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� TiO2 powder was successfully
immobilized via washcoating onto
metallic foam walls.

� The TiO2 film presented high
adherence and was free of cations
from the foam core.

� The crystalline composition of the
TiO2 powder remained on the TiO2

layer so obtained.
� TiO2-foam showed an interesting
photocatalytic performance in the
NP4EO degradation.
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The main interest in employing a structured catalyst for water treatment processes is to avoid an extra
recovering-step of the powder catalyst after concluding the treatment. For this purpose, TiO2 powder
(Degussa P25) was immobilized onto metallic foam walls (TiO2-foam) through the washcoating method
and its photocatalytic activity was evaluated in the degradation of nonylphenol ethoxylate (NP4EO),
which is considered an endocrine disrupter. The morphological and physicochemical characteristics of
TiO2 films were studied by X-ray Diffraction, Laser Raman Spectroscopy and Scanning Electron
Microscopy.
The fast and easy washcoating method used in this work allowed the immobilization of the TiO2

powder onto a relatively inexpensive metallic substrate. The TiO2 layer was uniformly distributed, having
a high adherence to the metallic foamwalls, which were previously submitted to a passivation treatment.
This pre-treatment hindered a further migration of cations from the foam core to the titania film and
favored the subsequent film anchorage. Moreover, the catalytic film so obtained maintained the anatase
and rutile phases with their original proportions, preserving the properties of the TiO2 powder. The
photocatalytic activity of the TiO2-foam was similar to that of a commercial catalyst (TiO2–Ti mesh),
i.e. both reduced the TOC of the NP4EO solution by about 91%, showing similar reaction kinetics and
overall quantum yield (Uoverall). These results demonstrate that by means of the method under study,
TiO2 can be successfully immobilized without decreasing its photocatalytic activity. These catalysts
may be applied in water/wastewater treatment, reducing the process stages and the overall cost of the
procedure.

� 2015 Elsevier B.V. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2015.08.057&domain=pdf
http://dx.doi.org/10.1016/j.cej.2015.08.057
mailto:mulla@fiq.unl.edu.ar
http://dx.doi.org/10.1016/j.cej.2015.08.057
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej


S.W. da Silva et al. / Chemical Engineering Journal 283 (2016) 1264–1272 1265
1. Introduction

The overwhelming discharge of contaminants from the electro-
plating industry into natural water cycles makes it imperative to
develop effective technologies for the purification of wastewater,
prior to releasing it into natural channels. In this vein, the indus-
trial wastewater treatment with biological processes is often inef-
fective because this kind of wastewaters is usually polluted with
non-biodegradable organic compounds. Some Advanced Oxidation
Processes (AOPs) can be applied in these cases. These processes
require the addition of chemicals and a high level of energy to
induce the formation of hydroxyl radicals (HO�), which are the
active species for the degradation of recalcitrant molecules.
Besides, heterogeneous photocatalysis and homogeneous photo-
Fenton processes can also be used, both sharing the requirement
of UV irradiation [1,2]. Among the techniques developed for the
removal of emerging contaminants, heterogeneous photocatalysis
has attracted considerable interest in recent years [3–8]. TiO2 has
been known as the leading photocatalyst among various semicon-
ductors due to its high photo-activity and chemical stability, low
cost, nontoxicity and resistance to photo-corrosion [9].

Several authors have reported the use of TiO2 (Degussa P25) in
the process of heterogeneous photocatalysis [5,6,8,10]. This com-
mercial TiO2 presents an excellent photocatalytic activity mainly
due to its combined crystalline structure, 75% anatase and 25%
rutile. This arrangement of anatase–rutile produces a synergetic
performance inducing a slow recombination between electrons
and holes [5,6], which has a positive effect on its photocatalytic
properties. On the other hand, the mechanisms of photocatalysis
are well known and have been discussed by Hoffmann et al. [9]
and Mills et al. [11] in their respective reviews.

A semiconductor photocatalyst can be employed either in a
colloidal form or as an immobilized film. According to several
results reported in the literature, TiO2 suspension is the best way
to use this solid as a photocatalyst [12–15]. However, applying
photoreactors operated with catalytic colloidal particles for water
and wastewater treatment processes require an extra recovering-
step after concluding the treatment, which means a costly and
time-consuming process. This inconvenience could be avoided by
immobilizing the catalyst onto a substrate bringing about many
operational advantages. Even though an extra cost is added due
to the catalyst immobilization procedure, it is possible to reduce
the overall process cost of the wastewater treatment [11]. More-
over, a recent study by Hao et al. [16] proves that the TiO2 film onto
SiC foam exhibits an advantageous photocatalytic performance as
compared to TiO2 nanoparticles.

In the open literature, several publications have analyzed struc-
tured catalysts for photocatalytic reactions. The most widely
employed substrates are ceramic foams [16–27] and, to a lesser
extent, metallic foams [28], ceramic monoliths [29,30], metallic
wire meshes [31,32] and ceramic fibers [33–34].

The metallic substrates offer advantages such as light weight,
availability in different shapes, ease of handling, and high mechan-
ical strength, among others. Elatmani et al. [28] applied aluminum
foam and recycled aluminum swarf machining waste as substrates
to be coated with TiO2 via the sol–gel method. They claimed that
these two substrates were able to deliver good absorption of inci-
dent flux, in agreement with the results obtained by Plantard et al.
[13], who used three types of aluminum foams. However, neither
study offers a physicochemical and textural characterization of
the TiO2 films so obtained nor a description of their chemical and
mechanical stabilities. Metallic substrates usually need a passiva-
tion process to avoid further metallic segregation and to generate
enough surface roughness that improves the anchorage of the cat-
alytic coating [35]. Relatively inexpensive stainless steel foams
turn out to be interesting as metallic substrates due to the oxide
layer formation after submitting at high temperatures. Among
them, AISI 314 foams are characterized by a chromium-rich oxide
layer after being treated at 900 �C for 10 h [35].

The whole process of immobilizing titania films onto substrate
walls can induce modifications on the TiO2 structure and, as conse-
quence, on its photocatalytic performance. In this vein, the cation
migration from the substrate core to the TiO2 film during the coat-
ing manufacture should be controlled. Cations such as Cr3+ and Fe3+

from stainless steel, Na+ and Si4+ from glass [14] can modify the
electron–hole recombination sites of TiO2.

Besides, the coating thickness and its adherence play an impor-
tant role associated with the filmmechanical stability and the reac-
tant accessibility to the active sites. Furthermore, there is a decrease
in the catalytic surface area available for reaction depending on the
substrate geometry. Foams, the substrate used in this work, have a
characteristic open three-dimensional structure. This type of geom-
etryminimizes the reduction in surface area and improves flow tur-
bulence and light permeability, thus promoting a higher contact
between the catalyst coating and the wastewater [19].

Different methods for the immobilization of TiO2 on rigid
substrates have been investigated such as electrophoretic and
spray coating, electrochemical anodization [36], dip-coating and
washcoating [37], among others. The latter procedure employs a
TiO2 suspension that can be made from sol–gel techniques
[16,22,24], nano-particles [21,25] or micro-particles [17,20,26].

In this work, metallic foams of 50 pores per linear inch –ppi–
(Porvair�) were employed as substrates in order to increase the
geometric area on which the catalytic coatings were produced
via washcoating. This method is characterized by its simplicity
[38], using a TiO2 microparticles suspension (Degussa P25) with
additives to improve its adhesion and its chemical stability. The
main objective of this contribution was to generate a homogeneous
TiO2 film onto the metallic foam walls with high adherence, free of
cations from the foam core and maintaining the crystalline
composition of the commercial TiO2 (P25).

The structured catalysts so obtained were evaluated in the pho-
tocatalytic degradation of nonylphenol ethoxylate with 4 degrees
of ethoxylation (NP4EO). This compound is a surfactant employed
in the electroplating industry as alkaline degreaser and is consid-
ered an endocrine disruptor. In order to compare the results
obtained, the photocatalytic activity of the commercial meshes
(TiO2–Ti mesh, De Nora� of Brazil) was also assessed. TiO2–Ti mesh
De Nora of Brazil was used as a reference catalyst since it is already
a commercial product sold to be used in water treatment plants.
Nevertheless, this mesh is commercially used as a DSA� electrode
on electrochemical processes. Its use in photocatalytic processes is
still a matter of research [39–41].

During the different steps of the synthesis process, the struc-
tured catalysts (foam + coating) were characterized by various
techniques such as Scanning Electron Microscopy (SEM), Laser
Raman Spectroscopy and X-ray Diffraction (XRD).
2. Experimental

2.1. Foam pretreatment

The substrates used were stainless steel AISI 314 foams
(Porvair� Advanced Materials, 50 pores per linear inch –ppi–).
They were cut in pieces with dimensions of 35 mm � 25 mm �
5 mm. The organic impurities of these foam pieces were removed
by washing with acetone in an ultrasound bath for 30 min. After
that, the foams were dried in an oven at 120 �C for 120 min. The
inorganic impurities were then removed by washing with
deionized water in an ultrasound bath for 30 min with a drying
process at 120 �C for 120 min.



Fig. 1. Scheme of the photocatalytic reactor. (1) TiO2-foam or TiO2–Ti. (2) Radiation
source. (3) Quartz tube. (4) Stirrer. (5) Glass reservoir.
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After cleaning, the foams were weighed and calcined at 900 �C
for 600 min in a muffle furnace (static air), using a heating rate
of 5 �C min�1, and then cooled down to room temperature. After
calcination, the foams were weighed again and the weight gain
percentage was determined [35].

2.2. TiO2 immobilization onto the foam surface

The procedure employed a TiO2 dipping suspension, which
contained 20.2 g of deionized water, 0.6 g of polyvinyl alcohol
(PVA, Sigma Aldrich), 6.8 g of colloidal suspension which contained
nanoparticles of zirconium oxide (Nyacol, 20%wt. of solids amount,
acetate stabilized, dp = 100 nm) [35] and 3.2 g of AEROXIDE TiO2

P-25 powder (Evonik; 50 m2 g�1, 80% anatase: 20% rutile, mean
particle diameter 21 nm). Nanoparticles of ZrO2 were incorporated
to the suspension to assist with the adherence of TiO2 particles
onto the substrate walls and their cohesion. On the other hand,
the addition of PVA was performed to improve the suspension
rheological properties.

The TiO2 immobilization was done by immersion of the
pretreated foam into the dipping suspension placed in an
ultrasound bath during 1 min, and then drying at 120 �C for
60 min. These two steps (I) were repeated twice. After that, a
calcination step (C)was carried out at 500 �C for 60 minwith a heat-
ing rate of 5 �C min�1 [42]. Next, the titania-coated foam (TiO2-
foam) was submitted to an ultrasound treatment (U) in deionized
water for 30 min. In brief, the process cycle consisted of the follow-
ing steps: I? I? C? U and this cycle was repeated twice.

2.3. Characterization of the pretreated foam and TiO2-foam

The X-ray diffraction patterns (XRD) were recorded using Cu Ka
radiation over a 20–80� range at a scan rate of 2�min�1, operating
at 30 kV and 40 mA (Shimadzu XD-D1 diffractometer). The soft-
ware package of the equipment was used for phase identification.

The Laser Raman (LRS) spectra were recorded using a LabRam
spectrometer (Horiba-Jobin-Yvon) coupled to an Olympus confocal
microscope (a 100 � objective lens was used for simultaneous
illumination and collection) and equipped with a CCD detector
cooled about �70 �C using the Peltier effect. The excitation
wavelength was in all cases 532.13 nm (Spectra Physics diode
pump solid state laser). The laser power was established at 30 mW.

The morphology of the pretreated foam and TiO2-foam were
analyzed by Scanning Electron Microscopy (SEM) with a JEOL
JSM-35C microscope operating at 20 kV, equipped with EDX
energy-dispersive system. The sample coating procedures were
performed using a combined gold/carbon deposition of metals
SPI supplies 12157-AX under argon atmosphere.

2.4. Heterogeneous photocatalysis system

The photocatalytic activity of the TiO2-foam was analyzed using
the photocatalytic degradation of nonylphenol ethoxylate surfac-
tant (NP4EO). The photoreactor scheme employed is shown in
Fig. 1. Besides, the photocatalytic activity of the commercial
TiO2–Ti mesh (rhomboid open area: 9 � 2 mm, De Nora of Brazil�)
was also assessed using the same reaction conditions in order to
compare both photocatalytic performances. The TiO2 film in this
commercial TiO2–Ti mesh was produced by the thermal decompo-
sition of the Ti precursor in an oxygen atmosphere.

The ULTRANEX� NP40 (99.5%) commercial surfactant was used
as a source of NP4EO. The initial solution was prepared by diluting
the commercial surfactant in distilled water until a final concentra-
tion of 128 lM NP4EO was achieved. A jacket borosilicate glass
reactor with a capacity of 2 L was employed, operated in batch
mode and connected to an ultra-thermostatic bath to control the
temperature. The 250 W high-pressure commercial mercury vapor
lamp, without the glass bulb and inside a quartz tube, was used as
a source of UV irradiation [43]. The photocatalysts (TiO2-foam and
commercial TiO2-Ti) were placed along the outer wall of the quartz
bulb with a Teflon support. The catalysts were placed concentri-
cally in the reactor as shown in Fig. 1.

2.5. Photocatalytic activity measurement

The mineralization was monitored by total organic carbon
analysis (TOC-L CPH Shimadzu) during each reaction cycle. The
cycle reaction time was 10 h and reused cycles were 10.

The pH of the solution was determined by the potentiometric
method using a DM-22 Digimed pH meter.

The measurement of incident irradiation (E, in Wm�2) on the
catalyst surface when ultrapure water or the initial solution were
inside the reactor were determined to the high-pressure commer-
cial mercury vapor lamp (250W) by an InstruthermMRUR-203 UV
light meter.

The E value (Wm�2) can be converted to photon flux using
Planck’s Eq. (1):

Ep ¼ h� c
k

ð1Þ

where h is Planck’s constant (6.626 � 10�34 J s), c is the speed of
light (2.998 � 108 m s�1) and k is the wavelength (nm) based on
the photometric data of the 250W lamp used in this work,
k = 365 nm. Taking these values into account, Ep = 5.44 � 10�19 J.

The number of photons (Np) can then be calculated by (2):

Np ¼ E
Ep

1
m2 s

� �
ð2Þ

With the Np value, the photon flux (Eqf) will be determined by (3):

Eqf ¼ Np

NA

mol
m2 s

� �
ð3Þ

where NA is the Avogadro number (6.02 � 1023 mol�1).
The reaction kinetic constant (k0) was calculated based on the

TOC results, assuming that in most cases the photocatalytic degra-
dation kinetics of general pollutants in aqueous solution is
described by a Langmuir–Hinshelwood model (4) [44–46].

�k0 � t ¼ ln
c
c0

� �
ð4Þ

where, t is the exposure time; k0 is the kinetic constant; C0 is the
TOC of initial effluent and C is the TOC at any time during the pho-
tocatalytic reaction.
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Another significant parameter to evaluate the photocatalysis is
the overall quantum yield (Uoverall), defined as the number of mole-
cules undergoing an event (conversion of reactants or formation of
products) relative to the number of photons absorbed by the pho-
tocatalyst. With the photon flux that arrives at the catalyst surface,
the overall quantum yield (Uoverall) of a photocatalysis reaction was
calculated, assuming that all photons are absorbed by the semicon-
ductor and that actual light-scattering losses out of the reaction
cell are negligible, according to Eq. (5) [47]:

Uoverall ¼ k0

Eqf
ð5Þ
Fig. 3. Foam crystalline phases after being calcined at 900 �C for 600 min.
2.6. Adherence tests of TiO2 coating onto a metallic foam substrate

The adherence of TiO2 coatings onto the foam supports (AISI
314 50ppi) was evaluated examining the mass loss of TiO2 coatings
during ten cycles of reaction tests. The mass change and photocat-
alytic activity of the TiO2-foam were recorded after each test cycle.

3. Results and discussion

3.1. Characterization of the calcined foam

The original foam (Fig. 2(a)), made of austenitic stainless steel,
has 50 ppi with polyhedral cells interconnected through hollow
struts and windows. Besides, the cell surface morphology is
smooth, which hinders the correct immobilization of the TiO2

particles.
Bortolozzi et al. [35] were the first authors to report that in

order to preserve the open polyhedral cell structure and the
mechanical properties and, at the same time, generate an oxide
layer on the cell surface, the optimal calcination conditions
are 900 �C and 10 h (Fig. 2(b)).

This layer not only induces the passivation of the metallic sur-
face but also provides enough roughness to favor a correct anchor-
age of titania particles. The oxide layer thus formed contains
chromium (III) oxide (Cr2O3, JCPDS 38-1479), manganese-
chromium spinel (Mn1+xCr1�xO4�x, JCPDS 33-892), iron–chromium
spinel (FeCr2O4, JCPDS 34-140) and iron (III) oxide (Fe2O3, JCPDS
33-664) (Fig. 3). Since austenitic stainless steel diffractions at 2h:
43.6�, 50.8�, 74.7� (JCPDS 33-397) [48] are identified in the X-ray
diffraction pattern of the treated foam (Fig. 3), the metallic core
of the foam is preserved.
Fig. 2. Wall morphology of the original foam (a) and
3.2. Characterization of TiO2 films onto the foam walls

The titania immobilization was performed in ten pretreated
foam pieces. The average mass gain percentage in each cycle step
is represented in Fig. 4. The bars indicate the standard deviations
(SD). Even though all SDs were high, the mass evolutions of each
piece were quite similar, suggesting that the deviation in each step
was associated with the different masses of each original foam
piece.

During the calcination step (C), the water and polyvinyl alcohol
present in the coatings, were removed with the consequent mass
loss. In addition, the weakly adhered TiO2 particles were removed
during the ultrasonic bath step. After the complete first cycle (I + I
+ C + U), the average mass gain was 12% and after the second one,
this value rose up to 20%.

The XRD was employed to characterize the crystalline phases of
the TiO2 film, immobilized on the foam walls (TiO2-foam). Fig. 5
presents the X-ray diffractogram of the TiO2-foam in comparison
with that of the powdered TiO2 Degussa P25. The peaks of
crystalline anatase and rutile are clearly identified in both
diffractograms, confirming that the titania film obtained onto this
substrate (TiO2-foam) maintained the same phases as the original
powder. This is a significant observation because the excellent
photoactivity results are mainly linked to the crystalline
the calcined foam at 900 �C during 600 min (b).



Fig. 4. Cumulative mass gain in relation to the cycle steps (OF: original foam. CF:
calcined foam. I: immersion in TiO2 suspension. C: calcination. U: ultrasonic
treatment).
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composition of anatase and rutile, found in the commercial
Degussa P25 (70/80:30/20) [5,6,49]. Moreover, the thickness of
TiO2 coatings so obtained are high, around 1–3 lm and because
of that the characteristic reflections of austenitic stainless steel
(Fig. 3, 2h: 43.6, 50.8 and 74.7� (JCPDS 33-397)) are absent in the
TiO2-foam diffractogram (Fig. 5).

Anatase is generally regarded as the most photochemically
active phase of titania, presumably due to the combined effect of
lower rates of recombination and higher surface adsorptive capac-
ity [50,51]. This phase of TiO2 has a band gap of 3.2 eV, correspond-
ing to a UV wavelength of 385 nm, showing an adsorptive affinity
for organic compounds higher than the one of rutile [50]. In con-
trast, rutile has a smaller band gap (3.0 eV) with wavelengths that
extend into the visible at 410 nm. Nevertheless, as mentioned
above, the coexistence of both phases, anatase and rutile, with
appropriate distribution generates a synergetic behavior, improv-
ing the photocatalytic performance by inhibiting the recombination
of electron–hole pairs [5,6]. According to C. Thurnauer and cowork-
ers, TiO2 P25 is formed by nanoclusters containing atypically small
rutile crystallites interwoven with anatase crystallites [5].

Fig. 6 presents the Raman spectra of the samples: Degussa P25
in powder form (Fig. 6(a)) and TiO2-foam (Fig. 6(b)). According to
factor group analysis, anatase shows six Raman active modes
(A1g + 2B1g + 3Eg). In a Raman spectrum of an anatase single crystal,
Fig. 5. XRD comparison of Degussa P25 (a) and TiO2-foam (b).
the six allowed modes appear at 144 (Eg), 197 (Eg), 399 (B1g), 513
(A1g), 519 (B1g) and 639 cm�1 (Eg). In contrast, the rutile phase
has only four Raman active modes: B1g, Eg, A1g, and B2g at 143,
447, 612, and 826 cm�1, respectively [52,53]. The characteristic
Raman active phonons of anatase were observed in the LR spectra
of powder titania and TiO2-foam (Fig. 6(a) and (b)) with a contribu-
tion of two shoulders around 440 and 610 cm�1, attributed to the
rutile phase (pointed out with arrows). This fact confirms that
the immobilization process produced a titania film which main-
tains the phases of interest and also corroborates the above XRD
results.

The SEM micrographs of the films obtained by the washcoating
method (TiO2-foam) show a homogeneous and well-spread titania
layer, without blocking the foam pores (Fig. 7). However, in some
sectors, the coating presents some cracks with average sizes of
0.3–0.5 lm. The average thickness of this layer, estimated by
cross-section SEM micrographs, is around 1–3 lm. These film frac-
tures may be due to either the coating contraction and/or stress
during the drying process or it may occur during the annealing
(calcination) due to different thermal expansion coefficients of
the TiO2 layer and the metallic substrate (AISI 314, 50 ppi).

The durability and mutual adherence between the substrate
and the coating are important features which must be considered
for structured catalysts, especially when used in water and
wastewater treatment applications.

Thus, the adherence of TiO2 coatings onto the metallic foams
was evaluated by examining the mass loss of TiO2 coatings during
Fig. 6. Raman spectra of: Degussa P25 (a) and TiO2-foam (b). Arrows: signals
attributed to the rutile phase.



Fig. 7. SEM micrographs of the TiO2 film onto the metallic foam.
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ten cycles of photocatalytic degradation of the NP4EO surfactant.
The mass change of the TiO2-foam and the commercial catalyst
(TiO2–Ti mesh) are shown in Fig. 8. The TiO2-foam shows a small
mass gain (99.9 ± 20.4 mg) after 10 cycles of photocatalysis tests,
the average mass gain being around 6.8% in weight. This mass
increase can be attributed to deposits of byproducts related to
NP4EO degradation on the catalyst surface. These byproducts can
polymerize on the catalyst surface thereby increasing their mass.
Then, three consecutive washing solutions were applied to clean
the used TiO2-foam photocatalysts composed of: the first one, alco-
holic KOH 20%, the second one, distilled and deionized water and
the last one, a solution of HCl 0.001 M. Fig. 8 shows that, after
the TiO2-foam cleaning step, the mass presents very similar values
compared to the initial ones. This evidence demonstrates that
there is no significant mass loss after use in reaction and with
the subsequent cleaning operation, thus confirming that the TiO2

coating layer has been firmly adhered to the AISI 314 foam sup-
ports. On the other hand, the commercial catalyst did not show
any mass increase (Fig. 8).

3.3. Photocatalytic activity evaluation

In order to prove the photocatalytic activity of the catalysts, one
direct photolysis assay of the initial solution using a 250 W lamp
was carried out.

Fig. 9 shows the comparative results of the direct photolysis and
of the photocatalytic degradation of the emerging contaminant
(NP4EO) using both catalysts, the TiO2-foam and the commercial
TiO2–Ti.

It can be seen that by direct photolysis of the initial solution, the
mineralization of the NP4EO pollutant is much smaller than the
Fig. 8. Mass changes of the TiO2-foam in ten cycles of reusing.
one achieved when the catalyst was added in the reaction. This
effect of increasing the mineralization of NP4EO, with a consequent
increase in reaction speed in heterogeneous photocatalysis com-
pared to the direct photolysis process was also shown in previous
studies of da Silva et al. [54]. In these studies, da Silva et al. [54]
demonstrated that direct photolysis degrades the NP4EO but does
not lead to mineralization. On the other hand, when the catalyst
was added the hydroxyl radicals were generated, leading to the
mineralization of NP4EO.

Considering the photocatalysis experiment, in the treatment
time of 4 h the mineralization achieves 23% and by increasing
the total treatment time to 6 h and 8 h, there is a large increase
in mineralization of NP4EO (56% and 76%, respectively). The miner-
alization at the final treatment time of 10 h was 91% for both cat-
alysts. Several studies [55–59] indicate that NPnEO has three units
that can be attacked by HO�, the chain of ethene oxide, the alkyl
chain and the aromatic ring. Moreover, the attack by HO� of differ-
ent portions leads to different degradation products and different
kinetic rates.

Indeed, it can be inferred that the small TOC reduction in the
first 4 h of treatment may be linked to the surfactant concentration
and consequent micelle formation (Fig. 10(b)). The ethoxylated
chains, which are more hydrophilic, should be placed outside this
micelle whereas the alkyl chain together with the aromatic ring,
which are more hydrophobic, should be placed inside the micelle
(Fig. 10(a)). Therefore, the hydrophilic portion, adsorbed at the cat-
alyst surface, is primarily attacked by the hydroxyl radical (HO�)
forming reaction byproducts (Eq. (6)) [55].

HO� þ NP4EO!k1 by products ðopen rings productsÞ ð6Þ
Fig. 9. TOC reduction for the two structured catalysts, TiO2-foam and TiO2-Ti mesh
(commercial catalyst) and the direct photolysis using a 250W lamp at different
reaction times.



Fig. 10. Surfactant molecules (a) and its micellar arrangement (b).

Table 1
Results of pH measurement.

Solutions Treatment time
(h)

pH

Initial solution 0 5.2 ± 0.3
Treated by direct photolysis 4 4.3 ± 0.5
Treated by photocatalysis: TiO2-foam 4 4.5 ± 0.4
Treated by photocatalysis: TiO2–Ti

commercial
4 4.6 ± 0.3
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As a result, the inserted graph in Fig. 9 shows that in the first
four hours of treatment, the reaction presents a first-order kinetics
(ln [TOC/TOC0] is linear) exhibiting a k1 value of 0.001 min�1 and
0.0011 min�1, respectively, to both catalysts, the TiO2-foam and
the commercial TiO2–Ti. Then, after 4 h of treatment, there is an
increased exposure of alkyl chain and aromatic ring, leading to a
significant increase in the complete mineralization of this surfac-
tant (Eq. (7)).

HO� þ by products ðopen rings productsÞ
� !k2 ðmineralization productsÞ ð7Þ
After the final treatment time (10 h) the reaction kinetic con-

stants for the TiO2-foam and TiO2–Ti mesh were 0.004013 min�1

and 0.004084 min�1, respectively, showing pseudo first-order
kinetics (inserted graph in Fig. 9). It is remarkable that the kinetic
constant, k2 is higher than k1. This fact may be linked to the open
rings degradation products and the decrease in the NP4EO concen-
tration in the solution. Since the surfactant is not in micellar form
(Fig. 10(b)), it is more easily degraded than the pattern product
(NP4EO).
Fig. 11. TOC reduction for the TiO2-foam in ten cycles of reusing and one cycle after
the cleanup procedure.
The presence of organic acids would imply a decrease of the
solution pH. Table 1 shows that, independently of the treatment
and of the catalyst used, the final solution pH is lower than the ini-
tial one. According to Socha et al. [60], the reaction rate does not
depend on pH in the range from 3.5 to 10.

For the 250 W lamp, the photon flux that arrives at the catalyst
surface when the reactor is full with ultrapure water is
1.78 � 10�5 mol m�2 s�1. On the other hand, when the reactor is
full with the initial NP4EO solution, the photon flux that arrives
at the catalyst is 1.41 � 10�5 mol m�2 s�1. This means that the ini-
tial solution absorbs some radiation, i.e. 3.66 � 10�6 photons are
absorbed, meaning that it is possible to achieve some degradation
by direct photolysis. Moreover, 1.41 � 10�5 mol m�2 s�1 arrives at
the catalyst surface favoring the heterogeneous photocatalysis.
These results corroborate the results of TOC removal in Fig. 9,
which shows that although direct photolysis degrades the NP4EO,
the higher mineralization was obtained after the heterogeneous
photocatalysis process.

Furthermore, the Uoverall result for both catalysts is about 0.28 or
28%. It is observed that there were no significant differences in
photocatalytic activity between the prepared supported catalyst
(TiO2-foam) and the commercial one (TiO2–Ti).

After ten cycles reusing the TiO2-foam, there was a slight reduc-
tion in photocatalytic activity (Fig. 11). This reduction of photocat-
alytic activity may have occurred due to the mass increase shown
in Fig. 8. The deposit of degradation byproducts could decrease the
active surface of the catalyst. Nevertheless, it must be noted that
after the cleaning step, i.e. cycle number 11, the photocatalytic
activity increases again. Therefore, the organic film which reduced
the photocatalytic activity was completely removed. In the TiO2–Ti
mesh commercial catalyst, the loss of catalytic activity was not
observed. These results are in good agreement with the ones pre-
sented in Fig. 8, in which no mass gain was observed.

The geometric characteristics of the foams and their assemblage
in the photo-reactor configuration may have been the reason for
the polymerization of the degradation byproducts on the TiO2-
foam catalyst surface. This could be related to the fact that this
structured catalyst has relatively smaller pore sizes (average diam-
eter: 0.5 mm) compared with those of the commercial TiO2–Ti
mesh (rhomboid open area: 9 � 2 mm). Besides, the TiO2-foam
pieces were adhered to the quartz surface, bringing some difficul-
ties to the solution flow between the quartz walls and the TiO2-
foam system. This difficulty was not present when the commercial
TiO2–Ti mesh was used as photocatalyst, since this mesh was
placed concentrically outside the quartz walls. In consequence,
the deposit of polymerized degradation byproducts on the catalyst
surface could be easily avoided by (i) the modification of TiO2-foam
piece configuration in the way of improving the flow between the
TiO2-foam catalyst and quartz bulb and (ii) using foams with larger
pore sizes. These two items will be the object of further research.

In addition, modifications in the composition of ‘‘washcoating”
slurry and/or in the calcination procedure could be introduced in
order to minimize the generation of cracks spread over the
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coatings. Improvements of the film smoothness could also be
achieved [61,62].
4. Conclusions

In this work, it was demonstrated that a fast and easy
washcoating method allowed the immobilization of a commer-
cially available powder TiO2 onto a relatively inexpensive metallic
substrate. The TiO2 layer was uniformly distributed, having a high
adherence to the metallic foam walls, which were previously
submitted to a passivation treatment (900 �C for 10 h). This
pre-treatment hinders further cations migration from the foam
core to the titania film and favors the subsequent film anchorage.

The XRD and Raman results showed the maintenance of the
anatase phase in higher proportion than the rutile phase in the
TiO2-foam, preserving the original properties of the TiO2 powder
since they are important for its photoactivity and stability.

The results in mineralization of the surfactant NP4EO using
TiO2-foam are very similar compared to a much more expensive
commercial catalyst (TiO2-Ti mesh), with a metal substrate made
of titanium.

With a fast washing stage, first in a basic solution, then in a
water and acid solution, the structured catalyst employed totally
recovered its photoactivity, after a small deactivation occurred
during the ten catalytic tests.

Based on these results, the use of immobilized TiO2 on low cost
substrates emerges as a viable alternative for heterogeneous pho-
tocatalysis for the water/wastewater treatment. With this method,
the catalyst recovery steps are avoided, thus reducing the overall
cost of the process.
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