high optical 
densities we can compare our cylindrical reactor with a planar reactor (see 
Fig. 2) of the same irradiated area; $he rate of reaction is then written as a 
function of the absorbed intensity 1. determined experimentally: 

2 
(Rh) = (yJ)l/2 ksi/a * (&)l’* [ RH] 

After correction of the rates by the factor P,, the results obtained confirm 
the assumption of short lifetimes for the radicals as well as the influence of 
the absorption profile of the light on the rate of reaction. 

Since the initiation steps are different at 254 and 313 nm, the quantum 
yields ph of photolysis at the two wavelengths do not have to be rigorously 
equal, which would explain the difference between the two corrected rates. 
Our own measurements, however, lead to closely related values for these 
yields. Thus, having taken the precision of our measurements into account, 
there is good agreement between the experimental results and the model 
proposed. 

5.2. Photooxidation of heptunat 
Heptanal is oxidized photochemically with the kinetic scheme shown in 

Section 2 with propagation mechanism A. For pressures PO, of oxygen 
greater than 200 mmHg, the free radicals come from the singlet S1 * and from 
the triplet T1* excited states of heptanal. 

The local rate of photooxidation is written as 

R(r) = I~W91”~ft CRHI , PO,, 81 

The experimental results and the data related to the kinetic study of the 
photooxidation of heptanal at a temperature of 0 “C and at the wavelengths 
254 and 313 nm of irradiation are given in Table 4. 

Since we know that the primary quantum yield of decomposition of hep- 
tanal is a function of the concentration of the aldehyde [ 43 (rp * 0.04[ RH] ) 
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TABLE 4 

Photooxidation of heptanal 

1 (nm) v (cm-l ) 1, x 1r6 

-lW 
7 (81 PL 02 VI*112 

(einsteins s (mol-W Ii!2 ,-l/2) 

254 3.8 7.7 0.4 0.99 2.8 x 1o-2 
313 10.4 7.5 0.4 0.62 2.9 x 1o-2 

[ RH] = 0.74 moll-l ; solvent, n-decane. 

and that k3 = lo’** -’ mol 1 s-l, the calculation of the lifetime of the radical 
chain carrier gives (see Table 4) 7 = 0.4 s. By taking into account the technique 
of stirring used, this lifetime must be sufficiently large to allow homogeniza- 
tion of the concentration of the radical R02’ throughout the volume of the 
reactor. The experimental results show that the rate of oxidation is practically 
independent of the absorption profile of the light (see Table 4) and thus 
confirm this homogenization. 

5.3. Photooxidation of benzaldehyde 
Benzaldehyde is oxidized photochemically with the same mechanism of 

photooxidation as for heptanal. The free radicals for initiation come essen- 
tially from the self-deactivation of the aldehyde to the triplet state, leading 
to a quantum yield of initiation of 0.5 [29] . 

The kinetics of oxidation of this aldehyde are well known (refs. 10,30, 
and references therein); the constant of recombination at 0 “C is equal to 
108-3 mol-l 1 s-l (according to Ingles and Melville [31] ), leading to a mean 
lifetime of the radicals of about 1O-2 s, which is intermediate between the 
two values given earlier. The results are assembled in Table 5. 

The results obtained at 313 and 254 nm correspond to a chain reaction 
of which the transient radical species has such a small mean lifetime com- 
pared with the ensemble of the processes of homogenization that the reaction 
is considered as totally homogeneous (for heptanal). However, this lifetime is 

TABLE 5 

Photooxidation of benzaldehyde 

X (nm) rJ (crK1) T, x zo-” 7 {s) PL cm/p2 v1>/T8&1'2P 
(einsteins (mol--l/2 11/s (mol-1/2 jkl2 

s--1 l-1) s-1/2) s-w) 

254a 1731 8.3 3 x 1o-2 0.048 2.04 x 1o-2 42.5 x 1cr2 
313 176 1.3 9 x 1o-2 0.48 3.18 x 1o-2 6.63 x lO-2 

[RH] = 0.98 moll-l ; sohent, n-decane. 
=A correction has been carried out on the calculations of ra and (R> to take into account 
the stray emission of the lamp at 313 and at 366 nm. 
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sufficiently long that the effect of the stirring is sensitive to the kinetics of 
oxidation. 

6. Experimental details 

6.1. Products 
Benzyl chloride, heptanal, benzaldehyde and decape were obtained from 

Fluka (greater than 99% pure) and were purified by vacuum distillation. 
Chlorine (greater than 99.7% pure) and oxygen (greater than 99.5% pure) 
from Air Liquide Co. were used without purification. 

6.2. h&rumentation 
The kinetic study has been carried out in a setup composed of a 

thermostatted photoreactor, a measuring cell and a crushing pump used for 
recycling the gas. For the study of the photooxidation we have taken the 
measuring cell used by Carmier and Deglise [ 321: the pressure of oxygen is 
maintained constant in the reactor and the volume of oxygen consumed is 
compensated for by the addition of the same volume of mercury contained 
in a manostat. 

The consumption of chlorine is followed by an absorption spectro- 
photometer in the visible region [ 21. The chlorine circulates in a Pyrex cell 
placed in the measurement compartment of a UV Perkin-Elmer spectro- 
photometer model 137. The rate of chlorination with time is measured by 
recording the optical density at 390 nm of the gaseous mixture contained in 
the cell. 

The photoreactors used for the irradiation at 254 nm are of the immer- 
sion lamp type. The light source is a low pressure mercury vapour lamp 
(Hanau model TNN 15/32). For the irradiation at 313 nm, the photoreactors 
consist of a cylindrical reactor placed at one of the focal axes of an elliptical 
reflector and a medium pressure mercury vapour lamp [33] placed along the 
other focal axis. All these reactors possess a double envelope (used for 
thermostatting) and a means of circulation for a chemical filter 1341 for the 
study at 313 nm. 

The chlorination of benzyl chloride has been studied at a temperature 
of 50 “C in a pure medium and with a pressure of 450 mmHg of pure C12. The 
intensities absorbed by the liquid phase were 0.96 X 10S6 einsteins s-l 1-l at 
254 nm and 0.74 X lo-” einsteins s-l 1-l at 313 nm. 

During the study of the photooxidations, the initial concentrations of 
heptanal and of benzaldehyde were 0.74 mol l-1 and 0.98 mollS1 respectively 
in the solvent n-decane. The temperature was 0 “C and the pressure was 
450 mmHg of pure OZ. The absorbed intensities were 7.7 X 10m6 einsteins s-l 
1-l at 254 nm and 7.5 X lo-” einsteins s-l 1-l at 254 nm for the photooxida- 
tion of heptanal and 8.3 X lo-” einsteins s-l I-’ at 254 nm and 1.2 X low6 
einsteins s-l 1-l at 313 nm for the photooxidation of benzaldehyde. 
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The absorbed luminous intensities have been measured by actinometry 
(photochemical decomposition of oxalic acid sensitized by uranyl sulphate). 
Finally, in each case we have verified that the rate of reaction was not 
diffusion limited and that we were in the kinetic regime. 

Nomenclature 

c concentration (M) 

C(r, t) local concentration at a distance r from the axiS of the lamp and at time t 
(moll-l ) 

d 
(6) 
t&f 
D 

EL 

Er 
h 

Ia 
I(r) 

k 

kl 
Pe 
Q 
F 

FQ 

Fl 
R 

RO 
t 

t1 

t2 
T 

Vl 

u2 

VL 

vG 
X 

0 

h 

V 

VL 
PL 
7 

5 
0 

elementary displacement of a radical at each reaction (cm) 
root-mean-square distance covered by a radical during its lifetime (cm) 
mean displacement of a radical in the time t (cm) 
diffusion coefficient (cm2 s-l ) 
axial diffusivity (cm2 8-l ) 
radial diffusivity (cm2 s-l ) 
height of an annular photoreactor (cm) 
luminous intensity absorbed (einsteins s-l cm-S ) 
luminous intensity transmitted at a distance r along the axis of the lamp 
(einsteins s-l cmW2 ) 
constant of proportionality 
rate constant of the elementary process i (mol-l 1 s-l) 
Peclet number 
liquid flow (1 s-l ) 
radial distance (cm) 
interior radius of an annular reactor (cm) 
exterior radius of an annular reactor (cm) 
rate of reaction (mol l-l 8-l ) 
rate of reaction in a perfectly atirred reactor (molI-f 13-l ) 
time (8) 
residence time in reactor 1 (8) 
residence time in reactor 2 (8) 
mean time between two reactions (s) 
reactor volume 1 (1) 
reactor volume 2 (1) 
linear speed of the liquid in a bubble column (cm s-l) 
linear speed of the gas (cm s-l ) 
coordinate in a planar reactor (cm) 
mixing time in a bubble column (s) 
wavelength of irradiation (nm) 
absorption coefficient (cm-l ) 
viscosity of the liquid phase (cP) 
density of the liquid phase 
radical lifetime (s) 
quantum yield of photolysis 
diameter of the bubble column (cm) 
mean value when the radical concentration is not homogeneous in the reactor 
mean value when all the concentrations are homogeneous in the reactor 
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