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Abstract

Actinometry is an old and useful method developed in the chemistry field to estimate the amount of photons entering and being absorbed
in a reaction cell filled with a well-known reacting system. As it is usually used it is of reduced suitability for intrinsic kinetic studies aimed at
scaling-up purposes. However, in photochemical reaction engineering analysis it can be of invaluable help if it is properly applied to accurately
calculate the boundary condition that is needed to solve the radiative transfer equation in laboratory photochemical reactors dedicated to obtain
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ntrinsic kinetic parameters.
This contribution shows the way that actinometric measurements can be used as one of the most precise and simple method

he above mentioned boundary condition for both homogeneous and heterogeneous systems, an indispensable parameter to c
recise models based in the general radiation transport equation, the light distribution inside the reaction space. This local proper

o formulate the initiation step of any photochemical reaction scheme when operation is made in the kinetic control regime. Cons
ill be always included in any properly developed complete reaction kinetic model. The proposed extended application is illustrate
xample employing a reactor used in photocatalytic reactions.
2005 Elsevier B.V. All rights reserved.
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. Introduction

More than 70 year ago research in photochemistry has
ntroduced a very powerful tool with the name of actinome-
ry. It consists in the use a well-known and simple chemical
eaction – an actinometric reaction – with the ability to vir-
ually “titrate” the number of photons that can be potentially
bsorbed in a given experimental apparatus. The idea be-
ind the method is that knowing the change in concentration
f the employed reactant or the developed product after a
nown time of irradiation, one can work backwards to cal-
ulate how many photons had entered the reactor to produce
uch result. In kinetics terms, under restricted concentrations
nd operating conditions, the rate of the employed reaction is
xclusively a direct function of the rate of photon absorption
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and almost independent of any other physico-chemical
able, including, to some extent, temperature. Thus, in ge
one can write to describe the rate of an actinometric rea
the following general equation:

Rλ,Act(x-, t) = νActΦλ,Acte
a
λ,Act(x-, t)



C1 ≤ C ≤ C2

�C < �Cfixed

T1 ≤ T ≤ T2

λ1 ≤ λ ≤ λ2




→
Φλ,Act known

for each

givenλ

(1)

The stoichiometric coefficient,νAct, in the most typ
ical cases takes on the value of±1 depending upon th
species (product or reactant) that is been considered
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Nomenclature

A area [cm2]
C concentration [mole cm−3]
ea local volumetric rate of photon absorption [ein-

stein cm−3 s−1]
E radiant power [einstein s−1]
F spectral distribution of the output power from

the lamp
G incident radiation [einstein s−1 cm−2]
h Plank’s constant [erg s]
i- unit vector in the direction of thex coordinate
I specific intensity [einstein cm−2 s−1 sr−1]
I especial specific intensity for single directional

irradiation [einstein cm−2 s−1 sr−1]
L length [cm]
N total number of photons
ni number of moles of actinometer reactant or

product
R reaction rate [mole s−1 cm−3]
s linear coordinate [cm]
T temperature [K]
t time [s]
V volume [cm3]
x rectangular Cartesian coordinate [cm]
x- position vector [cm]

Greek letters
α molar Naperian absorptivity [cm2 mole−1]
δ Dirac function
φ spherical coordinate [rad]
Φ overall quantum yield for the actinometer

[mole einstein−1]
κ volumetric absorption coefficient [cm−1]
λ wavelength [nm]
µ cosθ, dimensionless
ν frequency [s−1] or stoichiometric coefficient,

dimensionless
θ spherical coordinate [rad]
σ volumetric scattering coefficient [cm−1]
Ω solid angle [sr]
Ω- unit vector in the direction of propagation of

radiation

Subscripts
Abs relative to absorbed
Act relative to the actinometer
Ox relative to the uranyl oxalate actinometer
k relative to speciesk
R relative to the reactor
T denotes total
Tot denotes total in optical properties
Tk relative to the tank

W relative to the wall of the reactor
λ dependence on wavelength
Ω- relative to the direction of propagation
0 initial condition

Superscripts
0 relative to the surface of radiation entrance or

initial condition

Special symbol
[=] indicates “has unit of”
— means average over wavelengths

proportionality constant known as “overall quantum yield”,
Φλ,Act, is a function of wavelength but fairly constant within
the prescribed ranges of concentrations, concentration
changes and temperatures. Moreover, in some cases, the
quantum yield is a weak function of wavelength and, in a
first approximation, it could be possible (but not necessary)
to work with an average value ofΦ for the whole range
of �λ where the actinometer absorbs radiation.eaλ (x-, t) is
the local volumetric rate of photon absorption (LVRPA),
a function of wavelength and the concentration of all the
radiation absorbing species present in the reaction space. In
summary, under some unambiguously restricted experimen-
tal conditions, the reaction rate is a function of wavelength
and the photon absorption rate as well as the typical spatial
and temporal variables. There is no direct dependence on
concentrations if, preserving the limits set for the operating
conditions, those affecting the value ofeaλ are not considered.

It is clear that, in principle, if we can calculateRλ,Act(x-, t)
from experimentally measured concentrations as a function
of time, we should be able to calculateeaλ(x-, t) and with some
additional work calculate the number of photons absorbed by
the actinometer.

Many actinometric reactions have been proposed on ac-
count that there have been several objectives to accomplish,
namely: (i) to use a simple and very reproducible reaction,
(ii) to have a reaction with a well known quantum yield fairly
c cen-
t ring
d ten-
s ple
m nd (v)
t eous
s

mple
b
B se
q bute
s ost
c ork
p t
onstant in a defined range (sometimes narrow) of con
rations and temperatures (iii) to search for a tool cove
ifferent ranges of wavelengths, (iv) to carry out an in
ive exploration for experimental conditions where a sim
ethod to interpret the experimental data can be used a

o seek for reactions that can be used for liquid and gas
ystems.

Research in the chemistry field as reported for exa
y Noyes and Leighton[1], Calvert and Pitts[2], Rabek[3],
raun et al.[4] and Murov et al.[5], has solved most of the
uestions with very clever experimental proposals. Tri
hould be paid to the original contributions to the two m
ommonly employed systems with this purpose in the w
recisely described by Leighton and Forbes[6], Parkhurs



C.S. Zalazar et al. / Chemical Engineering Journal 109 (2005) 67–81 69

Brackett Jr. and Forbes[7], Forbes and Heidt[8], Volman
and Seed[9] and Heidt et al.[10] for the uranyl oxalate de-
composition and Parker[11], Hatchard and Parker[12] and
Lee and Seliger[13] for the potassium ferrioxalate reaction.
Up to 1992, according to the Handbook published by Murov
et al.[5], 24 different reactions had been proposed with acti-
nometric purposes. In spite of it, the uranyl oxalate and the
potassium ferrioxalate, particularly the last, remain the most
widely used. Essentially, under restricted concentrations and
temperatures, the overall result of these two reactions is de-
scribed as follows:

H2C2O4
hν1≤hν≤hν2−→

(UO2+
2 )

H2O + CO2 + CO

ΦOx = ΦOx(λ) (2)

In this reaction the uranyl ion acts as a photosensitizer (it is
the main radiation absorbing species but is not consumed)
and the decomposition of the oxalic acid is usually followed
by measuring its concentration before and after reaction with
potassium permanganate titrations. The second and by far the
most frequently employed actinometer is:

2Fe3+ + C2O2−
4
hν3≤hν≤hν4−→ 2Fe2+ + 2CO2

ΦFe2+ = ΦFe2+ (λ) (3)
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1. To work under conditions of complete radiation absorp-
tion in all wavelengths. Then, all the arriving photons are
counted.

2. To work with very small conversions. Then, from the radi-
ation absorption point of view, the reactant concentration
can be assumed constant and equal to the initial one and
the possible effect on the radiation field resulting from
absorption by the reaction products does not need to be
taken into account.

3. For polychromatic radiation, to use an average overall
quantum yield. Additionally, implicitly, the changes in
the value of the reactant absorption coefficient with wave-
length are ignored and overcome with the requirement of
complete absorption at all wavelengths.

Sometimes, searching for more accurate information, to
calculate the radiation entering the reaction cell and account-
ing for an incomplete radiation absorption in the existing
optical thickness, the following equation has been proposed
[2,4]:

N0,
∑
λ = [ni(t = t) − ni(t = 0)]

Φλ,Actt
{
1 − exp[−(αλ,Act)CActL]

}
[=] einstein s−1 (5)

I e
c ro-
m ss of
r ngth
a ually
a – in
o ter-
p tion
b x-
p uired
o poly-
c tions
v ti-
n alysis
o ent
c rent
d exam-
p f the
a

f-
f

1 -
by
sed
t the
l be
r (the

2 the
y are
The amount of ferrous ion produced is measured via s
rophotometric measurement of the concentration of a c
lex formed with 1,10 phenanthroline at 510 nm.

Most of the literature in the chemistry field concentrate
he description of the experimental conditions under wh
sing polychromatic radiation, the rate of the number of p

ons entering the reaction vessel (and under those cond
ffectively absorbed by the actinometer) is:

∑
λ = [ni(t = t) − ni(t = 0)]

Φλ,Actt
[=] einstein s−1 (4)

Strictly speaking, an equation such as Eq.(4) should be
pplied only for monochromatic radiation because abs

ion by the reactant (the reaction activation) and the qua
ield are not independent of wavelength. Conseque
ts use may be restricted to a small wavelength interv
onsidered an approximation when used for wider p
hromatic radiation fields (Note that in Eq.(4) Φλ,Act is an
verage value over wavelengths if polychromatic radia

s used). In spite of it, the value obtained from Eq.(4) is
ometimes used to directly calculate the available pho
or the reaction under study (different from the actinome
ne), particularly when using an actinometer that absor
range of wavelengths very similar to the one correspon

o the investigated reaction. A wide variety of experime
echniques and operating restrictions have been desc
o circumvent some of the difficulties associated with
uality of the results derived from the use of this very sim
nd practical expression[1–5]. The most important are:
n this equation (αλ,Act)CActL is the optical thickness of th
ell. Once more, this equation is strictly valid for monoch
atic radiation, particularly because the incompletene

adiation absorption may be a strong function of wavele
nd the use of an average value of the quantum yield is us
n approximation. There is a singular exception to these
ur opinion – very practical but oversimplified ways of in
reting actinometric data and can be found in the contribu
y Braun et al.[4]. Notwithstanding that finally, when the e
erimental techniques are discussed, after setting the req
perating precautions and special warnings concerning
hromatic experiments, it is proposed the use of an equa
ery similar to Eqs.(4) or (5), the whole proposal of ac
ometer procedures is preceded by a more careful an
f different possible alternatives under which the experim
an be performed. In this contribution, among the diffe
iscussed cases, a more detailed analysis is made, for
le, of the particular condition when the concentration o
ctinometer changes along the reaction evolution.

Equations such as(4) and(5) are mainly used in two di
erent forms:

. The absorbed photons resulting from Eq.(4) are trans
formed into an intensive property dividing the result
the reactor volume. The resulting value is directly u
in the investigated system under the assumption tha
same number of quanta per unit reactor volume wil
absorbed in one (that is being studied) and the othe
actinometric) system.

. Eq. (5) is used as a sort of boundary condition and
photons to be absorbed in the system under stud
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calculated according to:

Nabs∑
λ

= N0,
∑
λ[1 − exp(−αλ Ci L)] (6)

In Eq. (6) αλ andCi are the absorption coefficient and the
concentration of the radiation absorbing species in the spe-
cific reaction under study for which the actinometric data
(N0,

∑
λ) were obtained. Once more the intensive character

of the result is obtained dividing by the reactor volume. In
other occasions equations such as(5) and(6) are written in
terms of radiation fluxes (having units of einstein cm−2 s−1)
dividing by the reactor window area. In these cases, after ap-
plication of an equation analogous to Eq.(6), the volumetric
rates are obtained dividing by the length of the reaction cell.

Using these equations, in all cases, more often than not,
the data obtained from these global values of the photonic
absorption rates are used in kinetic models, ignoring that
these models always ask for point values of this function
because the kinetic expression of any reaction should be
written in local terms due to the intrinsic non uniformities
of the existing radiation field.

2. A more rigourous and extensive approach

So far, one can see that several components of the
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kinetic models corresponds to local values; i.e., there are
derived for a set of radiation absorption rates at each point
inside the reactor, particularly because the radiation field
is intrinsically non uniform; i.e., there is a whole field of
reaction rates at each position inside the reaction space.

3. The need to use a proper averaging procedure of the ki-
netic model (the reaction rate) to analyze the experimental
data that, by definition, in a well-mixed reactor, represent
the result of the whole space having different local rates.
Since it is almost impossible to have an isoactinic reactor
(the analogous to an isothermal reactor in thermal kinet-
ics) the non uniformities must be properly accounted for.
Note that the differences in mixing and radiation transport
characteristic times makes impossible to have a uniform
radiation field when absorption and some times geomet-
rical effects are present.

4. A precise consideration of polychromatic radiation that is
the normal case in practical applications.

5. A precise account of reactant uneven radiation absorption
at different wavelengths.

6. A precise use of the actinometer even if it does not com-
pletely absorbs all the arriving radiation in all the involved
wavelengths of the experimental device.

7. A precise analysis of the results if the reaction is carried
out beyond a very small initial conversion of the reactant;
i.e., if the changes in concentration of reactant and product
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eaction analysis have not been properly accounted f
btain precise and meaningful values if the actinom

nformation is to be used with the objective of reaching
ntrinsic quantitative kinetic result. Some of them have b
reated with approximations and others with someti
nnecessary restrictions in the experimental condit

t is also important to realize that usually the used
orrespond to global values for the whole reactor tha
urned intensive in a very crude manner.

Perhaps, what is even more significant is the fact that
ometry is a much powerful tool if the experimental data
nalyzed in a more precise way with some procedures de

rom chemical reaction engineering analysis.
Conventional homogeneous actinometry without the

f photoreactor mathematical modeling does not accou
he following points:

. The ignored caution that, truly speaking, all these e
tions are valid for one-dimensional attenuation; i.e.
can be applied, for example, to a collimated, parallel b
of radiation or special reactor arrangements where
dimensional models can be used (when the resultin
diation field is a function of a single coordinate along
penetration depth of the reactor). Sometimes, the r
tion field may have significant gradients in more than
direction and consequently the radiative transfer equ
is, at least in principle, three-dimensional.

. The inappropriateness of the way used to derive inte
properties from global values and the direct use of t
results in kinetic studies. This procedure does not take
account that the whole set of variables employed to b
are not negligible.
. The way that homogeneous actinometry can be

useful even in heterogeneous photoreactor kinetics
ies. Conventional homogeneous actinometric met
cannot account for radiation scattering, but actinom
is still the best method to know the boundary conditio
the Radiative Transfer Equation (RTE) for heterogen
systems in laboratory reactors.

. The way by which actinometric results obtained emp
ing a lamp with a wide range of emission waveleng
(for example from 200 to 600 nm) can be used in a m
restricted range of radiation absorption by the reac
(for example in photocatalysis with titanium dioxid
absorbing from 200 to 390 nm).

We think that actinometry is a very important tool
aboratory photochemical work but, at the same time that

ally, its potentialities are not fully exploited to provide v
seful and precise information. In our work we have b
sing actinometric measurements very often but with a s
urpose: to know the absolute value and spectral distrib
f the incident radiation arriving at the reactor window of
iation entrance (the boundary condition of RTE). With

nformation, then we solve the RTE inside the reaction s
nd we never need to make any sort of approximate ext

ation of the total radiation absorbed by the actinometer
ifferent reacting system (homogeneous or heterogene
imilarly, there is no need to obtain intensive propertie

he photon absorption rate employing an approxima
efore introducing the LVRPA into de kinetic model.
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The actinometric result obtained with the appropriate
experiments and a precise interpretation of the data usually
provide an exact boundary condition for the solution of the
RTE in the reaction cell and this is, in our opinion, the most
important application of actinometry in reaction kinetics.
We add to this analysis a method to account explicitly and
more exactly for polychromatic irradiation. From this type of
information we can provide an answer to all the above listed
problems.

However, there are some questions that obviously acti-
nometry cannot solve:

1. To provide information about the said boundary condition
if the employed actinometer does not absorbs radiation in
the complete wavelength range of interest.

2. To be used in models when it is necessary to consider
the whole angular space of directions of radiation propa-
gation because it does not provide information about the
direction of the incoming rays. Directions of incidence
can be obtained from radiation emission models[14]. In
these cases, actinometer data can be used to verify the pre-
dicted, averaged value of the incident radiation (calculated
over the total area of the windows of radiation entrance)
and indirectly validate the results of the emission model.
This procedure, with more or less difficulties, can be done
regardless the geometry of the involved reactor.
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Intensity[15]:

IΩ- ,λ
(x-, t) = lim

dAdΩ dt dλ→0

(
dEλ

dAcosθ dΩ dt dλ

)
[=] einstein cm−2 sr−1 s−1 (7)

Hence, the Radiation Intensity depends not only on po-
sition and time, but also on the wavelength dλ aboutλ (that
determine the energy of the transported photon) and direction
characterized by the differential solid angle of directions dΩ

about the propagating directionΩ- . With this definition, the
RTE in homogeneous and non emitting media is written as:

dIλ,Ω-
(x-, t)

ds
= −κλ(x-, t)Iλ,Ω- (x-, t) (8)

3. One dimensional, single direction radiation
transport

Strictly speaking, only collimated (parallel) light beams
can be safely modeled as one-dimensional and single direc-
tional systems. In this case, one needs a special definition
of the light intensity to restrict the direction of propagation
to a single direction (Ω- → i-) that coincides with one of the
s n
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It is important to note that for photoreactor design
rinciple, we can never use actinometric measurem
ecause the reactor has not been constructed yet and
equently, measurements cannot be made. In this cas
ust resort to emission models for the lamps and event

eflectors[14] but unfortunately in this case one must r
n the information provided by the lamp’s manufactu
oncerning the total output power of the lamp and
pectral distribution of this output. When this informat
xists and the quality control of the lamp production
rustable, three-dimensional emission models are
eliable. Matter-of-factly one can use especial actinom
evices to measure the lamp output if the manufactu

nformation is not reliable, but carefully interpreted pho
etric measurements are simpler and faster. On the
and, for laboratory experiments, we can use actinom

n a practical and accurate way and the only information
s needed is the quantitative spectral distribution (percen
r absolute) of the lamp output power (the emission curv

he emission lines). The method is facilitated even mo
he total output power of the lamp is also accurately kno

Although we will show how actinometers can be u
n heterogeneous systems, they are homogeneous rea
onsequently we will make use of the RTE without s

ering. We will also always consider that inside the reac
pace there is no radiation emission.

The characteristics of radiation transport can be more
ly seen from the definition of the fundamental quantity
he radiation field: the Spectral (monochromatic) Radia
-
e

.

patial coordinates. Here iis the unit vector in the directio
f the x coordinate. Then, for a one-dimensional and si
irectional model, the corresponding value of the intens
btained from:

λ,Ω-
(x, t) = Iλ(x, t) δ(Ω- − i-) (9)

hereδ, the Dirac function is defined as:

=



Ω∫
0

δ(Ω- − i-) dΩ = 1 for Ω- = i-

0 forΩ- �= i-

(10)

n this case:

λ̄(x, t) [=] einstein cm−2 s−1 with δ(Ω- − i-) [=] sr−

The next important property in photochemistry is the
ident radiation that is defined as:

λ(x-, t) =
∫
Ω

Iλ,Ω-
(x-, t)dΩ [=] einstein cm−2 s−1 (11)

λ gives, at any point, all the radiation contributions from
hole space of directions. For one-dimensional and s
irectional irradiation, Eq.(11) results:

λ(x, t) =
∫
Ω

Iλ(x, t)δ(Ω- − i-)dΩ = Iλ(x, t)
∫
Ω

δ(Ω- − i-)dΩ

= Iλ(x, t) (12)

he incident radiation is equal to the special (one-directio
pecific intensity.
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Up to now we have introduced one simplification:
one-dimensional, single directional definitions and one
deliberate restriction: monochromaticity. We will deal with
polychromatic light further ahead. At present the question
may be: Is the simplification an insurmountable difficulty that
in practical terms can only be achieved with a complex train
of optical devices to collimate the radiation beams? Alfano
et al.[16-18] have shown that with the proper geometry and
dimensions, a very good approximation to a one-dimensional
radiation field can be achieved with a tubular lamp placed
at the focal axis of a good quality parabolic reflector. When
reflected radiation is significantly larger than direct radiation
from the lamp, at a position separated a few centimeters from
this device, the center part of the so generated radiation field
is almost independent of the radial and angular coordinates.
It will experience changes only along the distance traveled
inside the reaction space when the reactor is placed per-
pendicular to the direction of the outgoing radiation beams
(Fig. 1). This reactor may be considered a pseudo-one direc-
tional device. For laboratory reactors this is a very practical
design for either homogeneous or heterogeneous systems
even if for the second case some modifications may be ad-
visable to simplify the solution of the required mathematical
modeling. For both cases, the reactor, that could be a cylinder
with two flat, parallel windows, is a one-dimensional flat
plate that very closely behaves as having a single character-
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It must be clearly remarked that in most of the reactor
configurations (and almost always necessarily in heteroge-
neous systems where scattering is present) radiation trans-
port is two-directional. In this particular contribution we are
describing a very special type of reactor that is of general
validity only for laboratory experiments and devices of the
type described below.

4. One-dimensional, single directional,
monochromatic irradiation in homogeneous reactors

Actinometers are homogeneous reactions. Thus, unless a
different situation is specified, we will be considering only
absorption. For the one-dimensional, single directional case
the RTE results:

dGλ(x, t)

dx
= −κλ,Tot(x, t)Gλ(x, t) (14)

Let us now consider the case of one actinometer and make
our exemplification with the potassium ferrioxalate reaction.
Integrating Eq.(14)and combining with Eq.(13):

eaλ(x, t)
∣∣
Act = κλ,j(x, t)Gλ,W exp


−

x∫
0

κλ,Tot(x, t) dx




(15)
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i For
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stic direction of radiation propagation. It is worthwhile
ote that the very commonly used annular reactor ma

reated with the one-dimensional approximation only in v
pecial cases (when the reactor is very short, much sh
han the lamp length, the inner reactor wall is very clos
he external wall of the lamp and the annular gap is sma

The absorbed radiation by component j, at every diffe
oint inside the reactor, in our notation, the local volume
ate of photon absorption (LVRPA), is:

a
λ,j(x, t) = κλ,j(x, t) Gλ(x, t) (13)

ote that this is a local value, the one that is required to in
orate the photonic absorption rate in any kinetic mode

ig. 1. One dimensional reactor with transparent window of radia
ntrance.
ere κλ,j is the absorption coefficient of the reactant
otassium ferrioxalate) andκλ,Tot is the absorption coeffi
ient of the complete reacting mixture (reactant and prod
λ,W is the incident radiation impinging on the window

adiation entrance; i.e., the boundary condition. The rea
ate corresponding to the actinometer is:

Rλ(x, t)|Fe2+ = Φλ,Fe2+ eaλ(x, t)
∣∣
Act (16)

λ,Fe2+ is the monochromatic overall quantum yield for
ctinometer expressed in terms of the reaction product.

Combining Eq.(15) with Eq. (16) and writing the resu
n an explicit way for the potassium ferrioxalate reaction

Rλ(x, t)|Fe2+

= Φλ,Fe2+
[
αFe3+
λ CFe3+ (x, t)

]
Gλ,W

×exp


−

x∫
0

[
αFe3+
λ CFe3+ (x, t) + αFe2+

λ CFe2+ (x, t)
]

dx




(17)

This is a local value of the reaction rate. If the reacto
ell-mixed, concentrations are not a function of position

he distribution of radiation is. Thus, we need the ave
alue of the reaction rate over the reactor volume to r
t with the change in concentration inside the reactor.
he one-dimensional, single directional reactor, in the ho
eneous system, if the reactor is well mixed and the c
ectional area is constant, the average can be taken ov
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reactor length:〈
Rλ(x, t)|Fe2+

〉
LR

=



Φλ,Fe2+


αFe3+

λ CFe3+ (t)︸ ︷︷ ︸
κ
λ,Fe3+


 Gλ,W︸ ︷︷ ︸

Boundary

condition




1

LR

∫ LR

0

×exp


−


αFe3+

λ CFe3+ (t) + αFe2+
λ CFe2+ (t)︸ ︷︷ ︸

κλ,Tot


 x


dx

(18)

The result is:〈
Rλ(x, t)|Fe2+

〉
LR

= Φλ,Fe2+Gλ,W

LR

κλ,Fe3+ (t)

κλ,Fe3+ (t) + κλ,Fe2+ (t)︸ ︷︷ ︸κλ,Tot(t)

× {
1 − exp[−κλ,Tot(t)LR]

}
(19)

To complete the description of the reactor operation we
need a mass balance. For kinetic studies searching for a better
following-up of the reaction evolution, easiness of sampling
and temperature control, we have found very convenient to
use a recycling system made of the reactor, a pump, a heat
exchanger and a rather large volume storage tank (Fig. 2). Un-
der (i) isothermal conditions, (ii) large recirculating flowrate,
(iii) VR/VT� 1, (iv) well mixing conditions and (v) small
conversion per pass in the reactor, it can be shown that the
following equation applies:

〈
Rλ(x, t)|Fe2+

〉
LR

= VT

VR

dCFe2+

dt

∣∣∣∣
Tk

(20)

A high recirculating flow rate is needed to ensure good
mixing conditions and almost differential conversion per
pass. Note that with the averaging procedure, the rate is an
exclusive function of time; i.e.,Rλ(t)|Fe2+ and that, according
to the mass balance, changes in concentrations are measure
in the tank. Inserting Eq.(19) into Eq. (20) the monochro-
matic boundary condition can be obtained after integration
of:

dCFe2+ (t)

dt

∣∣∣∣
Tk

= VR

VT LR
Gλ,WΦλ,Fe2+

αλ,Fe3+ [CFe3+ (t =
αλ,Fe3+ [CFe3+ (t = 0) − CFe2

× {
1 − exp

[−αλ,Fe3+ [CFe3+ (t = 0) − CFe2+ (t)] −︸ ︷︷
ver,

e
a tum

Fig. 2. The recycling system.

yield, and the reactor and total volumes together with the
reactor length are also known values. The only unknown left
is Gλ,W. With a non-linear single parameter estimation this
value can be easily obtained because we must only compare
experimental time rates of change of theCFe2+values with
predictions from the solution of Eq.(21). Needless is to say
that the extent of the reaction cannot be carried out beyond
the point for which the value of the overall quantum yield
remains constant. However, this is not a serious limitation
because the constancy of the quantum yield is known to
persist in a rather wide range of ferric salts concentrations
[5]. Summarizing, Eq.(21) is an exact expression if: (i)
propagation of radiation can be assumed one-dimensional
and single directional, (ii) the reactor is well mixed, (iii)
the wavelength of the energy emitted by the lamp for which
calculation is made falls within the wavelength range of
absorption by the actinometric solution and (iv) the extent
of the reaction is carried out till the limit in which the
monochromatic overall quantum yield of the actinometer
solution is known to remain constant for the involved wave-
length.

Using potassium ferrioxalate, the problem is even sim-
pler because when working with a wavelength not larger
than 430 nm, not too low actinometer concentrations and an
optical path not shorter than 5 cm, during the first part of
the reaction performed under these circumstances, the time
d be-
c e
c to
t fer-
r tion
t ith
α

︸

A

This equation cannot be solved analytically. Howe
xperimentally we have values ofCFe2+ versus time.C0

Fe3+
nd all absorptivities can be known as well as the quan
d

0) − CFe2+ (t)]

+ (t)] + αλ,Fe2+CFe2+ (t)

αλ,Fe2+CFe2+ (t)
]
LR

}︸ (21)

erivative is a straight line. This can be easily shown
ause according to Hatchard and Parker[12] under thes
onditions the term labeled with A is close to 1 due
he very high absorption produced by the potassium
ioxalate. Moreover, at the initial stages of the reac
he termαFe2+ [CFe2+ (t)] can be neglected compared w

Fe3+
[
CFe3+ (t = 0)

]− αFe3+
[
CFe2+ (t)

]
. Hence:

lim

t → 0

(
dCFe2+ (t)

dt

∣∣∣∣
Tk

)
︷︷ ︸

EXPERIMENTS

= VR

VT LR
Gλ,WΦλ,Fe2+ (22)
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When the above conditions are fulfilled, Eq.(22) is a valid
simplification andGλ,W can be easily obtained from it be-
cause the plot ofCFe2+ versus t is always a straight line.
When this linearity is not observed the complete Eq.(21)
must be used.

An important consideration has been stated: the well
stirred reactor operation. The hydrodynamic mixing “charac-
teristic time” and the photon transport “characteristic time”
are so much different that the hydrodynamics of the flow
field does not affect per se the light distribution inside the
reactor. However, if the distribution of the concentration of
the radiation absorbing species is affected by the flow field,
it must be taken into account resorting to a precise model-
ing of the mass balance and its coupling with the radiation
balance. It is clear that, in this case, the mass balance will
ask for information concerning the spatial distribution of the
field of velocities. In the proposed methods for laboratory re-
action kinetics studies, this problem does not exists because
we impose on the experimental procedure the perfect mixing
operating condition.

It is clear that from Eq.(22) one can obtain immedi-
ately the incident radiation at the entrance of the reactor
window. KnowingGλ,W, there is no need to assume that
the same amount of photons absorbed by the actinometer
will be absorbed by the chemical system under study.
Thus, using the same reactor, for any other homogeneous
r w
t ding
t

E of
i
i ient
o other
s n in
t n be
d with
t nder
s

l
v ded
t tion
a in-
c eme
o mix-
i

R

The reaction rate of species k must be incorporated into the
mass balance of the experimental reactor. However, even
in well mixed reactors, before integrating the mass balance
equation, we must always calculate the spatial average of
the reaction rate [as indicated for example by Eq.(18)], be-
causeeaλ is an irreducible function of position. Calculating
this average for the whole reactor volume may be more or
less complicated according to the derived kinetic model and
the type of reactor that is used. For flat reactors as the one
adopted in this example, in the worst case, we will face a
simple numerical integration that can be accomplished with
standard commercial programs. The same commentary ap-
plies for the solution of the mass balance in the proposed
operating system.

There is an important point to note. A similar (not equal)
equation to Eq.(22) is used in the chemistry literature. It im-
plies that at the employed wavelength radiation absorption is
complete. On the contrary, Eq.(21) does not have this limi-
tation. Moreover, working with low conversion, Eq.(21)can
be simplified and used under conditions of incomplete ab-
sorption because absorption by ferrous salts can be neglected
rendering:

dCFe2+ (t)

dt

∣∣∣∣
Tk

I

1

3+LR

N
t

5
p

d
w .
( n by
t Eq.
( tual
a gth
r b-
s mp,
w(
eaction employing reactantk for example, we can kno
he spatial distribution of photon absorption rates, accor
o:

eaλ(x, t)
∣∣
k

= κλ,k(x, t)Gλ,W exp[−κλ,Tot(t)x] (23)

q. (23) includes the case of the existence of any form
nner filtering effect. It is taken into account whenκλ,Tot
s calculated; i.e., it comprises the absorption coeffic
f the remaining reactant absorbing species plus any
pecies (a product, for example) that absorbs radiatio
he wavelength under consideration. This procedure ca
one when the measurement of the actinometer is made

he same wavelength that will be used by the reaction u
tudy.

It is also important to recall that Eq.(23)produces a loca
alue, i.e., a function of position. This local value is nee
o calculate the initiation step of a photochemical reac
t every point inside the reactor space. Then, it will be
luded in any kinetic model derived from a reaction sch
r mechanism. For example, under isothermal and well

ng conditions:

λ,k(x, t) = F [C1(t), C2(t)...Cn(t), e
a
λ(x, t)] (24)

Gλ,W = VT

VR

LR

Φλ,Fe2+ t

{
CFe2+ +

αFe
= VR

VT LR
Gλ,WΦλ,Fe2+

× {
1 − exp

[−αFe3+ [CFe3+ (t = 0) − CFe2+ (t)]
]
LR

}
(25)

ntegrating Eq.(25), we can extract directly the value ofGλ,W:[
1 − exp

[−αFe3+CFe3+ (t = 0)LR
]

1 − exp
[−αFe3+ (CFe3+ (t = 0) − CFe2+ )LR

]
]}

(26)

ote that for very high radiation absorption, Eq.(26)reduces
o Eq.(22).

. One-dimensional, single directional,
olychromatic irradiation in homogeneous systems

Equations such as Eqs.(21), (22) and(26) can be use
ith polychromatic radiation. Eq.(21) or eventually Eq

26) must be used when there is no complete absorptio
he actinometer. We will illustrate the procedure with
22) because of it simplicity, thus facilitating the concep
pproach. Hence, for polychromatic light in the wavelen
ange fromλ1 to λ2, low conversions and complete a
orption for all the wavelengths of emission by the la
e have:

VT

VR

)
lim
t→0

�CFe2+

�t

∣∣∣∣∫
dλ

= 1

LR

∫ λ2

λ1

Φλ,Fe2+Gλ,W dλ

(27)
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The integral of the right hand side of Eq.(27) will be per-
formed numerically with some form of discretization of the
wavelength interval[19]. When the lamp has emission lines,
it can be supposed that there are as many monochromatic re-
actors as emission lines and add up the effects of each pseudo-
monochromatic reactor. When the emission is continuous one
can divide the whole wavelength interval into several discrete
regions of emission and proceed with the same concept.

Eq.(27)can be rearranged to give:(
VR

VT

)
lim
t→0

�CFe2+

�t

∣∣∣∣∫
dλ

= GTot,W

LR

∫ λ2

λ1

Φλ,Fe2+
Eλ

ETot
dλ

= GTot,W

LR

∫ λ2

λ1

FλΦλ,Fe2+ dλ (28)

Fλ is generally known from the lamp manufacturer; it gives
de spectral distribution of the output power from the lamp.
Then, it is possible to calculate from experiments the value
ofGTot,W and obtain afterwards, using againFλ, the spectral
distribution of the incident radiation at the reactor window.

Gλ,W = LRFλ
λ2∑
λ1

(Φλ,Fe2+Fλ)

(
VT

VR

)



lim
t→0

�CFe2+

�t

∣∣∣∣∫
λ dλ︸ ︷︷ ︸

EXPERIMENTS
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Fig. 3. Reactor with a window producing diffuse radiation entrance inside
the reactor.

scattering. However, the same reactor described before, with
a slight modification can be used, furnishing for laboratory
reactors the simplest solution for a rigorous treatment of the
RTE. To simplify the interpretation of the experimental data
Cabrera et al.[20] have proposed to use a diffuse boundary
condition at the windows of radiation entrance. It is simple
to see the advantage of this experimental modification if one
compares the general RTE:

(x-, t)] Iλ,Ω- (θ,φ)(x-, t)︷︷ ︸
AND OUT SCATTERING

(θ,φ)(x-, t)p
[
Ω-

′(θ, φ) → Ω- (θ, φ)
]

︷︷ ︸
IN SCATTERING

dΩ′ (30)

with the RTE of one-dimensional model:

µ
∂Iλ,µ(x, t)

∂x
+ [κλ(x, t) + σλ(x, t)]Iλ,µ(x, t)

= σλ

2

µ=1∫
µ=−1

Iλ,µ′ (x, t) p(µ′ → µ)dµ′ (31)

In Eq. (30) θ andφ are the angles that define the solid angle
o . In
E ble
t dif-
f i.e.,
d ctor
w in-
s
w ng ra-
d

(29)

λ,W is the spectral distribution of the incident radiation
iving at the reactor window. The same considerations m
efore concerning incomplete absorption or not too s
onversions are valid for polychromatic radiation. In th
ases, with more complex equations, we need the sp
istribution of the absorption coefficient of the ferric and
ous salts (αFe3+ and αFe2+ ) that can be easily obtained w
pectrophotometric measurements. The biggest problem
ne will encounter is that a numerical integration will
eeded. Cabrera et al.[20] and Mart́ın et al.[21], have suc
essfully used these approaches for polychromatic radia

. One-dimensional, polychromatic reactors in
eterogeneous systems

In heterogeneous systems the solution of the radi
ransfer equation is more complex because we must in

dIλ,Ω- (θ,φ)(x-, t)

ds
= − [κλ(x-, t) + σλ︸

ABSORPTION

+ σ

4π

4π∫
0

I
λ,Ω′

-︸
f radiation propagation in a spherical coordinate system
q. (31)µ= cosθ and we need a single directional varia

o characterize de propagation of radiation. In addition, a
use boundary condition produce azimuthal symmetry;
iffuse radiation entrance produced by this special rea
indow allows to assume that radiation intensities going
ide the reactor are equal for all directions (Fig. 3).In other
ords, as usual, in these equations we need the incomi
iation (the boundary condition). In Eq.(30), the incoming
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radiation will be of the typeI0
λ(θ, φ), whereas in the second

case we just needI0
λ �= I0

λ(θ, φ).
The experimental simplification rendering azimuthal sym-

metry facilitates in great manner the solution of the RTE when
scattering is present[20–22]. How difficult is to obtain this
special boundary condition in a laboratory reactor? The solu-
tion is very simple: the external side of the reactor windows
must be made of ground glass or quartz. Note very clearly
that without this modification in the radiation entrance bound-
ary condition, photoreactors with radiation scattering, must
always be modeled as two-directional.

The boundary condition, in laboratory reactors having this
modification, can also be obtained with actinometric meth-
ods. In this particular case, even for homogeneous actinom-
etry in one-dimensional reactors, the Lambert-Beer equation
has some changes[15]. According to Brandi et al.[23] it is
possible to work as follows:

�
dI�,�(x, t)

dx
+��,Tot(x, t)I�,�(x, t) = 0

with Iλ,µ(0, t) = I0
λ �= f (µ)

(32)

Integrating Eq.(32) for a well-mixed reactor:

Iλ,µ(x, t) = I0
λexp

[
−κλ,Tot.(t)

µ
x

]
(33)
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calculate the reactor length averaged LVRPA.

〈
eaλ

∣∣
Act

〉
LR

= 1

LR

LR∫
0

eaλ

∣∣
Actdx

= 1

LR
2π κλ,Fe3+ (t) I0

λ

LR∫
0

E2
[
κλ,Tot(t)x

]
dx

= πI0
λ

LR

κλ,Fe3+ (t)

κλ,Tot(t)
(37)

The last result follows because:∫
En(z)dz = −En+1, E3(0) = 1/2 and lim

z→∞E3(z) → 0

The last approximation can be applied because the product
κλ,Tot × LR is large enough to ensure complete absorption.
Working with low conversion, makes sure that absorption by
the ferrous ion is negligible and absorption by the ferric salt
is well defined. Once more, the plot of Fe+2 concentration
versus time gives a straight line; then, the value of the light
intensity that is needed for the solution of the RTE in the
heterogeneous system, is obtained from:

I0
λ = LR

πΦλ,Fe2+

(
VT

VR

){
lim
t→t0

(
�CFe2+

�t

)}
︸ ︷︷ ︸ (38)
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sing the potassium ferrioxalate actinometer, the LVRPA
omes:

eaλ(x, t)
∣∣
Act = 2π κλ,Fe3+ (t)

1∫
0

Iλ,µ′ (x, t) dµ′

= 2π κλ,Fe3+ (t) I0
λ E2[κλ,Tot(t) x] (34)

n Eq.(34), E2 is the second order exponential integral fu
ion [24]. The exponential integral function ofnth order is
efined as:

n(z) =
1∫
0

µn−2exp

[
− z
µ

]
dµ (35)

onsidering again a recirculating batch reactor, the rea
ndicated by Eq.(16) and the mass balance of Eq.(20), the
eaction rate gives:

Rλ(x, t)〉LR = dCFe2+ (t)

dt

∣∣∣∣
Act

(
VT

VR

)
= Φλ,Fe2+

〈
eaλ

∣∣
Act

〉
LR

(36)

.1. Case a: complete absorption at the wavelength
nder consideration

For simplicity, we will analyze this case for monoch
atic radiation. Considering low conversions, it may
ssumed thatκλ,Tot = κλ,Fe3+ . With this standard restrictio
fter substitution of Eq.(34) let us integrate Eq.(36) to
Experiments

It may be convenient to point out that the solution
he RTE in slurry photocatalytic reactors, even in o
imensional diffuse boundary condition models, is alw
btained integrating intensities. That is why we have not
ere equations in terms of the Incident Radiation.

.2. Case b: incomplete absorption in some wavelengt

Consider the case of the same reactor as before
imensional, diffuse radiation entrance, isothermal, b

n the recirculation mode and well-mixed). To get so
mprovement in the uniformity of the radiation field in t
eaction space, we will irradiate the cylinder from both
indows as indicated inFig. 4 [25]. In this case, we fac

he following problem: the employed lamp is polychrom
nd emits significant radiation between 275 and 580
wavelength range for which the actinometer do not

omplete absorption in all the significant waveleng
owever, the overall quantum yield as a function of wa

ength is known in the above mentioned spectral inte
oreover, in this case, the research project was inter

n knowing the entering energy to the reactor as a func
f wavelength (and not only the total entering ener
his information was required to use the correct boun
ondition for a photocatalytic system. In this case it
eeded to select from all the wavelengths of emission b

amp, only those energies corresponding to the wavele
nterval of absorption by titanium dioxide in the used rea
between 275 and 385 nm). This permits to use the en
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Fig. 4. One dimensional-one directional reactor irradiated from both sides.

corresponding to the restricted range of absorption by the
catalyst in the boundary condition required in the solution
of the RTE for the heterogeneous system.

Integrating Eq.(32) for the case in which both windows
are irradiated:

Iλ,µ(x, t) = I0
λ

[
exp

(
−κλ,Tot(t) x

µ

)

+ exp

(
−κλ,Tot(t)(LR − x)

µ

)]
(39)

The LVRPA becomes:

eaλ(x, t)
∣∣
Act = 2π κλ,Fe3+ (t)

µ=1∫
µ=−1

Iλ,µ′ (x, t)dµ′ (40)

Then:

eaλ(x, t)
∣∣
Act = 2π κλ,Fe3+ (t)

1∫
−1

Iλ,µ′ (x, t)dµ′

= 2πκλ,Fe3+ (t) I0
λ

× [
E2(κλ,Tot(t) x) + E2(κλ,Tot(t) (LR − x))]

Integrating:

〈
eaλ

∣∣
Act

〉
LR

= 1

LRκTot
2π κλ,Fe3+ (t) I0

λ

×2
[
E3(0) − E3(κλ,TotLR)

]
(43)

To compute the incident radiation, we recall that the entering
radiation is diffuse:

Gλ,W =
∫
Ω

Iλ,Ω(θ,φ)(x, t)dΩ

= 2π︸︷︷︸
Due to

azimuthal

symmetry

θ=π/2∫
θ=0

Iλ,θ(x, t) sinθ dθ = 2π

1∫
0

I0
λ dµ

= 2π I0
λ (44)

Combining Eqs.(43)and(44):

〈
eaλ

∣∣
Act

〉
LR

= 2Gλ,W κλ,Fe3+ (t)

LR κλ,Tot

[
E3(0) − E3(κλ,TotLR)

]
(45)

Eq. (45) must be inserted into the mass balance. Recalling
the value ofE3(0):(
VT

VR

)[
dCFe2+ (t)

dt

∣∣∣∣
λ

]

= Φλ,Fe2+
κλ,Fe3+2 Gλ,W
κλ,Tot LR

[
1

2
− E3(κλ,TotLR)

]
(46)

Eq. (46) is valid for monochromatic radiation. However the
experimental measurement of the change in the ferrous salt
concentration is the result of polychromatic radiation. It can
be accepted that the wavelength distribution arriving at the
reactor windows is the same than that corresponding to the
lamp emission (furnished by the lamp manufacturer) with
all quantities expressed in photochemical units for energies
[recall the spectral distribution of the lamp output used in Eq.
(28)]:

Gλ,W = Eλ

ETot
GTot,W = FλGTot,W (47)

Substituting into Eq.(46):
(41)

Again, the average value of the LVRPA is needed:

〈 ∣ 〉 1
LR∫ ∣
eaλ
∣
Act LR

=
LR

0

eaλ(x, t)∣Actdx

= 1

LR
2πκλ,Fe3+ (t) I0

λ

LR∫
0

× [
E2(κλ,Tot(t) x) + E2(κλ,Tot(t) (LR − x))] dx

(42)

GTot,W =
(
VT

VR

)[
dCFe2+ (t)

dt

∣∣∣∣∫
λdλ

]
︸ ︷︷ ︸

Experiments

× 1
2
LR

∑
λ Φλ,Fe2+

κ
λ,Fe3+
κλ,Tot

Eλ
ETot

[
1
2 − E3(κλ,TotLR)

]
(48)
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With low conversion and using the previously mentioned
straight line plot:

GTot,W =
(
VT

VR

)
1

2
LR

λ=580∑
λ=275

Φλ,Fe2+ Eλ
ETot

[
1
2 − E3(κFe3+LR)

]

× lim
t→t0

[
CFe2+

t − t0

]
∑
λ︸ ︷︷ ︸

Experiments

(49)

And using again Eq.(47), the incident radiation, as a function
of wavelength can be obtained. With Eq.(44), the incoming
intensities (I0

λ) as a function of wavelength can be immedi-
ately calculated. With this boundary condition we can pro-
ceed to solve Eq.(31) for the heterogeneous system.

In these equations we have assumed that both lamps have
exactly the same radiation output. When the difference be-
tween the boundary conditions on the right and the left side
of the reactor is significant, it is always possible to use a very
similar equation adding the two different contributions from
both sides. The resulting expression does not add significant
additional complexity, but two different actinometric mea-
surements (one for each lamp, separately) will be necessary.

7
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Fig. 5. Spectral distribution of the lamp output power (Philips HPA 1000).

(in terms ofE/Emax, withEmax being the 100% output power
at 370 nm). Note that the ratio ofE/Emax in W is not equal
to the ratio ofE/Emax in einstein because of the wavelength
dependence involved in the transformation[4]. Table 1indi-
cates the calculations that must be done to report the relative
output power in terms of the power in einstein s−1 at a given
wavelength with respect to the total power in the same units.
Table 2, gives the values that must be used to apply Eq.(49).
In this case the actinometer (potassium ferrioxalate) concen-
tration was 0.021 M. The values of quantum yields were taken
from Calvert and Pitts[2], Braun et al.[4] and Murov et al.
[5] and the molar absorptivities were taken from the last two.
The reactor lengthLR was equal to 5.2 cm and the ratio of
VT/VRwas equal to 45.29 (a storage tank was included in the
recirculating system).

Fig. 6, shows the experimental results from which the limit
required by Eq.(49) can be calculated.Table 3shows the
numerical values. There are values for each one of the lamps
(both lamps are not identical) and also the results obtained
interposing neutral density filters between the lamps and the
reactor.Table 4shows the values obtained calculating the
incident radiation in each condition. Finally from this results
and the distribution of the output power given inTable 1, the
desired values of the incoming intensities in the wavelength

T
R f wave

λ Eλ/E

2 7.4
3 30.9
3 37.7
3 23.6
3 61.1
3 100.0
3 74.9
4 66.4
4 40.0
4 75.4
4 16.5
5 24.0
5 88.3
5 70.5

W utput p t of

m tein ob
. Application

As an illustrative example of these procedures, we
how the case of diffuse irradiation with a lamp with emiss
n a wavelength range where the actinometer does not
omplete absorption and the values ofI0

λ are needed in
estricted wavelength interval.

Consider the case of a Philips HPA 1000 lamp with
ificant emission in the wavelength range between 275
80 nm (Fig. 5). No information is provided concerning t

otal output power, but the normalized percentage dist
ion of the output power as a function of wavelength is kn

able 1
elative output power in terms of the energy in einstein s−1 as a function o

i (nm) E∗
λ/E

∗
max (W/W × 102) λi /λmax

75 10.0 0.74
05 37.5 0.82
10 45.0 0.84
24 27.0 0.88
59 63.0 0.97
70 100.0 1.00
85 72.0 1.04
10 60.0 1.11
23 35.0 1.14
36 64.0 1.18
90 12.5 1.32
23 17.0 1.41
45 60.0 1.47
80 45.0 1.57

here:λi is the wavelength of emission peaki, E∗
λ/E

∗
max is the relative o

aximum emission,Eλ/Emax : is the relative output power in terms eins
length

max (einstein/einstein× 102) Eλ/Etotal (einstein/einstein× 102)

3 1.04
1 4.31
0 5.26
4 3.30
3 8.52
0 13.90
2 10.40
9 9.27
1 5.58
2 10.50
5 2.31
3 3.35
8 12.30
4 9.84

ower in terms of W,λi /λmax: wavelength relationship with respect to tha

tained as (E∗
λ/E

∗
max) × (λi /λmax),

Eλ
ETotal

= (Eλ/Emax)/
(∑λ=580

λ=275Eλ/Emax

)
.
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Table 2
Values used in Eq.(49)

λ (nm) φλ (mole einstein−1) αFe
+3

(cm2 mole−1 × 10−3) κFe+3 × LR E3(κFe+3LR)a

275 1.24 4991.5 545.0 ∼=0
305 1.24 4991.5 545.0 ∼=0
310 1.24 4991.5 545.0 ∼=0
324 1.23 3970.4 433.6 ∼=0
359 1.14 1903.3 207.8 ∼=0
370 1.14 1406.1 153.5 ∼=0
385 1.14 953.9 104.2 ∼=0
410 1.09 338.8 33.7 ∼=0
423 1.04 162.2 18.3 ∼=0
436 1.01 103.6 2.82 1.13× 10−02

490 0.94 2.44 0.29 3.05× 10−01

523 0.59 0.49 0.05 4.55× 10−01

545 0.15 0.27 0.03 4.72× 10−01

580 0.013 0.55 0.06 4.47× 10−01

a Values taken from̈Ozisik [15].

Fig. 6. Experimental actinometric results: (a) lamp on the right side, (b) lamp on the right side with filter, (d) lamp on the left side and (e) lamp on the left side
with filter.

Table 3
Experimental results

Condition Slope× 109

(mole cm−3 s−1)

Lamp on the right side (100%) 6.03
Lamp on the left side (100%) 6.43
Lamp on the right side with filter (20%) 1.30
Lamp on the left side with filter (20%) 1.30

Table 4
Incident radiation for each condition

Lamp GTot.,W × 106

(einstein cm−2 s−1)

Right side (100%) 1.730
Left side (100%) 1.840
Right side with filter (20%) 0.373
Left side with filter (20%) 0.372
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Table 5
Boundary conditions as a function of wavelength

Wavelength (nm) I0
λ × 109 (einstein cm−2 s−1 sr−1)

Lamp

On the right side (100%) On the left side (100%) On the right side with filter (20%) On the left side with filter (20%)

275 2.85 3.04 0.616 0.614
305 11.9 12.7 2.56 2.56
315 14.5 15.4 3.12 3.12
325 9.07 9.68 1.96 1.96
359 23.4 25.0 5.06 5.05
370 38.4 40.9 8.29 8.26
385 28.8 30.7 6.21 6.19

range between 275 and 385 nm, required to integrate the RTE
in the photocatalytic system with titanium dioxide are shown
in Table 5.

8. Conclusions

1. Actinometric measurements are a very powerful tool to
calculate the exact boundary condition to integrate the
radiative transfer equation in laboratory photochemical
reactors for homogeneous systems.

2. When applied to a different homogeneous photochemical
system, the result produced by the actinometer can be
used to make precise calculations of the local values of the
absorbed radiation energy in each point inside the reactor.
In these cases, the same form of the radiative transfer
equation must be used.

3. These results are required to develop precise kinetic
models.

4. When these types of results are obtained for hetero-
geneous systems, they have the same importance in
laboratory reactors. They permit to calculate the bound-
ary condition for integrating the RTE in photochemical
systems with absorption and scattering (slurry reactors
for example) and thus calculate the exact value of the
LVRPA at each point inside the reaction space and hence

tic
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