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The preparation of iron oxide-coated polymer films and their photocatalytic activity in organic pollu-
tants degradation and bacterial inactivation is described. Polyvinyl fluoride (PVF), polyethylene (PE) and
polyethylene terephtalate (PET) films were used as catalyst supports. Polymer surfaces were function-
alized by vacuum-UV radiation (V-UV) and radio-frequency plasma (RF-P); and also by photo-Fenton
oxidation (P-FO) and TiO, photocatalysis (Ti-PC) in solution. These pre-treatments were performed to
improve iron oxide adhesion on the commercial polymer surface. The functionalized polymers films (Pf)
were afterward immersed in an aqueous solution for the deposition of iron oxide layer by hydrolysis of
FeCls. The photocatalytic activities of iron oxide-coated functionalized polymers films (Pf-Fe oxide) pre-
pared by different methods were compared during hydroquinone degradation in presence of H,O,. RF-P
and Ti-PC pre-treated polymers showed significantly higher photocatalytic activity and long-term sta-
bility during processes leading to pollutant abatement, if compared with not treated ones (NT), although
similar leaching of iron was observed for all the materials. PET bottles (PET}, ) were used as reactor and cata-
lyst supports. The produced PET,f-Fe oxide surfaces were efficient in photo-assisted bacterial inactivation

in the presence of H,0,, and no dissolved iron species were detected in solution.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The photo-assisted Fenton oxidation is a promising alternative
to obtain drinking water from contaminated water since it leads
to water remediation under solar light irradiation. Homogeneous
photo-Fenton process (Fe2*/H,0,/light) is a method for the treat-
ment of water containing bio-recalcitrant organic pollutants [1]
that has also shown to be effective in bacterial disinfection [2-5].
However, this process has some disadvantages such as the need
of a narrow operational pH range (pH 3-5) and sludge formation.
Therefore, an end of pipe treatment is needed to neutralize pH and
to recover catalyst since the maximum dissolved iron concentra-
tion allowed in the European Union legislation for drinking water is
0.2 mg/L[6]. To overcome these limitations the use of dispersed iron
oxides particles such as hematite, goethite or akaganeite as solid
photo-Fenton catalyst has been proposed [7]. The immobilization
ofiron oxides on supports and the evaluation of their photocatalytic

* Corresponding author. Tel.: +41 21 693 47 20; fax: +41 21 693 61 61.
E-mail address: cesar.pulgarin@epfl.ch (C. Pulgarin).

1385-8947/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2010.03.035

activity have shown growing interest during the present decade
[8-14].

Solar water disinfection (SODIS) is alow cost method for treating
microbial contaminated drinking water in transparent plastic bot-
tles [15]. Nevertheless this method presents some disadvantages
such as temperature dependency and re-growth of microorganism.
The application of photo-Fenton could solve the SODIS limitations
and lead to the simultaneous disinfection and degradation of xeno-
biotics and natural organic matter.

The use of polymer film or bottles as supports for iron oxides
deposition was chosen for this study although it induces several
drawbacks that have to be overtaken: (i) commercial polymer films
surfaces are slick, limiting iron oxide crystal nucleation and its
adhesion to the substrate; (ii) since the point of zero charge of
iron oxide is around pH 8 [16] their surface is positively charged
at neutral and acidic pHs. Thus, the presence of electron donor
groups as carboxylic acids on polymer support surface is required
to bind strongly iron oxide particles; and (iii) polymer films are
destroyed under high temperature and are slowly degraded under
solar irradiation. Although commercial available polymers have
surface roughness, electron donor groups, relatively high melting
point and high stability under solar light, many commonly used


http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:cesar.pulgarin@epfl.ch
dx.doi.org/10.1016/j.cej.2010.03.035

F. Mazille et al. / Chemical Engineering Journal 160 (2010) 176-184 177

and low cost polymers films such as polyethylene (PE), polyethy-
lene terephtalate (PET), etc., do not show such properties. Since
those polymer films are widely used in packaging or bottles, they
can be recycled as photocatalyst supports, but a functionalization
of their surface is required.

Radio frequency plasma (RF-P) and vacuum ultraviolet (V-UV)
treatment have been applied for polymer surface functionalization
[17]. RF-P and V-UV treatments were applied to textiles to pro-
mote the deposition of silver [18] or TiO, [19] for antibacterial
applications.

Photocatalytic treatments such as TiO, photocatalysis (Ti-PC)
and photo-Fenton oxidation (P-FO) are attractive alternatives for
polymer surface modification because of the mild conditions
needed (solar light, low temperature and atmospheric pressure).
Besides, Ti-PC treatment of polymer films was studied recently for
increasing adhesion strength before electroless Cu plating [20] and
iron oxide deposition [21].

This investigation is directed toward the fixation and photo-
catalytic performance of iron oxide on different polymer films
previously functionalized by different methods. To compare the
photo-activity as a function of preparation procedure (different
functionalization methods) hydroquinone was selected as a model
compound. The ability of these photocatalysts to inactivate bacteria
was studied using Eschecheria coli as a model microorganism.

2. Experimental
2.1. Chemicals

Hydroquinone, NaOH, HNOj, FeCl3-6H,0, FeSQ4, ferrizine,
hydroxylamine hydrochloride, acetate buffer (pH 4.65) were Fluka
p.a. reagents (Buchs, Switzerland) and used as received. Hydrogen
peroxide (35%, w/w) was supplied by Merck AG (Darmstadt, Ger-
many). TiO, P25 (anastase to rutile weight ratio between 70:30
and 80:20) was supplied by Degussa. The polyvinyl fluoride (PVF),
polyethylene (PE) and polyethylene terephtalate (PET) films were
72 pm thick and were supplied by Goodfellow (Cambridge Ltd.,
United Kingdom). The PET bottles (polypropylene cover, 100 mL,
diameter: 4.8 cm, heigth: 9.5 cm) were supplied by Reactolab SA
(Servion, Switzerland). Solutions were prepared with Millipore
water (18.2 M2 cm at 25°C).

2.2. Photo-reactor and irradiation procedures

The photo-reactor setup for organic pollutants degradation and
the lamp characteristics have been reported elsewhere [21]. Briefly,
the irradiation experiments were started at room temperature
(20°C), but during degradation process the temperature reached
30°C. Control experiments in the dark were performed in similar
conditions. Three Pyrex glass reactors containing an internal PVC
cylinder as photocatalyst film support were placed in parallel inside
the solar box. The degradation experiments for the hydroquinone
(HQ) solutions (0.18 mM) and H,0, 1.6 mM were performed under
recirculation.

For bacterial inactivation, experiments were carried out in
batch mode in a 100 mL Pyrex glass reactor (4 cm diameter, 9cm
height, and 100 mL volume, lab made reactor, Verrerie du Jorat,
Corcelles-le-Jorat, Switzerland) or PET bottles reactors placed in
parallel inside the solar box. The polymer photocatalyst films
(PETT-PC_Fe oxide 9 cm x 12.5 cm) were placed around the inter-
nal surface of the Pyrex photoreactor without internal support.
PET bottles were used both as reactor and photocatalyst sub-
strate. The temperatures during the experiments were always
below 38°C then thermal inactivation of microorganisms can be
excluded.

2.3. Analysis of the irradiated solutions

The quantitative determination of organic compounds was
carried out by HPLC chromatography using a LC system HPLC-
UV: Shimatzu LC-2010A equipped with a UV detector. Samples,
injected via autosampler, were eluted at a flow rate of 1 mL/min
through a column (nucleosil C18 Marcherey Nagel) and using
a 60:40 acetonitrile: 1% (v/v) aqueous acetic acid solution as
mobile phase. Total organic carbon (TOC) was monitored via
a Shimadzu 500 instrument equipped with an ASI automatic
sample injector. The peroxide concentrations were assessed by
Merkoquant® paper at levels between 0.5 and 25mg/L. The
total iron concentration in the irradiated solutions was mea-
sured by complexation with Ferrozine® (Aldrich 16.060-1) in the
presence of hydroxylamine hydrochloride and an acetate buffer
(pH 4.65) [22].

2.4. Bacterial strain and growth media

Bacterial strains. The E. coli strain K-12 (MG1655) was used for
all the disinfection experiments and supplied by DSMZ (German
Collection for Microorganisms and Cell cultures, Darmstadt, Ger-
many). E. coli K-12 is a non-pathogenic and close to the wild-type
E. coli, a typical indicator bacteria for enteric pathogens.

Sample preparation. Strain samples were stored in cryo-vials
containing 20% glycerol at —20 °C. Bacterial pre-cultures were pre-
pared for each experimental series by streaking out a loopfull from
the strain sample onto Plate Count Agar (PCA) and subsequent incu-
bation of these plates for 24 h at 37 °C (Heraeus Incubator B 5060
EK-CO2, Heraeus Instruments, Hanau, Germany). From the grow-
ing colonies, one was re-plated on a separate PCA and incubated
again for 24h at 37°C.

Luria-Bertani (LB) broth (10 g Bacto™ Trypton, 5 g Yeast extract,
10¢g NaCl per liter) was prepared for each experimental series by
suspension in MilliQ and heat-sterilization by autoclave (121 °C,
20 min, VST 500A, LS SECFROID, Blanc Labo, Lonay, Switzerland).

To prepare the bacterial pellet for the photo-inactivation
experiments, one colony was picked from the pre-cultures and
loop-inoculated into a 50 mL sterile PE Eppendorf flask contain-
ing 5mL of LB broth. The flask was then incubated at 37°C and
180rpm in a shaker incubator (Minitron Al 71, IN-3 FORS AG,
Bottmingen, Switzerland). After 8 h, cells were diluted (1%, v/v) in
a 250 mL Erlenmeyer flasks containing 25 mL of pre-warmed LB
broth and incubated at 37°C for 15h in Heraeus Incubator until
stationary physiological phase was reached. Bacterial growth and
stationary phase was monitored by the optical density at 600 nm.
Cells were harvested during stationary growth phase by centrifu-
gation (15 min at 5000 x g (RCF) and 4°C) in a universal centrifuge
(HERMLE Z 323K, Renggli Laboratory Systems, Renens, Switzer-
land). The bacterial pellet was re-suspended and washed for 10 min
in the centrifuge.

Washing was repeated twice and the bacterial pellet was
re-suspended to the initial volume. This procedure resulted in
a bacterial pellet containing 1.5 x 108 CFU/mL Washing and re-
suspension was done in heat sterilized MilliQ water. At the
beginning of each experiment the reactors containing the bacterial
suspension were placed in the solar simulator in the dark under
magnetic stirring for at least 1 h in order to let bacteria adapt to the
new matrix and to allow die-off of the most stress sensitive species.
After stabilization of the population, H,O0, was added before turn-
ing on the lamp.

Plating. Colony forming units (CFU) were monitored by pour
plating on PCA. At each data point 1mL of sample was with-
drawn. Exceeding H,0, was neutralized with catalase, aliquots
were diluted in 10% steps and poor plated on PCA. Plates were
incubated for 24 h at 37 °C and CFU were counted manually.
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2.5. Catalyst characterization

The UV-vis spectra of different photocatalysts were recorded on
a Varian Cary 5 equipped with an integration sphere.

X-ray photoelectron spectroscopy data were collected by Axis
Ultra system (Kratos analytical, Manchester, UK) under ultra-
high vacuum condition (<10-8 Torr), using a monochromatic Al
Ka X-ray source (1486.6eV) at the laboratory of Chemical Met-
allurgy at EPFL. The source power was maintained at 150 W
(10mA, 15KkV). The emitted photoelectrons were sampled from
a square area of 750 pm x 350 wm. The gold (Au 4f;) and cop-
per (Cu 2p3p;) lines at 84.0 and 932.6 eV respectively, were used
for calibration, and the adventitious carbon 1s peak at 284.6eV
was used as an internal standard to compensate for charging
effects.

The surface morphology of the catalysts was investigated using
ascanning electron microscope (Phillips XL30 SFEG) equipped with
X-ray detector.

3. Results and discussion
3.1. Catalyst preparation and characterization

Photoactive iron oxide was deposited on commercial polymer
film substrates. Before use, the films were washed in a diethyl
ether:ethanol (1:1) mixture and in MilliQ water in order to elimi-
nate surface contaminants. Then polymer films were functionalized
by different methods (V-UV, RF-P, Ti-PC, P-FO) describe in the next
paragraphs.

3.1.1. Functionalization with RF-plasma

The polymers films were treated in a RF-plasma (RF-P) cav-
ity (Harricks Corp., 13.56 MHz, power 100W) at a pressure of
1.0 mbar (leading to so called PVFRF-P), The gas used for the plasma
generation was air. Plasma can be broadly defined as a gas con-
taining charged and neutral species. The reactions between those
gas-phase species and polymer surface species produce functional
groups like hydroxyls, ketones and carboxylic acids. Other reac-
tions induced by the plasma are the polymerization, cross-linking
and etching [17].

The functionalization process occurs in the topmost layers and
increase with longer treatment time, but remains constant with
treatment time >30min [18]. For this reason the latter time has
been chosen for RF-P treatment.

A previous report [24] presented a detail electron spectroscopy
for chemical analysis (ESCA) study of the effect of oxygen RF-P treat-
ment on PVF surface which was shown to produce C=0, fluorine
loss and a slight loss of carbon atoms (by etching). As the effect of
RF-P on PVF was studied elsewhere [24], it is not reported on the
present work.

3.1.2. Functionalization with V-UV

The polymer film surface was also functionalized by V-UV irra-
diation (leading to so called PVFV-UV) using the 185 nm (6 W) line
froma25W (254 + 185 nm) low pressure mercury lamp (Ebra Corp.,
Tokyo, Japan). The lamp was a synthetic silica tube. The poly-
mer film was attached around the lamp tube. The gas used was
air (0.8 mbar) and the treatment time was 30 min (same treat-
ment time as in [18]). Lower energies than in RF-P are attained
by V-UV activation, not allowing the formation of charged oxygen
species in the gas phase. Only atomic (O) and excited (O") oxy-
gen species are formed. Most of the polymers strongly absorb the
V-UV leading to the dissociation of various chemical bonds in poly-
mer molecules and to formation of radicals. The recombination
of radicals formed by V-UV photolysis leads to the formation of
cross-links. The detachment of hydrogen molecules H, induced by

V-UV photolysis is responsible for the formation of double bonds
in polymer matrix. Besides, V-UV treatment may improve surface
mechanical properties and change the polymer surface morphol-
ogy but without significant etching [17]. A detail investigation on
the effect of V-UV radiation on PVF films was reported recently
[25]. It was found that with short treatment times (i.e. <24 h) the
main effect induced by this treatment was a washing of surface
contamination a decrease of fluorine surface concentration and an
increase of carbon surface concentration. As the effect of V-UV on
PVF was studied elsewhere [25], and because this treatment was
not effective to improve iron oxide adhesions (see points 3.2 and
3.3) a surface characterization was not performed on the present
work.

3.1.3. Functionalization with photo-Fenton oxidation

The polymer films were attached on a cylindrical steal sup-
port and immersed in solutions of FeZ* (50mg/L) containing
H,0, (30mM) at pH 3. The batch reactor was irradiated in a
solar simulator CPS Suntest system (ATLAS). The polymer surface
undergoes the photo-Fenton functionalization during 2h under
magnetic stirring irradiation (leading to so called PVFPO), The
species generated in aqueous phase by photo-Fenton oxidation
are radicals such as OH*® or O,°~. As photo-Fenton functional-
ization was not effective to improve iron oxide adhesions (see
points 3.2 and 3.3) the surface characterization of P-FO was not
performed.

3.1.4. Functionalization with TiO, photocatalysis

The polymer films were attached on a cylindrical steal support
and immersed in well dispersed solutions of TiO, 1g/L (0.2 g/L in
sections 3.2 and 3.3) at natural pH. The batch reactor was irradi-
ated in a solar simulator CPS Suntest system (ATLAS). The polymer
surface underwent the TiO, photocatalytic functionalization under
magnetic stirring during 2 h (4 h for section 3.4 and 3.5 irradiation,
leading to so called PVFTi-PC),

The species generated by Ti-PC treatment are radicals such as
hydroxyl and super-oxide, as well as holes and electrons. These
reactive species can react with polymer surface. A recent XPS study
of Ti-PC functionalization of PVF [21] has shown that this treat-
ment generates a variable density of negative groups (such as C=0,
C002-, etc.) and induced fluorine elimination. Besides TiO, par-
ticles were found to bind to the freshly functionalized polymer
surface generating roughness and supplementary photocatalytic
activity. Fig. 1 shows the SEM pictures of PVF before and after the
Ti-PC functionalization. The non-modified PVF surface, Fig. 1a, is
predominantly smooth. After a TiO, PC treatment, aggregated TiO,
particles cover a significant part of the surface exposed to the light
irradiation (Fig. 1b).

3.1.5. Iron oxide coating

Toimmobilize iron oxide, functionalized polymer films (Pf) were
immersed in a solution of FeCl3 5 g/L (2 g/L for section 3.4 and 3.5)
and heated under stirring at 80°C during 1 h (to produce so called
Pf_Fe oxide). Optionally, the composite material was heated in an
oven at 100°C for 1 h. The final films showed a brownish iron oxide
coat. Fig. 2 shows the XPS spectrum representative of iron oxide on
modified PVF films. The Fe (2p) spectrums of as prepared PVFTi-PC_
Fe oxide (trace a), of PVFT"FC_Fe oxide and PVFRF-P-Fe oxide samples
after use are pretty similar and unambiguously characteristic of
Fe3* in an oxide (Fe 2p12, Fe 2p3; and satellite peaks are at a bind-
ing energy of 725, 711 and 719 eV, respectively; the satellite peak
is a distinct peak [26]) which suggest that no significant changes in
the iron oxidation state occurred after use. Akaganeite [27] is prob-
ably the oxide present due to the significant presence of chlorine in
the oxide (see Table 1). Various reports confirm this hypothesis, as
the thermal hydrolysis of FeCl3 solutions leads mainly to the forma-
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Fig. 1. Scanning electron microscopic images of (a) PVF and (b) PVFT-PC,
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Fig.2. Fe(2p)corelevel photoelectron spectrum of (a) as-prepared PVFT-PC-Fe oxide
and (b and c¢) PVFT-PC_Fe oxide and PVFRF-P-Fe oxide, respectively, after three runs.

Table 1
Atomic composition (atomic percent) of PVFT"P’C and PVFT-PC_Fe oxide surfaces
(results from [21,23]).

Samples C (0] F Cl Ti Fe
PVFT-PC 72.6 16.9 9.3 0 1.3 0
PVFT-PC_Fe oxide 35.1 45.1 1.5 1.7 0.3 16.8

tion of akaganeite [28]. Fig. 3 shows the SEM pictures typical of iron
oxide-coated polymer surfaces loaded with iron oxide aggregates
of about 1 wm. These aggregates are composed of nanoparticles of
approximately 50 nm, which seem to cover the polymer surface
(Fig. 3b).

3.1.6. Preparation of PET bottles functionalized by Ti-PC and
coated with iron oxide

Photoactive TiO, and iron oxide were deposited on commercial
PET bottles (100 mL) in a similar way than described in the previous
sections. Briefly, clean PET bottles were filled up with a 60 mL dis-
persed suspension of 1 g/L of TiO,. The bottles were then irradiated
in a CPS Suntest system for 2.5 h under magnetic stirring. The func-
tionalized bottles were then emptied, rinsed with miliQ water and
filled up with 60 mL of a FeCls solution (5 g/L) to carry out forced
hydrolysis at 60 °C during 1.5 h. Heating at 95 °C during half an hour
in an oven was performed to anneal TiO, and iron oxide particles
on the PET surface.

3.2. Effect of functionalization on photocatalytic activity of
PVF -Fe oxide

Fig. 4 shows (i) HQ, (ii) TOC and (iii) dissolved iron concentra-
tions ([Fe]y) over time during degradation experiments mediated
by different photocatalysts in the presence of H,0, and light. The
pH initially 5.7 decreased to 4.5 after 30 min mostly due to the for-
mation of short acidic degradation intermediates. Fig. 4(i) shows
that HQ was resistant to direct photolysis by simulated solar light
alone (trace o).

During the degradation of HQ mediated by PVFNT-Fe oxide (trace
a Fig. 4(i)), PVFPFO_Fe oxide and PVFV-UV-Fe oxide (both repre-
sented by trace b Fig. 4(i)), the HQ degradation was low during
the first 30 min of treatment but was complete at 120 min. The ini-
tial phase is slow and then fast degradation sets seems to be due
to homogeneous photo-Fenton oxidation, since after 60 min the
concentration of dissolved iron ([Fe]y) detected is around 0.3 mg/L
(Fig. 4(iii)). For the photo-assisted degradations (Fig. 4(i)) mediated
by PVFRF-P_Fe oxide (trace c) and PVFT-PC-Fe oxide (trace d), the ini-
tial degradation (first 30 min) was important with about 30 and 60%
of HQ degradation, respectively.

Lo |

&7 ;
1 Det WD Exp |b————— S000m l"l'\')
Ox TLDS1 1 by

Fig. 3. Scanning electron microscopic images of as prepared PVFT-PC_Fe oxide.
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Fig. 4. Reduction of (i) HQ concentration, (ii) TOC and variation of (iii) [Fe]y during
degradation of 0.18 mM of HQ at initial pH 5.7, in presence of 1.6 mM H; 05, 75 cm? of
catalyst under solar simulation (light): (o) photolysis; (a) PVF-Fe-oxide; (b) PVFV-UV-
Fe oxide and PVFP-FO-Fe oxide*; (c) PVFRF-P_Fe oxide; (d) PVFT-PC-Fe oxide. The traces
represent an average over three runs. *Due to similar result obtained for PVFV-UVC-
Fe oxide and PVFPFO-Fe oxide trace (b) represent the results relative to these two
catalysts.

Fig. 4(ii) shows that during the first 30 min. of irradiation, the
TOC slightly increased for PVFNT-Fe oxide (trace a), PVFV-UV-Fe
oxide and PVF’-FO_Fe oxide (both in trace b), due to a degrada-
tion of the polymer substrate, but remains constant for PVFRF-P_Fe
oxide. After that the TOC begins to decrease and about 25, 40 and
55% of mineralization was observed for PVF-Fe oxide, both PVFV-UV-
Fe oxide and PVFPFO_Fe oxide, and, PVFRF-P_Fe oxide, respectively,
after 120 min of treatment. In contrast, a significant TOC decrease

0.8
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0.4

0.2 +

O T T T 1
360 420 480 540 600
Wavelenght (nm)

Fig.5. UV-vis absorption spectrum of (a) PVF-Fe oxide, PVFV-YV-Fe oxide, PVF*-FO-Fe
oxide; (b) PVFRF-P_Fe oxide; (c) PVFT-PC_Fe oxide.

was observed from the beginning, when PVFT-PC_Fe oxide was used
and 65% of TOC was mineralized after 120 min of treatment.

Fig. 4(iii) shows that the leaching of iron was similar for the five
tested catalysts. Only for the PVFTI-PC_Fe oxide, the [Fe]y decreased
slightly at the end of the treatment. This fact suggests that dissolved
iron species were re-adsorbed on the catalyst surface possibly on
TiO, particles. Thus the heterogeneous contribution seems to be
involved in the observed differences as follows: no treatment < P-
FO~V-UV<RF-P «Ti-PC. The possible heterogeneous reactions
involved in the degradation and mineralization of HQ are photo-
Fenton oxidation (Egs. (1)-(4) where =Fe(Il) and =Fe(III) represent
the surface Fe(II)/Fe(III) species) and semiconductor photocatalysis
(Egs. (5)-(9) where SC represent FeOOH or/and TiO, in the case of
Ti-PC)

=Fe(Il) + H,0, — =Fe(lll) + OH* + OH~ (1)
=Fe(lll) + H,0, — =Fe(ll) + HO,* + H* (
=Fe(Ill)(OH)** +hv— =Fe(Il) + OH* (
=Fe(Ill)Ly, + hv — =Fe(I)Ly_q + Lox** (
SC+hv— SC(e™ +h*) (5)
SC(e™) + Hy05 — SC + OH®* + OH~ (
SC(e~) + =Fe(Ill) - SC + =Fe(1I) (
SC(h™) + Ryg— SC + Ryg*™ (
SC(h™) + Hy0 — SC + OH* + H*t (9)

Fig. 5 shows the UV-vis absorption spectrum of several pho-
tocatalysts between 360 and 700 nm before their first use. The
absorbance of PVF film in this region was negligible. The spectrum
of PVFNT_Fe oxide, PVFV-UV-Fe oxide and PVFF'-FO-Fe oxide were
similar and are thus represented by trace a. In contrast, PVFRF-P-
Fe oxide (trace b), and more markedly PVFTi-PC_Fe oxide (trace c)
spectra show that the absorption was higher. The iron oxide on the
polymer surface is responsible for the absorption of light. Hence
the absorbance can be correlated with the thickness of iron oxide
coating. These results show that RF-P and Ti-PC treatments favour
iron oxide nucleation and/or deposition on the functionalized film
and R,4 represents adsorbed organic species. On the contrary, P-
FO and V-UV treatments did not improve significantly iron oxide
deposition compared to no treatment.

Several causes could explain the beneficial effects induced by
the functionalization of PVF surface: (i) a chemical functionalization
where oxygen surface functionalities increase the surface polarity;
(ii) the modification of polymer surface morphology induced by
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Fig. 6. TOC removal during repetitive HQ photocatalytic degradations by (i) PVFNF-
Fe oxide, (ii) PVFV-UV-Fe oxide, (iii) PVFRFP-Fe oxide and (iv) PVFT"PC_Fe oxide
(experimental conditions: 0.18 mM of HQ, solar simulation, initial pH 5.7, H,0,
1.6 mM).

RF-P (etching) and by Ti-PC (deposition of particles); and (iii) the
additional photocatalytic activity induced by the deposition of TiO,
particles and likely synergistic effects with heterogeneous photo-
Fenton oxidation [21]. The fact that V-UV and P-FO pre-treatments
did not increase the photocatalytic activity of as prepared material
(and by extension iron oxide deposition) can be explain by: (i) short
V-UV treatment does not allow the production of polar groups like
COOH on polymer surface and thus will not enhance iron oxide
deposition; (ii) P-FO treatment may produce polar groups suscep-
tible to bind iron oxide particles, however, iron aquacomplexes
might immediately bind with this freshly formed polar moieties
during the pre-treatment process.

3.3. Effect of functionalization on long-term stability of PVF-Fe
oxide

The long term stability of several photocatalysts was tested
repeating photo-Fenton HQ degradations experiments and apply-
ing a self-degradation test (SDT) that involved irradiation of the
photocatalysts in absence of dissolved organic substance but in
presence of H,0,. SDT simulates highly reactive conditions and
aims to assess if the polymer substrate as well as overall photo-
catalytic activity are altered by radicals produced in absence of any
organic compounds.

Fig. 6 shows repetitive HQ mineralization (eight cycles and one
self degradation test). Between two runs, the catalyst and reactor
system were thoroughly washed with distilled water. In Fig. 6(i) and
(ii) (corresponding to PVF-Fe oxide and PVFV-UV_Fe oxide, respec-
tively) the photocatalytic activity remained constant during five
cycles with about 60 and 70% TOC removal after 3 h of treatment.

The SDT (after 18 h) induced an important and irreversible loss of
50% of photocatalytic activity (runs 8-9). For the PVFRF-P_Fe oxide
presented in Fig. 6(iii), irreversible catalytic activity loss of about
25% was observed after the SDT. In contrast, Fig. 6(iv) shows that
for the PVFTI-PC_Fe oxide, the catalytic activity was recovered after
the SDT (runs 4-5) and then decrease slowly. This recovery can be
due to the presence of a thicker iron oxide shell (Fig. 5) and/or to a
more solid binding of iron oxide particles to the polymer surface in
the case of PVFTI"PC_Fe oxide than for the other catalysts.

These results show that the V-UV and PF-O functionalizations
were not beneficial in term of final photocatalyst activity and long-
term stability. In contrast, RF-P and Ti-PC functionalized materials
shows higher stability and catalytic activity than not functionalized
ones. Thus the formation of polar oxygen functionality on polymer
surface as well as the increase of roughness allows the solid binding
of iron oxide particles leading to stable photocatalysts. Besides for
Ti-PC functionalization the presence of significant amount of TiO,
particles on polymer surface can stabilize the photocatalyst acting
as charge trap.

Because the TiO,-PC functionalization led to the photocatalyst
with the highest HQ degradation rates and long-term stability, this
method was chosen for the comparison between PVF, PE and PET
substrates and for the tests on bacterial inactivation.

3.4. Effect of polymer film nature on photocatalytic activity of
PT-PC_Fe oxide

Fig. 7 shows (i) TOC, (ii) HQ and (iii) [Fe]4 over time during the HQ
degradations experiments mediated by photocatalysts composed
of three types of polymeric substrates (PVF, PE, PET) prepared under
conditions slightly different than previously (i.e. TiO, 1g/L in the
Ti-PC treatment and FeCls 2 g/L in the hydrolysis step).

The photolysis test, in presence of H,0, shows a slight increase
of TOC (Fig. 7(i)) likely as a result of degradation and dissolution
of both internal polymeric support and silicon rubbers used for
water recirculation. Fig. 7(ii) shows that HQ was slowly degraded
in presence of UV-vis radiation and H,0,, with about 25% decrease
after 60 min of treatment. Besides, no significant HQ degradation
was observed in presence of light only. During the photocatalytic
experiment mediated by the supported iron oxide on Ti-PC func-
tionalized PE, PET and PVF, HQ and TOC evolution were similar,
reaching HQ total degradation between 60 and 90 min, and around
80% TOC decrease in 120 min. This fact indicates the low effect of
the nature of polymer substrate on catalyst efficiency.

In contrast, Fig. 7(iii) shows that the amount of leached iron ions
was dependant on the polymer nature with a maximum around
1.1, 0.9 and 0.7 mg/L after 120 min of treatment for PET, PVF and
PE, respectively. The amounts of dissolved iron observed in this
experiment for the PVF substrate were higher than those displayed
in Fig. 1(iii), probably due to the difference in the catalyst prepara-
tion procedure. However three of the catalysts polymeric substrates
used in the experiments of Fig. 7, were prepared with the same
procedure and, thus, comparison is possible. A larger iron leach-
ing could be linked to larger iron oxides quantities adsorbed on the
substrate and, by extension, to the achievement of more surface
functionalization in the pre-treatment, and to the own nature of
substrate (higher polarised surface).

3.5. Elucidation of the role played by homogeneous photo-Fenton
chemistry.

Since homogeneous photo-Fenton reactions seem to play an
important role in the above described degradation of HQ and TOC
removal due to the presence of significant quantities of dissolved
iron species, a set of experiments were carried out in order to dis-
tinguish between the contributions of homogeneous photo-Fenton,
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Fig. 7. Evolution of (i) TOC, (ii) HQ concentration and (iii) [Fe]q during degradation
of 0.18 mM of HQ at initial pH 5.7, in presence of 1.6 mM H,0,, 75 cm? of catalyst
(PET-PC_Fe oxide, PVFT"PC-Fe oxide, PETT"PC-Fe oxide, Fe?*) under solar simulation
for different polymeric substrates. The traces represent an average over three runs.

heterogeneous photo-Fenton (Egs. (1)-(4)), TiO, and iron oxide
heterogeneous photocatalysis (Egs. (4)-(9)).

Two experiments using typical conditions of the above polymer-
based experiments with 0.5 and 1.0 mg/L of Fe3* added to the initial
solutions were carried out (Fig. 7(i)). The amounts of Fe3* were
selected taking into account that for polymers tested section 3.3:
(a) the amount of free Fe3* in solution after 60 min (and at the end
of the treatment) was around 0.4 mg/L; (b) this amount increased
to a maximum of 0.7-0.9mg/L after 120 min (Fig. 7(iii)). These
experiments simulate the homogeneous contribution due to dis-
solved iron ions in the heterogeneous system. Nevertheless these
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Fig. 8. Evolution of HQ concentration and TOC during degradation of HQ mediated
by PVFT-PC ((a) and (b), respectively) and PVFT-PC_Fe oxide ((c) and (d), respectively)
(experimental conditions: 0.18 mM of HQ, solar simulation, controlled pH 6, H,0,
1.6 mM).

results are only indicative since in the case of heterogeneous sys-
tem, the dissolved iron concentration is time-dependant and the
optical properties of the reactor changes due to the presence of
polymer film photocatalyst.

Larger mineralizations were always observed with the hetero-
geneous systems, making clear that the observed chemistry is not
only of homogeneous character and pointing toward a remarkable
contribution of the heterogeneous reactions (Fig. 7(i)) were a 20%
increase of the mineralization rate is noticed in presence of the
polymer film photocatalyst if compared to homogeneous photo-
Fenton (1 mg/L).

In order to avoid the occurrence of homogeneous photo-Fenton
reactions, additional experiments under controlled pH conditions
were carried out. The solution pH was kept constant around 6 by
periodical additions of a concentrated H,SO4 solution. In this way,
release of free Fe?* and Fe3* to the solution was minimized. The
changes observed in HQ concentration and TOC values then could
be assigned to heterogeneous chemistry. As can be seen in Fig. 8,
during 180 min of reaction, the HQ concentration follows almost
the same time-course either using the PVFTi"PC_Fe oxide or the
PVFT-PC catalysts. Concerning TOC removal both catalysts show
a poor activity as can be seen in Fig. 8. Even a slight increase of
TOC along reaction time is noticed. This could only be explained by
considering partial degradation of the organic support and organic
release to the solution.

Apart from differences between the two catalysts such as differ-
ent quantities of TiO, and the presence or not of large amounts of
iron oxide at photocatalyst surface (Table 1), the former result could
indicate that at controlled pH 6, supported TiO, photocatalysis is
the main contributor to the heterogeneous chemistry. Iron oxide
contribution via SC photocatalysis (Egs. (5)-(9)) and/or heteroge-
neous photo-Fenton (Egs. (1)—(4)) which was significant at acidic
pHs (4.5 section 3.2) appears to be low under these conditions.

In this sense, the improvement of the polymer-catalyst cou-
ple should be the object of further research. Either the synthesis
of TiO,-iron oxide mixtures strongly attached to the polymers, or
the increase of the catalyst films thickness, or changes of the TiO;-
iron oxide proportion or composition would possibly minimize the
effect of solution pH changes or the consequences of the photo-
catalysis toward the polymeric support itself.

3.6. Bacterial inactivation
The ability of PETT"PC_Fe oxide to inactivate the indicator bac-

teria E. coli in presence of H,0, and light was investigated in batch
reactor. However this material was found to constitute a light filter
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Fig. 9. Inactivation of E. coli on PET bottle reactors (experimental conditions pre-
sented in Table 2).

to the incoming light, protecting bacteria suspension from direct
radiation. The protective effect was not observed in the case of
HQ degradation because the reactor setup was different (the inter-
nal opaque PVC support make the photochemical reaction possible
only between internal surface of Pyrex reactor and the surface of
photocatalyst films) and because in contrast with E. coli, HQ is resis-
tant to photolysis (Fig. 9).

Then PET bottles (PET,) were used as catalyst support and
their bottom were functionalized and coated with iron oxide (to
let the light pass through the suspension) leading to PET,Ti-PC-
Fe oxide. The inactivation of E. coli suspended in pure water
under simulated solar light was measured in PET, reactor in
presence of Fe3* and H,0,. Simultaneously, inactivation medi-
ated by PET,Ti"PC_Fe oxide in presence of H,0, and the photolytic
inactivation were measured. Fig. 9 shows first order exponen-
tial fittings (lines) calculated in Matlab (N; = Ngekobsxt). Table 2
shows the composition of the suspension matrices, the experimen-
tal conditions for the different systems and observed inactivation
rates (k,ps (min—1)). Fig. 9 shows that the heterogeneous system
(PET,T"PC_Fe oxide/H,0,/light) has a higher bactericidal effect as
the homogenous system (Fe3*/H,0,/light) in PET bottles (both
kops ~0.6 min~1). Similar experiments using H,0, (0.3 mM) and
light, have shown that bacterial inactivation rates were similar to
those when using light only (results not shown here [5]). Besides
as the rates of compounds degradation by PTPC-Fe oxide/light
were an order of magnitude lower than when using PTiFC-Fe
oxide/light/H,0, [21], the heterogeneous system is supposed to
be inefficient as well for bacterial inactivation in the absence of
hydrogen peroxide.

Iron ions concentrations in the filtered samples was below the
detection limit (<0.1 mg/L) for both heterogeneous and homoge-
neous systems. Different explanations can justify the absence of
detectable dissolved iron when using PET bottles: (i) the inactiva-
tion may takes place on bottle surface (on iron or titanium oxide for
heterogeneous system, and iron complexes adsorbed on bottle sur-
face for homogeneous system), and (ii) the dissolved iron species

Table 2
Experimental conditions and observed rate constants for the bacterial inactivation
tests in PET bottle reactors under simulated solar radiation.

Photocatalyst H,0, (mM) Kops (min~1)
a - - 0.0244+0.004
b Fe? (0.6 mg/L) 03 0.053 +0.008
C PET,T-PC-Fe-oxide 0.3 0.060 +0.004

may also be adsorbed on bacteria surface or even enter the intra-
cellular medium and this contact could significantly contribute to
the effective photo-inactivation [5].

4. Conclusions

Implement a functionalization of polymer surface can be an effi-
cient strategy to improve the attraction between iron oxide and
polymer film supports, leading to more efficient photocatalysts.
Besides functionalization process such as Ti-PC can concomitantly
lead to the deposition of additional active specie (TiO, particles).

¢ Among the different functionalization processes studied here, RF-
P and more markedly Ti-PC treatments were useful to improve
photocatalytic activity and long-term stability.

e PVF, PE or PET supports led to catalysts showing similar photoac-
tivity ruling out the possibility that the polymer nature influence
significantly the catalyst efficiency.

e However significant amounts of dissolved iron species leached
from catalyst substrate lead to important homogeneous photo-
Fenton contribution.

o PVFT-PC_Fe oxide was not an efficient material to mineralize HQ
at controlled neutral pH. Under these conditions, HQ degrada-
tion was slow and mostly caused by TiO, photocatalysis and the
heterogeneous photo-Fenton process contributed only in a minor
way.

PET bottle employed as reactors and catalysts support
(PET,T-PC_Fe oxide) was an efficient heterogeneous photocatalyst
to inactivate bacteria and no dissolved iron ions were detected in
the filtered solution opening perspectives for SODIS applications.
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