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Radiation absorption and rate constants for carbaryl
photocatalytic degradation in a solar collector
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Abstract

We discuss an analytical model for the evaluation of radiation absorption in a tubular photocatalytic reactor. The model
has no adjustable parameters and takes into account scattering in all directions. We compare the results of this model with
those of Monte Carlo (MC) simulations and of a Lambert–Beer (LB) approximation, for a reactor illuminated by a parabolic
solar concentrator. A good correspondence is found with the MC simulations. In particular, the model displays the correct
saturation behavior of absorption for large catalyst particle concentrations, which is not obtained with the LB approximation.
We have carried out experiments for the degradation of carbaryl in a solar parabolic collector (PC). The model is used to
calculate the rate constant for this degradation from the experimental data. The theoretical model predictions reproduce well,
the trends observed in the experiments.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photocatalytic degradation of pollutants by using
solar energy is a very attractive technology for the re-
mediation of contaminated water [1–3]. In some vari-
ants of this process solar ultraviolet (UV) radiation
is absorbed by semiconductor catalyst particles sus-
pended in water. In particular, TiO2 photocatalytic par-
ticles are the most widely used for these applications.

The mathematical modeling required for the study
and design of solar photocatalytic reactors includes ra-

Abbreviations:LB, Lambert–Beer; LVREA, local volumetric
rate of energy absorption; MC, Monte Carlo; PC, solar parabolic
collector; P1, P1 approximation; RTE, radiative transfer equation;
UV, ultraviolet
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diation transport [4–6]. This is a complicated task due
to the large amount of radiation scattering produced
by the catalyst particles. In principle, these calcula-
tions can be done through the solution to the radiative
transfer equation (RTE) which takes into account the
effects of absorption and scattering of radiation. This
can been done using numerical methods, like the dis-
crete ordinates method [6–8] and Monte Carlo (MC)
simulations [9,10]. However, both of these method-
ologies require large amounts of computer calcula-
tions and do not provide analytical formulas. From a
practical point of view it is desirable to have simpler
methods, which allow one to carry out approximate
calculations with an acceptable degree of error.

In this work we present calculations for radiation
absorption in a cylindrical photocatalytic reactor illu-
minated by a parabolic solar concentrator. For these
purposes we use the P1 approximation to the RTE
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Nomenclature

Bα proportionality factor (m)
c reactant concentration (g/l)
clight speed of light in vacuum
cL local reactant concentration (g/l)
cp catalyst concentration (g/l)
c0 initial reactant concentration (g/l)
Cg geometrical concentration of solar

collector (dimensionless)
D integration constant for local radiation

(W m−2 nm−1)
eL local volumetric rate of energy

absorption (einstein m−3 s−1)
f probability density distribution for

photon collision (m−1)
fλ spectral distribution of UV solar

radiation (nm−1)
F1λ fraction of absorbed radiation

(dimensionless)
F LB

1λ fraction of absorbed radiation in
Lambert–Beer approximation
(dimensionless)

F max
1λ maximum fraction of absorbed

radiation (dimensionless)
g asymmetry parameter (dimensionless)
G spectral local radiation

(W m−2 nm−1)
h Planck’s constant
Iλ spectral specific intensity

(W m−2 nm−1 sr−1)
IB
0 modified Bessel function of

order 0 (dimensionless)
IB
1 modified Bessel function of

order 1 (dimensionless)
k rate constant ((einstein m−3)−α sα−1)
Kd transport (diffusion) constant (m−1)
l reactor length (m)
n̂b unit vector normal to the

tube boundary (dimensionless)
Na Avogadro’s number
p scattering phase function

(dimensionless)
Pabs total spectral power absorbed in

the reactor (W nm−1)
Pent total spectral power entering the

reactor (W nm−1)

pext probability for photon collision
q radiative flux vector (W m−2 nm−1)
qent radiation flux entering the

reactor (W m−2 nm−1)
r radial coordinate inside the reactor (m)
r vector coordinate inside the reactor (m)
rb position vector for points on the

tube boundary (m)
r0 tube radius (m)
Rm reactant mass transfer rate (mol s−1)
s distance along propagation direction (m)
ŝ unit vector in the propagation

direction (dimensionless)
t time (s)
VR reactor volume (m3)
VT system volume (m3)
W incoming beam solar UV

radiation (W m−2)
z linear coordinate along the tube (m)

Greek letters
α exponent (dimensionless)
βλ extinction coefficient (m−1)
β∗

λ mass extinction coefficient (m2 g−1)
ηeff optical collector efficiency

(dimensionless)
θ angular coordinate around the tube (rad)
κλ absorption coefficient (m−1)
κ∗

λ mass absorption coefficient (m2 g−1)
λ wavelength (nm)
ρ reflectance of glass tube (dimensionless)
σ λ scattering coefficient (m−1)
σ ∗

λ mass scattering coefficient (m2 g−1)
τλ transmittance of glass tube (dimensionless)
ω scattering albedo (dimensionless)
Ω solid angle (sr)

[11, Chapter 9; 12, Chapter 14]. The proposed model
is simple enough to allow for an analytical solution,
with still enough complexity to take into account scat-
tering of radiation in all directions. In addition, it does
not contain any adjustable parameter. The results ob-
tained with this model are compared directly with the
more exact numerical MC simulations. The objective
of this is to explore the applicability of this simplified
model of radiation transport to photocatalysis.
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The theoretical model is employed to carry out cal-
culations of rate constants for the degradation of car-
baryl in a solar parabolic collector (PC). Carbaryl,
(1-naphthyl-N-methylcarbamate) is a carbamic type
pesticide widely used in Mexico. Despite its moder-
ate persistence, this xenobiotic has been detected in
a wide number of sites from USA to Canada [13].
Moreover, this compound is degraded rather slowly
by microorganisms. Previous studies have shown that
it is possible to degrade carbaryl by using photo-
catalytic methodologies [14–16]. Nevertheless, these
studies have been carried out only in the laboratory
scale using simulated sun radiation [16].

2. Theoretical model

Using chemical actinometry, the amount of UV so-
lar energy entering a photocatalytic reactor can be
evaluated with a high precision. However, not all of
this radiation is absorbed by the catalyst particles, and
therefore useful for the degradation process. It is not
a simple matter to determine the fraction of absorbed
radiation from the entering radiation. Light scattering
effects due to the rather small particles involved must
be taken into account to avoid large errors [17]. It is
difficult to deal with these effects mathematically, not
to mention that values for the relevant physical param-
eters are not always available. Due to this, some times
a simple expression of the kind of Lambert–Beer (LB)
law is assumed (see for example [18]). In some cases,
it is even considered that all available radiation is ab-
sorbed by the suspension. Both of these assumptions
are very crude approximations.

A detailed knowledge of the distribution of the ra-
diation field (and of absorbed energy) in a scattering
medium can be obtained from a solution to the RTE
[12].

dIλ(r, ŝ)
ds

= −βλIλ(r, ŝ)

+ σλ

4π

∫
4π

Iλ(r, ŝ′)p(ŝ, ŝ′) dΩ ′ (1)

Here Iλ represents the intensity (W m−2 �m−1 sr−1)
of radiation of wavelengthλ at pointr in the medium,
which travels a distance ds along the direction̂s. As
expressed by the first term in the right-hand side of this

equation, intensity is diminished due to both scatter-
ing and absorption. In particular, scattering takes some
energy out from direction̂s into all other directions.
The attenuation is characterized by the extinction co-
efficient of the mediumβλ (m−1), which is the sum of
the scatteringσ λ and absorptionκλ coefficients. Nev-
ertheless, there is also an increase of intensity due to
scattering of radiation from other directions into the
direction of interest̂s. This is accounted by the last
term in the right-hand side of Eq. (1). The probabil-
ity of scattering between two given directionsŝ andŝ′
is given by the phase functionp(ŝ, ŝ′). This function,
and the coefficientsσ λ andκλ are determined by the
kind of scattering particles present in the medium. The
last two parameters also depend on particle concen-
tration. Usuallyβλ = cpβ∗

λ andκλ = cpκ∗
λ , wherecp

is the concentration of catalyst particles, andβ∗
λ , κ∗

λ

are independent of this concentration. These two pa-
rameters have been measured for several commercial
brands of TiO2 [7,19]. The first expresses the ability
of catalyst particles to absorb and scatter radiation; it
is equal to the effective area projected by a unit mass
of the particles to a radiation beam falling onto them.
The second parameter accounts for absorption in an
analogous manner.

Eq. (1) is an integro-differential equation in five
variables (three spatial coordinates, and two angles for
the propagation direction), and its analytical solution
can be accomplished only in very restricted situations.
As mentioned above, it is usually solved by numerical
methods. However, due to the complications in the im-
plementation of these methods and the large amount of
computer calculations required, it is highly desirable
to have approximate methods to solve the RTE. The
P1 approximation is based on the assumption that the
radiation field in any point inside the reactor comes
from all directions with an almost isotropic distribu-
tion. Of course, if the radiation entering an scattering
medium is very directional, a large amount of scatter-
ing is necessary to render it isotropic. Mathematically
the assumption maybe stated as

I (r, ŝ) = 1

4π
[G(r) + ŝ · q(r)] (2)

This expression involves the incident radiation

G(r) =
∫

4π

I (r, ŝ′) dΩ ′ (3)
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and the radiative flux vector

q(r) =
∫

4π

I (r, ŝ′)ŝ′ dΩ ′ (4)

The first term in the right-hand side of Eq. (2) is the
intensity at pointr, averaged over all directions. Ac-
tually, the amount of energy absorbed by unit volume
in any point inside the medium is given by the prod-
uct κλG(r). The second term of Eq. (2) gives the net
flux of radiative energy traveling into direction̂s. In
fact, q is the first moment of the intensity distribution
with respect to angular coordinates. Thus, the P1 ap-
proximation is a first-order expansion for the intensity
distribution in terms of the direction vector. Of course,
for this expansion to be valid, the second term should
be much smaller than the first.

Introducing the approximate form (2) for the in-
tensity into the RTE (1), and after some lengthy
manipulation, a second degree differential equation is
obtained [11,12]

∇2G(r) = K2
dG(r) (5)

where

Kd =
√

3κλβλ(1 − ωg) (6)

The transport constantKd is sometimes called diffu-
sion constant, for time dependent versions of Eq. (5)
[11, Chapter 9]. The scattering albedo is defined as

ω = σλ

βλ

(7)

In this equation it also appears the asymmetry pa-
rameter, which characterizes the shape of the phase
function,

g = 1

4π

∫
4π

p(ŝ, ŝ′)ŝ · ŝ′ dΩ ′ (8)

The values of this parameter are between−1 and 1.
In particular, for isotropic scattering it equals 0, while
a value of 1 means that all radiation is scattered in
the forward direction.

To solve for the incident radiationG(r) it is neces-
sary to have boundary conditions which can be used
together with Eq. (5). For semitransparent boundaries
the following condition is obtained [20]

(1 − ρ)G(rb)− 2(1 + ρ)

3βλ(1 − ωg)
n̂b · ∇G(rb)=4qent(rb)

(9)

where rb is any point on the boundary,̂nb the unit
vector normal to the boundary at that point,ρ the
internal reflectance of the wall, andqent is the entering
radiation flux.

We consider the simplest case for Eq. (5), i.e. when
the entering flux is uniform over all pointsrb in any
cross-section of the reactor wall,qent(rb) = q0. In a
cylindrical coordinate system(r, θ, z) whosez-axis
coincides with the axis of the reactor tube, this as-
sumption means that the incident radiationG(r) is in-
dependent of the angleθ . Also, due to the construction
of the solar reactors the intensity can be considered
independent ofz. Then, Eq. (5) is transformed into an
ordinary differential equation in the radial coordinate

d2G

dr2
+ 1

r

dG

dr
− K2

dG = 0 (10)

Eq. (10) has as solutions the modified Bessel func-
tions IB

0 (Kdr) and KB
0 (Kdr). However, the second

of these functions diverges at the origin (the center
of the reactor), which would give an infinite amount
of energy at that point. Therefore, the solution is
expressed in terms ofIB

0 only

G(r) = DIB0 (Kdr)qent (11)

Substitution of this solution in the boundary condition
(9) gives

D = 4

(1 − ρ)IB
0 (Kdr0)

+(2Kd/3βλ(1−ωg))(1+ρ)IB
1 (Kdr0)

(12)

where r0 is the radius of the reactor tube andIB
1 is

another Bessel function, which is the derivative of
IB
0 . Both of these functions are tabulated in [21].

To obtain the total amount of absorbed power per
unit wavelength it is necessary to integrateκλG(r)

over the whole reactor volume

Pabs=
∫

VT

κλG dV = 2πlκλ

∫ r0

0
Gr dr (13)

this integration can be carried out analytically,
with the help of Eq. (10), which givesGr =
K−1

d (d/dr)(r dG/dt), and taking into account that
IB
1 is the derivative ofIB

0 . The final result is given by

Pabs= 2π lr0κλDIB1 (Kdr0)

Kd
(14)
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wherel is the length of the reactor tube. On the other
hand, the total entering power per unit wavelength is

Pent = 2π lr0qent (15)

Dividing Eq. (14) by Eq. (15), the fraction of absorbed
energy is obtained as

F1λ = 4κλ

Kd
IB
1 (Kdr0)

[
(1 − ρ)IB

0 (Kdr0)

+(1 + ρ)
2Kd

3βλ(1 − ωg)
IB
1 (Kdr0)

]−1

(16)

This expression turns out to be quite manageable if
we realize that it takes into account multiple scatter-
ing in all directions, which is a very important issue
in photocatalytic calculations [17]. The associated
Bessel functionsIB

0 andIB
1 are tabulated in standard

reference books, and can also be evaluated with high
accuracy from polynomial approximations [21]. An
analytical formula can be obtained if we are interested
in the maximum amount of energy that the reactor
can absorb, which is achieved for large catalyst loads.
In this case one hasKdr0 	 1, and IB

0 ≈ IB
1 ≈

exp(Kdr0)/
√

2πKdr0 [21]. Then it is obtained that

F max
1λ = 12κλβλ(1 − ωg)

3(1 − ρ)Kdβλ(1 − ωg) + 2(1 + ρ)K2
d

(17)

The model presented in this section will be compared
in Section 6 with results from the MC method and
from a very simple approximation of the LB type [18]

F LB
1λ = 1 − exp(−2κλr0) (18)

3. MC method

The MC method is one of the numerical techniques
used to obtain solutions to radiative transfer problems
[9,10]. It is based on modeling radiation transport as
a series of random events, where each photon is refl-
ected, scattered, absorbed, etc. Here we briefly discuss
the method used in this work. More comprehensive
discussions of the MC method as applied to radiative
transfer can be found elsewhere [12, Chapter 19].

The simulation procedure is as follows: photons are
emitted one at a time, from the reactor wall into the
scattering medium (suspension). The point of emis-
sion is selected randomly according to the flux dis-
tribution created in the wall by the solar concentrator

under consideration. In the case of our PC we use dis-
tributions determined experimentally [22], in order to
have a numerical solution which represents as close
as possible the behavior of the reactor. The trajectory
of each photon is tracked until it becomes absorbed
or gets out of the reactor. A statistics of the outcome
of the propagation of all these photons is kept, which
allows to evaluate the fraction of radiation absorbed
by the reactor.

Every time a photon reaches the reactor wall, its
reflection or transmission is decided according to the
outcome of a random number between 0 and 1. The
reflectivity of the wall is interpreted as a probability
for photon reflection. If the random number is smaller
than this value the photon is reflected, otherwise it is
transmitted and gets out of the reactor. After reflection
or emission, the distances to next encounter with the
reactor wall is determined. Then, it is decided if the
photon actually reaches the wall again or collides with
a particle at some point in the trajectory. The proba-
bility of occurrence of such a collision is

pext = 1 − exp(−βλs) (19)

This probability is used to decide, according to a ran-
dom number, which of the two possible events occurs.
If the photon reaches the wall, the above procedure is
repeated. On the other hand, if it is determined that
the photon collides with a particle, the distance to the
collision point is determined according to the proba-
bility density

f (x) = −βλexp(−βλx) (20)

As a result of a collision, a photon maybe either ab-
sorbed or scattered. The probability for the second
event is given by the scattering albedoω. This prob-
ability is used to determine the outcome of the colli-
sion. If scattering occurs, it is necessary to choose a
new direction to propagate the photon from the colli-
sion point. This is done generating random numbers
distributed according to the scattering phase function.
Instead, if the outcome is absorption, the photon is ac-
cumulated to the count of absorbed photons and the
process continues with the next photon.

A large number of photons is used, typically of the
order 106, to obtain an accurate solution of the prob-
lem. At the end the fraction of absorbed radiation is
determined as the quotient between the total number of
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absorbed photons and the number of photons launched
to the medium.

4. Experimental

Experiments were carried out in a PC able to con-
centrate radiation to 15 suns, which is shown schemat-
ically in Fig. 1. This collector tracks the sun about a
north–south axis whose slope can be adjusted for each
experiment to ensure normal incidence of beam so-
lar radiation on its aperture. The collection surface is
1.82 m2. The system has a tubular pyrex glass reactor
with an inner diameter of 2.22 cm. The total system
volume is 2.67 l, including piping and reactor. This
device has been used previously for the degradation
of sodium dodecylbenzensulfonate (DBSNa) [23,24].

The TiO2 (>99% anatase) used as catalyst was ob-
tained from Aldrich as reactive grade product. Car-
baryl was used in a commercial pesticide formulation
known as Sevin (80% active ingredient). Several TiO2
concentrations were tested in order to determine its
influence on the degradation. Catalyst and initial car-
baryl concentrations are shown in Table 1, which also

Fig. 1. Experimental setup. Inset: cross-section of the PC.

Table 1
Experimental parameters for the photocatalytic degradation of car-
baryl in the solar collector

cp (g/l)a c0 (mg/l)b T (h)c x (%)d

0.01 63.2 2 15.1
0.05 59.8 2 59.7
0.2 67.2 2 23.0
0.7 64.1 2 47.8
1.4 51.4 5.5 88.8
2.8 46.7 5.5 88.9

a Catalyst concentration.
b Initial carbaryl concentration.
c Total run time for the experiment.
d Total conversion.

presents the total run time for each experiment and
the conversion obtained. The suspension was circu-
lated in the system under aerobic conditions and illu-
minated for a specific period using solar irradiation.
Samples from the degradation runs were filtered using
a 0.45�m millipore filter membrane to separate the
catalyst and were analyzed for carbaryl concentration
by UV spectroscopy at 288 nm.

The PC utilizes direct normal solar UV radia-
tion. The amount of this radiation was determined
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using suitably corrected measurements from an Epp-
ley pyrheliometer with a Schott UV long-pass filter
GG395.

5. Calculation of kinetic constants

We will assume that the local reaction velocity de-
pends with a power law on radiation intensity [25–27],
and that first-order kinetics exists. This is expressed
by the following equation:

dcL(r)

dt
= −k[eL(r)]αcL(r) + Rm (21)

wherecL(r) is the local reactant concentration at point
r of the system. The termRm is the variation of this
concentration due to mass transfer processes. The rate
constantk depends on the kinetic and equilibrium con-
stants for the reactions occurring in the system, on the
quantum yield for the generation of charge carriers
in the catalyst, and on the exponentα. This exponent
takes values between 0.5 and 1 for kinetically limited
reactions [25–27]. The quantityeL(r) is the local vol-
umetric rate of energy absorption (LVREA; the radia-
tive energy absorbed in a given location of the reactor
by unit time and unit volume), which varies from point
to point within the reactor. The LVREA should be ex-
pressed in units of einstein (number of photons divided
by Avogadro’s number) per unit time and volume. The
next step is to integrate Eq. (21) over the total system
volumeVT and divide it by the same volume, to obtain
the variation of the average reactant concentrationc
with time. If the system operates without mass trans-
fer limitations (i.e. under a perfect mixing regime) the
integration can be performed easily giving

dc

dt
= −c

k

VT

∫
VR

[eL(r)]α dV (22)

In this expressionVR is the volume of the reactor,
which is the only part of the system where the LVREA
is different from zero. All of the above assumptions
are intended to simplify the analysis. Latter we will
see that this model allows us to reproduce correctly
the trends observed in our experiments.

The LVREA at any point inside the reactor is related
to G(r) by the equation

eL(r) = 1

Nahclight

∫ 400

300
λκλG(r) dλ (23)

whereNa is Avogadro’s number,h the Planck’s con-
stant, andclight is the speed of light. To determine the
local radiation with Eq. (11) we need to know the en-
tering radiation fluxqent for each wavelength. This flux
can be expressed in terms of the parameters of the solar
collector and the arriving UV radiationW(t) (W m−2),
as measured by a radiometer, by the expression

qent = W(t)fλCgτληeff (24)

The factorfλ is the spectral distribution of solar ra-
diation normalized to unity in the UV wavelength
interval, from 300 to 400 nm. This factor is intended
to separate the total UV radiation measurement into
its components for different wavelengths, as required
for the calculations with Eq. (23). Due to the position
of the sun during the experiments, it is appropriate
to use a standard AM1.5 solar spectrum forfλ [28].
The other parameters in Eq. (24) are properties of
the solar collector: the geometrical concentrationCg,
the transmittance of the glass tubeτλ and the optical
efficiency factorηeff . This factor expresses the ability
of the concentrator to place the collected energy in
the reactor, and is equal to the fraction of radiation
entering the reactor with respect to the maximum pos-
sible. The procedure to determine this factor, based
on the actinometric reaction between the oxalic acid
and uranile salt, has been described previously by
Curcó et al. [3]. Following this procedure, we have
determined an efficiency ofηeff = 0.69 for our PC.

Substituting Eqs. (11), (23) and (24) into Eq. (22)
we get

dc

dt
= −c

k

VT

∫
VR

{
1

Nahclight

∫ 400

300
λκλDIB0 (Kdr)W(t)

×fλCgτληeff dλ

}α

dV (25)

Integrating Eq. (25) with respect to time we arrive
to an expression for the reactant concentration as a
function of time

ln

[
c(t)

c0

]
= −Bα(cp)

∫ t

0
[W(t ′)]α[VT(t ′)]−1 dt ′ (26)

where

Bα(cp) = 2π lk

[
Cgηeff

Nahclight

]α ∫ r0

0
r dr

×
∫ 400

300
[λfλτλκλDIB0 (Kdr)]α dλ (27)
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In this expressionsc0 is the initial reactant concen-
tration andl is the length of the reactor tube. Note
that the system volume reduces with time due to the
sampling carried out during the experiment. Thus,
it cannot be taken out of the integral of Eq. (26).
That equation expresses the evolution of the loga-
rithm of concentration as the time integral of the
αth power of the incoming radiation. Within this
theoretical model, the proportionality factorBα de-
pends only on the catalyst concentration trough the
LVREA.

From the experimental data, and assuming a given
value for the exponentα, the left-hand side and the
integral on the right-hand side of Eq. (26) can be eval-
uated. ThenBα is obtained as the quotient of both
quantities. On the other hand, this parameter can also
be evaluated theoretically from Eq. (27) by carrying
out the integrals numerically. In the next section, the
values calculated from the experimental data with the
first method are fitted with the theoretical values ob-
tained from Eq. (27), to obtain the parametersk and
α of the process.

Fig. 2. Fraction of absorbed radiation calculated with three methods: P1 approximation (solid line), MC simulations (points) and LB
approximation (dashed line). The catalyst concentrations considered are (a) 0.01 g/l, (b) 0.05 g/l, (c) 0.2 g/l, and (d) 0.7 g/l.

6. Results and discussion

First we present the results of calculations of radi-
ation absorption in the tubular reactor with a suspen-
sion of TiO2 catalyst particles. For all the calculations
we use the absorption and scattering cross-sections
for the Aldrich catalyst reported in [7]. Also we as-
sume an isotropic phase function as recommended
in [19]. In particular, we compare the P1 and LB
(Eq. (18)) approximations against the results of MC
simulations. Later, the absorption results are used to
evaluate the rate constants for carbaryl degradation in
the PC.

In Fig. 2 we present the results for the fraction of
absorbed radiationF1λ as a function of wavelength,
calculated for different catalyst concentrations. In gen-
eral, a good correspondence between the P1 approxi-
mation and the numerical results from the MC method
is observed. Actually, the overall error introduced by
the approximation is never larger than 12%. This error
is mainly due to the fact that the radiation flux enter-
ing the reactor tube is quite directional. Actually, the
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deviation of the surface of our parabolic concentra-
tor from specular reflection has been determined to be
0.4◦ [22]. Taking into account the diameter of the reac-
tor and the dimensions of the concentrator, the angles
of incidence of light in the reactor can be calculated.
It turns out that these incidence angles are at most 31◦
with respect to the normal of the outer glass surface.
Moreover, due to the refraction of light when it passes
from air to water through the glass wall, the maxi-
mum angle is reduced to 23◦. The above means that
the P1 approximation assumption of almost isotropic
intensity is not fulfilled close to the wall. The conse-
quence of this is larger paths for photons through the
medium on the average, and therefore more absorp-
tion. This explains the larger fraction of absorbed ra-
diation predicted by the MC simulations as compared
to the P1 approximation. Moreover, this points out to
the possibility of future improvement of the model by
exploring alternative definitions for theKd [20]. Also,
it must be pointed out that in the MC simulations we
are using a measured flux distribution outside the re-
actor, while in the P1 approximation we consider this
distribution as homogeneous in order to have mathe-
matical simplification. This is another source of error.

The LB approximation shows reasonable agree-
ment with the MC results only for small catalyst
concentrations (Fig. 2a and b). This is to be expected
because these kind of approximations are not able
to deal properly with scattering. Indeed, the LB cal-
culation predicts an almost complete absorption for
the short wavelengths in the case ofcp = 0.7 g/l. On
the other hand, the P1 approximation results display
the correct saturation behavior for large concentra-
tions of particles (Fig. 2c and d). The saturated value
is given by the asymptotic result of Eq. (17). Physi-
cally the reason for the saturation of absorption is the
backscattering of radiation by the catalyst particles.
The result of this effect is that a fraction of radiation
is effectively redirected towards the glass wall and
escapes from the reactor, which prevents complete
absorption of the entering radiation [17].

With the above results in mind, we will use the P1
approximation, which requires much less numerical
calculations than the MC method, for all the subse-
quent calculations. In Fig. 3 the radial distribution of
absorbed radiation, is presented. This quantity is equal
to the local radiation, multiplied byr andκλ, and di-
vided by the entering flux. Such a product yields a

Fig. 3. Radial distribution of absorbed radiation, as a function of the
radial coordinate, according to the P1 approximation. Specifically,
the local radiation multiplied by the radius and divided by the
entering flux is presented. Four different catalyst concentrations
are considered: 0.01 g/l (solid line), 0.2 g/l (dashed line), 0.7 g/l
(dotted line), and 1.5 g/l (dash-dotted line).

dimensionless quantity, which is directly proportional
to the radiation absorbed by unit radius and unit re-
actor length. This distribution must be regarded as an
average of the radial distributions for different values
of θ , since we have assumed that the incident flux was
the same all over the reactor wall in order to reduce
the complexity of the model. It is clearly seen how
for small catalyst loads the radiation is absorbed in a
more uniform way in the whole reactor. As the concen-
tration of particles increases the absorption gradually
shifts towards the wall, leaving large portions of the
center of the reactor completely shaded. As pointed
out by several authors [4,6,9,29], this shading may re-
duce the efficiency of the degradation process.

The proportionality factorBα, as calculated the-
oretically from Eq. (29), is presented in Fig. 4. The
values for the parameterk have been arbitrarily ad-
justed to allow direct comparison of the behavior for
different values of the exponentα. Quite different
trends are obtained depending on that value. All the
curves have an inflection point around a concentration
of 0.2 g/l. For exponents larger than approximately
0.85 the factor is seen to increase monotonically with
the catalyst concentration, with two clearly different
regions to each side of the inflection point. On the
other hand, for values ofα smaller than 0.85
the curves have a maximum on this point, after which
the factor decreases with concentration. The case with
exponent 0.85 varies relatively little after 0.2 g/l. This
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Fig. 4. Proportionality constant for the degradation of carbaryl,
as a function of the catalyst load, calculated from the theoretical
model for different values ofα. The height of the curves is adjusted
arbitrarily to plot them together.

particular value of concentration corresponds with the
beginning of important saturation of the absorption in
the reactor, as seen from Fig. 2.

The decreasing behavior for large catalyst loads, in
the case of the smaller values of the exponents, ex-
presses the decrease of the effectiveness of the reac-
tor due to the shading of its center at high catalyst
loads. Forα = 1 this behavior is not observed. This
is so because in this case theBα factor is proportional
to the volumetric integral of the local radiation, i.e. it
is proportional to the total radiation absorbed by the
reactor. This quantity does not decrease with increas-
ing absorption, but saturates as discussed previously.
There are, however, two different regions on the curve
of α = 1. The first finishes with the onset of strong
saturation for short wavelengths atcp = 0.2 g/l. How-
ever, for this value of concentration the absorption for
the large wavelengths is not fully saturated yet (Fig. 2;
above 360 nm). The slower increase of the second por-
tion of the curve is related to the slower saturation
of this long wavelength absorption. It must be taken
into account that the solar UV spectrum has a higher
fraction of radiation with longer wavelengths. Then,
the contribution of this part of the spectrum to the in-
tegral in Eq. (27) is higher than it may appear from
Fig. 2.

As explained in section 5, the determination of
k and α is done by fitting the experimental values
of Bα, calculated with Eq. (26), by those calculated
theoretically with Eq. (27). The two unknown quan-
tities are used as fitting parameters in this procedure,

Fig. 5. Proportionality constant for the degradation of carbaryl, as
a function of the catalyst load. The results are calculated from the
experimental data (points), and fitted using the theoretical model
(line).

and the results are presented in Fig. 5. In particu-
lar, the present fit is obtained withα = 0.72 and
k = 2.2 × 10−3(einstein m−3)−0.72 s−0.28. As can be
seen, the theoretical model very well reproduces the
observed experimental trends. It is interesting to no-
tice that the peak in the curve seems to be close to the
experimental results. Also, the position of this peak
lies in the range reported in the literature for other
substances [23,29]. In the theoretical model the loca-
tion of the peak depends mainly on the values of the
scattering and absorption coefficients of the catalyst
particles, and on the tube radius. In particular, we have
taken the values reported by Brandi et al. [7] for the
Aldrich catalyst. We, would like to point out that the
fit we have obtained is not very conclusive, because
it its done with few experimental points. However,
the kinetic model and the radiation absorption model
seem to reproduce the experimental trends well.

7. Conclusions

We have presented an analytical model to evalu-
ate the absorbed radiation in a tubular photocatalytic
reactor. This model is based on the P1 approxima-
tion to the RTE. It is able to account for radiation
scattering in all directions and does not contain ad-
justable parameters. The model has been compared
to the results of MC simulations and to an approxi-
mation of the LB type. It is found that the model has
the same qualitative behavior than the simulations,
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with an error not larger than 12%. This error is at-
tributable to the inability of the model to deal with
the very directional behavior of radiation intensity
near the reactor wall. The P1 approximation displays
the correct saturation behavior for absorption at large
concentrations, in contrast with the LB approximation
that predicts full absorption of the entering radiation
flux.

We carried out experiments for the degradation of
carbaryl in a parabolic trough collector, for different
catalyst concentrations. The kinetic model used gives
quite different behaviors for the degradation rate as a
function of catalyst load, depending on the value cho-
sen forα. The calculations from the theoretical model
have been fitted to the experimental results, in order to
obtain the rate constant and the exponent for the degra-
dation process. The values obtained areα = 0.72 and
k = 2.2 × 10−3(einstein m−3)−0.72 s−0.28. The more
efficient degradation seems to be reached with cata-
lyst concentrations around 0.2 g/l. The radiation ab-
sorption and kinetic model reproduce well the main
features observed in the experiment.
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