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Summary 

Annular reactors adapted to successive toluene chlorination have been 
described in the preceding papers in this series. In this paper a theoretical 
working model of a reactor in which the purely photochemical stage (initia- 
tion) is separated from the subsequent thermal stage (propagation) is 
reported. The model is in satisfactory agreement with experimental data 
obtained using the photochlorination of toluene as a reaction model. The 
advantages and disadvantages of this type of reactor are described. 

1. Introduction 

The work reported in the preceding papers in this series [ 1 - 41 has 
improved our understanding of the mechanisms of cylindrical immersed 
lamp reactors and has enabled us to suggest improvements to these reactors. 
In this paper we examine a reactor of the type suggested by Lucas [5] and 
investigated briefly by Dworkin and Dranoff [S] to determine whether it 
could be used to modify the selectivity of successive photoreactors. This 
reactor is based on a principle similar to that proposed by Paneth some 
years ago in which the transfer of free radicals was demonstrated by the 
formation of a mirror. In this case the photochemical stage (initiation) is 
separated from the subsequent thermal stage by a physical barrier. In an 
attempt to clarify the numerous statements which have been made regarding 
this apparatus during national and international meetings we have modelled 
a photoreactor for gas-gas and gas-liquid applications, performed an exper- 
imental validation of the model for the photochlorination reaction of 
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toluene and analysed the advantages and disadvantages of the process with 
respect to the selectivity and the efficiency of transfer of radicals from the 
irradiated zone to the dark reaction zone. 

Industrial photochemical reactors used for long-chain reactions appear 
to be classical reactors into which lamps have been introduced. However, 
the results presented here suggest that satisfactory results can only be ob- 
tained using pfug flow reactors with improved illumination. However, we 
show in Appendix A that, in view of the risk of explosion when this type 
of reactor is used, the semiempirical solutions applied industrially cannot 
be abandoned at present. 

2. Model of a gas-gas long-chain radical reaction 

2.1. Perfectly stirred reactor 
The reactor is shown schematically in Fig. 1. We can use the hypothesis 

of two perfectly stirred reactors to calculate the efficiency of transfer of 
radicals from the illuminated pre-reactor to the dark reactor. For example, 
if we assume a long-chain radical mechanism described by 

(formation of free radicals with a quantum yield r$) 

X’+RH a XH+R- 

R-+X2 2 RX+X’ 
(propagation) 

kt 
X’ + x’ - x 2 

(chain termination) and if the 
mean concentration ([X’J) of 
ment from the relation 

almost total 
absorption 

flow at the entrance is q, we can calculate the 
X’ at the entrance of the reaction compart- 

flow q Q 

Fig. 1. Schematic diagram of a stirred reactor of the type proposed by Lucas. 
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which corresponds to an evaluation of [X’ ] in the stationary regime. (If 
recombination occurs by a three-body collision, kt is the product of the 
rate constant and the product concentration.) Under the most favourable 
transfer conditions, i.e. if the chain recombination processes are negligible, 
we obtain a maximum concentration [X’ I0 of X’ defined by 

$x*1,--1,9= 0 

These two relations allow us to calculate the transfer efficiency r) 
defined by 

(1x*3> 
77 = [X’], 

rl = (1 + 16k,Ia(m2/q2)1’2 - 1 

8k,LW2/q2 

2 
‘? = (1 + 16ktIa~u2/q2)1’2 + 1 

Thus q depends only on the value of the quantity 

or 

X = k,I,i#w* 

where I, represents the light intensity absorbed per unit volume and r is 
the residence time of the gas in the first compartment of the photoreactor. 

The dependence of 7 on X is shown in Fig. 2. At low values of X the 
radicals have almost no time to recombine in the irradiated zone and 77 
is close to unity; in contrast, at high values of X the radical recombination 
processes become more important and 77 tends to zero. The values of 77 
calculated for X2 - Cl, and X2 = NOCl (k, = 4.6 X IO9 ‘mol-’ 1 s-l for Cl’ + 
Cl’ [7] and k, = 4.37 X lOlo mol- ’ 1 s-’ for NOCl [S]) are shown in Table 1. 
(Since the formation of NOCl has the highest rate constant of all the NO’- 
Cl’ recombination processes, it is this which determines the kinetics. The 
rate constants for the three-body collision were recalculated as pseudo-two- 
body collision rate constants for an assumed pressure of 1 atm.) 

These results show that under the ideal conditions of a perfectly stirred 
reactor the residence time in the irradiation compartment must be as small 
as possible so that the transfer efficiency is as large as possible. However, 
under these conditions these radicals are diluted in their carrier. gas which 
is one of the reagents used in the dark zone. 
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Fig. 2. Dependence of the transfer efficiency q on the ratio X = k&Z,v2/q2. 

TABLE 1 

Variation of r) with the residence time -r for Cl* and NOCl 

7 

(a) 

10 
1 
0.1 
0.01 

7) for the following irradiation conditions 

I, = 0.5 x 10-10 Ia = 0.5 x 20-8 

NOCl Cl2 NOCl Cl2 

0.03 0.099 0.003 0.011 
0.29 0.63 0.03 0.099 
0.93 0.991 0.29 0.63 
1 1 0.93 0.991 

IIt = 0.5 x 10-e 

NOCI 432 

0.0003 0.001 
0.003 0.011 
0.03 0.099 
0.29 0.63 

la is in units of einsteins per litre per second. 

2.1.1. Extent of the reaction at the exit of the reactor 
We assume that the radicals and the products are trapped at the exit of 

the dark reactor as no products are formed after the gas leaves this reactor. 
We can then use the transfer efficiency defined above together with the 
rate constants of the radical processes involved and the various residence 
times to calculate the extent of the reaction at the reactor exit. 

If we denote by [X’]i and [X’ Ia the radical concentrations produced 
in the irradiated and dark zones respectively, we can as previously write 

2kt [X’]d2 + y [X’], - f [X’]i = 0 
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if the reaction between X2 and RH is a long-chain reaction. Similarly, if we 
denote by [ RHIO the concentration at the entrance to the reactor, then 

QIRW, = VWRHI IX-la + (Q + q)[RHl 
The extent Q, of the reaction is then given by 

ki1X’],T a, = 
1 + k,[X’ldT 

where T = V/(Q + q), i.e. 

(k,/4k,)([l + 2p(T2/7*){(1+ 16k,I&*)“*- 1}11’*- 1) 
a, = 

1 + (kJ4k,)([l + 2p(T2/2){(1 + 16k,Ia~7*)"*- l)]"*-1) 
where p = v}V. Having established this relation we now calculate the value of 
a, that is obtained if we use only one photoreactor of the same volume V + 
v as that used when we require to separate the photochemical reactions 
from the subsequent thermal reactions. We obtain, with the same definitions, 

(1 + P)ki[~-]T 
% 

= 1 + (1 + p)k,[X’]T 
where 

]X.] = (1-c 16k,qUJ'*(l+p)*}-"*-1 

so that 
4kdl +P)T 

Z, = 
(k ,/4k,)[ { 1+ 16k,#1,T2(1 + p)*) “’ - l] 

1 + (k,/4k,)[{l + 16k,#1,T2(1 + p)*} I’* - l] 

The variations in the ratio a,/& at various values of the parameters are shown 
in Fig. 3 where the loss of efficiency due to the separation of the thermal 
and photochemical stages can be seen. 

However, as has been emphasized by Dworkin and Dranoff [6], the 
products of side reactions can affect the transparency of the reactor. This 
occurs in the chlorination of chloroform when solid C2Cl, is deposited on 
the walls of the photoreactor. It is also possible that light-absorbing sub- 
stances which do not lead to the desired reaction, or which undergo 
reactions with a low yield, may be present in the dark reactor. In addition, 
a mixture of reactants and products which must be separated is formed at 
the exit (this problem also exists for other types of thermal and photo- 
chemical reactors). 

2.2. The plug flow reactor 
The reactor is shown schematically in Fig. 4. If it is assumed that the 

radicals produced in the irradiated zone are instantaneously mixed at the 
interface between the two compartments, it is possible to calculate the 
extent of the reaction at the exit of the reactor. 
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I 
-16 -8 -6 -cI 

log I. (einsteins I-’ s-‘1 

Fig. 3. Dependence of the ratio aJ& on the absorbed light intensity Ia for the photochlo- 
rination of toluene at various values of p, 7 and T: curve 1, p = 0.0001, 7 = 0.1 s, T = 10 s; 
curve 2, p = 0.0001, T= 0.01 s, T = 10 s; curve 3, p = 0.01, T= 0.01 s, T = 0.1 s; curve 4, 
p = 0.01, 7 = 0.1 s, T = 1 s. 

Cross s 

=o - 
I 

1 

time 0 itime T 

0 X 

Fig. 4. Schematic diagram of a plug flow reactor of the type proposed by Lucas. 

We can write the relation for the reaction being considered at any 
position x in the reactor: 

Q+q d[X’] 
- - = -2&[X’]2 

S dx 
where S is the cross section of the plug flow reactor. Therefore the local 
concentration of X’ is given by 

. [X’l, 
Ix ’ = 1 + [X’],(Bk,Sx/(Q + q)} 
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The extent of the reaction can be calculated in the case where the reactant 
concentration remains reasonably constant along the reactor (if this is not 
so, the calculation is no longer directly possible and a result can only be 
obtained by numerical integration). We obtain 

kl 
IL, = 212 log 

V 
+ Zkt[X’], - 

t Q+a 
which can easily be compared with the value obtained for a stirred reactor 
by substituting 

IX’ la = 
(1 + 16ktI&r2)1’2 - 1 

4k,T 

The results of these calculations are shown in Fig. 5 where the behaviour of 
the different types of reactors can be seen, 

At very low absorbed light intensities, we have 

ap = 2k &brT 

i.e. 

% 27 -= 2Q+q -= - 
6, PT q 
which shows that under these conditions a plug flow reactor is preferable to 
a stirred reactor as far as the extent of the reaction is concerned. 

-B -6 -q 
log I, (einsteins I-’ s-‘1 

Fig. 5. Variation in the ratio u,/ap as a function of the absorbed light intensity Z, for 
the photochlorination of toluene at various values of p, T and T: curve 1, p = 0.0001, 
7 = 0.1 s, T = 100 s; curve 2, p = 0.0001, 7 = 0.01 s, T = 10 s; curve 3, p = 0.01, 7 = 0.1 s, 
T=ls. 
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3. Model of a long-chain gas-liquid radical reaction 

If we assume that the chemical reactor is a closed reactor stirred by 
chlorine bubbles containing free Cl’ atoms formed in the pre-reactor under 
irradiation, it is possible to construct a model for the reaction kinetics of 
photochlorination (Fig. 6). 

The chlorine bubbles which contain some of the Cl’ atoms formed (the 
remainder are recombined in the pre-reactor) encourage mixing in the 
second reactor. However, the calculations presented in ref. 2 show that the 
Cl’ radicals formed have a very short lifetime which is almost negligible in 
comparison with the mixing time in the chemical reactor. Thus we can 
consider each bubble as an independent system during its lifetime and we 
can state that the rate of reaction is equal to the sum of the rates obtained 
for each bubble, the radius of which is assumed to be almost constant. 

Thus the reaction proceeds as follows: the irradiation of Cl, in the 
pre-reactor (which is assumed to be perfectly stirred) results in the formation 
of free chain-carrying Cl’ atoms with an initial loss related to the Cl’ + Cl’ 
recombination in this reactor; bubbles of chlorine containing free Cl’ atoms 
are formed almost instantaneously; Cl’ and Cl, diffuse from the gas-liquid 
interface and initiate the chain radical reaction in competition with the 
recombination process 

Cl’ + Cl’ (+M) - Cl2 (+W 

in the gas and liquid phases. Under laboratory test conditions we can arrange 
that the reaction kinetics are limited by the various transfer processes of the 

0 o” 
” fdiffusion 
i, C12. Cl. q 

t t t t 
irradiation 

f 

thermostatting 

grid 

Fig. 6. Schematic representation of the working conditions of a stirred gas-liquid reactor 
of the type proposed by Lucas. 
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free Cl’ atoms in the solution, and it is then unnecessary to take the diffu- 
sion of the chlorine molecules in solution into account. 

3.1. Diffusion sf Cl’ atom out of a bubble 
The variation in the Cl’ concentration inside a bubble is defined by 

a [a’] 
at 

= D V2[C1’] - 2kt [Cl’ I2 

Now the diffusion coefficient of Cl’ in the gas phase [9] is approximately 
a factor of 105 greater than that of Cl’ in the liquid phase. Thus, for simplic- 
ity, we assume that the concentration of Cl’ in a bubble is almost uniform 
and depends only on the constant of recombination and the efficiency of 
transfer out of the bubble (Fig. 7). The Cl’ concentration inside the bubble 
is defined by 

d[Cl’]n 
dt 

= -2k,,,JC1’],2 - K[Cl’], 

where K is a coefficient which depends on the efficiency of gas-liquid 
transfer and which will be defined later and k,,, is the recombination 
constant of two Cl’ atoms in the gas phase, The Cl’ concentration in the 
liquid phase is given by 

amI 
at 

= D V2[C1’],- 2k,[C1’]12 

where k, is the rate constant of recombination of two Cl’ atoms in the 
liquid phase. 

In the absence of a reaction between a gas X and a liquid, the concen- 
tration at the interface can be considered, for a very soluble gas, to be 
almost equal to the limiting concentration defied by Henry’s law: 

diffusion of Cl 

0 ‘b 
r 

Fig. 7. Schematic representation of the diffusion of free Cl* atoms out of a bubble. 
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Cl = HC, 

where Ci is the concentration at the interface, C, is the gas concentration 
and H is a proportionality constant. The variation in the concentration at 
the interface is a function of the diffusion in the liquid and of the volume 
of the gas enclosed in a bubble of radius rb : 

flUX = hi,& 2D 

In terms of Henry’s law the variation in the concentration 
as a result of the transfer is 

4 aP% = -7rQ - 
3 dt 

i.e. 

When the gas and the liquid react the concentration at the interface 

of X in the bubble 

may be less than that defined by Henry’s law because there is a marked 
reduction in the amount of gaseous reactant present which produces an 
apparent increase in the coefficient of transfer (the amplification factor 
Ei). Ei is defined by [lOI 

Ei m 1 + CYp 

(3 is the ratio of the diffusion coefficient of the gaseous reactant to the 
diffusion coefficient of the liquid reactant in the liquid phase and a w 
C, &CA. where C B1 
dissolved Cl’), CAi 

is the concentration of the liquid reagent (in this case 
is the concentration of the dissolved reactant and TI is 

the number of moles of the liquid reactant reacting with each mole of the 
gaseous reactant. Indeed, the only reaction which we have to take into 
account is the recombination reaction between two Cl’ radicals and not the 
chemical reaction Cl’ + RH --f HCl + R’ as the chains regenerate the radicals 
(this would not be the case for a step reaction or for a molecular reaction), 
Under these conditions the expression for K is [lo] 

3DEi a[cr], 
i 1 

1 
Kz - 

rb ar ‘b WI, 
For the reaction under consideration 

If we assume H = 1 it is possible to calculate the variation in the effi- 
ciency of transfer of radical chain carriers outside a bubble as a function of 
the initial concentration of free Cl’ atoms (Fig. 8). Owing to the recombina- 
tion processes taking place in the gas phase, the transfer efficiency is only 
satisfactory at very low initial concentrations, corresponding to very low 



323 

(Cl.) mole I-’ 

Fig. 8. The efficiency of transfer of Cl’ atoms outside a bubble us. the initial concentra- 
tion of Cl’ atoms. 

exciting light intensities, Under our laboratory conditions the transfer 
efficiency is about 0.2 which is comparable with the value obtained in a 
classical photochemical reactor of the type discussed in previous work. 
Indeed, in the kinetic regime the light is absorbed near the point at which 
the light rays enter the photoreactor and hence there is a decrease in the 
mean yield of the reaction [ 31. For a homogeneous distribution of the 
light in the reactor, the calculated rate V, and the experimental rate V, are 
related by 

At a high optical density 

2 
P = (dxy 
where E is the molar extinction coefficient of C12, C is the concentration of 
CIz and L is the path length. Under our laboratory conditions p has a value 
of a few per cent. Thus in theory the efficiency of chlorination performed 
in this type of reactor on a laboratory scale should be close to that obtained 
using a classical photoreactor. 

3.2. Extent of thephotochbrination reaction 
When the mechanism presented in refs. 2 - 4 is used, the local rate of 

reaction is expressed by 

V(r, t) = 11JRH] [Cl-] 

Thus the extent of a reaction in a series of chlorine bubbles containing 
free Cl’ atoms which are assumed to be independent depends on the follow- 
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ing factors: the light intensity in the pre-reactor, the residence time in the 
pre-reactor, the number and size of the bubbles, the lifetime of the bubbles, 
the volume of the liquid reagent etc. These parameters will be used later to 
compare the model defined above with experiment. 

4. Experimental validation 

4.1. The photoreactor and the working conditions 
The photoreactor used, which was built in the laboratory, is shown 

schematically in Fig. 6. 
The following conditions were used in the experiments: temperature, 

50 “C; liquid volume, 15 cm3 (i.e. 0.141 mol toluene); irradiated volume, 
5 cm3; irradiation wavelength, 313 nm; chlorine flow rate, 8.3 cm3 s-i; 
bubble diameter, 2 mm; diameter of holes in the poly(viny1 chloride) grid, 
0.5 mm; number of holes, 43 (total surface area of the grid, 844 mm*); 
retention, about 0.3; optical density in the photochemical reactor, about 6 
(the non-illuminated region of the reactor is assumed to be almost dark). 

4.2. Results 
The theoretical study presented above demonstrates the marked influ- 

ence of the light intensity on the efficiency of transfer towards the liquid 
phase of radicals or free atoms formed by irradiation in the pre-reactor. 
We used the chromatographic technique to investigate the effect of the 
intensity of the exciting light on the rate of the photochemical reaction. 
The main results of our measurements are presented in Table 2. 

If the reaction had been carried out in the kinetic regime under the 
same experimental conditions but using a classical annular reactor, we would 

TABLE 2 

Experimental results 

Ia Znitial rate V0 R = l/2 b 

(X10-' einsteins 1-l s-l) ( X10m2 mol 1-l 5-I) 
V,/X,, 

(mol’/2 1-112 s-l/2) 

This work Annular reactor in kinetic 
regimea 

11 1.0 37 9.6 
5 2.5 25 35.3 
2.3 2.66 17 55.4 
1.2 3.0 12.3 86.6 
0.6 1.6 8.7 65.3 
0.08 0.80 3.2 89.4 
0.019 0.37 1.5 84.2 

a V, was caIculated from the relation V,-, = pk l[RH](lafkt)1’2 where kl = 10aS2, k, = 
1O1o-2 mol-’ 1 s-l and p 
bThis work. 

= 0.03 (p is dependent on the reactor used). 
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have obtained results depending on the absorbed light intensity 1, but such 
that V,,/Ial'* is a constant. In fact, in agreement with the theoretical study 
presented above, we show that the efficiency of radical transfer is a decreas- 
ing function of 1, which is not unreasonable as we expect high rates which 
could be of the order of those obtained under identical conditions in a clas- 
sical reactor. 

4.3. Comparison of the results obtained using a simplified model 
If we assume that the illuminated pre-reactor is perfectly stirred, that 

the formation of bubbles is instantaneous, that the coefficient of Henry’s 
law is about unity and that each bubble is independent, it is possible to 
calculate the theoretical variation of R with I, from the simplified model. 

The results of the diffusion calculations are in reasonable agreement 
with the results of the kinetic measurements. Doubtless better agreement 
would be obtained if H were known. However, the following trends can 
be identified. If H increases the concentration of free Cl’ atoms must 
increase near the interface which favours the local reaction kinetics but does 
not favour the diffusion of Cl’ atoms out of the bubble. We must then 
expect a slight increase in R with respect to that shown in Fig. 9. If the 
pre-reactor is not perfectly stirred (which is probably the case), we can 
expect the formation of bubbles containing variable concentrations of Cl’ 
atoms. Since the systems are non-linear, it is unlikely that the mean effect 
observed is the sum of the individual mean effects. Thus, depending on the 
nature of the regime in the pre-reactor, values of R which are greater or 
less than those shown in Fig. 9 can be obtained. These results suggest that 

f 
R/100 

10 E I-’ 5-l 
Fig. 9. R = V,/I, 1’z us. I, for the chlorination of toluene. 
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the modelling of a reactor of this type for a gas-liquid chain reaction is 
satisfactory. 

5. Industrial application of the reactor for a long-chain gas-liquid reaction 

The measurements carried out using the laboratory reactor demonstrate 
an efficiency close to that obtained using classical photochemical reactors. 
Apart from the case when absorbing secondary products are produced which 
limit the absorption of light and lead to the formation of free radicals 
(tarring) where this type of reactor can be used to advantage, for the follow- 
ing reasons its performance does not appear to be sufficiently good to 
warrant its replacing classical reactors for radical chain reactions of chlorina- 
tion. 

(1) Its efficiency depends on stirring in the pre-reactor during illumina- 
tion. The development of this reactor on an industrial scale would require 
the use of a pre-reactor of much larger dimensions than those used in the 
laboratory which could no longer be considered as perfectly stirred. Thus 
the radical transfer efficiency would be limited. 

(2) The flow rate of chlorine in this pre-reactor must be as large as 
possible to ensure that free Cl’ atoms are transferred into the reaction zone. 
This result has two consequences: the presence of excess chlorine in the 
medium can lead to secondary thermal reactions and a mixture of chlorine 
and HCl, which must be separated, is produced at the reactor exit. In the 
diffusion regime the chlorine concentration is almost zero and thus these 
two problems are avoided. 

(3) The requirement to build a grid in resistant material (e.g. nickel) 
produces a substantial increase in the cost of building the reactor. 

(4) This type of reactor cannot be used to modify the selectivity of 
consecutive reactions such as those which participate in the photochlorina- 
tion of toluene and its chlorinated derivatives. Indeed, the only application 
of interest is the separation of the photochemical steps from the thermal 
steps, which leads to the same selectivity. 

(5) The efficiency decreases with increasing light intensity in contrast 
with the classical reactor working in the kinetic or diffusion regime for 
which absorption occurs in deeper regions when the light intensity is 
increased. (At very high intensities, the absorption will also occur in chlorine 
bubbles, which ought to lower the efficiency of the reactor). However, 
the efficiency of the reactor is not really important for long-chain radical 
reactions provided that the chain is long enough (greater than 100 units in 
general). The problems that the engineer must overcome are essentially 
the mastering and improvement of the selectivity of the reaction and the 
elimination of the excess heat produced by the reaction (see Appendix A). 

Under these conditions we cannot easily see how this type of reactor 
could replace the classical reactors used in industry for photochemically 
initiated long-chain radical reactions, provided that tarring phenomena are 
not important. 
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Appendix A 

A-1. Is there an ideal reactor for the industrial photochlorination of toluene? 
As has been shown in the previous papers in this series, the technology 

of photochemical systems is in its infancy and is little different from the 
technology of thermal reactions. In general photoreactors are only classical 
reactors into which a light source has been introduced. 

Although this type of photoreactor has some advantages, such as 
simple operation, tested technology and limited construction costs, and 
performs satisfactorily in some photochemical syntheses (e.g. long-chain 
reactions), the specificity of the photoreaction is not taken into account 
and the industrialization of certain syntheses is not possible. The size and the 
geometry of the reactor are generally determined by the requirements of 
thermal transfer processes. 

In order to illustrate the lack of photochemical specificity we first 
describe an industrial photoreactor for the chlorination of toluene, then 
examine an alternative type of photoreactor to determine whether it can be 
adapted to this industrial application and finally to compare the advantages 
and disadvantages of these two types of photoreactor. 

A.l.1. Classical reactor for the photochlorination of toluene 
The industrial photochIorination of toluene is carried out in a con- 

tinuously stirred gas-liquid photoreactor with residence times ranging from 
30 min to several hours. 

A photoreactor which produces benzyl chloride at a rate of the order 
of 1.63 kmol h-’ (i.e. 1000 t year-‘) is shown in Fig. Al. The residence time 
is 2 h 40 min, and the irradiation .is performed using five 400 W lamps 
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double-envelope condenser 

5 lamps of 400 W 

= 127.1 kg h -1 

cooling sys tern 

Fig. Al. Industrial reactor for the photochlorination of toluene (p = CeHS). 

at a working temperature of 110 “C with a toluene reflux. The extent of 
chlorination is fixed at 0.5, and the non-transformed toluene at the reactor 
exit is separated by distillation, cooled and recycled to the reactor entrance. 
This type of reactor works in the diffusion regime [3]. The rate of the 
reaction is limited by the rate of chlorine supply and as a consequence 
there is a very low stationary concentration of chlorine in the liquid phase. 

The thermal energy produced by the 

& = 45 640 kcal h-’ 

reaction is 

It is dissipated by three processes: via the specific heat (increase in the 
temperature of the entrant mass flux), by convection across the double 
envelope and via the latent heat (vaporization and condensation of toluene 
in the cooling coil). The removal of the heat of reaction does not cause 
major problems in this type of reactor. Since the number of parameters on 
which we can act is relatively large, control of the reaction does not present 
us with great difficulties and allows us to predict each local overheating 
rapidly. In contrast, when a reduced rate of reaction (limited by the chlorine 
supply) is used, such that there is a long residence time, the risk of secondary 
reactions which will cause a loss in selectivity is substantially increased. 

Therefore the only improvement possible at present, bearing in mind 
the work carried out using this type of reactor, is a decrease in the residence 
time. 
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A.1 -2. Reactor with low residence time: is this an ideul reactor? 
It is not possible to obtain residence times of less than 10 min in the 

reactor described above (continuous stirring type) by simply increasing the 
light intensity and decreasing the reactor volume. Indeed, as the reaction 
rate is increased and the reaction volume is decreased the phenomenon of 
frothing becomes predominant and finally becomes uncontrollable, where- 
upon the liquid phase is blown out by the gas current. The search for very 
short residence times, of the order of 1 min, must therefore be directed 
towards other types of reactor. 

An annular plug flow reactor with a cooling double envelope working 
under pressure is a possible technological solution for this type of synthesis. 
This reactor is shown schematically in Fig. AZ. 

91 - 

by p remixing 

double envelope 

176.6 kg h -1 

206.2 kg h-’ 

12.9 kg h-’ 

65.3 kg h-’ 

1.3 kg h-’ 

Fig. A2. Plug flow reactor adapted to the photochlorination of toluene {q = CeH,). 

c12 92 = 128.4 kg h 
-1 

/ 
medium pressure UV 

I (7.8 bar) 
lamp 

The following assumptions were used to determine the length and 
working conditions of this plug flow reactor. 

(1) The reactor works continuously and isothermally at 110 “C. The 
heat of reaction is exchanged with a cooling fluid counterflow along the 
two walls. 

(2) The lamp emits uniformly at 313 nm all along the reactor and the 
absorption of light is assumed to be complete at each point in the reactor. 

(3) We neglect the variations in volume that occur during the reaction. 
(4) The total thermal capacity of the reactant mixture is constant 

during the reaction and the chlorine and HCl solubilities are equal. 
Thus the reactor comprises a continuously stirred reactor working at 

a pressure of 7.8 bar to ensure premixing of the reactants and to raise the 
temperature of the mixture to 110 OC, an isothermal plug flow reactor 
consisting of an annular space 20 cm in diameter and 1 mm thick in which 
the reaction mixture circulates at a pressure of 7.8 bar and a central zone 
with transparent Pyrex walls at the exit of a series of medium pressure WV 
lamps {with a power of about 40 W) in a central sheath which is cooled by 
a fluid counter-flow. 

Since the solubility of chlorine in toluene at 110 “C and atmospheric 
pressure is 0.61 mol 1-l [Al] the chlorine pressure necessary to dissolve 4.76 
mol 1-l is 7.8 bar. The temperature of the reaction is fixed at 110 “C to limit 
the photochemical chlorination reactions on the ring, which are predominant 
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at low temperature, and to avoid problems during the reduction to atmo- 
spheric pressure. A 1% chlorine excess with respect to the extent of chlorina- 
tion required is introduced into the plug flow so that the light absorption is 
essentially complete all along the reactor; the extent of the reaction is there- 
fore determined by the residence time. The pressure gradient Afi is of the 
order of 600 Pa so that the circulation of toluene in the annular space does 
not obstruct the working of the reactor. 

A.1.3. Conclusion 
In order to summarize this work, we have assembled in Table Al. 

some comments on the advantages and disadvantages of the two reactors 
described with respect to the criteria of selectivity, security and control. 

TABLE Al 

Parameter Stirred Plug flow Comment 
reactor reactor 

Volume - 
Residence time - 
cc12 1 + 

Selectivity + 
Regulation + 

+ 
+ 
- 

+ 
- 

A limited volume and residence time ensure a 
better selectivity and increase productivity 
A high chlorine concentration is unfavourable 
to the selectivity and brings about risks of 
explosion 
A large buffer volume dampens the thermal 
fluctuations. A very short residence time im- 
poses the use of a system of rapid control 

The comments given in this table enable the following conclusions to be 
drawn. 

(1) Although the reactors are of different designs the dimensions of 
both of them are largely functions of the processes of thermal transfer. 

(2) Although the plug flow reactor allows the stages of the reaction to 
be differentiated and some of the parameters to be controlled, there is not 
much improvement in the selectivity. 

(3) Although the very short residence time of the plug flow reactor 
allows an increase in the productivity, the high chlorine concentration makes 
the control of the reaction much more complicated. 

The example given here thus suggests that the choice of a classical 
reactor can lead to satisfactory results and that an increase in the productiv- 
ity can only be obtained by using more complicated technology, particularly 
with respect to control techniques. 

It is clear, however, that minor modifications to classical reactors will 
not result in significant progress being made in the industrialization of 
complex photochemical syntheses. Since the rate of the reaction is no 
longer completely described by the same state variables of the reaction 
mixture, it is desirable to adopt a new approach to photoreactor design 
in order to ensure better control or to take into account additional 
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parameters such as the light absorption profile, the lifetime of the reacting 
species, the homogenization processes, the stability of the reaction products 
under irradiation, the quantum yield of photolysis of the reactants and the 
order of the rate with respect to the intensity of absorbed light. Since photo- 
chemical reactions are very diverse, the geometry and the working conditions 
of the new photoreactors must take into account the variation of these new 
parameters from one reaction to another. It is therefore unlikely that an all- 
purpose photochemical reactor is feasible. Rather the industrialization of 
each photoreaction will necessitate the design of a specific photoreactor. 
However, the development of these new photoreactors can only be under- 
taken when the variables of each industrializable photoreaction have been 
defined and studied and when the photochemical engineer knows how to 
take them into account. 

Reference for Appendix A 

Al S. K. Fang, Ph.D. Thesis, University of New South Wales, 1970. 

Appendix B: nomenclature 

k t. % 
L 
P 
cl 

Q 

r 
rb 
23 

s 

t 

extent of the reaction at the exit of a stirred reactor of the Lucas type 
extent of the reaction at the exit of a stirred reactor 
extent of the reaction at the exit of a plug flow reactor of the Lucas 
type 
concentration (mol l- ‘) 
concentration in the gas phase (mol 1-i) 
diffusion coefficient (cm2 s-l) 
amplification factor 
coefficient defined by Henry’s law 
total absorbed light intensity (einsteins s-l 1-l) 
emitted light intensity (einsteins s-l 1-l) 
propagation rate constant (mol-’ 1 s-l) 
termination rate constant (moT1 1 SK’) 
termination rate constant in the gas phase (mol-’ 1 s-l) 
thickness of the falling film or the optical path length (cm) 
coefficient defined in ref. 2 
volume flow of the reactant in the irradiated compartment of a reactor 
of the Lucas type (1 s-l) 
volume flow of unirradiated reactant in the dark region of a reactor of 
the Lucas type (1 s-l) 
radial coordinate (cm) 
radius of a gas bubble (cm) 
VOf~, 

l/2 

cross section of the plug flow reactor (dm2) 
time (s) 
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T 
V 
V 
vc 
V, 
VO 
x 
e 
77 
P 

residence time in the dark region of a reactor of the Lucas type (s) 
volume of the irradiated region of a reactor of the Lucas type (1) 
volume of the dark region of a reactor of the Lucas type (1) 
calculated reaction rate (mol I- ’ s-l) 
experimental reaction rate (mol l-l s-l) 
initial reaction rate (mollV1 s-l) 
abscissa (cm) 
molar extinction coefficient (mol-l 1 cm-‘) 
radical transfer efficiency 
ratio of the volume of the irradiated region to the volume of the dark 
region in a reactor of the Lucas type 
residence time in the irradiated region of a reactor of the Lucas type (s) 
quantum yield of photolysis (initiation stage) 


