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A B S T R A C T

This contribution describes the influence of the ratio of polyvinyl alcohol (PVA), TiO2 and wire opening of metal
meshes for the construction of a structured catalyst with a uniform coating, that present high adherence and
photocatalytic activity. The best coating results were observed for a PVA/TiO2 mass ratio of 0.37 and mesh
opening of 546 µm. This coating exhibited a uniform distribution, high adherence and the maintenance of
anatase and rutile phases. These aspects can be related to three variables: (i) the structure of the stainless-steel
metal mesh, (ii) the thermal pretreatment and (iii) the amount of organic additive (PVA/TiO2 ratio) employed in
the suspensions. The most important achievement of this work was the fabrication of a structured catalyst with
excellent stability, without losing activity for the degradation of endocrine-disrupting nonylphenol ethoxylate
(NP4EO) in synthetic solution, without poisoning of the catalytic surface. In fact, the results showed that even
with a real wastewater matrix, a high photocatalytic activity for NP4EO degradation (91%) was obtained,
meaning that this structured catalyst can be applied to solve serious environmental problems as the con-
tamination by endocrine-disrupting NP4EO, without subsequent catalyst recovery and recycle steps.

1. Introduction

The nonylphenol ethoxylate (NPnEO) is an important pollutant,
since it is widely used in the composition of emulsifiers, detergents,
surface modifiers as well as in flotation and dispersing agents in the
industry [1]. Although these uses, when the ethoxylate number is equal
or lower 4, the nonylphenol ethoxylate can act as an endocrine-dis-
rupter [2,3] leading to toxicity [4,5].

Considering the treatment methods, NPnEO revealed high resistance
to the photolytic degradation process, as demonstrated by some studies
conducted by Neamtu et al. [6] and Chen et al. [7]. One way to reduce
the toxicity effect is the application of advanced oxidation processes
(AOṔs) that can lead to mineralization, as demonstrated by studies
using gamma radiation/H2O2 treatment [8] and photoelectrocatalysis
[9].

In this context, photocatalysis can be used for NPnEO mineraliza-
tion, either as a dispersed powder or as a film coating onto a substrate.
Some studies were conducted to degrade nonylphenol ethoxylate-9
(NP9EO) under UV and solar irradiation by ZnO particles (flower and

pseudo sphere forms) [10]. However, the use of powder catalysts has
the inconvenience of requiring, at the end of the treatment process, a
recovery step. Besides, the particles and nanoparticles released in the
environment can be highly toxic [10]. Therefore, the utilization as
supported TiO2 films has increased significance [11–13].

TiO2 films supported onto metallic foams were previously studied
by our group [14]. However, the TiO2 film showed deep cracks and the
TiO2/foam structured catalyst presented poisoning after seven cycles,
when it was used in a photocatalytic process. The poisoning was at-
tributed to the presence of byproducts. They generated organic films
deposited onto the TiO2-foam surface during the photocatalytic process,
reducing the active surface of the catalyst. In addition, geometric
characteristics of the foams, their small pore sizes (diameter: 0.5 mm)
and their assemblage in the photo-reactor were considered responsible
for this problem [14].

The use of metallic meshes as structured substrates could solve this
trouble, since they present surface area up to 100m2m−3, which allows
the use of a high amount of catalytic load in a small volume [15–17].
They also present easy manipulation of the mesh opening size, which
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allows controlling the resistance to flow, heat and mass transfer and to
the temperature distribution [16,17].

The supported catalytic film can be obtained by physical or che-
mical synthesis methods. Washcoating is one of the most used method
to obtain catalytic coatings on structured substrates, due to the easiness
of preparation. However, when the substrate is a metallic material, the
difference of thermal expansion coefficients between substrate and
coating could be a serious problem, thus promoting low quality films
[14,15,18]. There are some options to solve this adherence trouble,
such as thermal passivation of the substrate, the addition of another
solid or an organic additive in the synthesis film [19].

The addition of another solid is a way of improving the thermal
stability [17]. Studies have reported that the addition of ZrO2 nano-
particles promoted changes in the surface of the catalyst, which became
smoother, more uniform, with smaller cracks than the ones obtained
with pure TiO2 films. Interspaces of TiO2 particles and agglomerations
may be reduced with the addition of ZrO2 [20,21]. Besides that, an
organic additive as polyvinyl alcohol (PVA) leads to an increase in the
viscosity and the surface tension of the suspensions, due to the presence
of hydroxyl groups in its structure [22]. In fact, hydrogen bonds may
also exist between the PVA chains and the oxidized surface of the
substrate, resulting in a polymeric fixation between TiO2 catalyst and
the metallic substrate [22–25].

In this context, the motivation of the present work was to evaluate
the influence of different PVA/TiO2 ratios and wire opening of metallic
meshes, aiming to the production of an efficient structured catalyst with
uniform TiO2 coating with high adherence to the substrate. The struc-
tured catalyst with best morphological and physicochemical char-
acteristics was employed in the photocatalytic degradation of NP4EO in
two different water matrices: synthetic solution and municipal waste-
water after activated sludge treatment. The last experiment was carried
out to evaluate the effect of a real water matrix on the activity of
structured system.

2. Experimental

The experimental procedure is shown in supplementary content
(Fig. S1).

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apsusc.2018.06.287.

2.1. Chemicals and reagents

Reagents with analytical grade were used for the catalyst prepara-
tion. Polyvinyl alcohol (PVA), colloidal suspension of zirconium oxide
nanoparticles (ZrO2, 20 wt%, dp= 100 nm) and TiO2 P25 Degussa
powder (AEROXIDE®, 50m2 g−1, 80% anatase and 20% rutile,
dp= 21 nm) were purchased from Sigma-Aldrich, Nyacol® and Evonik,
respectively.

The preparation of solutions used in chromatography analysis was
made with ultra-pure water with a resistivity 18.2MΩ cm from milli-Q
system (Millipore) and Na2CO3, NaHCO3 and H2SO4 with analytical
grade (Merck). The NP4EO used in the photocatalytic experiments was
purchased from Oxiteno.

2.2. Metallic mesh pretreatment

Two metallic meshes of AISI 304 stainless steel designated as M1
(mesh opening 546 µm) and M2 (mesh opening 1514 µm) were used as
substrates. Their main characteristics are presented in the supplemen-
tary content (Table S1).

The metallic meshes were washed in an ultrasonic bath during
30min in detergent-water and for 30min in acetone to remove organic
and inorganic impurities. After each cleaning step the metallic meshes
were dried in an oven at 120 °C for 60min. Then, they were calcined at
900 °C for 120min (10 °Cmin-1) in a muffle furnace and finally cooled

down to room temperature. After this step an oxide layer on the metal
substrate is produced, which contributes to enhance the adherence of
the catalyst to the structure [14], since a surface roughness is generated
[18].

2.3. Catalytic suspensions

In a simple synthesis process, a determined amount of PVA was
dissolved at 70 °C in 121.2 g of deionized water under magnetic stirring,
until its complete dissolution. The clear solution was cooled down to
room temperature. Then, 40.8 g of colloidal suspension of ZrO2 nano-
particles and 9.6 g of TiO2 were added. After that, the suspension was
stirred for 24 h before using. The mass of PVA was varied, resulting in a
series of suspensions prepared with PVA/TiO2 mass ratio of 0.19, 0.28
and 0.37, designated as TPa, TPb and TPc, respectively.

2.4. Catalyst immobilization onto the metallic mesh

A washcoating method was used to immobilize TiO2 onto the sur-
face of the metallic meshes. The immobilization of TiO2 was carried out
in four steps: (1) Immersion: the pretreated metallic meshes were
placed vertically into the catalytic suspension under magnetic stirring
and taken out after 1min. (2) Blowing: the meshes were softly blown
with air flow to remove the suspension excess. These two steps were
carried out for both sides of the metallic mesh. (3) Drying: the samples
were dried at 120 °C for 60min. (4) Calcination: finally, they were
calcined at 500 °C for 60min with a heating rate of 1 °Cmin−1. The
complete cycle immersion – blowing – drying – calcination was re-
peated until the desired weight was achieved.

2.5. Characterization

The phases present in the surface of the pretreated metallic meshes
and of the structured catalyst were analyzed by Laser Raman
Spectroscopy (LRS). A Horiba-Jobin-Yvon instrument was employed to
obtain the spectra. The excitation wavelength was 532.13 nm (Spectra
Physics diode pump solid state laser, with power set at 30 mW). Several
spectra were acquired for each sample to ensure reliable results.

The surface morphology of the pretreated metallic meshes and the
structured catalyst surfaces, were analyzed by optical microscopy (OM)
with a Leica S8 APO stereo-microscope equipped with a Leica LC3 di-
gital camera and LAS EZ software. Scanning electron microscopy (SEM)
and Energy-dispersive of X-ray Analysis (EDX) were performed with a
Phenom world – PRO X equipment.

X-ray diffraction (XRD) was carried out on the structured catalyst
with a Shimadzu XD-D1 diffractometer. Crystalline phases were iden-
tified using Cu Kα radiation at a scan rate of 2° min−1, from 2θ=20° to
80°. The software of the instrument was used for phase identification
from the diffractograms.

The adherence test of the catalyst layer onto the substrates was
carried out by measuring the weight loss of coating during ultrasonic
bath (Testlab TB04, 40 kHz and 160W) in deionized water at room
temperature. Every 30min of ultrasonic bath the structured catalysts
were dried at 130 °C for 60min and weighted. Six ultrasonic steps of
30min were performed for each structured catalyst. The percentage of
coating retained was analyzed.

2.6. Photocatalytic degradation of NP4EO by structured catalyst

Two detailed studies were performed using the structured catalyst
in heterogeneous photocatalysis reaction aiming to the oxidative de-
gradation of the endocrine-disruptor NP4EO. In a first step, the catalytic
activity and coating stability were evaluated in a synthetic solution
containing 10mg L−1 of NP4EO prepared in distilled and deionized
water. In a second step, the role of the water matrix in the performance
of the structured catalyst was evaluated. For this proposal, a real
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wastewater was collected after a secondary treatment by activated
sludge in the municipal wastewater treatment plant (WWTP) from
Novo Hamburgo/Brazil. Before the treatment, a known NP4EO con-
centration of 10mg L−1 was added to the real wastewater to ensure that
it contains the target pollutant (supplementary material, Fig. S2).

All reactions were carried out by recirculating the solution in a
batch reactor operated in recirculation mode. Two structured catalysts
were irradiated by a high-pressure mercury vapor lamp (HPL-N, 250W)
without the external glass bulb, placed inside a quartz tube (Fig. 1).
These experimental set up is based on previous results [26].

The real wastewater and the samples obtained before and after the
photocatalytic reactions were characterized by the following methods:
NP4EO and TOC concentration.

The concentration of NP4EO was determined by measuring the ab-
sorbance of the solution at 272 nm, corresponding to the maximum
absorption wavelength of NP4EO in UV–visible region [27], by a
T80+UV–vis spectrometer (PG Instruments Ltd).

The conversion of NP4EO from aqueous solutions was calculated by
equation (1).

=
−X C Abs Abs

Abs
( ) 0

0 (1)

where X (C) is conversion of NP4EO, Abs0 is the initial absorbance of
NP4EO at λ = 270 nm and Abs is the absorbance of NP4EO
(λ=270 nm) at any time.

The kinetics of heterogeneous reaction for the degradation of

Fig. 1. Scheme of the photocatalytic reactor used in the experiments, where 1 is
the borosilicate reactor, 2 is the reservoir, 3 is the peristaltic pump and 4 is the
Teflon support.

Fig. 2. SEM image of wire mesh before (a) and after (b) thermal pretreatment (900 °C for 120min at 10 °Cmin−1). (c) elemental mapping showing the internal
surface, constituted by chromium (red) and the outer surface formed by iron (yellow). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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organics can encompasses with both reaction and adsorption that oc-
curs simultaneously [28] and can be described by the Langmuir–Hin-
shelwood mechanism [29].

= −
×

C
C

ek t

0 (2)

where C is the NP4EO concentration at any time (mg L−1), C0 is the
initial NP4EO concentration (mg L−1), t is the treatment time (min) and
k is the pseudo first-order rate constant (min−1) for the degradation of
NP4EO.

The total organic carbon (TOC) analysis was carried out using the
non-purgeable organic carbon method in a Shimadzu TOC-L CPH ana-
lyzer equipped with an automatic sample injector. Based on TOC re-
sults, the conversion was calculated following Eq. (3).

=
−X TOC TOC TOC

TOC
( ) 0

0 (3)

where TOC0 is the initial TOC and TOC is the TOC at any time.
Besides, NP4EO and TOC analysis for the real wastewater an ion

chromatography (IC) analysis was performed by using a Dionex ICS-
3000 DC coupled to a conductivity detector. For anions and cations, the
column used were an IonPac® AS23 2 × 250mm and an IonPac® CS12A
2 × 250mm, respectively. The eluent consists of 4.5mM of Na2CO3 and
0.8 mM of NaHCO3 for the anions detection and 11mM of H2SO4 for the
cations analyzes. The pH was determined by the potentiometric method
using a DM-22 Digimed pH-meter.

3. Results and discussion

3.1. Metallic meshes after pretreatment: morphology and species at the
surface

SEM micrograph shows the morphology of the metallic mesh before
the calcination step (Fig. 2.a). After the calcination, two different
morphologies were observed in the surface of the metallic meshes, one
with regular grains with sizes about 0.5 µm and another with a smooth
aspect, localized in the edge of the wire (Fig. 2.b). On the other hand,
the elemental mapping indicated that the internal surface with grain-
type morphology is constituted mainly by chromium, while the outer
surface is mainly constituted by iron (Fig. 2.c).

The formation of this outer layer at this calcination temperature has
not been observed yet. This formation can be attributed to the high
heating rate of 10 °Cmin−1, which promotes the transport of iron (Fe)
to the outer surface of the steel, forming oxides and spinels. In fact, this
behavior has been reported in the literature, but for higher calcination
temperatures and longer times [30]. A scheme for the formation of the
oxide layer on the metallic mesh is presented on the supplementary
material (Fig. S2).

Fig. 3 shows the Raman spectrum of the calcined metal mesh with
the characteristic vibrational bands of different metal oxides, which
allows the identification of the oxides formed during the thermal
treatment. The characteristic signals of Fe2O3 particles are clearly ob-
served at 225, 247, 300, 412, 500, 610, 1100 and 1370 cm−1 [31].
Besides, bands at 516 and 660 cm−1 are evident, which are associated
to the main band of Cr2O3 [30] and to the spinel species based on iron,
manganese and chromium (Fe3O4, Fe2Cr2O4 and/or Mn1+xCr1−xO4−x)
[32].

3.2. Metallic meshes after washcoating: characterization of the TiO2 films

Fig. 4 shows the optical images of the metallic meshes M1 and M2
coated with the three suspensions evaluated (TPa, TPb and TPc). An
important catalyst particle accumulation at the wire-crossing points
was observed, for M2 coatings. These agglomerations produced a non-
uniform TiO2 layer thickness. This type of accumulation is expected
when the catalytic coating is produced via washcoating method.

The coating uniformity was different depending upon the PVA/TiO2

ratio of the suspension used and on the wire mesh openings. To un-
derstand the influence of this non-uniformity in some coatings, ad-
herence tests were accomplished, and the adherence values are pre-
sented in Table 1.

Two opposite behaviors were revealed with the adherence tests
results. For the higher PVA/TiO2 ratio, the best adherence results were
achieved for the M1 wire-mesh, while the worst were obtained for the
M2 wire-mesh. Accumulations at wire intersections for the M2 (mesh
opening: 1514 µm) occurred when PVA/TiO2 ratio increased, resulting
in a decrease of the coating adherence to the substrate. For the M1,
mesh opening: 546 µm, the behavior was opposite, since, no agglom-
erations were observed at the crossing of the wires for M1.

These differences can be explained by connecting the substrate
structure with the suspension properties. The presence of PVA in the
suspension modifies its surface tension and its viscosity, being the
suspension a non-Newtonian fluid [15,33]. The suspension viscosity is
increased with the PVA addition. The higher viscosity has an important
role in two steps of the catalytic coating synthesis: (i) the removal of
wire-mesh piece from the suspension and (ii) the elimination of the
excess of suspension via air blowing. In both steps, the suspension hy-
drodynamic depends upon the substrate opening diameter, among
others [34].

It is expected that the suspension withdrawal rate increases as the
mesh opening increases. M2 presents larger mesh opening than that of
M1. Therefore, M2 promotes rapid suspension removal without the
time required for the generation of a uniform film layer, turning up in
accumulation points, especially in the wire crossing section (Fig. 4,
M2). For M1 this removal occurs slowly, producing a uniform coating
onto the wire-mesh surface (Fig. 4, M1). Moreover, the rapid with-
drawal presented by M2 seems to be one of the reasons for the low
adherence values found for all suspensions evaluated.

Fig. 5 shows images of optical microscopy of the systems TPa_M2
and TPc_M2 to compare the differences of morphologies presented by
these systems, with better and worst results of adherence to M2 sub-
strate, respectively. Cracks along the coating in TPa_M2 and TPc_M2
were detected. However, in the TPc_M2 sample, deeper cracks located
in the wire-crossing were observed. Theses cracks can be responsible for
the poor adherence of the coating to the structured substrate [35–37].

The deep cracks in coatings, especially in wire-crossing areas, where
the suspension accumulations/agglomeration took place, were origi-
nated during the calcination step of the washcoating procedure. A
higher concentration of the suspension means a higher amount of

Fig. 3. Raman spectra of wire mesh after thermal pretreatment: (°) Fe2O3, (•)
Cr2O3 and (*) spinel based on iron, manganese and chromium spinels (Fe2Cr2O4

and/or Mn1+xCr1−xO4−x).
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organic additives (PVA). Thus, during the calcination step a stronger
release of carbon dioxide from the interior of the catalyst suspension
was produced [38].

Based on the data presented in Table 1 and Fig. 5, it is possible to
say that the adherence of the coating to the metallic substrate is related
to three variables: the structure of the stainless steel metallic-mesh, the
thermal pre-treatment and the amount of organic additive (PVA/TiO2

ratio) used in the suspensions.
The thickness uniformity of the catalytic layer can be estimated by a

careful analysis of the images obtained by optical microscopy. In this
case, the thickness can be estimated reasonably by measuring the dia-
meter wire before (Fig. 5.c) and after the coating procedure (Fig. 5.a
and b), at different locations along the wires of the meshes. These

photographs show that the diameter of coated wires is almost constant
along the total longitude, which is an indicative of a uniform dis-
tribution of the coating along the substrate surface. This was also
confirmed by observing cross section of SEM images of systems TPc_M1
and TPc_M2. In contrast to TPc_M2, the coating obtained from the
TPc_M1 system did not show the deep cracks or accumulations of the
TPc suspension at the wire-crossing, generating a uniform coating with
smooth appearance and high adhesion. The comparison between the

images of the systems aided in the interpretation of the adherence va-
lues found for these systems: 91% to TPc_M1 and 20% to TPc_M2.

Surface cracks are observed in both systems in Fig. 6. These cracks
were originated during the calcination step by the dewatering of the
coating and are characteristic of catalytic coatings obtained from TiO2

[39], being beneficial to promote the photocatalytic activity to some
extent [22,38]. The difference between the expansion coefficients of the
metallic substrate and of the catalytic coating can be one of the reasons
for the formation of cracks [18]. These superficial cracks did not affect
the adherence of the coating to the structured metallic substrate. The
TPc_M1 system showed adherence values higher than 90%, even after
180min under highly intense ultrasound treatment.

Fig. 7 shows the Raman spectrum of the TPc_M1 system. An

500 μm 

500 μm 500 μm 500 μm 

500 μm 500 μm 

Fig. 4. Optical microscopy images of M1 and M2 metallic-mesh coated with the three suspensions: TPa, TPb and TPc.

Table 1
Adherence percentage of TiO2 coatings supported in AISI 304 metallic-meshes.

Suspension (PVA/TiO2 ratio) Adherence of TiO2 coatings (%)

M1 M2

TPa (0.19) 18 42
TPb (0.28) 74 32
TPc (0.37) 91 20

500 μm 500 μm 

Fig. 5. Images of optical microscopy of the systems (a) TPa_M2 and (b) TPc_M2.
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important fluorescence effect is observed and makes difficult analyzing
the spectrum. Nevertheless, the main characteristic band of TiO2 with
anatase structure is identified at 142 cm−1, the other 5 bands at 195,
380, 517 and 660 cm−1 are quite small [14]. Besides, the two small
bands at 1350 and 1580 cm−1 correspond to the C]C bound of the
molecular chains of PVA [38]. The presence of this band indicates that
not all carbon of the organic additive was converted to CO2 during the
calcination step.

Raman vibration modes of zirconium oxide were not observed.
However, the fluorescence effect in the Raman spectrum could be at-
tributed to the ZrO2 nanoparticles present in the TPc suspension. This
fluorescence effect has already been reported in coatings containing
nanoparticles in their composition [14].

The identification of the two crystalline phases of TiO2 is of great
importance, because it indicates that the obtained coating can be ade-
quate for photocatalytic purposes. The presence of rutile crystalline
phase can be confirmed through the XRD technique. X-ray diffracto-
grams of the TPc_M1 system and that of the calcined powder of the
suspension TPc are shown in Fig. 8. The peak of ZrO2 in the tetragonal

Fig. 6. SEM images of systems (a) TPc_M1 and (b) TPc_M2.

Fig. 7. Raman spectra of TPc_M1.

Fig. 8. XRD comparison of TPc_M1 system (black) and calcined powder of the suspension TPc (blue). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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form [40], and the TiO2 peaks in the rutile and anatase phases [10,20]
were observed, thus confirming the bands observed in the Raman
spectrum (Fig. 7).

Fig. 9 shows a SEM image with the elemental analysis of the system
TPc_M1. The presence TiO2 and ZrO2 incorporated into the coating and
uniformly distributed at the surface of the structured metallic substrate
is shown.

The identification of both crystalline phases, anatase and rutile, is
an indication that the amount of ZrO2 nanoparticles present in the
suspension did not interfere in the stability of these phases. Literature
reports that the use of a high molar ratio Zr/TiO2 leads to a stabiliza-
tion/formation of anatase in a higher proportion than rutile [18,21].
Another variable that should be considered in obtaining a coating of
TiO2 with the two photocatalytic active phases is the polarity of the
solvent, since a protic solvent forms easily and preferably the anatase
crystalline phase of the TiO2 [41]. Temperature of the calcination step
contributes for obtaining/stabilizing the anatase and rutile phases. By
using high temperatures, the catalytic coating presents only the anatase
phase [13].

Considering the above-mentioned variables: temperature and po-
larity of the TPc suspension, are in the correct direction for obtaining an
adequate catalytic coating, probably with good photocatalytic activity.

Bands of the metallic substrate were not observed by Raman (Fig. 7)
or by elemental mapping techniques (Fig. 9), thus confirming a uniform
morphology and thickness and also high homogeneity of the TPc
coating onto the M1 substrate.

3.3. Evaluation of the structured catalysts in the photocatalytic degradation
of NP4EO

The best structured catalyst TPc_M1 (PVA/TiO2 mass ratio of 0.37,
mesh opening of 546 µm and 2wt% of TiO2 loading) was applied in
heterogeneous photocatalytic reaction aiming the oxidative degrada-
tion of the NP4EO.

Fig. 10 presents the spectral changes of NP4EO during the photo-
catalytic treatment of the synthetic solution at different treatment
times. There are two absorbance peaks at 199 and 225 nm and another
one at 277 nm. The peak at 199 nm is ascribed to the C]C from the
aromatic form, whereas 225 nm corresponds to the CΞC in the ethos
group. The other peak at 277 nm is assigned to the C=O from benzene
ring [7,42].

All peaks almost disappeared at 60min of reaction due to the de-
struction of C]C, CΞC and C]O bonds in the chromophore structure of

NP4EO. It means that all NP4EO is attacked by the hydroxyl radical
(HO%) generated at the catalyst surface and/or by absorbing UV pho-
tons. Furthermore, the absorbance peaks did not increase, meaning that
no intermediates that absorbs in UV–vis spectra were generated during
the photocatalytic degradation. Similar spectra for heterogeneous
photocatalysis using a commercial Ti-TiO2®mesh at treatment time of 0
and 240min were found in a previous work [9].

Fig. 11.a depicts the profile of NP4EO degradation with time ex-
hibiting a NP4EO conversion of 91% (Eq. (1) at the treatment time of
240min. A work carried out by Solcova et al. [43] with a TiO2 thin
layer and that employed initial NP4EO concentration of 10mg L−1

(final volume of 200mL) reports that a NP4EO removal of 91% was
achieved in the same treatment time of 240min. Another literature
report performed by Dzimin et al. [44] informed 85% of contaminant
removal using a TiO2-membrane. The result obtained by our group was
similar or even better to that found in some representative works, with
the advantage of using a final higher volume of 5 L.

Fig. 11.a also shows that the NP4EO degradation with time follows
an exponential trend, which may describe the degradation of NP4EO
according to the first-order kinetic reaction (Eq. (2).

Fig. 9. SEM image of the coating with elemental analysis of the system TPc_M1. Zr (light blue) and Ti (magenta). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 10. UV–vis spectra during the photocatalytic treatment of the synthetic
solution containing NP4EO by TPc_M1. Experimental conditions:
NP4EO=10mg L−1; pH=5 and room temperature.
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The slope of the straight line for a plot of ln(C/C0) versus time (min)
in Fig. 11.b determines the k value resulting in 0.0096min−1. This
work, using an initial concentration of NP4EO of 10mg L−1, achieved
91% of removal and can be compared with a previous work [9], using
50mg L−1, where 87% of degradation and 0.0084min−1 reaction ki-
netics were obtained. On the other hand, this finding does not appear to
be related to mineralization. The results of UV–vis spectroscopy, usually
used to evaluate the degradation of NP4EO, do not show organic by-
products molecules that could be formed, disturbing the evaluation of
the final photocatalytic conversion.

Comparing the results at 240min, between this work and the pre-
vious one [9], with an initial concentration of NP4EO of 10mg L−1 and
50mg L−1, mineralization was found to be 21% and 63% (Eq. (3), re-
spectively.

As previously reported [9], an important step on the NP4EO de-
gradation was the reduction of the absorption band in the UV spectrum
by the UV radiation emitted by the 250W HPL-N lamp (direct photo-
lysis). However, this step does not lead to the NP4EO mineralization. On
the other hand, the TOC abatement is related to the hydroxyl radical
generated on the catalyst surface. Furthermore, the Langmuir–Hin-
shelwood model (equation (2) postulates that the reaction of the species
adsorbed on the surface is the rate-limiting step. In this case, the species
present in the reaction should adsorb on a fixed number of active sites

[45] to react with HO%, leading to mineralization. In this context, a
higher amount of NP4EO contaminant will be mineralized in a more
efficient way with the HO% generated than a lower NP4EO concentra-
tion.

In order to analyze the durability of the TPc_M1 composite, 7 cycles
of 600min each one was performed, and the mineralization was in-
ferred by the decrease of the total organic carbon.

Fig. 12 shows that the TPc_M1 composite catalyst exhibited ex-
cellent stability, without losing activity for the mineralization of
NP4EO. Conversely the stability of TPc_M1 were higher than the ones
obtained by TiO2-foam used on a previous work [14]. The TiO2-foam
was applied in the mineralization of NP4EO and presented a decline in
the NP4EO mineralization associated to a poisoning of the catalyst after
seven reuse cycles [14]. The previously catalytic deactivation (TiO2-
foam) was attributed to adsorption of degradation byproducts on the
active sites, hindering the formation of hydroxyl radicals. The best
stability of TPc_M1 composite catalyst is mainly attributed to three
reasons: (i) the substrate structure that improves the flow through the
TPc_M1 composite, (ii) the composition of PVA/TiO2 ratio and (iii) the
polarity of the TPc suspension in the washcoating method.

The introduced changes in PVA/TiO2 ratio in the washcoating
procedure induced the obtaining of a stable and well dispersed catalytic
coating, without deep cracks or accumulations of the TPc suspension at
the wire-crossing. In fact, the PVA is being removed from the surface of
the catalyst with the use, releasing more active sites [24,46]. Therefore,
an increase in the mineralization of NP4EO was observed. In con-
sequence, the deposit of byproducts on the TPc_M1 surface was
avoided.

It is known that pH has a significant impact in heterogeneous
photocatalysis reaction, which directly affects the oxidative degrada-
tion of contaminants by HO% [47]. Different reports analyze the influ-
ence of the initial pH on the degradation of NPnEO, showing that
pH=5 or less presented the best results [48]. These findings can be
explained considering that the adsorption of organics depends on the
nature of the catalyst and of the solutions [48]. For TiO2, the zero
charge point (PZC) is around 6 [49]. Under acidic conditions, the PZC
potential of TiO2 is positive and NP4EO is in anionic form, which re-
presents an advantage to the adsorption of NP4EO, promoting the
NP4EO degradation. In the present work, the initial pH of the solution
was 5 ± 0.3 and, after the treatment time, no significant differences in
pH values were observed.

Fig. 11. (a) Degradation profile of NP4EO on the treatment of synthetic solution
by heterogeneous photocatalysis with TPc_M1. (b) Langmuir–Hinshelwood
model plot of reaction rate.

Fig. 12. NP4EO mineralization (synthetic solution) in the long-term stability
test using TPc_M1 in the heterogeneous photocatalytic reaction.
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3.4. The role of water matrix in the performance of the TPc_M1 catalyst

Fig. 13 shows the spectral changes of the wastewater containing the
NP4EO before and after the treatment by photocatalysis on TPc_M1. The
NP4EO degradation is like the one previously presented in Fig. 10 for
synthetic solutions, i.e., the characteristic peak of NP4EO also dis-
appeared after 60min in the real wastewater matrix due to the de-
struction of the chromophore structure.

The degradation of the NP4EO, related to the time of reaction, was
calculated based on equation (1). Fig. 14a shows these results for the
NP4EO in the real wastewater. Comparing with the results obtained
with the synthetic solution (X (C)=91% and k= 0.0096min−1,
Fig. 10), it is observed a reduction in the degradation of NP4EO (57%)
and, therefore, there is also a decrease in the degradation rate
(k= 0.00369min−1).

The real wastewater has a content of organic matter presented as an
initial TOC of 7mg L−1, before the addition of NP4EO. This organic
matter can have an influence on the photocatalytic treatment. The re-
duction in the NP4EO degradation rate can be therefore most attributed
to the UV radiation scavenger, the organic matter, present in the real
wastewater matrix [9]. Other important factor is that NP4EO have an
exceptional ability to form colloids by the agglomeration with organic
matter [50]. Consequently, there is a competition by the active sites on
the TPc_M1 catalyst, leading to a decrease in the degradation rate.

Fig. 14.a also shows the mineralization profile of the organic com-
pounds present on the wastewater matrix containing NP4EO. By equa-
tion (3), a mineralization of 17% was found on TPc_M1. This miner-
alization (17%) is smaller than the one previously obtained (21%) with
the synthetic solution. In fact, the organic compounds present in the
real wastewater matrix can interact with the UV radiation and a pho-
tolysis process can consume UV, decreasing the UV radiation arriving at
the catalyst surface. As a consequence, less hydroxyl radicals are
available for the mineralization reaction [51]. On the other side, the
initial TOC content is higher for the wastewater containing NP4EO
(12mg L−1) than for the synthetic solution (8mg L−1). It is then ex-
pected that more time will be necessary to achieve the same miner-
alization.

Furthermore, the catalytic activity of TPc_M1 to HO% generation can
be associated to the initial chemical composition of the real wastewater
(supplementary material, Table S2). According to Halmann et al. [52],
the nitrite ion can be converted in nitrate by two HO% scavenger ac-
cording to the proposed mechanisms (Eq. (4)).

2 HO%+NO2
−→NO3

−+H2O (4)

Halmann et al. [52] explain that the proposed mechanism of
equation (4) involves the surface of structured catalysts adsorbing ni-
trite ions, with consequent interaction with HO% according to the
Langmuir-Hinshelwood mechanism. In fact, by the treatment with real
wastewater the nitrite concentration decreases from 155mg L−1 to
14mg L−1. On the other hand, the nitrate concentration increases from
192mg L−1 to 335mg L−1. This fact leads to competition with organic
contaminants adsorbed, with changes in the rate of mineralization at
real wastewater containing NP4EO [51].

4. Conclusions

This work brings new insights about the synthesis procedure of TiO2

coatings with high adherence onto stainless steel meshes, keeping un-
altered its main features and the anatase/rutile proportion.

The TPc_M1 structured system was an active and highly stable
photocatalyst. In addition, the TiO2 coating kept, after being used
several times under reaction conditions, similar catalytic activity from
the initial tests. The better results were related to the wire opening of
the metal mesh, thermal pre-treatment and PVA/TiO2 ratio used in the
washcoating.

In the synthetic solution, that system provided NP4EO degradation
of 91% and mineralization of 60%. In fact, these results do not change
significantly when the structured catalyst was applied to a real waste-
water matrix spiked with target NP4EO contaminant.

Fig. 13. Changes in UV–vis spectra during the photocatalytic degradation of
wastewater containing NP4EO by TPc_M1.

Fig. 14. (a) Degradation of NP4EO and mineralization profile of organic matter
present in real wastewater on TPc_M1 samples in heterogeneous photocatalysis
reaction. (b) Langmuir–Hinshelwood model plot of reaction rate.
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