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In  the  field  of  advanced  oxidization  processes  based  on  solar  radiation,  heterogeneous  solar  catalysis
involves  exciting  a photocatalyst  with  UV rays  and  one  of the  major  problems  encountered  is  optimizing
the  use  of  the  sunlight.  The  work  presented  here  aimed  to use an  efficient  material  able  to  provide  a
high  active  specific  surface  expressed  in  square  meter  per  unit  volume  of  the  reactor.  Recently,  macrop-
orous  reticulated  materials  such  as foams  have  been  utilized  as  substrates  in  heterogeneous  catalysis  on
account  of  their  uniform  cellular  structure.  Thanks  to their macroscopic  arrangement,  they  provide  a  large
interface for exchange  between  the  targeted  molecules  and  the  solar  radiation.  The reactor  in which  the
degradation  kinetics  were  observed  was  a cylindrical  borosilicate  glass  tube  operated  in a recirculation
batch  mode.  The  measurement  of the  degradation  kinetics  was  carried  out  on  a model  target  molecule,

−1
hotocatalysis 2,4 dichlorophenol,  at an  initial  concentration  of 20 mg  l . The  effects  of  photolysis,  output  flow and  the
intensity  of the  radiation  were  studied.  The  results  were  treated  using  a first  order  kinetic  law according
the TOC  concentration.  It emerges  that  the  rate  of degradation  is  related  exclusively  to  the  quantity  of
light absorbed.  For  each  material,  the  efficiency  of  the  material  was  independent  of  the  intensity  of  the
radiation  received.  In  this  context,  macroporous  reticulated  materials  such  as  foams  show  promise  as
supports for  photocatalysts.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Solar detoxification is an outstanding demonstration of how
ell suited solar energy is to environmental conservation and can

e employed with complex mixtures of contaminants [1,2]. This
nhanced oxidization process enables species resistant to biopro-
esses to be broken down and finally, in ideal cases, mineralized
nto CO2 and water [1–3]. In the field of advanced oxidization
rocesses based on solar radiation, heterogeneous solar cataly-
is involves exciting a photocatalyst with UV rays and the major
roblem encountered is optimizing the use of the sunlight. The
ltra violet region, including A-B, corresponds to only 5% of the
otal available solar flux reaching the surface of the earth. This
epresents a maximum irradiation available for the solar catalytic

rocess of 50 WUV m−2 (Fig. 1). Special focus and effort needs to
e given to the use of solar radiation in the ultraviolet range as
ell as to the efficiency of each material as a function of the inten-

∗ Corresponding author at: PROMES-CNRS, UPR 8521, PROcédés Matériaux et
nergie Solaire, Rambla de la Thermodynamique, Technosud, 66100 Perpignan
edex, France. Tel.: +33 61 25 24 782; fax: +33 4 68 68 22 13.

E-mail address: plantard@univ-perp.fr (G. Plantard).

010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.05.009
sity of the solar radiation. Hence the importance of developing
innovative materials effective in harnessing and using sunlight
[4–7].

In this context, the work presented here aimed to use an efficient
material able to provide a high active specific surface expressed
in square meter per unit volume of the reactor. Recently, macro-
porous reticulated materials such as foams have been utilized as
substrates in heterogeneous catalysis on account of their uniform
cellular structure [4–9]. Thanks to their macroscopic arrangement,
they provide a large interface for exchange between the targeted
molecules and the solar radiation. Such materials would appear
promising as a support for photocatalysts [6–9]. The aim was thus
to ascertain the effect of two- and three-dimensional structures on
the ability of a material to use light rays and, thereafter, to assess
the apparent quantum yield of the materials used. To this end, in
the first part of the investigation, the sol–gel method designed by
Addamo [10] was  optimized to obtain enhanced reactivity of the
materials used. The reactivity of each material was  then determined
in various conditions of radiation so as to establish the correla-

tion between the kinetics of photodegradation, the structure of the
material and the intensity of the radiation. Finally, the apparent
quantum yield for the different materials is presented as a way of
defining and comparing their capacity to degrade pollutants.

dx.doi.org/10.1016/j.jphotochem.2011.05.009
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:plantard@univ-perp.fr
dx.doi.org/10.1016/j.jphotochem.2011.05.009
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an integrating sphere and a 1240 Shimadzu UV spectrophotome-
ter (wavelength ranging from 250 to 1100 nm). The measurement
of the transmission of light by each material gave the material
absorbency at a given concentration and thickness. This method

Table 1
Coating ratio of TiO2 on the surface of the foam according to the number of layers
ig. 1. Solar spectrum (AM1.5) representing the incident flux (scattered and direct)
hroughout the whole range of wavelengths.

. Experimental

.1. Chemicals and materials

The 2,4-dichlorophenol (2,4-DCP) was selected as the pollutant
rganic molecule. Much work has been done on the 2,4-DCP, a
hemical compound commonly used in many industrial applica-
ions [11].

The catalyst was TiO2, the material most widely used for pho-
ocatalysis. In this study, three materials, each possessing different
roperties, were investigated: a powder supplied by Degussa (P-
5), a cellulose support impregnated with TiO2 made by the
hlstrom company and, also, a foam made in the laboratory then
oated with TiO2. P-25 was taken as the reference material on
ccount of its photocatalytic behaviour. Its specific surface area
BET) was 54 m2 g−1 and the particles of TiO2 had an average
iameter of about 20 nm.  The photocatalytic material provided by
hlstrom consisted of TiO2 (Millenium PC-500) immobilized on

 flat and flexible non-woven support of cellulose fibers (paper
rade 1048). Its specific surface area referenced with the total pho-
ocatalytic material mass was equal to 98 m2 g−1. More precisely,
his photocatalytic material consisted of cellulosic fibers (38 g m−2),
iO2 (16.7 g m−2), zeolite (2 g m−2) and SiO2 (13.3 g m−2). A reticu-
ated metallic foam with high porosity was used as the third support

aterial for the photocatalyst (Fig. 2). This original material pro-
ides a variable architecture depending on the size of the mesh
nd the holes making it up [7]. The aluminium foam support for the
oating of TiO2 had a density of 0.2 g cm−3 porosity around 95% and
ad the following structure: mesh wall thickness 0.75 mm,  mesh
ole diameter 2 mm.

.2. Synthesis of the catalyst

The synthesising protocol designed by Addamo [10] was
dapted for the purpose of depositing a thin coat of TiO2 on the
oam. A further requirement was to endow the supports with good
onding characteristics in order to ensure that the TiO2 adhered to

ts support. The surface of the media was first treated chemically
ith fluorohydric acid at 5%. Silica was then put on using the classic

ol–gel method [10], providing a surface favorable to the adhesion

f the TiO2 deposit. The inorganic polymerization of the silica was
tarted off with the TEOS precursor. The solution was stirred for 2 h
n an inert atmosphere (N2). This gel was subsequently applied to
he scaffold media by dip-coating. After each SiO2 coating, the new
Fig. 2. Photographs taken with the scanning electron microscope of a foam consti-
tuted by cavities and meshes (mesh diameter of 2 mm).

layer was dried for 5 min  at 373 K and then calcined at 573 K for 3 h.
This coating process was  repeated three times.

It has been shown recently that the properties of TiO2–SiO2 com-
posites, when in nano-form, considerably enhance the properties
of the coating on the surface of the support material [12]. But, the
presence of a binder affects the photocatalytic efficiency [13]. We
suggest to use a deposit performed with a TiO2 powder disperse
in a sol–gel made of silica. A preliminary study was addressed [14]
to determine the right balance between reactivity and bonding as
a function of the masses of catalyst (TiO2) and the SiO2 (binder)
in a sol–gel form. In accordance with this optimum, the powder of
TiO2 (P-25) was dispersed in a TEOS solution at a concentration of
40 mgTIO2

ml−1
SIO2

. Then, using the dip-coating method, thin films
of mixture were applied to foams pre-covered by layers of SiO2. The
film of SiO2/TiO2 thus obtained was  dried at 373 K and calcined at
675 K. This coating process was repeated five times [14].

2.3. Characterization

The coating rate was  determined by image analysis [7].  The pho-
tographs obtained with a scanning electron microscope showed
that the deposits of TiO2/SiO2 were laid down as successive lay-
ers. The images were treated so as to display the fraction of each
surface corresponding to the film of TiO2 deposited with each indi-
vidual layer. In Table 1 the result shows that a complete coverage
of the surface is reached after five deposits.

The optical properties of the supports and the suspensions were
ascertained using an experimental optical set-up. The light was
supplied by a source simulating the solar radiation (1000 W m−2,
solar spectrum AM1.5). A support was  used for positioning the
material at the inlet of the integrating sphere, making possible
the collection of the direct radiation as well as the scattered radi-
ation transmitted [15]. The measurement was  done by coupling
of  TiO2/SiO2.

TiO2 layers 0 1 2 3 4 5 7

Coating ratio 0 0.016 0.112 0.384 0.816 0.88 0.93
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Table 2
Optical and kinetic properties of the materials used: absorbency (A), extinction coef-
ficient (ε: l/g cm), slope of the kinetic constant versus intensity (kMaterial: m2/W s),
apparent quantum yield (�m: molecules per photon) and optical yield (�o).

Absorbency Kinetic
constant
k (I)

Apparent
quantum
yield (�m)

Optical
yield (�o)
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Cellulosic material (2D) 1 0.048 0.0032 0.91
Suspension (P25) 0.9 0.178 0.0294 0.81
Foam (3D) 0.58 0.082 0.0106 0.53

s used by Cassano and Alfano [15] in the case of a P25 powder
uspension. For the catalyst in powdered form, it was put in suspen-
ion at different concentrations and thicknesses. Then the quartz
ontainer holding the catalyst in suspension was placed on the
xperimental optical set-up. By measuring the transmission by the
uspension at different concentrations of TiO2, the correlation can
e determined between the absorbance, the concentration of TiO2
nd the thickness of the container. For the foam, the measurements
f transmission were done for various thicknesses of the material.
hese optical measurements enabled us to determine the optimal
oncentration and thickness of these two materials (Table 2).

.4. Experimental photocatalytic set-up

A schematic diagram of the system is shown in Fig. 3 and was
reviously detailed [16]. The reactor was a cylindrical borosili-
ate glass tube (internal diameter 9 mm,  wall thickness 1.5 mm)
perated in a recirculation batch mode. In the case of the experi-
entation performed with the Ahlstrom material, it was fixed in
 tube (diameter 5 mm)  positioned at the axial center of the reac-
or. 2,4-DCP solution flowed through the reactor inside the annular
pace formed between the inner tube and the reactor inside wall
nd was mixed in the recirculation tank. 2,4-DCP solution was

ig. 3. (a) Experimental set up for the measurements of 2,4-DCP mineralization
inetic: (1) UV lamp 96 mm in height; (2) annular reactor; (3) container of sam-
les stirred during the experiment; (4) volumetric pump; (5) compound parabolic
ollector (CPC); (6) bleed sample; (b) schematic view of the reactor and the collector.
otobiology A: Chemistry 222 (2011) 111– 116 113

continuously re-circulated at different fixed rates, by means of a
volumetric pump. This inner tube was kept for experiments with
the Degussa P25 suspension. The radiation source was a UV lamp
at 365 nm (VL-330). The length of the selected lamp made possi-
ble almost uniform intensity of radiation along the reactor axis.
After calibration with a 365 nm UV sensor (UVA 365 from Lutron
Electronic Enterprise), the radiation flux at the reactor axis was set
between 0 and 50 W m−2, the range of values corresponding to solar
ultraviolet radiation. According to the literature [17], it is possible
to deduce the average number of photons equivalent to radiation
emitted at a range of wavelengths. In the ultraviolet wavelength
range (280–400 nm)  the flux of photons equal to 7.34 × 1019 pho-
tons s−1 m−2 was  calculated from the spectral distribution of the
light source emitting at 50 W m−2. To illuminate the total surface of
the reactor an aluminium compound parabolic collector (CPC) was
positioned just behind the reactor (Fig. 3b). Thanks to the design
of the CPC reflector, the UV radiation is more or less uniformly dis-
tributed around the entire surface of the tubular reactor (front and
back) [18]. Temperature inside the chamber containing the system
was kept almost constant by means of a fan blowing the warm air
out. During the experiment, the pH value was  monitored, samples
(10 ml)  were taken out periodically and the mineralization of 2,4-
DCP was  monitored with a TOC-meter. The TOC  meter used in the
laboratory (SHIMADZU TOC-V CSH) is a device for measuring the
carbon present in solution. Total carbon was  determined by mea-
suring the CO2 formed when the sample was burnt at 680 ◦C in the
presence of pure air flowing at a rate of 150 ml  min−1. This measure-
ment was done using infrared spectrometry. The calibration of the
COT meter was  carried out with a solution of potassium hydrogen
phthalate for the measurement of total carbon and, for inorganic
carbon, with a solution of hydrogenate sodium carbonate.

3. Photocatalytic kinetics

The measurement of the kinetics of degradation was carried
out on the target molecule, 2,4-DCP at an initial concentration of
20 mg  l−1. 1000 ml  of the standardized solution was poured into a
2 l reactor and stirred continuously. The results were treated using
a first order kinetic law based on TOC concentration. Concentration
profiles as a function of time made it possible to deduce the kinetic
constant k characterizing the material (Eq. (1)).

CTOC

CTOC0

= exp(−kt) (1)

CTOC0 is the initial concentration of TOC in the reactor (mg l−1),
CTOC is the concentration of TOC in the reactor (mg l−1), k is the
kinetic constant for photodegradation (s−1), and t is the duration of
irradiation (s).

Different flow rates (0.3, 0.85 and 1.5 l min−1) were applied,
corresponding respectively to the Reynolds numbers of 460, 1300
and 2300. The three support materials were subjected to radiation
between 3 and 40 WUV m−2. In this range of experimental condi-
tions, the photocatalytic kinetics of the degradation in TOC does
not depend on the flow rate [16] and the consequence is that the
mass transfer is not a limiting factor.

Vione et al. [19] has shown the possible effect of photolysis
during the photo-degradation of 2,4-DCP due to the superposi-
tion of the spectrum of solar radiation and that of 2,4-DCP. On this
account, the breaking down of the targeted molecule by photolysis
was assessed in various conditions of radiation. In agreements with
published results and depending on the intensity of the radiation
(Fig. 4), photolysis specifically breaks down 2,4-DCP. The decrease

in TOC corresponded to the mineralization of the pollutant into CO2
and H2O and showed that photolysis only partially affected the by-
products resulting from the degradation of the targeted molecule.
This was further indicated by an only slight variation in the
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ig. 4. Kinetics of the photolysis of 2,4-DCP carried out at different radiation
trengths. The concentration, compared to the initial concentration, is given in TOC
nd the intensities applied were 3 (�), 20 (�) and 40 (�) W m−2.

oncentration of TOC (<20%) observed after 24 h of radiation at
0 WUV m−2 [20–23].

In order to establish the correlation between the structure of a
aterial and its ability to degrade a pollutant, it is essential to know

he effect of the radiation on the material involved. Fig. 5 shows, in
he case of the Alhstrom material (2D materials), the kinetics of TOC
hotodegradation at given intensities. As the intensity of the light
iminished, so did the kinetics of photodegradation slow down. The
rocess is thus restricted by the amount of radiation received [7].

As to the catalyst in suspension, the kinetics of the photodegra-
ation of the pollutant were observed for different concentrations
f TiO2 in order to determine which one produced the highest level
f photocatalytic activity. The kinetic constants of photodegrada-
ion (k) obtained experimentally with the laboratory-scale reactor
re shown in Fig. 6. The constants increased with the concen-
ration of TiO2, until a level close to 4 g l−1. These values were
hen compared to the optical measurements indicating the opti-
al  concentration of the catalyst, that is to say the concentration
ermitting the total absorption of the radiation entering the tubular
eactor (thickness = 0.2 cm,  ATIO2 = 0.9). The optimal concentration

ig. 5. Kinetics of the photocatalysis of 2,4-DCP carried out with cellulose material
t  different radiation strengths. The concentration, compared to the initial concen-
ration, is given in TOC and the intensities applied were: 3 (�), 10 (� ), 20 (�) and
0  (�) W m−2.
Fig. 6. Variation in the kinetic constant as a function of the concentration of the
TiO2 catalyst. The kinetic constants of mineralization have been deduced by relation
no. 2.

observed was 4 g l−1. It is thus clear that this method of determining
the optimal concentration of TiO2 is coherent with the measure-
ment of the kinetics.

Fig. 7 reports the kinetics of photodegradation obtained with the
foam scaffold and the suspension (at the optimal concentration).
Whatever the material used (Figs. 5–7), the kinetics of photodegra-
dation are that much the faster as the intensity of the irradiation is
greater. The kinetic constants, derived from the kinetics of pho-
todegradation, are given in Fig. 8 as a function of the intensity
applied. Irrespective of the material used, the kinetic constants of
photodegradation are correlated in a linear fashion with the inten-
sity of the radiation. It is also apparent that the speed of degradation
depends on the material used and is thus correlated to the structure
of the material (Table 2).

The kinetic constants obtained with the TiO2-coated foam were

less than that of the suspension, by a factor of two  in the best
case but two times as great as that of the 2D material. As reported
in the literature, the catalytic suspension showed a higher kinetic
constant compared to supported photocatalytic materials. The 2D

Fig. 7. Kinetics of the photocatalysis of 2,4-DCP carried out with the foam material
(�) and the suspension (♦) at different radiation strengths. The concentration, com-
pared to the initial concentration, is given in TOC and the intensities applied were:
3  (♦), 20 ( ) and 40 (�) W m−2.



G. Plantard et al. / Journal of Photochemistry and Photobiology A: Chemistry 222 (2011) 111– 116 115

Fig. 8. Variation in the kinetic constant as a function of the intensity. The kinetic
constants of mineralization have been deduced by relation no. 2 for the three mate-
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Fig. 10. Variation in the number of molecules degraded as a function of the number
ials: the catalyst in suspension (♦), the cellulose material (�) and the coated foam
aterial (�).

aterial was probably limited by its insufficient exchange inter-
ace. The powder in suspension represents the best option on the
asis of the kinetic criterion. The TiO2-coated foam offers an inter-
sting alternative as a photocatalytic material.

. Results and discussion

The quantum yield (�p) is based on the photoconverted
olecules divided by the absorbed photons [16,24]. The photo-

onverted molecules were deduced from the kinetics of 2,4-DCP
ineralization. The photons absorbed were given by the number

f photons received in the process. However, this quantity charac-
erizes the efficiency of the process by integrating both the optical
ield related to the reactor design and the yield due to the ability
f a material to break down a molecule. The optical yield, which
ndicates the actual quantity of photons reaching the surface of the

aterial, is obtained by considering the transfer of the radiation
hrough the various components making up the equipment (Fig. 9).
hree parts or factors were identified as impacting on the overall

ptical yield (�): (1) the CPC receptor which collects the radiation;
2) the borosilicate wall of the reactor which transmits the rays to

ig. 9. Schematic view of the incident ray (a) and the reactor (b): (1) compound
arabolic collector; (2) annular reactor; (3) photocatalytic material.
of  photons absorbed by the material. The catalyst in suspension (♦), the cellulose
material (�) and the coated foam material (�), have been represented by separate
lines.

the core of the reactor; and (3) the ability of the material to harness
the radiation.

�p = �o.�m

With �o = R·T·A, �p: apparent quantum yield of the process [23],
�m: apparent quantum yield of the material used [16], �o: optical
yield of the process, R: reflectivity of the CPC receptor, T: transmis-
sion from the reactor wall, A: absorbance of the material used.

The reflectivity of the CPC receptor and the transmission
from the reactor wall were determined using optical measuring
equipment. Reflectivity and transmission were 0.95 of the UV
wavelength. As described previously, the concentration of TiO2
at 4 g l−1 was  chosen in order to ensure almost total absorption
of the radiation by the suspension (ATIO2 = 0.99). Absorption by
the foam was measured using the optical measuring equipment
(AFoam = 0.58). The material supplied by Alhstrom was a 2D material
(AMaterial = 1).

To compare the different materials used under identical radia-
tion, we assessed their apparent quantum yields (�m) which reflect
the ability of these materials to degrade a pollutant when the same
quantity of UV light is absorbed by each material. Fig. 10 shows the
experimental variation in the number of molecules mineralized as a
function of the number of photons actually absorbed on the surface
of each material for all the levels of intensity applied. The quantity
of molecules broken down was  deduced from the kinetics of min-
eralization. Given that our TOC measurements correspond to the
amount of carbon present in a solution, the kinetics of degradation
in TOC reflect the breaking of the carbon–carbon link. The num-
ber of photons absorbed by each material tested was  ascertained
by the number of photons received divided by the optical yield
(�o). Despite the spread of the experimental results recorded at all
intensities, the values obtained one straight line corresponding to
the apparent quantum yield of each material (Table 2). This yield
depends in a linear way  on the quantity of photons absorbed irre-
spective of the intensity of the radiation received. Note also that the
catalyst in suspension was more effective than the other two  coated
materials. In fact, the ability of the catalyst in suspension to use the
radiation was almost three times greater than that of the foam and

just about ten times greater than that of the 2D cellulose mate-
rial. Marugan, who  worked on the kinetics of breaking the link in
methanol using a catalyst in suspension [25,26], obtained an appar-
ent quantum yield comparable to our experimental results. Such
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ields reflect the ability of the materials involved to effectively use
he radiation to break down links. Therefore materials that ensure
n even distribution of the catalyst throughout the reactor volume,
hether they are based on suspension or supports, significantly

nhance the process’s efficiency.

. Conclusion

Efficient materials able to provide a highly active specific surface
rea per unit volume of reactor, such as a foam and the suspen-
ion, were used. The supports used, differing in the form they took
powder, 2D and foam), together highlighted the importance of

 material’s structure on its capacity to utilize the radiation. At a
iven level of irradiation, the apparent quantum yield of the 2D
aterial revealed that this support does not use very efficiently the

nput of light that it absorbs. In fact, the apparent quantum yield of
he 2D substrate was several times lower than that of the suspen-
ion. In contrast, it is noteworthy that the apparent quantum yield
f the foam tended towards that observed for suspensions which
orm the ideal support thanks to their optimal ability to harness the
ight. It thus emerges that the rate of degradation is related exclu-
ively to the quantity of light absorbed and utilized by the each
aterial. For each material, the efficiency of the material was inde-

endent of the intensity of the radiation received. Consequently,
t tends to demonstrate that the design of a photocatalysis pro-
ess can be determined on the basis of a precise estimate of the
olar radiation input, irrespective of its strength. In this context,
acroporous reticulated materials such as foams show promise

s supports for photocatalysts. Furthermore, modifications to their
rchitecture (mesh density) ensure control of the harnessing of the
adiation received for a given volume [7].
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