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Summary

The experimental determination of the total light distribution in an
aqueous solution of titanium dioxide for an almost non-absorbing wave-
length shows that the extinction coefficient exhibits a non-linear dependence
on the concentration at high solute concentrations. The axial and radial light
distributions, measured relative to an incident light beam of small cross sec-
tion, are monoexponential and bi-exponential decay functions respectively.
The proportion of scattered light relative to the total amount of light
incident on an axial cross section is'a function which increases exponentially
with increasing distance. A computer-run Monte Carlo simulation of multiple
diffusion shows the same behaviour.

1. Introduction

In order to develop new photochemical and photoelectrochemical (see
for example ref. 1) methods using absorbing semiconductors to a pilot piant
stage, a knowledge of the absorption laws in a highly scattering liquid—solid
medium is of prime importance to allow us to calculate the optimum dimen-
sions of a reactor [1, 2].

Certain reactions use direct sunhght this is the case for photosystems
adapted to the purification of water [3]. Under such conditions we can
consider that the solar source of light behaves in the same way as does a sys-
tem emitting almost parallel light rays with a uniform luminous flux at the
entrance to the reactor represented schematically in Fig. 1. However, to
determine the profile of the light distribution in such a scattering medium, it
was necessary for us to build a model and to develop an experimental
method under easily accessible conditions.

The results of this preliminary study, which show that the concentra-
tion of the scattering substance has little influence on the light distribution
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Fig. 1. Photoreactor used for the photoelectrochemical purification of water.

in a semi-infinite reactor (except for back scattering), form the subject of the
present paper. They serve as a basis for the study of more complex exper-
imental systems including those in which absorption, the superposition of
several wavelengths and the influence of the shape of the reactor, of the
spatiotemporal distribution of the solid support and also of the-size of the
scattering substance must be taken into account. : : :

2. Monte Carlo snmulatlons of the light dlstrlbutlon ina scattermg medium .

When a system has a suff1c1ent1y large volume which natura.lly depends
on the scattering power of the particles and on their concentration, multiple
scattering occurs [4]. As has been mentioned by Ravey. [4], the scattering
properties of such a system apparently have nothing in common with the
properties of the elementary volume, which contains one particle at the
most, with respect to the intensities, polarization, angular distribution, ab-
sorption etc. The essential effects of multiple scattering are to make the
scattering diagrams completely blurred and to increase the intensity of the
backscattering significantly.

On the assumption that, in the medium under consideration, we have
an isotopic scatterer comprising several independent scatterers in the elemen-
tary volume so that the phase function. P(£2), which describes the angular
distribution of the scattered intensity by this element of volume, is indepen-
dent of the angle {2 between the directions of the incident and the scattered
light rays, we carried out a simulation of the light distribution in a reactor
schematized in Fig. 2 in which the light enters the face normally. We con-
sider: that the light enters by a very small area s (thls‘ is what happens when
the solution is irradiated with a laser).

If the wavelength of the light is such that the seattermg substances do
not absorb it, the albedois equal to-unity and we do not have to take it
inte.account in the simulation of the light absorption processes. From the
assumptions discussed above, we have therefore assumed that a photon has a
probability p (chosen to be equal to 0.1) of being scattered when it enters
the elementary volume dV in any direction defined by the angles 6 and .
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Fig. 2. Schematic representative of the multidiffusional process.

The mean free path was equal to unity and the results were assembled
into a matrix of 50 by 50 elements, representing length 2 and radius r. Every
photon leaving the volume of 50 X 50 X 7 units? caused a new photon to
enter at 0.0, corresponding to values of r greater than 50 units. _

Figures 3 and 4 show the axial and radial distributions in logarithmic
units. While the straight line in Fig. 3 corresponds to a simple exponential
function, Fig. 4 shows a function of intensity which varies at least bi-
exponentially with the radius as in the experiment (see Section 4). Thus in
an analytical form the results of these calculations define the signals to be
treated. Indeed, only parametric adjustments can be suggested since, to. our
knowledge, simple and analytical results do not exist even for the most sim-
plified theories. '
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Fig. 3. Semilogarithmic plot of the light distribution at r = 0.
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Fig. 4. Semilogarithmic plot of the light distribution: (a) at z = 4; (b) with 2 varying be-
tween C and 30.

3. Experimental details

As stated in Section 1, we have built a model system comprising the
following elements: a monochromatic non-absorbed (albedo of unity)
parallel light source of small cross section; a stirred almost semi-infinite
closed reactor; a scattering substance titanium dioxide which does not
absorb the incident light. The system is represented schematically in Fig. 5.

3.1. Source and reactor

The model system was achieved by means of the following exper-
imental set-up, schematized in Figs. 2 and 5. A laser light beam of cross
sectional area 3.1 mm? and of wavelength 632.8 nm (Spectraphysics) was
reflected vertically into the solution by a mirror. The detector, which could
be moved in all directions by means of a mechanical displacing system,
transmitted the light through an optical fibre to a monochromator which
transmits light at 632.8 nm, a photomultiplier and a subsequent amplifica-
tion system. The signal was recorded on a strip chart. The solution was kept
at a constant temperature of 17 °C by means of a heat exchanger and a
stirrer.

In order to measure the total light intensity, regardless of the incident
angle, at a given point on the reactor, we fixed an integrating sphere of
radius R =1.8 mm at the end of the optical fibre. The sphere was made out of
a polymerized dental product (ESPE Visio Bond) [5] and showed a devia-
tion from uniform transmittance over the surface of —1.1% (the constant
attenuation factor was not taken into account) (Fig. 6).
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Fig. 5. Diagram of the experimental set-up (H =90 mm; L = 2256 mm; L;=170 mm):
AMP, home-made amplifier; CA, detector (see text) (radius, 1.8 mm); ECH, copper heat
exchanger; F, optical fibre (diameter, 1 mm); G, ultrasound generator {Ultrasonic
NSU157); HP, ultrasonic loud speakers; LA, He—Ne laser (632.8 nm; 6.95 mW); LU, light
path; MI, mirror; MO, propeller motor; S, support for the optical fibre; PM, photo-
multiplier (Hamamatzu IP28) and monochromator (Jobin-Yvon H20) (A=632.8nm); T,
thermometer (temperature, 17 °C); SC, strip chart recorder (Sefram); XYZ, displacing sys-
tem for the detector in the three spatial coordinates.
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Fig. 6. Response functions for the integrating sphere. The curves represent the transmit-
tance for 632.8 nm as functions of ¢ and 8. The shaded areas represent overtransmittance

or undertransmittance.
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Great care was taken in the alignment of the direct light propagation
axis and the z axis of our displacing system. Nevertheless, to correct for any
possible deviation, for every measuring plane orthogonal to the incident light
beam, we positioned the detector at the maximum intensity value and
defined this position as r = 0 of the plane. The total error in the intensities
measured was between —2.6% and +0.3%.

Thus, for a system of restricted size, which eliminates to a maximum
degree the shadow effects and which recovers to a significant extent the light
at a point of coordinates r, z over 47 sr at our disposal, it is possible to have
conditions similar to those deflned by the Monte Carlo type of simulations
discussed in Section 2.

3.2. Preparation of the mixtures

The titanium dioxide was mainly anatase (Degussa P25). An analysis
using a goniodiffusometer, for very dilute concentrations in the linear range,
showed a ratio P(45)/P(135) of 5.2. These values correspond to the scatter-
ings at 45° and 135° respectively of the incident light. This in turn leads to a
mean radius r of 260 nm or 350 nm for assumed spheres or discs respective-
ly. Thus the ratio 2r/\, where A is the excitation wavelength, is at least 0.47.

We prepared five different solutions of titanium dioxide in demineral-
ized water, as shown in Table 1. The wetting of the highly dispersed powder
was accomplished by sonification and stirring of the solution. To prevent de-
cantation, which takes place in a few minutes, we maintained an ultrasound
treatment throughout the experiment.

TABLE 1

Experimental results

Run c A B By F M N P=MN

(x10~2g 17!y (arbitrary (mm~1) (1g~!) (arbitrary (mm™1!) (arbitrary
units) - units) units)

1 4,55 0.977 0.0357 1302 0.019 25

2 9.44 0.985 0.0701 ’

3 14.47 1.057 0.0984 0.247 0.035 1618 0.019 31

4 18.78 1.026 0.118

5 23.47 1.054 0.138 1883 0.018 35

The measurements for each concentration were performed over 2-3 h
and more titanium dioxide was subsequently added to the solution to obtain
higher concentrations. The concentrations indicated in Table 1 are corrected
for evaporation and sample taking. The ultrasound treatment was not inter-
rupted to prevent partial decantation. The final solution (run 5) was then
found to be stable for several weeks. In order to evaluate the importance of
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the superposition of Brillouin scattering by ultrasound, the ratio of the
velocity of sound to that of light being only 107%-107%, the intensity
measured was no different from that measured when the sound treatment
was interrupted in a previous experiment.

4. Results and discussions

4.1, Results forr =0

For all five solutions, the variation in the light intensity was measured
in a plane lying between the axis z of propagation of the incident light beam
and the coordinate r orthogonal to z at the surface of the solution. The
typical dependence of J on z, for r =0, is shown in Fig. 7. J(0, z2) can be
represented by the simple exponential as is found for absorption:

J (0, 2) to.u.)
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Fig. 7 (continued).
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Fig. 7. Light distribution J(0, z) for (a)run 1, (b) run 2, (¢) run 3, (d) run 4 and (e) run 5
{see text and Table 1).
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Fig. 8. Variation in B with ¢ (curve 1) and variation in the optical density with the con-
centration measured on a Cary 15 apparatus (A = 632.8;cell thickness, 1 cm) (curve 2).

J(0,2z) = A exp(—Bz) (1)
The different values found for the five concentrations obtained by a least-
squares treatment are also shown in Table 1. A representation of the differ-

ent values of B versus the concentration c is shown in Fig. 8, curve 1. B itself
is thus a function of ¢ and becomes approximately

B =By{1 — exp(—Fc)} (2)

where B, and F are two adjustable values, shown in Table 1. Finally, the
axial intensity J as a function of z becomes

J(0,z) = A exp[—2Bo{1 — exp(—Fc)}] (3)

4.2. Results for z = constant
A typical result is shown in Fig. 9. In order to correct for the influence
of the diameter of the integrating sphere on the measured signal, we tried to

1, Jir,9) (ow}

osl

o]

10 20 r (mmy 30
Fig. 9. Variation in the signal J(#, 9) with r. The curve is caleulated.
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fit the measured data to monoexponential and bi-exponential functions in
the range 4 mm < r < 30 mm. The bi-exponential decay function

J(r,z)=A, exp(——- —t)+ Ay exp(- —r-) (4)
T T2

represented exactly the data outside the fitting domain for r > 2.5 mm,
whereas the monoexponential decay function showed only a good approx-
imation to the data for which it had been optimized. According to the
simulations, we therefore retained the bi-exponential function (Fig. 9). The
ratio A,;/A, of the pre-exponential factors is usually about 10, whereas the
corresponding ratio of constants 7; is about 1/10.

A representation of the local light distribution as a function of z and r
ts given in Fig. 10, The intensity J(0, 2) can thus be separated into a direct
part belonging to the incident beam and a scattered part which has already
undergone scattering. Thus

J(0, 2) = J(0, 2)ge + J(O, 2)uye - (5)

where J(O, z)g and J(O, 2)4 are the dlrect contrlbutlon and the scattered‘
contribution respectively.

As Fig. 11 shows, the function J(0, 2 )4 (whlch has been obtamed by
subtraction of the extrapolated scattered values at r = 0 from the measured
intensities at r = 0 (egn. (5)) can itself be expressed as an exponential.

4.3. Scattered light contrzbu tion

It now seemed interesting to evaluate the function descrlbmg the pro-
portion of scattered light relative to the total amount of light for the total
reactor volume, and not only for r = 0. Equation (5) then becomes

1(z) = K2)ap *+ 1(2)air ‘ - (6)
The direct and scattered contnbutlons can be obtamed by mtegratmn

I(z)=27r§f f J(O,z)di,rdzdr+f fJ(r, 2) gt dr dz (7
0o =z, z, ©

In order to determine the ratio of the scattered light to the total
amount of light, we consider the function

I(2) e =ff I, z)difrdrdz/I(z) (8)
z, O

This function was found not to be constant because of the variation with =z
of J(r, 2)ge itself, J(r, 2)q¢ having been obtained for =z = constant, as
explained in Section 4.2.

To overcome this problem we calculated the sum function of eqn. (8):

Iz)s = 3 1(2) | (9)

z2=0
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Fig. 11. Variation in J(0, 2) vs. z for run 1: curve 1, J(0, z) calculated; curve 2, J = J3) —
d(1y; curve 3, J(0, 2) measured.

and could represent it by an exponential function with two adjustable
parameters M and N (Table 1) with a good fit:

I(z)g = M{1 — exp(—Nz)} (10)

We again obtained the desired function I(z) by derivation:

*
I(z) = ﬂ:z)—z—) = MN exp(—Nz)

With this new expression for I(z) we could transform function (8) into
R 2z,
Kz)air = {MN exp(—Nz) — f f J(0, 2)gur dz dr} / MN exp(—Nz)
0o =z,

This function, showing the contribution of the scattered light to the
total light in the reactor, is shown in Fig. 12. It increases exponentially from
already high values (27.5% at 2 = 0 for run 1) eventually to 100%. This was
nearly attained by our measured values for run 5 with 99.5% at z = 40 mm.

4.4. Influence of the concentration on the light distribution in the reactor

I(z), calculated in Section 4.3, is a very important function which de-
scribes the distribution of the exciting light averaged over r. It corresponds
equally well to the local intensity when the incident light is of infinite cross
section and of constant flux such as that given by the Sun under normal
irradiation conditions. This result can be explained by the superposition of
the effects of several ‘“‘elementary’’ light beams such as laser beams with
small cross sections.
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Fig. 12. Contribution of the scattered light to the total light in the reactor: curve 1, run
1;curve 2, run 3;curve 3, run 5.

Experimentally, we find that I(z) can be represented by an expressmn
similar in form to :

I(z) = P exp(—Nz)

where P and N are two adjustable parameters (P = MN).

For the three concentrations studied, N is found to be almost indepen-
dent of ¢ and corresponds to an apparent optical density of N X 10 mm =
0.19 (Table 1). This result appears to be surprising at first glance as the visual
experience of the experimentalist, who is in fact governed by an approx-
imate knowledge of the backscattering, leads us to assume that, as the
medium becomes more dense, there is more backscattering and consequent-
ly the optical density in the reactor is higher. In the calculations which we
have shown here the flux at z = 0 corresponds in fact to the flux entering the
reactor, i.e. it corresponds to the incident flux minus the flux of the back-
scattering. It is for this reason in particular that the optical density cal-
culated by this method is always lower than that measured using a UV-
visible absorption spectroscope even when we take the geometry of the
measuring cell for which the reference flux is the incident flux into account.

4.5. Limits of the s:mul’atlon and of the method

First of all, the apparatus used for this study does not allow us to
examine situations where the scattering is too great because of the size of
the integrating sphere placed at the end of the fibre. This is what happens in
runs 4 and 5 where the modelling of J(0, z) does not fit the experlmental
values very well.
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For low concentrations we have made an assumption in the initial
modellings carried out for random scattering (P(0, v) = 1). By drawing con-
tours in r, z space, we find that the results, e.g. in Fig. 13 correspond exact-
ly to the experiment.

However, as is shown by the results in Fig. 14, which correspond to
measurements carried out with the lowest concentrations of scattering

2 {mm)

60 - 80

Fig. 13. Contours in r, z space of J(r, z) for run 5: curve 1, J(r, z)/J(0, 0) = 0.05; curve 2,
Kr, 2)/J(0, 0) = 0.03; curve 3, J(r, z)/J(O 0) = 0.01; curve 4, typical curve using Monte
Carlo simulations.

1 ¢ (mm)

Z {mm)

80

Flg 14. Contours in r, 2 space of J(r, z)for run 1: curve 1, J(r, 2)/J(0, 0) = O A4B5; curve 2,
J(r, 2)/J(0, 0) = 0.25; curve 3, J(r, 2)/J(0, 0) = 0.05.
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product, it is possible to show that the measurements differ from the
simulation on the assumption that P(¢, ¢) = 1. Even the first values could be
the result of experimental errors, this is not the case for the larger values of
z where we observe fluctuations. As has been explained by Mills and Aufrere
[6], this type of situation may correspond to non-uniformity of the scatter-
ing function.

Thus, this type of experiment allows us to demonstrate the existence of
multiple scattering which does not correspond exactly to uniform scattering.

5. Conclusion

In this paper we have proposed a method for the study of the light
distribution in a photoreactor when the exciting light is only scattered.
Apart from the backscattering, which naturally increases with increases in
the concentration of the scattering substance present in the solution, we
show that it is possible to represent to a reasonably good approximation the
law for the light distribution in such a system by a phenomenological expres-
sion of the same type as the Beer—-Lambert law:

I(z) = I(0) exp(—Nz)

where N is a constant and z is the depth. Experimentally, N is found to be
almost independent of the scattering substance when no absorption process
takes place.

This simple relationship is of great interest to us in the continuation of
our work for cases where the particles of the photocatalyst play a dual role
causing scattering and absorption to occur.
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Appendix A: Nomenclature

A

A, A,
B

By

c

F

I(z)

Hz) s
I(2)awr
I(z)s

J(r, z)
J(r, 2)ase
J(r, 2)ax
M

N

p
P

P8, p)

R

pre-exponential factor of the function J(0, 2)

pre-exponential factors of the function J{(r, z) with 2 = constant
exponential factor of the function J(0, 2)

pre-exponential factor of the function B(c)

concentration (g 171)

exponential factor of the function describing B

function describing the total energy in the reactor as a function
of z

part of the function I(z) coming from the scattered light

part of the function I(z) coming from the direct light

function describing the total energy between z = 0 and z as a func-
tion of 2

function describing the local intensity as a function of r and z

part of the function J(r, z) coming from the scattered light

part of the function J(r, 2) coming from the direct light
pre-exponential factor of the function I(z)s

exponential factor of the function I(z)z and I(z)

probability of scattering

pre-exponential factor of the function I(z)

function of the probability of scattering as a function of the angles
6 and ¢

radius of the integrating sphere

Greek symbols

0,9
T1, T2

angles describing the path followed by a photon in space
lengths of relaxation of the function J(r, 2) with 2 = constant



