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Photochlorination 
0 

in a Tubular Reactor 
ALBERT0 E. CASSANO and J. M. SMITH 

University of Colifornia, Davis, California 

A method of describing the behavior of a single-phase, photochemical reaction in a tubular 
flaw reactor is given. A simplified form of the equations is applied to experimental data for 
the chlorination of propane. 

The results indicate that the reaction rate is second order in chlorine concentration and 
first order in light intensity at the wall. Independent experimental actinometer measurements 
permit the determination of absolute values of the k.inetic constonts. Such data are rarely 
available for photochemical reactions. Filter solutions flowing through a jacket around the re- 
actor is shown to be a practical method for studying the effects of light intensity, as well as 
for cooling the reactor. The optical efficiency of the reactor lamp system was 11%. 

The design of hotochemical reactors presents a chal- 

and physical processes. Variations in light intensity and 
absorption with position can affect the rate of reaction, 
cause concentration gradients, and induce diffusion. Fur- 
ther, many photochemical reactions are best described by 
chain mechanisms. For these systems heterogeneous (wall) 
as well as homogeneous termination steps can occur. If 
the heterogeneous reaction is significant, diffusion to the 
reactor wall becomes important. Some of these com lica- 

mixed) reactor, but this form is seldom plausible for gas 
phase reactions and may not be advantageous for liquid 
systems. 

The first puipose of this paper is to develop equations 
for describing the behavior of tubular flow reactors for 
chain kinetics. The results are complicated, but it is shown 
that laboratory measurements can be made at conditions 
which simplify the equations. These latter results are then 
used to analyze data obtained in a laminar flow reactor 
for the chlorination of propane at 30°C. and at atmos- 
pheric pressure. 

The literature includes descriptive reports (1, 8, 13, 
19) on the scientific and commercial aspects of photo- 
reactors and there are also a few papers on quantitative 
design. The first of these (3) considers the liquid phase 
reaction between hydrogen sulfide and n-octene-1. Back- 
mixing in the flow reactor thwarted a complete analysis 
of the data. Gaertner and Kent (11) studied the photoly- 
sis of aqueous uranyl oxalate in an annular reactor. The 

lenging problem g ecause of the interaction of chemical 

tions may be eliminated in a stirred-tank (comp P etely 
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reaction was of zero order in concentrations, so general 
conclusions about reactor performance were not possible. 
Nevertheless, the work confirmed the use of the uranyl 
sulfate reaction for measurement of light intensity. Schech- 
ter and Wissler ( 2 4 )  studied theoretically the performance 
of a laminar flow reactor. They included the effects of dif- 
fusion, convection, and light attenuation but used simple 
kinetics (nonchain reaction) and assumed a constant at- 
tenuation coefficient. A valuable contribution of their 
paper is the sound treatment of the boundary condition at 
the center of the tube. 

Huff and Walker (17)  reported on the photochlorina- 
tion of chloroform in a tubular reactor. Their interpreta- 
tion, while neglecting diffusion and flow effects, apparently 
represents the first contribution to reactor design for a 
chain reaction. There are two contributions of Dranoff and 
colleagues which attack the design problem for simple, 
nonchain kinetics. The first ( 1 5 )  includes equations for 
a completely mixed reactor with application to data on 
the photodecomposition of chloroplatinic acid. The second 
(9) considers the more important tubular flow reactor with 
the use of dimensional analysis. For simple reactions this 
approach can be useful for the scale-up of some parame- 
ters in the system. For chain reactions equations are ob- 
tained which are not practical for analysis and are proba- 
bly not practical for scaIing up as well. While these 
initial contributions are valuable, more work needs to be 
done both experimentally and theoretically in order to be 
able to analyze and to predict reactor behavior, particu- 
larly for chain reactions. 

The chlorination of propane was chosen for the experi- 
mental measurements because the evidence (21 to 23, 25, 
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26) is compelling that a chain mechanism is involved, and 
operating conditions can be chosen so that the only sig- 
nificant product is monochloropropane. Kinetic analyses 
and data for photochlorination of hydrocarbons are sum- 
marized in a recent review (7) and information specifi- 
cally for propane is also available (2 ,  16, 28). 

TUBULAR FLOW REACTOR ANALYSIS 

Consider the continuous flow of a homogeneous reacting 
fluid through a cylindrical tube with uniform radial light, 
without end effects, and at steady state. This situation is 
depicted in Figure 1, where the arrows indicate the rays 
of light. In general the behavior of the reactor is described 
by four conservation equations. momentum, mass, thermal 
energy, and radiation energy. The momentum and thermal 
energy equations establish the velocity and temperature 
profiles and are the same for photoreactors as for conven- 
tional reactors. Hence they need not be repeated here. 

If longitudinal dispersion is neglected, the mass balance 
for species i may be written 

where Dei is the effective diffusivity of the i species and 
ai is its rate of production. Rigorously, there will be a 
separate equation for each wavelength as well as for 
each species, since the kinetic constants which establish 
fii may be a function of A. Photoreactions occur as a result 
of absorption of light, and this absorption reduces the in- 
tensity of rediation available to the subsequent element of 
fluid in the light path. Hence, to predict the reactor opera- 
tion, it is necessary to know the distribution of the in- 
tensity throughout the system. According to Lambert’s 
law, the absorption is equal to the product of the inten- 
sity and the attenuation coefficient p of the fluid. From 
Figure 1 it is noted that at any point in the reactor there 
is direct radiation Zdi, from the outside and opposite radia- 
tion l,, from the center. By using Lambert’s law for this 
cylindrical system with purely radial light, the radi3t’ ion 
energy equation is 

V A  Jb 
I 

I f  

Z d -  

1 

- 
L o -  - 

I 
Fig. 1. Photoreactor geometry. 

where I, is the intensity of radiation at radial position r .  
Since and I are functions of wavelength, there is, in 
general, a separate equation for each A. 

The following assumptions are now made: (1) constant 
temperature and pressure; ( 2 )  constant physical proper- 
ties; ( 3 )  no dark reaction; (4) effects of different wave- 
lengths are additive; (5) mechanisms and kinetic con- 
stants are the same for different wavelengths; (6) no ef- 
fects of light other than catalyzing the reaction; (7) lami- 
nar flow. 

Some of these (4 and 5) might be evaluated experi- 
mentally by using monochromatic light sources or filter 
solutions. This point is discussed again in the treatment of 
the data. It is possible to apply corrections to satisfy as- 
sumption 3 and the importance of 5 can be reduced by 
avoiding large variations in spectral light distribution. 
Note that 5 eliminates the need for a separate Equation 
( 1) for each wavelength. Many photochemical reactions 
have large heats of reaction so that significant tempera- 
ture changes, both radially and axially, will exist in a 
tubular reactor. Assumption 1, then, would not be valid 
and scale-up of laboratory data will require evaluating 
these gradients by using the thermal energy conservation 
equation. A moderating factor is the low activation energy 
normally observed for photoreactions. The laminar flow 
restriction 7 means that the velocity is independent of z ;  
it is given by the expression: 

( 3 )  

Also D,; in Equation ( 1) becomes the molecular diffusiv- 
ity for the species. 

Suppose the concentration of each species at the reactor 
inlet is ( C L ) o .  Consider, for the moment, that monochro- 
matic light is used. Then the boundary conditions for 
Equations (1) and (2)  are 
at 

at 
Z =  0, Ci=Cio (4) 

r = R,  I ,  = Zw ( 5 )  
Also at r = R there are two restrictions on the concen- 

1. For species without wall reaction: 
trations; 

2. For species with wall reaction: 

(7)  
aci ( a i ) w  

ar Di 
-=-- 

The boundary condition at r = 0 is obtained, following 
Schechter and Wissler ( 2 4 ) ,  by making a mass balance on 
an element around the point 7 = 0, taking the limit as 
the radius of the element approaches zero. This gives 

Equations (1) to (8) in principle can be used to deter- 
mine the concentrations of each species at the exit of the 
reactor and from these results the conversions can be ob- 
tained. To use the equations and f i i  must be estab- 
lished. 

For most solutions the attenuation coefficient is an ap- 
proximate linear function of the concentrations of the 
absorbing substance 

Vol. 12, No. 6 A.1.Ch.E. Journal Page 1125 



where the molal absorptivity a h  is a function only of wave- 
length. If more than one absorbing substance is present, 
the attenuation coefficient for the mixture is 

Absorptivities are accurately known for some substances, 
for example chlorine. 

The net rates ni for each species depend upon the re- 
action mechanism. The steps involved in chain reactions 
may be illustrated with the chlorination of propane. Con- 
sidering only a primary product, propyl chloride, the 
sequence believed to represent the process is 

k l  
C12 + hv-, 2 Cl' activation 

k.2 
C1* + PrH * Pr' + HCI 

k'2 

k3 

k'3 

propagation 

pr* + ciZ e pr CI + ci4 

1 k4 
Pr' + end 

homogeneous 
termination 

termination 

k5 
c14 4 yz ci2 

c14 + p r o  -+ P ~ C I  
kg 

(11) 

i 
k*l 

k W 2  

The sum of these steps is the overall reaction 

"" + 

Pr' + W 4 end 

?'z " 2  heterogeneous (wall) 

PsH + C12 4 PsCI + HCl 

To obtain practical expressions for ni, it is necessary to 
consider various limiting cases. For example, it may be 
assumed that all reactions are irreversible and that the 
rate is controlled by one or more termination steps, either 
homogeneous or heterogeneous, or both. Application of 
the conservation of mass principle to each group of sup- 
positions leads to a specific set of equations for % The 
relative importance of any set can depend upon the re- 
actant concentrations, presence of diluents, and character- 
istics of the wall surface. 

The limitation of monochromatic light can be removed 
either: by using in Equation (2) an average value for p 
and an average I from the polychromatic light source, or 
by summing Equation ( 2 )  over the wavelength intervals 
catalyzing the reaction. 

SIMPLIFICATION OF EQUATIONS 

The chief difficulties in utilizing Equations (1) to (8) 
for a chain reaction system are: (1) uncertainties in esti- 
mating Di for the atomic and free radical species, (2)  the 
complicated equations for ni involving many kinetic con- 
stants, (3) variations in light intensity and kinetic equa- 
tions due to wall deposits. 

The second difficulty possibly could be lessened by ap- 
plying stoichiometric relations between reactants and 
products to reduce the number of species. It should be 
noted that the conventional stationary state supposition, 
often applied in batch kinetic studies, is not generally ap- 
plicable because of diffusion. Even the stoichiometric ap- 
proach would re uire the additional assumption that the 
diffusion rates of R t e species were related by the stoichiom- 

etry of the reactions. The procedure in solving Equations 
(1) to (8) would be to develop a set of equations for ni, 
as described in the previous section, and to verify them 
by comparing the solution with experimental data. How- 
ever, the problems introduced by difficulties l and 3 are 
unresolved. 

All three diEculties could be avoided in the laboratory 
for many reactions by operating with small conversions 
and small concentrations of absorbing species. This does 
not answer the design or scale-up problem directly but 
would provide a means of evaluating kinetic expressions 
for ai. The rest of this section presents the simplifications 
in Equations (1) to (8) which are possible under these 
restraints; then the simplified equations are applied to the 
data for the chlorination of propane. 

For small conversions the effect of the velocity profile on 
the conversion is slight (7a). Also in a cylindrical photo- 
reactor the intensity increases toward the center of the 
tube. This tends to balance the effect of a longer residence 
time near the outer radius of the tube. Furthermore, dif- 
fusion will tend to flatten whatever concentration profile 
exists. Hence, for small conversions a uniform concentra- 
tion profile and an average velocity may be assumed with 
little error. 

In the wavelength region 2,500 to 5,000 A. (the range 
of radiation for the lamp used), the only absorbing sub- 
stance in the reaction system is chlorine. Hence, Equation 
(9) can be used to obtain p for the mixture. However, for 
low concentrations of chlorine (the maximum value em- 
ployed experimentally was 0.85 mole % ), p may be as- 
sumed zero without affecting significantly the radial dis- 
tribution of radiation energy. Thus Equations (2) and 
(5) can be integrated, by assuming an average value of 

over the pertinent wavelength range, to give 

I A J  R 
L A  r 
-=- 

L exp [-PA ( R - r ) l  + exp [ -PA ( R +  r ) l  (12) 
Equation (12) was then used to evaluate I A , + / I ~ , A  as a func- 
tion of r for two cases: (1) p~ = 0 and (2)  p~ evaluated 
from Equation (9) by taking the maximum value of a in 
the wavelength range and by using an average value of 
Cclz. The two relationships differed by less than 0.3%. 
Hence the simplified form of Equation (12) with = 0 
can be used instead of Equation ( 2 )  : 

A fiat concentration profile eliminates radial diffusion. 
Therefore the stationary state hypothesis for Pr* and Cl' 
should be applicable for evaluating the reaction rates. By 
referring to the reaction sequence, suppose that hetero- 
geneous teimination steps are negligible and that the 
homogeneous termination rate constants ks. and k 6  are also 
small. Also assume that the propagation reactions are ir- 
reversible. Then the rate of production of propyl chloride 
(or disappearance of chlorine) is given by the relation 

Kinetic studies suggest that the rate of the activation step 
is first order with respect to the light absorbed (per unit 
volume) IUA. Hence the stationary state hypothesis gives 
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Equations ( 15) and (16) can be used to eliminate (Cpr:z) 
from Equation (14), giving 

The light absorbed is l r , h  FA. Hence, from Equations (9) 
and (13) 

(18) 
~ L , A R  

r laA.r = 1A.rPA = - f f A  (cCI2) 

Combination of Equations (17) and (18) gives the rate 
of disappearance of chlorine at any radius r: 

The rate varies with r only because l a  varies. Hence, the 
average rate can be obtained from Equation (19) by inte- 
grating radially with respect to area: 

W R 2  
- fk12  = 

- 
- nclz = 4 K l w , ~  a~ [C1212 = k o , ~  ( C C I ~ ) ~  (20) 

K is the composite rate constant (2klk3/k,) in units of 
cc./Einstein, which can be converted for a given wave- 
length to (cc.) (g.-mole)/erg. The constant k,,A = 4 K l , , ~  
a(yh is a conventional, second-order rate constant in cc./ 
(g.-mole) (sec) . 

With these kinetic assumptions only one species is in- 
volved in the conservation equations. Hence, only one 
equation of the form of Equation (1) is needed. In view 
of the described restrictions this may be written as 

Equations (1) to (8) are now replaced by (20) and 
(21) with boundary condition (4) .  Since OIA and I,,A are 
functions of A, a summation must be made over the wave- 
length range which catalyzes the reaction. The validity of 
Equation ( 2 0 ) ,  and hence the method of analysis, de- 
pend upon the degree to which the kinetic approximations 
represent the actual mechanism. The following sections 
show that the experimental data agree well with these 
equations. It may also be noted that empirical expressions 
of the form rate = ko(Cc12)2 are reported in the litera- 
ture for correlating data on the chlorination of hydrocar- 
bons. 

To evaluate the rate constant K it is necessary to deter- 
mine l w , h  and from independent data. Methods of do- 
ing this are described in the next section. 

EVALUATION OF LIGHT ABSORPTION 

The absorptivity CQ of chlorine is available from the 
literature (12, 14). The intensity Z w , ~  at the inside wall 
of the reactor can be most accurately determined by meas- 
uring the extent of decomposition of oxalic acid in uranyl 
sulfate solution. The optical and kinetic features of this 
unique reaction have been established carefully (5 ,  10, 
11,18). The key points are that the reaction is zero order 
in concentrations and first order with respect to light in- 
tensity. 

If it is assumed that the spectra1 distribution of the Iight 
at the inside of the reactor wall is the same as that leaving 
the lamp, l w , A  is related to the known total intensity by 
the ratio 

FA 
Ftot 

1w,A = Iw,tot - 

The rate of the actinometer reaction [rate of production of 
(COOH),] is proportional to I , A ,  which can be obtained 
from Equation (12). Then the rate is averaged across the 
radius of the reactor, l w , A  is replaced by Equation (22), 
and the result is summed over the pertinent wavelength 
range. This leads to the following expression for the rate 
in terms of lw,tot: 

A 

(231 
- - rt = 

R 

Equation (21) can be written for the actinometer re- 
action as 

where Cc represents the concentration of oxalic acid. By 
integrating and by expressing the result in terms of the 
conversion, volumetric flow rate Q, and reactor volume 
VR, one obtains 

All the qiiantities in Equation (25)  are known except 
lw,tot and Ft. Since the rate is available from experimental 
data llU,tot can be calculated by using Equation (25). 
Then from Equation ( 2 2 )  the intensity at the wall is 
known as a function of wavelength. This same procedure 
was used in a somewhat different way by Huff and Walker 
(1 7) to evaluate intensities. The pertinent feature about 
Equation (25) is that the conversion is directly propor- 
tional to VR/Q. 

APPARATUS 

For Chlorination Data 
To achieve near isothermal conditions, small conversions 

are generally necessary, and to avoid wall deposits and sec- 
ondary chlorides, it was necessary to use a feed gas con- 
taining about 96 mole % nitrogen and a stoichionietric excess 
of propane. In the first part of the apparatus, shown in Figure 
2, this feed gas was prepared by starting with cylinder gases 
and by including proper purification and metering equipment. 
The feed was then passed either to reactor system A or dark 
reactor (9). The latter tube duplicated in the dark the flow 
conditions in the quartz (light) reactor (10). After each run 
the same feed was passed through the dark reactor and on to 
the absorption and sampling system (13, 14, 15, 16). The analy- 
sis of the samples for the dark reactor run was used to es- 
tablish the chlorine flow rate for the quartz reactor run and 
also the extent of the dark reaction. 

Fig. 2. Experimental equipment for chlorination. 
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The reactor system (Figure 3) was of the elliptical type, 
similar to those used by others ( 3 ,  9, 11,  1 7 ) .  The lamp and 
reactor were carefully mounted at  the foci of an ellipse, which 
consisted of a highly polished, O.O3Zin.-thick sheet of specu- 
larly finished aluminum. I t  is estimated that the surface re- 
flected 80 to 90% of the total radiation in the range of lL be- 
tween 2,500 to 4,500A A 360-w. General Electric UA-3 
Uviarc lamp was used. Its dimensions and spectral character- 
istics are available (27). The reactor (10) was a 2-mm. I.D. 
(4-mm. O.D.) tube of fused quartz whose other dimensions 
are shown in Figure 5. This gave a fairly uniform transmission 
of more than 90% up to 2 ,5002~ I t  was jacketed with a 16- 
mm. I.D., 18-mm. O.D. silica tube. Water, or filter solution, 
flowed through the annular space for cooling and to reduce 
the light intensity. To eliminate turbulence a 230-mm. length 
of .straight tube was provided prior to the lighted portion of 
the reactor, and a 130-mm. section downstream. All the tubing 
except the desired reactor length was covered with black paper 
and masked with a 5-mm. layer of asbestos sheet. Tempera- 
tures were measured, as shown in Figure 3c, with ASTM 
thermometers to 0.1 a C. 

The product stream passed first through a bubbler tube (13) 
filled with water and then to an absorber (14) which contained 
calcium oxide, and finally to the chlorine exhaust system. Sam- 
ples of either the light or dark reactor products were obtained 
by diverting the gas stream to a line of two absorbers (15) or 
(16) containing potassium iodide solution ( 3  wt. %).  All the 
critical parts of the apparatus outside the reactor system were 
darkened with paint. . 

At least 1 hr. was allowed to reach steady state conditions, 
achieved when the entrance temperature at the reactor was 
constant at 28°C. and the exit temperature at 32°C. Blank 
tests with nitrogen flowing through the reactor showed the 
4°C. difference to be due to the heat from the lamp. Because 
of the wall conditioning procedure (see next section), 90 niin. 
were allowed after each change in feed composition before 
taking samples. Immediately afterward the dark reactor run 
was made. 

The solutions from the absorber were analyzed for unreacted 
chlorine and for hydrogen chloride by titration with sodium 
thiosulfate and sodium hydroxide solutions, respectively. 

For Actinometer Data 
The intensity of the light was determined in the same re- 

actor system as was used in the chlorination work. Degassed 
distilled water flowed through the jacket. The feed solution, 
0.05 molal oxalic acid and 0.01 molal uranyl sulfate, passed 
through the reactor and after steady state, samples of the 
feed and product streams were taken for analysis. Flow rates 
and reactor length were controlled so that the conversion of 
(C0OH)z was between 3 and 20%. Smaller conversions in- 
troduce errors in the analysis and larger values introduce un- 
certainties in the zero-order rate requirement, the possibility 
of bubble formation due to excessive formation of carbon 
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Fig. 3. Reactor system. 
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monoxide and carbon dioxide, and the danger of reduction 
of U02+  + (20). The samples were analyzed for oxalic acid 
by titr.ating with standard potassium manganate solution at  
85°C. 

PRELIMINARY EXPERIMENTAL STUDIES 

Before obtaining final data, preliminary chlorination runs 
were made to evaluate inhibition effects, wall deposits, the 
dark reaction, temperature variations, and the accuracy of the 
procedures. These runs extended over the initial 200 hr. of 
operation of the lamp-a period when the intensity may be 
less stable than later. 

Purification-Inhibition 
Photochlorination of propane appears to be inhibited pri- 

marily by iodine and oxygen. Iodine contamination was im- 
probable, provided proper prtcautions were taken in connecting 
the sampling and reactor sections of the apparatus. There did 
exist the possibility of oxygen inhibition from the chlorine and 
nitrogen streams. This was checked by making runs with a 
tube of activated charcoal at 600°C. installed in the chlorine 
and nitrogen lines. The gases were cooled and then passed 
through a second tube of activated charcoal, maintained at 
0"G. for chlorine and -78°C. in the nitrogen line. This pro- 
cedure provided for the reaction of any oxygen at 600°C and 
adsorption of the carbon dioxide and carbon monoxide pro- 
duced in the low-temperature beds of charcoal. The rate of 
chlorination was found to be the same in these runs as in the 
system described in Figure 2. Hence, use of prepurified grade 
feed gases along with the purification procedure shown in the 
figure was judged adequate to prevent inhibition of the 
chlorination. 

Dark Reaction 
Initial runs were made without light in the quartz reactor 

(10). With very precise analytical conditions, a sm.all amount 
of dark reaction was detected (by the formation of small 
quantities of hydrogen chloride). The extent of the reaction 
was reproducible and sensitive to changes in concentration 
and flow rate. Because of this, the dark reactor was built and 
parallel runs made in it. I t  may be noted that Yuster and 
Reyerson (28) apparently did not observe a measurable amount 
of thermal reaction below 50°C. 

The data obtained in the quartz reactor could be accurately 
corrected for dark reaction in our work simply by subtracting 
the rate of the dark reaction from that of the light reaction. 
This procedure would not be satisfactory if the dark reaction 
were a sizeable fraction of the total, because some of the steps 
in the reaction sequence probably are the same for both light 
and dark processes. In all the runs, the dark reaction was 
less than 10% of the light reaction. 

Precision of Analyses 
With conventional flow metering devices, it was not possible 

to measure the chlorine flow rate more accurately than about 
5%. Hence, the analysis of samples for the dark reaction run 
was used to establish the chlorine rate. This was compared 
with the total chlorine rate calculated from the analysis of 
the samples from the light reaction. The chlorine mass balance 
obtained in this way was always accurate to better than 2%. 

Precautions were necessary to deterniine accurately the hy- 
drogen chloride produced at low conversions. Long adsorption 
times were required and also a precise pH meter was neces- 
sary to establish the endpoint. 

Temperature Variations 
The heat of monochlorination of propane is about 27,000 

cal./g.-mole. With the feed compositions used and a conversion 
of lo%, the adiabatic temperature rise is about 2.5"C. This 
maximum AT was less than the 4°C. rise due to thermal 
energy from the lamp. The reaction temperature for each run 
was estimated by linear extrapolation between 28" and 32"C., 
according to the location of the lighted section along the re- 
actor tube. 

Wall Deposits 
Data were not reproducible after several hours of operation 

when a very high light intensity was used or when the con- 
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version exceeded 20%. Inspection of the reactor after these 
runs showed a yellow to brown deposit located at the il- 
luminated section. Such wall deposits have been described 
previously by Yuster and Reyerson ( 2 8 )  and have been ana- 
lyzed carefully by Chambers and Ubbelohde (6) .  In our case 
the deposit was insoluble in water and hydrogen chloride solu- 
tion, only partially soluble in acetone or alcohol, and more 
soluble in carbon tetrachloride. It was readily removed by 
brushing after wetting the surface with carbon tetrachloride. 

The deposit decreases the transmission of light, but the de- 
crease in reaction rate seems to be greater than expected from 
this source. It appears reasonable that the deposit enhances 
the wall termination rate of the activated species. Some ex- 
ploratory runs were made at extreme conditions. For example, 
at a Reynolds number of 1,000, a feed gas of 96 mole % 
nitrogen, 3% propane, and 1% chlorine, and a high intensity 
(no filter solution) illuminated length of 30 mm., the con- 
version decreased with time on stream from 40% after 1 hr. 
to about 20% after 5 hr. The concept that the deposit is a 
layer of adsorbed hydrocarbon compounds seems to be gen- 
erally valid. At high chlorine concentrations the color could 
change to brown by chlorination reactions in the layer. 

On the basis of this information the following procedure 
was adopted to ensure reproducible data: 

1. After 8 hr., the reactor wall was cleaned with carbon 
tetrachloride and a brush, washed with carbon tetrachloride, 
acetone, alcohol, and then again with carbon tetrachloride. 
Finally, nitrogen was passed through the tube for 4 hr. 

2. The reactor was operated at low light intensities (with 
filter solutions) with an excess of propane and at conversions 
less than 20%. 

3. Ninety minutes was allowed, after changing conditions, 
before obtaining samples. 

With these arrangements reproducibility of better than 2% 
was generally obtained between consecutive runs at the same 
conditions and also after runs for 6 to 8 hr. at different con- 
ditions. 

Scope of Dato 
The described operating requirements could be satisfied over 

the ranges of variables given below, and chlorination data were 
obtained for these conditions. Flow rate: N R ~  = 500 to 2,000. 
Feed gas composition: nitrogen = 94 to 99 mole %, propane = 
1.5 to 3.5%, chlorine = 0.1 to 1.0%. Reactor length: 10, 20, and 
40 mm. (nominal). Light intensity Z ( I w , ~  ah e ) :  0.38 to 1.63 
X Einsteins/(sec.) (g.-mole). 

LIGHT INTENSITY VARIATIONS 

One of the objectives of the experimental work was to 
study the effect of light intensity. To avoid the potential 
influence of variations in wavelength on the reaction rate, 
it is necessary to vary the intensity without changing the 
spectral distribution. Since this could not be accomplished 
by changing the lamp voltage, it was done by using a 
filter solution as the cooling medium flowing through the 
jacket around the reactor. It is not possible practically to 
develop a filter with a constant absorption coefficient for 
all wavelengths; the best approximation is to obtain a 
nearly constant absorption for those wavelength bands, of 
strong emission of the lamp, which are within the range 
of absorption by chlorine. 

The problem of preparing filter solutions with specified 
wavelength-transmission characteristics is essentially an 
empirical one of combining inorganic salts. By using avail- 
able information ( 4 ,  21, 22) four solutions consisting of 
different amounts of nickel chloride, ferric chloride and 
potassium chromate were prepared. The emission strength 
of the lamp used at  various wavelengths is given in the 
first two columns of Table 1.t This information, along with 

t Tabular material has been deposited as document 9057 with the 
American Documentation Institute, Photoduplication Service, Library of 
Congress, Washington 25, D. C., and may be obtained for $1.25 for 
photoprints or 35-mm. microfilm. 

the absorption data for chlorine, shows that the most im- 
portant wavelength ranges are: 2,900 to 3,200 A., 3,600 
to 3,700 A., and 4,000 to 4,100 A. The percent trans- 
mission of the four aqueous solutions are shown as &, 811, 
ellI, and 81" in Table 1. It is seen from these data that 
the spectral distribution of the light reaching the reactor 
wall will be essentially the same for these four solutions, 
but the intensity will be increased progressively from solu- 
tion I to IV. These four solutions were employed in the 
runs to investigate the effect of light intensity. A fifth solu- 
tion was also used consisting of nickel chloride, potassium 
biphthalate, and potassium chromate. This filter gave a 
light distribution enriched in the 3,000 to 3,500 A. inter- 
val. Its transmission characteristics are given in the col- 
umn labeled Oo in Table 1. This filter was used to study 
the effects of flow rate and chlorine composition at  con- 
stant intensity. Comparison of rates of reaction with solu- 
tion 8, with the results by using the solutions 91 - 81v at 
the same intensity gave some indication of the effect of 
wavelength on the kinetics. 

The absorption characteristics of the solutions were de- 
teimined with a visible and ultraviolet spectrophotometer. 
The filter solutions were not stable for long periods, SO 
frequent replacement was necessary. When filter solutions 
were used, it was necessary to multiply the right side of 
Equation (22) by Oh to obtain the wall intensity from 
actinometer runs with water in the reactor jacket. A simi- 
lar correction was necessary in Equation (23).  

RESULTS OF LIGHT INTENSITY MEASUREMENTS 

Actinometer runs were first carried out after preliminary 
chlorination runs with high conversions (20 to 40%).  For 
these data a wall deposit existed. Following this, low 
conversion chlorination data were obtained and then the 
actinometer runs were repeated. These latter runs were 
made at  the three reactor lengths used in the chlorination 
measurements. In all cases the average reactor tempera-4 
ture was about 30°C. No difficulty was experienced in 
obtaining reproducible data as long as the flow rate was 
more than 2 cc./min. 

The average rates of reaction as calculated from Equa- 
tion (23) for each set of data are summarized in Table 2. 
The last three rows present the results obtained in the 
clean reactor. The rate values are constant within 3% for 
different reactor lengths. This indicates that the end ef- 
fects (due to non-normal radiation) are negligible. How- 
ever, the rates obtained with a wall deposit are about 6% 
lower. This is not likely due to changes in lamp charac- 
teristics. If these change, the intensity should decrease 
with time, yet the runs with deposit were carried out prior 
to the others. It seems clear that the rate and, hence, the 
light intensity are reduced by the wall deposit. 

TABLE 2. ACTINOMETER RESULTS FOR 
DIFFERENT REACTOR LENGTHS 

Average 
rates of 

Reactor Flow rate reaction, 
length, range, Exit con- g.-mole/ 

Run No. mm. cc./min. version, % ( cc. ) ( sec. ) 

A13-A25* 30.0 3.2 to 25.9 3.3 to 24.5 7.16 X 
A26-A31 10.5 2.4 to 16.9 1.0 to 14.5 7.74 X 
A33-A39 19.3 3.9 to 25.8 1.1 to 14.5 7.57 X lo-* 
A40-A51 40.5 6.9 to 83.6 1.4 to 17.3 7.54 X 

0 With wall deposit. 
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For purposes of evaluating the light intensity, an aver- 
age rate Ft = 7.62 x g.-mole/(cc.) (sec.) was used 
in Equation (23). In the first two columns of Table 3t 
are the emission spectra of the lamp as supplied by the 
manufacturer (27). From this information and the ab- 
so tivity and quantum efficiency (5, 10, 18) it was pos- 

using this result and the value of Tt, the total intensity as 
determined from Equation (23) was 147.3 x Ein- 
steins/(sq. cm.) (sec.). Finally, this value and the flux 
ratio for the lamp were used in Equation (22) to evaluate 
the wall intensity I,,& for any wavelength. All of these re- 
sults are given in the last column of Table 3. They are the 
intensities which, when multiplied by the proper trans- 
mission coefficient (Table 1 ) , give Iw,& needed to interpret 
the chlorination data. 

Optical Efficiency 
A specific charactelistic of a reactor lamp system is its 

optical efficiency .$. This may be defined as the amount of 
light reaching the inside wall of the reactor divided by 
the amount of light emitted by the lamp, both per unit 
length. In equation form 

sib Tp e to carry out the summation in Equation (23). By 

The quantity in brackets is a characteristic of the lamp 
alone, while Rlw,tot. is a measure of what might be termed 
the ideality of the lamp reactor system. The efficiency will 
be less than unity for several reasons: (1) the radiation 
is not entirely radial, (2) the lamp and reactor will not be 
exactly centered at the foci of an ellipse, and (3) the 
transmission of the silica reactor waII and the reflectance 
of the aluminum surface are not 100%. 

The data in Table 3 give values of Ftot and Z,.t,,, so 
v 

- - 2v( 15.2) (0.1) 147.3 x 10-8 
that the efficiency is 6 = 

132.6 x 
O.ll,.or l l % ,  where 15.2 cm. is the length of the lamp. 
Since no significant differences in rt were observed for dif- 
ferent reactor lengths, the efficiency does not vary with L 
over the range studied. It may be noted that the illumi- 
nated length of the reactor was a small part of the total 
length of the lamp reactor system. 

RESULTS OF CHLORINATION RUNS 

Kinetics at Constant Light Intensity 

be integrated to give 
For differential reactor operation, Equation (21) can 

f See footnote on page 1129. 

Run 
No. 

D-9 
D-10 
D-11 
0-12 
0-13 
0-14 
0-15 

Flow 
rate x 104 Nitrogen, 
g.-mole/sec. mole % 

8.80 96.0 
8.80 96.0 
8.79 97.0 
8.79 97.0 
8.74 97.6 
8.74 97.6 
8.82 98.1 

500 

2 3 4 5  /o 100 ,Aamo/e  

Fig. 4. Effect of chlorine concentration. 

(27) 
- Q[(CCI~)O- (c021LI  

- &I2 = 
VR 

Rates of reaction were calculated from the experimental 
data with this expression. Plotting the rate vs. the arith- 
metic average concentrations should establish the order of 
the reaction with respect to each component. About fifty 
runs were carried out at various flow rates and concen- 
trations of chlorine and propane for this purpose. The re- 
actor length was fixed at 19.3 mm. and the spectral dis- 
tribution of the light was constant and corresponded to 
that obtained with filter solution 0 (Table 1).  The results 
are plotted in Figure 4 and a least square evaluation of 
the slope of the line gives 1.98. This indicates that the 
rate is second order in chlorine concentration for our oper- 
ating conditions. For these data two runs were made at 
each condition. The agreement of the points in the figure 
indicates the degree of reproducibility. 

The data in Table 4 show that there is no effect of 
propane concentration, between 1.5 and 3.5 mole %, on 

TABLE 4. EFFECT OF PROPANE CONCENTRATION 

Chlorine, Propane, ( C c i z ) ~  x 107 1~12, Cm x lo7 
mole % mole % g.-mole/ml. % g.-mole/cc. 

0.43 3.50 1.779 6.3 1.723 
0.43 3.50 1.779 6.2 1.720 
0.44 2.53 1.781 6.1 1.726 
0.44 2.53 1.78 1 6.1 1.726 
0.44 1.92 1.820 6.4 1.762 
0.44 1.92 1.820 6.5 1.760 
0.44 1.49 1.804 6.2 1.748 

-t2ci2 x 107 ko X 10-8 
g.-mole/ g.-mole/ 

(sec.) (cc.) ( see . )  (cc.) 

40.38 1.360 
39.59 1.334 
39.40 1.323 
39.40 1.323 
41.69 1.345 
42.59 1.374 
40.68 1.335 

Error %, 
in mass 
balance 

0.25 
0.10 
0.67 
0.11 
0.86 
0.75 
0.60 

Reaction temperature = 30.5'C.; Reynolds number = 1,010 (approx.). Reactor length = 19.3 mm. Filter solution 0, 2 ( I c u , h 6 ' ~  a h )  = 1.628 x 
I F  Einsteins/( sec.) (g.-mole). 
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TABLE 5. EFFECT OF FLOW RATE ON RATE CONSTANT k, 
- 

-ac12 Error 
Flow ( CClZ 10 x 107 ko x 10-8 inmass 

Run rate x 104 Reynolds Nitrogen, Chlorine, Propane, X lo7 ~ ~ 1 2 ,  C m  X lo7 g.-mole/ cc./(g.-mole) balance, 
No. g.-mole/sec. No. mole % mole % mole % g.-mole/cc. % g.-mole/cc. (sec.) (cc.) (sec.) % 

0-31 
0-25 

0-35 
0 - 3 3  

0 - 3  
0-5 
0-21 
0 - 2 3  
0-49 
0-51  

4.390 
4.400 
6.511 
6.520 
8.791 
8.815 

13.216 
13.239 
17.392 
17.426 

505 96.3 0.20 3.46 0.812 6.0 0.787 
506 96.2 0.36 3.46 1.414 10.0 1.343 
750 96.3 0.23 3.47 0.908 4.7 0.887 
751 96.2 0.35 3.47 1.389 6.8 1.341 

1012 96.1 0.41 3.47 1.662 6.0 1.612 
1015 95.9 0.68 3.46 2.743 9.5 2.613 
1521 95.9 0.62 3.44 2.530 6.3 2.450 
1524 95.8 0.79 3.43 3.228 7.8 3.102 
2002 95.9 0.65 3.47 2.683 5.0 2.615 
2006 95.7 0.85 3.46 3.465 6.6 3.351 

8.894 
25.721 
11.515 
25.488 
35.826 
93.710 
85.693 

135.619 
95.005 

160.746 

1.433 1.50 
1.429 0.40 
1.466 0.67 
1.417 0.30 
1.378 0.70 
1.375 0.66 
1.428 0.67 
1.411 0.11 
1.391 0.37 
1.432 0.40 

Reaction temperature = 30.5'C. Reactor length = 19.3 mm. Filter solution 0, Z ( I w , h  B A  a h )  = 1.628 x 10" Einsteins/(sec.)(g.-mole). 

Fig. 5. Effect of reactor length. 

the rate - ZclZ. These results are for constant chlorine 
concentEation and constant flow rate. 

Thus Equation (20),  which is developed on the basis 
that the rate is directly proportional to the light absorbed 
and the chlorine concentration, satisfactorily explains the 
data. If this expression for Zclz is substituted in Equation 
(21) and integrated over the length of the reactor, the 
result expressed in terms of the conversion of chlorine is 

xc12 = 
( ~ C l d o -  CCdL 

( C C I Z ~ ,  
K 

- - 

or 

(28) 

where 01h for the summation term is obtained from (12, 
1 4 ) ,  Ilu,h in Table 3, and in Table 1. For this filter 
&A Iw,h 6, = 1.628 X 10-2 Einsteins/(sec.) (g.-mole). 
The kinetic constant K was calculated with Equation (28) 
and from it the conventional second-order constant k, 

XClZ K =  
4sffA LA @o,X 1- 1 - xC12 

This latter constant is also tabulated in Table 4. Table 5 
shows a series of runs with different flow rates within the 
range 11 to 43 cc./sec. (at  reactor conditions). The non- 
variance of the k, values shows that flow rate had no effect 
on the kinetics. Note that all the data were in the laminar 
flow region. 

Some runs were made at longer (40.5 mm.) and shorter 
(10.5 mm.) reactor lengths, all other conditions being the 
same as before. Figure 5 is a plot of &I2 vs. the arith- 
metic average concentration of chlorine for these data. 
Again the line is straight and the slope essentially 2.0. For 
comparison, some of the data for L = 19.3 mm. are also 
shown in the figure. 

Table 6 gives the average values of K and k, for the 
three reactor lengths. As with the actinometer data no end 
effects are apparent. 

Effect of Light intensity 
According to Equations (20) and (29) the rate of re- 

action, or the rate constant ko, should be directly propor- 
tional to Iw,k e,, which is a measure of the light in- 
tensity at the wall. Chlorination runs were made by using 
the four filter solutions I-IV (Table 1) in the reactor 
jacket. From the measured conversion ko was calculated 
from Equation (29).  The absorptivity information from 
(12, 14), and the Oh and Iw,h data from Tables 1 and 3 
were used to establish t(01~ Im,h 0,) for each of the solu- 
tions. Figure 6 shows these results. The linear nature of 
the data provides evidence that the rate is proportional to 
the first power of the light intensity. This can be shown 
in an alternate way by noting if K is constant. The aver- 
ages of the K values obtained from Equation (28) for 

TABLE 6. KINETIC CONSTANTS FOR 
DIFFERENT REACTOR LENGTHS 

Initial 
No. Reactor Flowrate (CCIZ) lo x 10-8 x lO-'5 

of runs length, range, range, (cc.) (sec.)/ cc./Ein- 
averaged mm. cc./sec. mole % g.-mole steins 

48 19.3 11 to43 0.1 to 1.0 1.403 2.154 
6 10.5 11 to22 0.2to0.5 1.429 2.194 
6 40.5 22 to 43 0.2 to0.5 1.388 2.131 

Reaction temperature = 30.5"C. Filter solution 0, Z ( 1 w . a  B A  a h )  = 
1&28 x lo-" Einsteins/( sec.) (g.-mole). Propane concentration = 3.5 
mole % (approx.). Flow rate measured at reactor conditions. 
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o Range o f  48 runs 
wiib f i l te r  0 .  

L =  19.3 mm. 0 

Fig. 6. Influence of light intensity. 

each run are summarized in Table 7 for the four filter 
solutions. For a sixfold change in intensity, the change in 
K is but 2.5%. 
Effect of  Spectral Distribution 

There were insufficient data to investigate this varir 
able carefully. However, filter solutions 0 and 111 provide 
approximately the same total light intensity (Table 7)  but 
a different distribution of energy with wavelength. Filter 
solution 0 is enriched in the lower wavelength range as 
indicated in Figure 7 where the ratio of ( a w , h  Iw,h 0,) for 
the two solutions is plotted vs. 1. The kinetic constant K 
for filter solution 0, as evaluated from the data of Figure 4, 
is shown in the last row of Table 7. It  is about 5% less 
than K for filter solution 111. This difference could be due 
to errors in summing the light intensity or to experimental 
errors. There is also a possible theoretical explanation 
based upon spectral distribution. For nonchain reactions 
the quantum efficiency is a function of wavelength. If the 
quantum efficiency of the primary process in the chlorina- 
tion reaction was also dependent upon 1, then kl and K 
would also depend upon the wavelength. A qualitative 
proposal of the same nature has been given by Anderson 
(1). More data are needed to determine if the primary 
kinetic constant is truly a function of A. 

DISCUSSION 
A second-order rate expression can also be obtained 

from other hypotheses for the reaction mechanism. One 
would be to assume that the propyl radical is terminated 
by the heterogeneous wall process rather than homogene- 
ously, and that the diffusivity of Pr" is very large. This 
leads to an equation that includes the radius R, but other- 
wise is the same as Equation (19). Measurements on re- 
actors of different radii would be required to distinguish 
between the two hypotheses. However, the absence of 
wall deposit at the experimental conditions is evidence in 
favor of the homogeneous termination step. 

2500 3500 4500 x, a" 
Fig. 7. Ratio of UW, A B ~ O L A )  for filters 0 and Ill vs. h. 

Writing the homogeneous- termination step as first order 
in Equation (16) is an assumption. It supposes that the 
propyl radical is terminated by collision with molecules, 
other than Pro, present at constant composition, for ex- 
ample nitrogen. No evidence was found in the literature 
suggesting the formation of polymerization products of the 
propyl-propyl type which would be expected from a sec- 
ond-order termination process. 

The difficulty in centering a 2-mm. I.D. reactor at the 
focus of the elliptical reflector, the fact that the lamp is a 
tube of finite diameter, and the imperfections in the ellipti- 
cal surface all' pre'venr,exactly radial light. Hence the dif- 
fusely lighted zone in the neighborhood of the focus may 
give a nearly constant light intensity across the reactor. 
For constant intensity, Equation ( 18) becomes 

Iah = 2 LA (CciZ) (30) 
and Iah+is independent of r. By using Equation (32),  the 
average rate becomes 

- 
- nclz = 2 K Iw,A ffh (cc1z)' (31) 

This result differs from Equation (20) only by a factor of 
2.  Hence, if constant light intensity were assumed, the K 
values reported in the tables would change by this factor, 
while k, would be the same. 

CONCLUSIONS 

Equations were developed for describing the behavior 
of a chain type of photoreaction in a tubular reactor. The 
application of these equations in a very simple form to the 
chlorination of propane showed that: 

1. The rate was directly proportional to the light ab- 
sorbed and to the chlorine concentration, according to 
Equation (17). This is equivalent to a rate expression 
[Equation (20) 1, which is first order in light intensity at 
the wall and second order in chlorine concentration. 

TABLE 7. KINETIC CONSTANTS FOR DIFFERENT LIGHT INTENSITIES 

- 
Flow rate Initial ko x 10-8 2 ( Iw,A OrA ) lo2 - 

No. of runs Filter range, ( Cciz ) range, cc./ ( sec. ) Einsteins/ K x 10-9 
averaged solution cc./sec. mole % (g.-mole) (sec.) (g.-mole) cc./Einsteins 

4 I 11 to 22 0.2 to 0.5 0.353 0.4000 
4 I1 11 to 22 0.2 to 0.5 0.676 0.7670 
4 I11 11 to 22 0.2 to 0.5 1.507 1.6655 
5 1v  11 to 43 0.2 to 0.4 2.045 2.2779 

48 0 11 to 43 0.1 to 1.0 1.403 1.6280 

2.206 
2.204 
2.2431 
2.242 
2.154 

Reaction temperature = 30.5'C. Reactor length = 19.3 mni. Propane concentration = 3.5 mole % (approx.). Flow rate at reactor conditions. 
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2. The rate was independent of pro ane concentration. 
these results 

because of the small conversions, chlorine concedtrations, 
and small reactor diameter. The small chlorine concentra- 
tions resulted in small absorptions and simplified the in- 
tensity-radial position relationship. With higher conver- 
sions and concentrations, wall deposits could become im- 
portant, and heterogeneous terminations might be signifi- 
cant. In this case the rate equation could depend upon 
reactor diameter and flow rate. It appears to us that high 
chlorine concentrations and larger reactor diameters would 
require thorough understanding of the effects of wall de- 
posits and, for quantitative analysis, a numerical solution 
of the complicated mass balance and intepsity equations 
[Equations ( 1) and ( 2 )  ] and postulatedmte expressions 
for ni. 

3. The use of filter solutions is a convenient way to 
study experimentally the effect of light intensity on the 
kipetics of a photoreaction. Similarly, it appears that the 
same procedure would be applicable to studying-the effect 
of spectral distribution of the light. 

Caution should be used in extrapoating P 
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NOTATION 

C = concentration, g.-mole/cc. 
De = effective diffusivity, sq. cm./sec. 
D i  = molecular diffusivity of species i, sq. cm./sec. 
F h  = flux of the light source (lamp) at  wavelength A, 

Einsteins/sec. or ergs/( sec.) (g.-mole) 
Ftot = total flux of the lamp, Einsteindsec. 
h = Planck‘s constant, (ergs) (sec.)/molecule 
I = light intensity, Einsteins/(sq. cm.) (sec.) 
la = light absorbed (per unit volume), Einsteind 

kl,k2,etc. = kinetic constants corresponding to individual 
(sec.) (cc.) 

k, = 
k, = 
K =  

L L  = 

Q =  

L =  

R =  
r =  
rt = 
v* = 

x =  
z =  

of steps in the chlorination b f  propane 
kinetic constant of wall reaction 
second-order rate constant, (sec.) (cc.) / (g.-mole) 
overall kinetic constant for chlorination, (cc.) / 
Einstein 
length of light source (lamp), cm. 
length of illuminated section of tube, or reactor 
length, cm. 
volumetric flow rate, cc./sec. 
radius of reactor tube, cm. 
radial distance, cm. 
rate of actinometer reaction, g.-mole/ (sec.) (cc.) 
velocity in axial direction of reactor tube, cm./ 
sec.;Z = average velocity across tube 
conversion; xt refers to actinometer reaction 
axial distance in reactor tube, cm. 

Greek Letters 
a: 
A 
p = attenuation coefficient, cm.-’ 
v 
e = transmission coefficient 
ai 
@ = quantum efficiency, moles/Einstein 
4 = optical efficiency 

= molal absorptivity, sq. cm./( g.-mole) 
= wavelength of light, cm. or A. 

= frequency of light, set.-' 

= rate of formation of i species, g.-moles/(sec.) 
( cc. ) 

Subscripts and Superscripts 
* 
i = individual chemical species 
o = reactor entrance 
L 
w = wall of reactor 
r’ 
x = axial direction 
- = average 

= activated species or free radical 

= reactor exit (length L )  

= at radial distance r 
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