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bstract

Optical properties of solid catalysts needed for a rigorous modeling of heterogeneous photo-Fenton reaction kinetics and the ultimate reactor
esign have not been studied so far. Without these data, quantitative information concerning the influence of the radiation field in the process
erformance is almost impossible. These reactions are still under the first stages of their studies, and most of the effort has been aimed at elucidate
ields, tentative mechanisms, the optimum operating pH and ways to reduce iron ions leaching to the aqueous solution. This work reports the
alues of above-mentioned parameters precisely calculated, resorting to specially designed spectrophotometer measurements coupled with the
olution of the radiative transfer equation (RTE). Goethite, a natural occurring ferric oxide, was studied to obtain the values of the radiation linear
olumetric absorption and scattering coefficients, as well as the phase function for scattering, some of them as a function of mass composition,

nd all of them as a function of the wavelength range between 310 and 500 nm. The results indicate that, in addition to its demonstrated ability
o degrade effectively many contaminants, its optical properties exhibit very low absorption and scattering properties. This outcome improves its
otentiality for applications in large-scale reactors, because the resulting useful optical path length will be significantly large. Specifically, these
esults are compared with a typical photocatalytic substance, such as titanium dioxide to remark the differences.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In the last decades, increasing concern has developed regard-
ng the existence of different forms of pollution in both, disposal
f domestic discharges or waste emissions from industrial efflu-
nts. This problem has given rise to an intensive search for new
ethods to control environmental pollution. Special empha-

is has been placed in those that lead to the total degradation
f the undesirable substances and are, at the same time, fast
nd/or economical. From this last point of view, biological pro-
esses have shown to be the most attractive alternative as long
s the involved compounds are not refractory to biodegradation
r exhibit inadmissible toxicity for the employed microorgan-

sms. As a complement (a pretreatment, for example), a different
pproach has been introduced in the last few decades under
he generic denomination of Advanced Oxidation Technologies
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AOT). Most of them, still in the stage of development, have the
articularity to transform the existing pollution in innocuous
nd products, such as carbon dioxide, water and low concen-
rations of mineral acids. However, sometimes for economical
easons it is not convenient to reach the end of the AOT reactions.
nstead, it is advisable to use them in combination with biolog-
cal processes [1,2]. In the majority of the existing processes,
he principal responsible for an effective degradation is the exis-
ence of highly reactive OH• radicals. They usually react with
ery low selectivity permitting the treatment of a large variety
f pollutants. These processes include a large family of possi-
ilities, some of them employing UV radiation. Among them,
t can be mentioned the use of titanium dioxide + UV, hydrogen
eroxide + UV, ozone + UV and finally, hydrogen peroxide with
erric salts + UV with the generic denomination of photo-Fenton
rocesses.
The photo-Fenton process has been widely proposed to
egrade many compounds and/or improve the biodegradability
f aqueous effluents. It has been found suitable for the treatment
f pesticides [3], pharmaceutical wastes [4] and petrochemical
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Nomenclature

an Legendre expansion coefficient of order n
Abs(. . .) absolute value
Ci concentration of component i (mol cm−3)
Cm catalyst concentration (g cm−3)
C0

2−CP initial 2-chlorophenol concentration (g cm−3)
Diff difference
ea local volumetric rate of photon absorption

(LVRPA) (Einstein cm−3 s−1)
EXT extinctance
fr relative residuals for the reflectance measure-

ments
ft relative residuals for the transmittance measure-

ments
g asymmetry factor
ḡ average value of asymmetry factor
G incident radiation (Einstein cm−2 s−1)
h reactor axial coordinate (cm)
I specific radiation intensity (Einstein

sr−1 cm−2 s−1)
L length (cm)
n- normal vector
p phase function
Pn Legendre polynomial of order n
q radiative flux (Einstein cm−2 s−1)
Q flow rate (cm3 s−1)
R diffuse reflectance
RTE radiative transfer equation
s lineal coordinate along the direction Ω- (cm)
S source term (Einstein sr−1cm−3 s−1)
t time (s)
T diffuse transmittance
TOL tolerance for the convergence
V volume (cm3)
W cell wall thickness (cm)
x Cartesian axial coordinate (cm)

Greek letters
α reaction order
β volumetric extinction coefficient (cm−1)
β* specific extinction coefficient (cm2 g−1)
δ Dirac Delta Function
Γ global reflection coefficient
θ spherical coordinate (rad)
θ0 angle between the direction of incident and scat-

tered rays (rad)
κ volumetric absorption coefficient (cm−1)
κ* specific absorption coefficient (cm2 g−1)
λ wavelength (nm)
μ cos θ

σ volumetric scattering coefficient (cm−1)
σ* specific scattering coefficient (cm2 g−1)
Ω solid angle (sr)
Ω- unit vector in the direction of radiation propaga-

tion

Subscripts
0 inlet condition
Cell relative to the cell
cm catalyst mass
HG Henyey and Greenstein phase function
λ dependence on wavelength
R relative to the reactor
React. relative to the reaction
T relative to the Tank∑

λ

λ polychromatic radiation

Superscripts
* specific property
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astes [5]. Different groups, among which the important con-
ributions of Sun and Pignatello [6], Bossmann et al. [7], De
aat and Gallard [8] and Pignatello et al. [9] can be cited, have

ried the elucidation of the involved mechanism. Application
f the reaction using solar radiation has also been reported, for
xample by Malato et al. [10] and Rossetti et al. [11] which pro-
ide and additional incentive for its use. Interestingly, in the last
ecade research has been particularly oriented to search for the
mmobilization of iron compounds in different supports to work
ith larger size particles in order to avoid the otherwise nec-

ssary downstream posttreatment to separate the dissolved iron
ompounds existing in the homogeneous operation. Hence, het-
rogeneous photo-Fenton reactions have started a new group of
OT and numerous proposals can be found in the scientific liter-
ture, such as membranes [12–14], alginates [15], silica [16,17],
eolites [18–20], clays [21,22], alumina [23], activated carbon
24], natively found iron oxides [23,25,26], and iron-containing
BA-15, a novel mesoporous and active photo-Fenton catalyst
27,28]. With a few exceptions, the search for high yields, plausi-
le mechanisms, optimum operating pHs and suppression of the
ndesirable leaching of iron to the solution, have been the most
mportant problems addressed in these studies. In some cases,
eaction times are still too large, a hindrance that is sheared with
any of the supported titanium oxide proposals to treat water

nvironmental problems. With respect to the quoted groups in
he next to the last list of references, very important additional
nformation have been made concerning the use of goethite as a
atalyst, providing evidences about its suitability for the Fenton
nd photo-Fenton reactions, and suggesting possible reaction
echanisms ([26,29–37], among others). On the other hand,

uantitative kinetic studies aimed at providing working kinetic
odels for reactor design purposes have been very scarce.
Whichever the type of employed catalyst and the eventual

eaction mechanism that is associated with the involved process,

n all photo-Fenton cases, a photochemical step will exist. Then,
or the development of the reaction kinetics, the correct evalu-
tion of the photon absorption rate (the local volumetric rate
f photon absorption or the LVRPA) will be always required.
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n all cases, this step cannot be precisely calculated if the opti-
al properties of the employed radiation absorbing species are
ot known. The problem has significantly increasing difficulties
n heterogeneous systems employing solid catalysts due to the
resence of light scattering. In this case, the problem is solved
ith the application of the complete radiative transfer equation

RTE). In this equation, there are two parameters and one func-
ion that must be previously known to apply the RTE to each
articular case. They are: (i) the linear volumetric absorption
oefficient, (ii) the linear volumetric scattering coefficient and
iii) the phase function that describes the spatial characteristics
f the scattering phenomenon. This leads to the conclusion that
here exists an unavoidable need to know the above-mentioned
arameters and the phase function for solid catalyst, such as
ron oxides. Some of these features have been roughly estimated
or dry goethite samples in air, using the old and approximate
ethod proposed in the Kubelka–Munk model [38,39].
The proposed solution to the above-described problem can be

llustrated with a commendable, above-mentioned catalyst can-
idate, such as goethite, which combines some of the required
roperties for large-scale applications: (i) photocorrosion resis-
ance, (ii) wide range of operating pHs and, specially (iii) an
lmost undetectable leaching of iron into the solution. Studies
n the use of goethite have been stimulated by different factors:
i) it is one of the most chemically active compounds suspended
n natural waters, (ii) it is one of the most common forms of iron
xides found in oxisoils of temperate regions, (iii) it is consid-
red one of the most environmentally friendly catalysts; (iv) it
as a low prize because it is broadly found in nature, (v) it has
very high thermodynamic stability, (vi) it has a low energy

equirement, (vii) it is widely used as a model compound in soil
emediation, (viii) its catalytic activity is quite acceptable and
ix) it can be operated with solar radiation.

This work is aimed at two main objectives: (1) to obtain the
haracterization of the optical properties of goethite in practical
izes for efficient operating conditions (good chemical activity,
ossibility of suspension uniformity under powerful stirring – or
igh flow rate in continuous systems – and settling facility under
tagnant conditions) and (2) to compare its properties with the
ell-known titanium dioxide in order to analyze its advantages
r difficulties for photoreactor design.

. The model for the radiant field

The central experimental method to accomplish the first
bjective is based on a rigorous modeling of the performance
f two components of a typical UV-visible spectrophotome-
er: the sampling cell and an integrating sphere. In this way,
t will be possible to interpret the experimental outcomes in a
on-conventional manner and reach the desired results. Conse-
uently, the first step is to develop the mathematical fundaments
hat will be required to carry out the proposed modeling. Simul-
aneously, it will serve to show, in a straightforward manner, the

ay that the same fundamentals must be used to calculate the
VRPA.

For rather dilute suspensions (concentration of solids smaller
han 5–10%) a pseudo-homogeneous three-dimensional model

r
q
u
t

ineering Journal 137 (2008) 396–410

f the radiant field along a single direction of propagation in
he three-dimensional space, can be described by the following
eneral equation for radiative transport [40,41]:

dIλ,Ω- (s, t)

ds
+ κλ(s, t)Iλ,Ω- (s, t)

absorption
+ σλ(s, t)Iλ,Ω- (s, t)

out-scattering

= σλ(s, t)

4π

∫
Ω′=4π

pλ(Ω′
- → Ω- )Iλ,Ω(s, t) dΩ′

in-scattering

(1)

here dIλΩ(s, t)/ds is the rate of change of the spectral spe-
ific intensity measured along the directional coordinate s,
aving a wavelength λ (between λ and λ + dλ) and a direc-
ion of radiation propagation characterized by the unit vector

- . Emission has been neglected because photocatalytic reac-
ions are performed at ambient temperature and all other forms
f induced emission are non-existent. κλ and σλ are the absorp-
ion and scattering linear volumetric coefficients and p is the
hase function for elastic scattering that acts as a source of
hotons coming from any direction Ω′

- to the direction under
onsideration Ω- .

Once the spectral and directional distribution of radiation
ntensities is known by solving Eq. (1), the spectral incident
adiation that results from the integration of the specific intensi-
ies from all the contributing directions of radiation propagation
Ω- ) to the point under consideration located at position x- can be
eadily calculated according to:

λ(x-, t) =
∫

Ω

Iλ,Ω- (x-, t) dΩ (2)

rom Eq. (2), the important property responsible for activat-
ng the catalyst, the spectral local volumetric rate of photon
bsorption is obtained as follows:

a
λ(x-, t) = κλ,React.(x-, t)Gλ(x-, t) (3)

In addition, for polychromatic radiation:

a
�
λ

λ(x-, t) =
∫ λ2

λ1

κλ(x-, t)Gλ(x-, t) dλ (4)

here the subscript React. includes two possibilities: (i) a chemi-
ally active species capable of absorbing radiation and initiating
reaction and (ii) a catalyst with the quality of being able to

ecome activated by the appropriate radiation absorbing process.
he value of ea

�
λ

λ
(x-, t) intervenes in every kinetic expression

escribing kinetically controlled photochemical reactions. Thus,
he solution of the RTE [Eq. (1)] is the first step to calculate Eq.
4).

It is clear that to solve the RTE inside the reactor to calculate
he LVRPA, the absorption coefficient κλ (s, t), the scattering
oefficient σλ (s, t) and the phase function pλ(Ω′

- → Ω- ) must
e known. This constitutes a more precise definition of the first
bjective of this contribution. Thus, it is necessary an accu-

ate measurement of these properties that are indispensable for
uantitative reaction kinetic studies as well as for reactor design
sing mathematical modeling. At the same time, this informa-
ion will permit to realize the second objective and compare the
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haracteristics of the chosen iron oxide (goethite) with classi-
al titanium dioxide photocatalysts. In real terms, the approach
o reach the described purpose represents the solution of the so-
alled inverse problem. From specifically designed experimental
easurements, Eq. (1) will be applied to the spectrophotometer

ccessories to estimate the distinctive parameters and functions
hat characterize the system. Or, in other terms, Eq. (1) will be
sed to retrieve from a series of three independent measurements
erformed in a spectrophotometer cell, the values of its three
ignificant parameters and correlate them as a function of the
atalyst concentration and wavelength. In this way, specific (per
nit mass concentration) physical properties can be obtained as
function of wavelength as well as the wavelength distribution
f the scattering phase function. The uniqueness of these results
as to be, afterwards, verified analyzing their ability to predict
nd reproduce all the primitive experimental measurements.

In former determinations of the optical properties of tita-
ium dioxide [42–44] results were reported resorting to plausible
ssumptions concerning the most convenient phase function to
se in Eq. (1). Satuf et al. [45], working with small particles
f titanium dioxide (a strong absorbing and scattering sub-
tance), have shown that it is possible to design new, additional
xperiments to remove this assumption and obtain much better
nformation concerning the scattering distribution function.

For this type of experiments, when the incident radiation
ncoming to the cell from the spectrophotometer radiation source
s azimuthally symmetric, the phase function must be first inte-
rated over the angle of symmetry:∫

Ω′=4π

p(Ω′
- → Ω- )Iλ,Ω- (s, t) dΩ′

=
∫ 1

μ′=−1
Iλ(x, μ′)

[∫ 2π

φ′=0
p(μ0) dφ′

]
dμ′ (5)

This operation requires an expansion of p(μ0) in terms of
egendre polynomials [40]. The terms of the expansion are:

(μ0) =
N∑
=0

anPn(μ0), a0 = 1 (6)

here μ0 is the cosine of the angle between the incoming and
he scattered ray and Pn are the Legendre polynomials of order
and argument μ0.
After considering azimuthal symmetry and integrating

etween φ′ = 0 and 2�:

2π

φ′=0
p(μ0) dφ′ ∼= 2π

N∑
n=0

anPn(μ)Pn(μ′) = 2πp(μ, μ′) (7)

For the choice of the phase function, following the work
f Satuf et al. [45], the one parameter equation suggested
y Henyey and Greenstein, the HG phase function [46] was

dopted:

HG,λ(μ0) = (1 − g2
λ)

(1 + g2
λ − 2gλμ0)

3/2 (8)

I
a
c
i
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n Eq. (8) gλ is called the dimensionless asymmetry factor,
efined as:

λ = 1

2

∫ 1

−1
pHG,λ(μ0)μ0dμ0 (9)

ith gλ to be determined for each particular case. The coeffi-
ients to write pHG,λ(μ0) in terms of an expansion in Legendre
olynomials are given by:

n = (2n + 1)gn
λ (10)

The important feature of this phase function is that gλ can
ake on values from −1 to 1 passing through 0 which represents
he case of isotropic scattering. The negative limit describes a
urely reflecting phase function with scattering strongly directed
n the backward direction. Conversely, when the positive limit
f gλ = 1 is approached, the model depicts a scattering mostly
ointing towards the forward direction. Thus, with this important
odification in the method, it is possible to get, additionally,

nformation about the dimensionless asymmetry factor for the
hase function for scattering.

Eq. (1) can be applied to the spectrophotometric cell (Fig. 1a
nd b) under the following assumptions: (i) the cell is considered
o be formed by two infinite plates separated by the cell thick-
ess, (ii) as mentioned before, considering the way in which
he spectrophotometer operates (receiving an almost perfectly
ollimated beam of the incident radiation) the irradiation of the
ell can be assumed to exhibit azimuthal symmetry and (iii) the
ptical properties of the suspension are independent of time and
osition. Some of these hypothesis, very often forces to perform
he experiments and/or interpret the results in a different manner
or each type of catalytic particles that is studied.

In these experiments, Eq. (1) is simplified by the azimuthally
ymmetric radiation beam arriving to the cell [42]. On that
ccount, the analysis of the spectrophotometric cell, can be
educed to a one-dimensional model in space and a one-
irectional model for radiation propagation. This simplification
ill be even more properly justified later on, especially in the
articular case under consideration, because it will be seen from
he experiments that scattering takes on very low values. Thus,
he model for the RTE used in the determination of the optical
arameters, depends on the actual values of the case under con-
ideration. Sometimes an iteration procedure may be needed.
or example, if absorption is not extremely high and scattering

s very significant, a two-directional model for radiation prop-
gation will have to be used [47]. With the above assumptions
nd considering the new form of the phase function, the RTE for
he cell becomes:

μ
dIλ,Ω(x, μ)

dx
+ βλIλ,Ω(x, μ)

= σ

2

∫ 1

μ′=−1
Iλ,Ω(x, μ) p(μ, μ′) dμ′ (11)
n Eqs. (5), (7) and (11) μ = cos θ, where θ is the angle of radi-
tion propagation after scattering, measured from the Cartesian
oordinate x. βλ = κλ + σλ is the extinction coefficient (note that
n all cases, these parameters have units of cm−1).
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Fig. 1. Schematic representation of the semi-infinite cell.

The walls of the spectrophotometric cell are reflecting sur-
aces whose influence on the measurements cannot be ignored.
hey must be incorporated in the boundary conditions. A
etailed treatment of the way to calculate these properties can
e found in Satuf et al. [45]:

λ(0, μ) = I0δ(μ − μ0) + Γ1Iλ(0, −μ) (μ > 0) (12)

here Γ 1 represents the global wall reflection coefficient cor-
esponding to the radiation that arrives from the internal side
f the cell (back-scattering). Note that reflections on the outer
ide of the cell wall as well as its internal transmission coeffi-
ient are taken into account by the blank experiments performed
fter every single measurement in the spectrophotometer. At the
pposite side of the cell (Lcell):

λ(Lcell, −μ) = Γ1Iλ(Lcell, μ) (μ < 0) (13)
This model will be used to produce theoretical predictions
f the different properties that will be measured and compare
hem with the results of the corresponding specially designed
xperiments.

F
p
c
r
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. Parameters estimation methodology

The approach followed in this work consisted in:

I. Measure the extinction coefficient (βλ) always as a function
of the catalyst concentration and wavelength. These exper-
iments will be called collimated extinctance measurements
for reasons that will be apparent below.

II. Calculate the value of the specific extinction coefficient (β∗
λ)

with a linear regression with respect to the set of employed
catalyst concentrations. The linearity was fully satisfied for
the chosen catalyst loadings, comprising all values usually
reported in the studies of this reacting system.

III. Employing an integrating sphere, with diffuse transmittance
and diffuse reflectance measurements, obtain two inde-
pendent sets of different experimental values that can be
used to extract (from the application of Eqs. (7)–(13) and
resorting to a non-linear multiparameter estimator coupled
with an optimization program) the value of the absorp-
tion coefficient (κλ) and the asymmetry factor (gλ). Once
more measurements must be made for different catalyst
concentrations and wavelengths. Here, it was necessary to
depart from the method developed by Satuf et al. [45]. In
the parameter’s estimation, the absorption coefficient (κλ)
has been chosen instead of the scattering coefficient (σλ)
because of the much higher accuracy obtained in the esti-
mated results employing the first. This particular choice
depends on the solid under consideration and it is just oppo-
site to the one adopted when these experiments were made
with titanium dioxide [45].

IV. Calculate the specific absorption coefficient (κ∗
λ) by linear

regression of the absorption coefficient versus the different
employed catalyst concentrations.

V. Calculate, with the values of β∗
λ and κ∗

λ, the specific scat-
tering coefficients (σ∗

λ) that will also be a function of
wavelength.

I. Calculate the dimensionless asymmetry factor as a function
of wavelength.

In what follows, the needed experimental information will
e described briefly indicating when corresponds, the differ-
nces with the method employed in reference [45]. Afterwards,
concise account of the solution of the RTE will be given. In

his section, it will be shown the way that the outcomes of the
umerical solution can be employed in order to be compared
ith the experimental results (that do not always give directly the

ought parameters). Finally, in Section 7 it will be explained the
ay to extract from both, experiments and calculated results, the

bsorption and scattering coefficients and the asymmetry factor.

. Characteristics of the employed catalyst and reactant

Goethite is a ferric oxide with the following composition: �-

eOOH. The one used in this work was provided by Aldrich in a
owder form (LOT05002DC). As received from the supplier it
omprises diameters from approximately 0.04 to 0.2 mm. Their
espective densities vary from 4.6 to 4.0 g cm−3 and the surface
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rea from 215 to 195 m2 g−1 according to the size [32]. This
uthor did an extensive study of the influence of the particle size
n the rate of the Fenton reaction and found that the reaction
ate increases when moving from 70–80 mesh to 200–325 mesh
izes, the reason being that more active surface area is available.
owever, almost no significant differences between the last and

n intermediate size between 100 and 200 mesh were found. A
imilar but less specific result was observed by Lin and Gurol
30]. In photo-Fenton reactions, it should be expected a similar
ehavior concerning the dark reaction steps. On the other hand,
he optimal situation, as far as light penetration for activating the
atalytic particle, should be obtained with the smaller size unless
ery strong scattering is present. At any rate, it was necessary
o decide between the best operating conditions for the reaction
nd the possibilities of a fast settling process after the reaction
s completed. Experimentally, it was found that a good compro-

ising solution was obtained with particles in the size between
00 and 200 meshes (further, an illustrative set of results will
e discussed). In this range the reaction has an acceptable yield
orking with low power black light lamps (input power equal

o 18 W) and above 200 mesh settling was definitely too slow.
The suspensions were prepared with bi-distilled, deionized

ater and the chosen range of particle size (100–200 mesh)
ade necessary to introduce some modifications in the work

erformed by Satuf et al. [45] in order to obtain reproducible
esults in all the spectrophotometer runs, because the suspension
tability and the optical properties were very different. Other
xperimental conditions will be described along the explanation
f the required experimental information for the parameter’s
stimation.

At this point, it was necessary to decide about the model
ompound for the test, because it has a direct influence on the
edium pH and the optical properties have a marked depen-

ence on its value. Considering the available information in the
reviously quoted references regarding this solid catalyst, it was
ecided to select as a model compound 2-chlorophenol, provided
y Aldrich (reagent grade, ≥99%).

. Experiments

Measurements of collimated transmittance, diffuse trans-
ittance and diffuse reflectance were made with suspensions

f goethite employing different catalyst concentrations [(0.5,
.0, 1.5, 2 and 2.5) × 10−3 g cm−3] and working with twenty
qually separated wavelength intervals between 310 and 500 nm.
bsorption of ferric oxides extends beyond this value but the cor-

esponding photon energy results very low. These suspensions
ave a very rapid velocity of sedimentation. With these particles,
he procedure employed in reference [45] was not possible. In
rder to keep the stability of the solid concentration in the cell
uring the measurements, a recirculating system has to be used,
uch as, resorting to controlling the suspension flow rate, the

ixture of water and the catalyst in the cell had a stable con-

entration, i.e., the size and density of the particles forced the
se of a system of specially adapted flow cells, connected to an
utside reservoir equipped with a stirrer and translate the well

a
l

ineering Journal 137 (2008) 396–410 401

ixed suspension to the cell with the aid of a pump. Stirring
he reservoir had to be made with special care in order to avoid
hanges in the particle size distribution due to attrition. Mea-
urements were made after one hour of stabilization of the initial
eadings in the spectrophotometer (reproducing what should be
he starting point of future kinetic measurements, where steady
tate conditions in all the controlled variables are necessary). In
rder to confirm the reliability of the performed measurements,
or each concentration and each wavelength, measurements were
epeated every 3 min, i.e., they were triplicated. It may be noticed
hat, according to the employed catalyst concentrations, the dif-
erent components of the device were adjusted to provide the
est operating conditions for getting the most accurate results.

.1. The extinction coefficient

The extinction coefficient (βλ = κλ + σλ) is a property of
he solid suspensions in water that can be directly mea-
ured with extinctance experiments. Spectral extinctance
EXTλ = EXTλ(Ccm)] is an almost conventional measurement of
pectral Absorbance in homogeneous systems, when the appara-
us is modified in such a way that those collimated rays coming
rom the spectrophotometer source, after traveling through the
pectrophotometer cell, emerge in an almost single direction
nd are captured by the detector preserving a single direction
f reception, i.e., excluding as much as possible out- and in-
cattering of the out coming rays escaping from the cell and
eaching the detector. The definition is a clear extension of
he well-known absorbance property for homogeneous systems.
iffering from previous work, no limitation in the characteristic

ength of the cell were imposed, allowing for the existence of
ery highly or, conversely, poorly absorbing or scattering sus-
ensions. As said before, their values are also dependent on the
H of the medium, the reason being that according to its value,
he catalytic particles can undergo agglomeration that strongly
ffects the optical properties of the suspension, especially around
he isoelectric point.

For each catalyst concentration and each wavelength the spec-
ral extinctance is obtained from the following equation:

λ = 2.303 EXTλ

Lcell
(14)

here the apparent extinctance is obtained from:

XTλ = − log Tλ = − log
Iλ

I0,λ

(15)

With the data of the extinction coefficients for different cat-
lyst concentrations it is possible to obtain immediately the
pecific extinction coefficients (in units of cm2 g−1) as a function
f wavelength.

.2. The absorption coefficient and the asymmetry factor
To calculate these properties two independent experiments
re needed. The first is a diffuse transmittance assay that col-
ects all the rays coming from the cell in the forward direction
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i+1/2
λ,m = I

i−1/2
λ,m

μm/�xi − βλ(1 − γ)

μm/�xi + βλγ
+ Sλ,m

μm/�xi + βλγ

(μ > 0) (24)
02 G.B. Ortiz de la Plata et al. / Chemica

including all forms of scattering from all directions) and the sec-
nd, a diffuse reflectance measurement that provides exclusively
nformation concerning the reflectance of the suspension. Note
hat in the first case all the forwardly transmitted (unabsorbed)
adiation through the cell were also collected.

The results are analyzed resorting to the solution of the
TE and comparing theoretical predictions (obtained from the
dopted initializing values of the parameters employed to per-
orm the calculations) with the experimental data. At this point
t was necessary to resort to the previously described non-linear

ultiparameter estimator. The corresponding obtained experi-
ental measurements, as illustrated by Fig. 1b are:

λ = q+
λ (Lcell + W)

q+
λ (−W)

(16)

λ = q−
λ (−W)

q+
λ (−W)

(17)

onsidering the definition of the radiation flux,

λ
(x) =

∫
Ω=4π

Iλ,Ω(x-)n dΩ (18)

he following equations result:

+
λ (−W) = 2π

∫ 1

0
μIλ(−W, μ) dμ (19)

−
λ (−W) = 2π

∫ 0

−1
μIλ(−W, μ) dμ (20)

+
λ (L + W) = 2π

∫ 1

0
μIλ(L + W, μ) dμ (21)

The experimental values are compared with the results pro-
uced by the solution of the RTE as explained below. More
etails are given in Satuf et al. [45].

. Solution of the RTE

To solve this integro-differential equation (the RTE) it is
ossible to resort to a precise numerical procedure, known as
he discrete ordinate method (DOM) [48], originally developed
or neutron transport. Although the RTE can be analytically
olved in very restricted cases (isotropic scattering and flat,
ne-dimensional geometries) and other methods of solution
lso exist, such as Monte Carlo Techniques [49–51], the DOM
s recognized as one of the most precise methods available
oday in spite of some of its difficulties in cylindrical geome-
ries. The quality of the results obtained with this method has
een extensively demonstrated [52–55]. To obtain the solution,
hree different discretizations must be made: (i) the wavelength
iscretization (the problem must be solved for each different
avelength), (ii) the spatial discretization in the x dimension

nd (iii) the angular discretization in the θ direction, represented

y the variable μ. The conceptual idea is represented in Fig. 1a
nd b for the last two operations. In essence, Eqs. (7)–(13) must
e solved starting from plausible initializing values. Afterwards,
ompare the theoretical results produced by the model for diffuse
ineering Journal 137 (2008) 396–410

ransmittance and diffuse reflectance with the experimental val-
es, using the non-linear multiparameter estimator based on the
lgorithm of Levenberg–Marquardt [56,57]. With this informa-
ion, at the end of the procedure, κλ and gλ can be obtained. The
alue of gλ is equivalent to the knowledge of the required phase
unction pλ. The value of σλ is obtained by taking the difference
f the absorption coefficient from the extinction coefficient (βλ)
esulting from the collimated transmittance measurements.

However, in order to compare the theoretical estimations from
he model with the experimental measurements, the results of
he DOM in terms of spectral specific intensities must be trans-
ormed into radiation fluxes. With this purpose, consider now
he dot product of the outwardly directed, unit normal vector
orresponding to the surface of radiation entrance to the cell
ith the radiation flux vector. Then, for the monochromatic,
ne-dimensional – one-directional radiation model it is obtained
hat:

λ(x) = 2π

∫
μ

Iλ(x, μ)μ dμ (22)

The employed algorithms are illustrated in Figs. 2 and 3.
hey lead to the information necessary to compare calculated
nd experimental values of Rλ and Tλ. To simplify notation let
s call:

λ(xi+1/2, μm) = I
i+1/2
λ,m (23)

hose photons that move forward are represented by:

i

Fig. 2. Parameter estimation algorithm. Part 1.
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nd those that move backwards:

I
i−1/2
λ,m = I

i+1/2
λ,m

μm/�xi + βλ(1 − γ)

μm/�xi − βλγ
+ Si

λ,m

−μm/�xi + βλγ

(μ < 0) (25)

n Eqs. (24) and (25) γ is a parameter that, in the numerical
ethod, is equal to 1 if the intensity is negative when calculations

re made going in direction and is equal to 0 when calculations
re made in the backward direction.

The interpolation between two near points in the source term
s made according to:

i
λ = I

i+1/2
λ γ + I

i−1/2
λ (1 − γ)

(
γ = 1

2

)
(26)

Calculation of the source term employing a Gaussian quadra-
ure is made in terms of [48]:

i σλ
N∑

i

λ,m =

2
n=1

ωnpλ,nmIλ,n (27)

q. (27) must be recalculated several times, which forces to
esort to an iterative procedure. Usually the procedure starts

s
d
t
c

n algorithm. Part 2.

onsidering all the intensities equal to zero with the exception of
hose corresponding to the boundary conditions, and define a tol-
rance variation for the accuracy of the desired results, according
o:

iffi =
∑
m

Abs

(
Si

λ,m − Si′
λ,m

Si
λ,m

)
(28)

The prime value is the result of the last iteration that followed
he unprimed value.

. Results

The first measurements were always those related to col-
imated transmittance. For each wavelength, employing the
alues obtained for the different catalyst concentrations, a lin-
ar regression was made between extinction coefficients values
nd catalyst loadings. Fig. 4 shows the values for two different
avelengths. The results of specific extinction coefficients are
hown in Fig. 5 and Table 1 (values of two varieties of titanium
ioxide are shown for comparison purposes). It can be observed
hat there are not large fluctuations in the specific extinction
oefficient values as a function of wavelength.
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Fig. 4. Portrait of the linear regression to calculate specific extinction coeffi-
cients of goethite for two different wavelengths. Diamonds are for λ = 370 nm
and squares for λ = 310 nm.
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Fig. 6. Specific absorption and scattering coefficients as well as asymmetry
factor values as a function of wavelength. Squares are absorption coefficients,
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ig. 5. Specific extinction coefficient of goethite as a function of wavelength.
With the results obtained by comparing the predictions pro-
uced by the theoretical model with the experimentally observed
alues of diffuse transmittance and diffuse reflectance measure-
ents, the values of κλ and gλ were obtained. For these values

able 1
pecific extinction coefficients as a function of wavelength, β∗

λ(cm2 g−1)

(nm) Goethite R2 for goethite Aldricha Degussa P 25a

310 133 0.99 35754 68464
320 133 0.99 36175 69770
330 133 0.98 36901 69026
340 131 0.98 37844 65395
350 143 0.99 38876 61249
360 148 0.99 39850 57227
370 153 0.99 40538 53200
380 155 0.99 41101 49652
390 161 0.97 41839 46535
400 161 0.98 42509 43707
410 160 0.96 – –
420 158 0.97 – –
430 157 0.98 – –
440 151 0.98 – –
450 146 0.97 – –
460 144 0.97 – –
470 141 0.98 – –
480 143 0.99 – –
490 142 0.99 – –
500 146 0.99 – –

a Taken from Satuf et al. [45].
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riangles scattering coefficients and circles correspond to the dimensionless
symmetry factor.

f κλ, and for each wavelength, it is possible to repeat the linear
egression as a function of the catalyst concentration. These cal-
ulations render the values of κ∗

λ. Knowing the value of β∗
λ, it is

ery simple to obtain the one corresponding to σ∗
λ . The results

f κ∗
λ, σ∗

λ and gλ are shown in Fig. 6 and Table 2 (again val-
es of the two different varieties of titanium dioxide are also
hown). In all cases the value of the asymmetry factor indicates
clear preference for forward scattering. From this point of view

he performance of goethite is not very different than titanium
ioxide with the exception of the existence of a much moderate
ependence with respect to wavelength.

Fig. 7 is a very sensible test to the employed methodology. It
ompares values of the total measured diffuse transmittance and
otal measured diffuse reflectance as a function of wavelength
ith the values obtained from the predictions of σ∗

λ , κ∗
λ and gλ

pplying the methodology described in Figs. 2 and 3. It is clear
hat the optimization program has reached the correct values
ecause employing the calculated values of κ∗

λ, σ∗
λ and gλ it is

ossible to predict the original experimental data from 310 to
40 nm with great accuracy. For values between 440 and 500 nm,
he diffuse reflectance measurements are so low that the quality
f the experimental determinations is significantly decreased
nd the differences between them and the predictions from the
odel are less satisfactory.
It can also be observed in Fig. 6 that there is a small varia-

ion between the different values of the spectral dimensionless
symmetry factor as a function of wavelength. This observation
ould induce to use an average value of gλ = ḡ in all calculations
47]. Employing a single value of ḡ = 0.887 the absorption and
cattering coefficients were recalculated. No significant differ-
nces can be observed comparing the total diffuse transmittance
easured and the new calculated values with the simplification

reviously described. This should be an expected result. Also,
his simplification, reproduces with almost the same degree of
ccuracy the experimental values corresponding to the diffuse

eflectance experiments as it can be seen in Fig. 7. The results
btained from these measurements indicate the accomplishment
f the first objective.
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Table 2
Absorption and scattering coefficients as well as the asymmetry factor as function of wavelength for different catalysts

λ (nm) Goethite Aldricha Degussa P 25a

κ∗
λ (cm2 g−1) σ∗

λ (cm2 g−1) gλ R2b κ∗
λ (cm2 g−1) σ∗

λ (cm2 g−1) gλ κ∗
λ (cm2 g−1) σ∗

λ (cm2 g−1) gλ

310 98 35 0.897 0.9894 18304 17720 0.8295 37518 30946 0.6925
320 100 33 0.894 0.9860 18307 17869 0.8296 35581 34189 0.6795
330 103 30 0.891 0.9895 18309 18862 0.8065 30326 38700 0.6521
340 95 36 0.875 0.9818 16645 21199 0.7491 22719 42676 0.6151
350 97 46 0.881 0.9901 13589 25287 0.6626 16032 45217 0.5801
360 107 41 0.891 0.9875 8489 31361 0.5569 10708 46519 0.5468
370 115 38 0.883 0.9928 3443 37096 0.4649 6626 46574 0.5161
380 115 40 0.887 0.9895 860 40242 0.4002 3909 45744 0.4878
390 108 56 0.888 0.9729 183 41657 0.3735 1905 44631 0.4612
400 102 59 0.888 0.9839 100 42410 0.3803 745 42963 0.4375
410 99 61 0.894 0.9937 – – – – – –
420 98 60 0.875 0.9905 – – – – – –
430 96 61 0.876 0.9801 – – – – – –
440 94 57 0.873 0.9606 – – – – – –
450 93 53 0.863 0.9727 – – – – – –
460 92 52 0.866 0.9515 – – – – – –
470 93 48 0.860 0.9209 – – – – – –
480 94 49 0.871 0.9137 – – – – – –
490 96 46 0.868 0.9253 – – – – – –
5

8

f
a
s
t
p
c
t
i

F
s
m
S
p
t
e

t
r
b

f
a
perfectly stirred, batch reactor irradiated from a transparent to
00 99 47 0.878 0.9103 –

a Data extracted from Satuf et al. [45].
b The value of R2 corresponds to the calculation of κ∗

λ.

. Considerations concerning reactor design

Along this study, an additional, very important and distinctive
eature of this catalyst can be observed: its optical characteristics
re very different from those of Titania. These differences are
hown in Tables 1 and 2 for goethite and two different types of
itanium dioxide catalyst. The use of the iron compound should

ermit a much flexible selection of the reactor dimensions and
onfigurations due to the striking differences observed in the
ables. It is well known that in water environments, and employ-
ng efficient catalysts concentrations, titanium dioxide give rise

ig. 7. Validation of the calculation procedure, comparing predicted and mea-
ured values of a goethite catalyst for a loading of 2 × 10−3 g cm−3. Squares:
easured diffuse transmittances and diamonds: measured diffuse reflectances.
olid lines, in both cases, represent the values predicted with the calculated
rocedure described in Figs. 2 and 3. Broken lines, in both cases, represent
he values predicted with the calculated procedure described in Figs. 2 and 3
mploying a constant asymmetry factor.

r
a

– – – – –

o important restrictions on the useful thickness of a practical
eactor. The importance of these differences with goethite will
e shown in what follows.

To demonstrate in a more convincing way this feature, the
ollowing experiments were carried out using 2-chlorophenol as
model compound. The work was performed in a cylindrical,
adiation bottom that was illuminated with a tubular lamp placed
t the focal axis of a parabolic reflector (Fig. 8). Goethite and

Fig. 8. Schematic representation of the experimental reactor.
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Table 3
Characteristics of the reactor for experiments with titanium dioxide and goethite

Characteristics

Reactor type Cylindrical, well-stirred batch,
with transparent bottom

Main characteristic dimension Operating depth = 9 cm
Reactor inner diameter 17 cm
Reactor volume 2000 cm3

Reactor bottom made of Acrylic/borosilicate glass
Lamp (one) Tubular, located at the focal axis

of a parabolic reflector
Lamp type TL’D 18W/08
Nominal input power 18 W
Emission range of the lamp 340–420 nm
Lamp diameter 2.6 cm
Lamp length 59 cm
Reflector Parabolic cylinder
Incident radiation at the reactor bottom 5.55 × 10−9 Einstein s−1cm−2

Table 4
Reactor operating conditions

Catalysts Goethite (from
Aldrich)

Titanium dioxide
(from Aldrich)

Catalyst concentration 2 × 10−3 g cm3 2 × 10−3 g cm3

2-Chlorophenol initial
concentration

50 ppm 50 ppm

H

t
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t
c
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t
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i
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F
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2
t
e
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t

ydrogen peroxide
concentration

20 mM –

itanium dioxide, both from Aldrich, were employed. The char-
cteristic of the reactor and the operating conditions are shown
n Tables 3 and 4.

Fig. 9 shows the results obtained with both catalysts utilizing
wo different forms of concentration measurements: (1) 2-

hlorophenol disappearance and (2) total organic carbon decay.
t is clear that the performance of the heterogeneous photo-
enton reaction is better. It could be argued that using Degussa P

ig. 9. Experimental results of 2-chlorophenol degradation as a function of
ime. Black diamonds: TOC concentration employing Aldrich titanium dioxide.
lack squares: 2-chlorophenol concentration employing Aldrich titanium diox-

de. Void diamonds: TOC concentration employing Aldrich goethite + hydrogen
eroxide. Void squares: 2-chlorophenol concentration employing Aldrich
oethite + hydrogen peroxide.
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ig. 10. Calculated spatial distribution of the LVRPA as a function of the char-
cteristic direction of radiation propagation for a loading of 2 × 10−3 g cm−3.
olid line: Aldrich titanium dioxide. Broken line: Aldrich goethite.

5 titanium dioxide results could be improved. This is true only
o some extent, because fouling of the reactor walls of radiation
ntrance with this catalyst is a serious problem [44]. It can be
oncluded, using a conservative argument, that the performance
f goethite plus hydrogen peroxide is at least as good as that of
itanium dioxide.

Looking at the LVRPA profiles as a function of the light
enetration depth for both operations (Fig. 10) it can be seen
hat the distance where the photonic absorption rate becomes
nsignificant is at least one order of magnitude different. In the
ase of photocatalytic reactors, it is only necessary the mini-
um LVRPA required to reach the maximum activation of the

mployed semiconductor. Additionally, it is also needed the nec-
ssary surface area for reactants adsorption and the superficial
eaction. Beyond these values, the excess concentration is even
ounterproductive (for Aldrich titanium dioxide this limit, under
ow to medium irradiation rates and very strong mixing opera-
ion, is about 2 × 10−3 g cm−3 [58,59]). This is so because the
resence of a very large specific absorption coefficient forces to
se thinner reactors in the characteristic direction of radiation
ropagation. This is exemplified by the innovative proposals of
alling films and fountain film reactors, for example, but some of
hem are more difficult to operate under stable conditions result-
ng from the well-known film flow instabilities in the falling
lms [60–62]. Moreover, strong radiation absorption could lead

o increase, beyond the required optimum concentrations, the
xistence of a large accumulation of electrons and holes in the
urfaces of the catalytic particles positioned close to the wall of

adiation entrance, favoring their recombination rates with the
onsequent lost of energy. Similarly, it is desired to have the min-
mum possible scattering (to avoid additional lost of photons).
he extra difficulties associated with the possibility of mass
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ransfer control in concentrated catalytic suspensions subjected
o high radiation absorption rates must also be considered.

At this point, from the results shown in Fig. 9 a conservative
ssumption can be made, considering that both reaction rates
ith titanium dioxide + UV and goethite with hydrogen per-
xide + UV are of similar magnitude. This consideration even
eglects the additional advantage of goethite whose radiation
bsorption can be extended into the visible region. The results
btained in this work can introduce a significant alteration in
he concepts that could be involved in designing both types of
eactors. The available light path length with goethite is much
arger, permitting to reach significantly longer distances in the
pace of reaction where the catalyst can be efficiently activated.

It is possible to think of two practical annular reactors oper-
ted with the same lamps. This means that in both cases the
adiation inlet boundary condition will be the same. The adopted
atalyst loadings will be the same as described in the experiment
orresponding to Fig. 9: 2 × 10−3 g cm−3. In what follows two
imple applications will be discussed.

.1. Batch recycling reactors

One of the reactors is operated with TiO2 catalyst and the
ther with the heterogeneous photo-Fenton catalyst plus hydro-

en peroxide. In both cases, due to the particular characteristics
f these reactions, since they are not very fast, both reactors
ould be operated as part of a closed circuit including a pump
nd a storage tank (Fig. 11).

ig. 11. Schematic representation of the annular reactor. Right arrow indicates
xygen intake or hydrogen peroxide intake according to the case.
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Speaking in generic terms, a photochemical reaction kinetic
odel employing polychromatic radiation will be generally
ritten in terms of a generalized functionality of this sort:

�
λ

λ = R�
λ

λ[k(C2−CP)α1 , (Ccm)α2 , (ea
�
λ

λ)α3 , (CO2 )α4 ,

(CH2O2 )α5 , pH, etc.] (29)

Notice that the effect of the absorbed light intensity for
oth reactions will be always present. Assume equivalent initial
ollutant concentration (C0

2−CP), the adoption of the optimum
perating conditions for the other intervening variables in each
rocess, including pH, and the previously discussed similar reac-
ion rates. From Eqs. (4) and (29), it is clear that the value of the
bsorbed intensity to be included in the kinetic expression, will
epend on the optical properties of the catalyst. These values
ill also define, as said before, the useful length in the char-

cteristic direction of radiation propagation in the reactor. The
ffective radiation path length for both cases will be decisively
ifferent and the reaction space employing goethite can be much
ider. This consideration, leads to the conclusion that for equal
ean residence times to achieve the same conversion, the useful

perating volume were radiation activation is efficient, will be
ignificantly larger when using goethite. It must be noted that
n addition, there is the contribution of the dark Fenton reaction
ccurring in the whole volume of the system, including the tank,
n the case of the photo-Fenton process.

In the photocatalytic reactor with titanium dioxide, for cat-
lyst concentrations in the order of 2 × 10−3 g cm−3 to avoid
ass transfer limitations in the bulk of the fluid, it will be nec-

ssary to employ very large recirculation flow rates [58]. This
perating condition will imply larger energy consumption in the
ump.

Moreover, the reactor with the larger external diameter (with
he obvious change in geometry from annular to cylindrical reac-
ors) introduces the possibility of employing solar radiation in

more efficient way because the effective surface for collec-
ion of photons will be certainly largely improved. Furthermore,
he high absorption rates with titanium dioxide will originate

square root dependence of the reaction rate with respect to
he radiation absorption in some parts of the reactor volume
63] and, consequently, a lower TiO2 photocatalytic reaction
ate.

.2. Continuous flow reactors

It could also be looked at the case of operating the pro-
ess in continuous flow, annular reactors (Fig. 11, without the
ecycling system). In the case of the TiO2 reactor, to avoid
he foreseeable mass transfer limitations due to the very high
hoton absorption rates existing in the reaction space resulting
rom the very thick optical thickness, the reactor will have to
e operated under very high flow rates. Consequently, in order

o achieve the desired final conversion, several reactors in series
ill be required to process the pollutant flow rate according

o the desired specifications. Again, as remarked before, the
igher rate of recombination of electrons and holes at higher
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adiation absorption levels will originate unwanted square root
ependences with respect to the radiation absorption by the
iO2 photocatalytic reactor. To complete the scenario, the down-
tream catalyst separation with the goethite catalyst will be much
impler.

.3. Reactor efficiencies

It seems interesting to explore an additional concept: the
otal system efficiency [64,65]. Consider the following reactor
fficiencies:

Tot = ηLampηInc.ηAbs.ηReac.

here ηLamp, ηInc., ηAbs. and ηReact. are the energy efficiency
f the lamp, the energy efficiency of the radiation incidence
t the reactor wall, the radiation absorption efficiency, and the
eaction overall quantum efficiency, respectively. It is certainly
ossible to assume that in a well-designed reactor the first three
actors will be the same. In particular, the reactor thickness will
e such that all the photon fluxes coming in will not escape
rom the reaction space due to the lack of sufficient radiation
bsorbing catalyst and/or reactor diameter. With this hypothesis,
t is assigned to the supported titanium dioxide the same ability
or collecting the incoming photons, in spite of the fact that due
o its much larger scattering capabilities the real situation will
e in favor of the goethite process. However, major differences
ill be observed in the fourth. The value of the reaction overall
uantum efficiency, defined as:

Reac. = [Amount of pollutant converted]

[Amount of photons absorbed by the catalyst]
(31)

ill be much larger in the heterogeneous photo-Fenton reaction
han in the TiO2 photocatalytic reaction. Two main causes can be

entioned: (i) for titanium dioxide reactors, due to the problem
f mass transfer limitations in the bulk of the fluid, the amount of
ollutant converted may be lower, and (ii) for normal irradiation
ates, usually above one sun, having chemical reaction rates bear-
ng a typical proportionality with the square root of the absorbed
rradiation rate, the numerator may be much smaller in the TiO2
eactor. Consequently, the total radiation energy efficiency will
e larger in the heterogeneous photo-Fenton process.

. Conclusions

A novel experimental method has been applied to character-
ze the optical properties of goethite suspensions as a function
f wavelength. The method make uses of collimated transmit-
ance measurements as well as diffuse transmittance and diffuse
eflectance measurements. In this way, specific absorption coef-
cients, specific scattering coefficients and the asymmetry factor
or the Henyey and Greenstein phase function were obtained in
he range between 310 and 500 nm. Additionally, these results

ndicate that this catalyst is very appropriate to be used with
olar radiation.

These suspensions were made with solid catalyst sizes
etween 100 and 200 meshes, allowing the possibility of

[

ineering Journal 137 (2008) 396–410

orking with particle dimensions that can be maintained in sus-
ension, render reasonably good reaction rates and, at the same
ime, permitting a rapid sedimentation of the catalyst when the
eaction is completed.

The obtained results, that are useful by themselves for kinet-
cs studies and reactor design, bring about a conclusion of even
reater significance. According to the measured optical prop-
rties, reactors using the goethite catalyst can have a much
arger characteristic optical path length as compared with the

ost widely known photocatalytic reactions employing titanium
ioxide. Several aspects concerning the economy of the process
an be mentioned: (1) a larger flexibility in the choice of the best
perating conditions and reactor configurations, (2) in the case
f using solar reactors, a more effective ability for collecting
nd using the available radiation and (3) a higher total system
fficiency.
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[4] L.A. Pérez-Estrada, S. Malato, W. Gernjak, A. Agüera, M.E. Thurman,
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