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ABSTRACT

Novel Fe supported catalysts were prepared by immobilizing iron species on commercial polyethylene via
three different methods: (1) acidic pre-treatment of the polyethylene followed by impregnation in aque-
ous Fe(NOs)s, (2) TiO, photo-catalytic pre-treatment of the polyethylene followed by forced hydrolysis
of Fe(NO3)3, and (3) direct photo-Fenton attack with concomitant iron deposition on the polyethylene
surface. The last method required soft conditions and led to the most photo-active Fe-polyethylene
film. With this material, at a non-adjusted initial pH of 5.6 in the presence of H,0,, total degrada-
tion and 50% of resorcinol mineralization were observed in 40 and 60 min, respectively. Photo-Fenton
functionalization/Fe-deposition process was also applied to polypropylene, high-impact polystyrene,
and polymethylmethacrylate films. The efficiencies of all the prepared heterogeneous photo-catalysts
were similar to that of an homogeneous photo-Fenton system containing the same amount of Fe3*/2*
that leached during “heterogeneous” processes. That demonstrated than in our systems mainly homo-
geneous photo-Fenton reactions were responsible for the resorcinol degradation. The photo-catalytic
activity observed for the Fe/polymer was a function of the specific polymer capacity to release the initially

deposited iron into the solution.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Within recent decades, there has been growing concern related
to the environmental and the health impacts of pollution caused
by toxic/non-biodegradable industrial effluents. Their degradation
is necessary to prevent pollutant accumulation in the environment
and injury to living organisms. The application of photo-catalytic
processes is an attractive alternative for removal of bio-recalcitrant
pollutants [1-3]. These technologies are based on the production of
highly oxidative radicals such as hydroxyl and hydroperoxyl. Their
application in water and air purification [4,5], or disinfection [6,7]
has been reported.

Among photo-catalytic processes, homogeneous photo-Fenton
oxidation is one efficient route for the degradation of a wide vari-
ety of organic compounds in water [8,9]. However, this process has
several disadvantages in practical applications: large amounts of
chemicals and manpower are required, before treatment, to obtain
pH next to 3 in order to prevent ferric oxy-hydroxide precipita-
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tion. Besides, catalyst separation can be necessary after treatment
if water is to be reused or drunk [10,11].

To overcome the former limitations, some studies have
described the immobilization of iron species like aqua-complexes
or oxides on different supports including inorganic materials
[12-14], fly ash [15], activated carbon [16,17], organic polymeric
materials such as membranes (nafion, poly-acrylic acid)[11,18,19],
films (polyvinyl fluoride, polyethylene) [20,21] and natural fibers
(collagen, cotton) [22]. In general, these materials led to Fenton or
photo-Fenton degradation of pollutants in solution, even at a wide
range of initial pH values.

Nevertheless, the stability of the immobilized catalyst is a con-
troversial issue because iron dissolution occurs, particularly in the
presence of organics with ligands able to chelate/bind iron. This
leads to high levels of iron ions in solution (typically 2-14 mg/L)
[12,17,23-28]. Hence, many results point to the contribution of
homogeneous iron during the degradation of pollutants.

The present study focuses on the deposition of iron species
on modified polyethylene (PE) films via three different methods:
(1) acidic pre-treatment followed by impregnation in aqueous
Fe(NOs3)s3, (2) TiO, photo-catalytic pre-treatment followed by
forced hydrolysis with solution of Fe(NO3)s, and (3) direct photo-
Fenton attack with simultaneous iron cations deposition on the
polymer surface. We selected the deposition method that produced
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the most photo-active material and was applied to polypropylene
(PP), high-impact polystyrene (PS), and polymethylmethacrylate
(PA) films. The photo-catalytic activity of iron-species-coated poly-
meric films was evaluated for resorcinol (R) degradation. As Fe-ion
leaching occurs, the contribution of the homogenous reactions was
evaluated during the degradation of the pollutant in solution.

2. Experimental
2.1. Chemicals

Resorcinol, H,0,, HNO3, H;S0y4, NaHSO3, FC(NO3 )3~9H20,
(NHg4),Fe(SO4),-6H,0, FeS04-7H,0, NaHCO3, were Merck reagents
(Buchs, Switzerland) and TiO, P-25 commercial powder (anatase
to rutile ratio ca. 75:25) was supplied by Degussa AG (Germany)
and used as received. Commercial low-density polyethylene,
polypropylene, polymethylmethacrylate (Expoplastic, Colombia)
and high-impact polystyrene (Estizulia, Venezuela) films had thick-
nesses of 35 pwm. Deionized water (18 M2 cm and dissolved organic
carbon (DOC)<0.1 mg C/L) obtained by using a Millipore (Milli-Q)
was used in all experiments.

2.2. Photo-reactor and photo-catalytic procedure

Photo-degradation experiments were performed with 20 mL of
Rsolution (91 wM), ata non-adjusted initial pH of 5.6, room temper-
ature (28 °C and progressively increased up to ca. 32 °C), and in the
presence of H,0, 1.2 mM, a H, 0, concentration higher than 0.3 mM
was guaranteed re-adjusting each 20 min. A H,O, stoichiometric
concentration for total R mineralization was used, considering that
their excess affects the efficiency of oxidation, because react with
the hydroxyl radicals (HO®) for to produce hydroperoxyl radicals
(HO,*) that are less reactive than HO* (Eq. (1)) [29].

HO* + H,0, — HOy* + H,0 (1)

The residual H,O, was quenched with bisulfite. The experi-
ments were carried out in triplicate under magnetic stirring into the
polymeric materials used both as catalyst support and reactor. The
radiation incoming to the film was guaranteed by using the mini-
mal pollutant solution layer (<2 mm). Fig. 1 shows the cross-section
of photo-reactor system, which consists of a Pyrex® Petri dish sup-
porting the polymer film (® =8 cm). The reactor was subjected to
UV light irradiation (Phillips TLD, Nederland) with Ampax =350 nm,
and only the upper face of the polymer was exposed to the incoming
light (42.8 W/m2). This type of photo-reactor completely illumi-
nated and without dark compartments as recirculation tubes, was
selected to limit errors linked to the parasite Fenton reactions pro-
duced on Fe-oxides involuntarily attached to non-illuminated parts
of the classical re-circulating systems. Each experimental point of
the R degradation kinetics corresponded to one Petri dish, therefore

Functionalized/
Fe-deposited face
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Petri dish Resorcinol
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Fig. 1. Cross-section of photo-reactor system with polymeric film.

at zero time seven Petri dishes simultaneously were irradiated, and
sequentially each was taken for R, DOC and Fe analysis.

2.3. Preparation of Fe-immobilized polymeric films

Before modification, the polymer films were washed in ethyl
acetate/methanol (1:1) mixture and in Milli-Q water to eliminate
surface contaminants. Three different deposition methods were
used for the immobilization of iron on PE films in the same reactors
described in Fig. 1:

a. Impregnation method: PE film was treated with HNO3 solution
(10%) at room temperature for 18 h. Thereafter, the procedure
described by Liu et al. [22] slightly modified, was used for to
load iron onto the polymeric film; the material was treated with
30.0 mL of aqueous Fe(NOs3); (82.4mM) at pH ca. 2.0 (adjusted
with HNO3) and the mixture was stirred constantly at 48 °C for
4h. In order to increase the pH to 3.0, a NaHCOj3 solution was
slowly added over the course of 2 h, and the reaction proceeded
at 48 °C for another 12 h. This material is called PEjyp.

b. TiO, photo-catalytic pre-treatment followed by forced hydroly-
sis: The procedure described by Mazille et al. [20] was slightly
modified. The PE film was treated in a dispersed suspension of
TiO, (0.8 g/L, pH 3.0) for a period of 4 h under UV light (described
in Section 2.2) and magnetic stirring. Then the pre-treated PE
substrate was immersed in a solution of Fe(NO3 )3 (32.2 mM) and
heated to 90 °C during 2 h under stirring. This material is called
PErj p-n-

c. Photo-Fenton preparation process: The PE film was immersed in
aqueous FeSO4 (0.2 mM) at pH 3.0 for 6 h in the presence of H,0,
(10 mM) and under UV light (described in Section 2.2). Adecrease
up to 50% of iron was observed at the end of the procedure. This
material is called PEp_g.

The PP, PA, and PS films had the form shown in Fig. 1 and when
treated by method “c”, these materials are called PPp_g, PAp_g, and
PSp_g, respectively.

All the catalysts obtained were thoroughly washed with deion-
ized water; when the photo-catalyst film showed an iron oxide
dusty coat, it was removed with a soft napkin.

2.4. Analyses of photo-treated solutions

Chromatographic analyses of the R solutions were carried out
by a Shimadzu LC-2010 chromatograph, equipped with a C-18 ana-
lytical column (Agilent Technologies Extend, 5 um, 250 x 4.6 mm)
and mobile phase methanol/Milli-Q water (1:1) at a flow rate of
1 mL/min. R was quantified by UV detector at 274 nm.

The DOC determination was carried out by a Shimadzu 5050
instrument equipped with auto-sampler. The dissolved iron con-
centration was measured by atomic absorption spectroscopy using
a UNICAM AA-939 spectrophotometer with air-acetylene flame.
The peroxide in solution was assessed by Merkoquant® paper for
concentrations between 0.5 and 25 mg/L.

3. Results and discussion
3.1. Photo-catalytic performance of PE films

Fig. 2 shows the evolution of (i) R, (ii) DOC and (iii) Fe in solution
during photo-catalytic experiments using PEjmp, PEtj r-n, and PEp_f.
Fig. 2(i) shows that R was resistant to photolysis in the presence of
H,0, (trace d). R photo-degradation mediated by PEjyp and PEg;
r_y films (traces a and b, respectively) in the presence of H,0, was
slow, reaching only ca. 20% in 40 min of irradiation and negligible
mineralization even after 100 min of irradiation (Fig. 2(ii) traces a
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Fig. 2. Normalized concentrations of R (i), DOC (ii), and concentration of iron in
solution (iii) during the photo-degradation of R (91 wM) in the presence of H,0,
(1.2mM): (@) PEjmp, (b) PEr; -n, (¢) PEpf, and (d) without catalyst.

and b). Low dissolved Fe concentrations (< 0.2 mg/L) were detected
(Fig. 2(iii) traces a and b).

In contrast, the PEp_g film showed the highest photo-
degradation rates inducing the total disappearance of resorcinol
in 40 min (Fig. 2(i) trace c) and 50% of mineralization in 60 min
(Fig. 2(ii) trace c), no further mineralization until 100 min was
observed. This last result reveals the generation of longer-lived and
highly oxidized intermediates. The iron in the solution increases
with time up to about 0.4 mg/L within the first 40 min and then
decreases to 0.2 mg/L (Fig. 2(iii) trace c). The PEp_g film was clearly
the best material able to degrade R, although more iron was leached
than with the other films, suggesting that homogeneous catalysis
had an important role on the overall process.

3.2. Comparison of different support materials

To establish whether the polymeric support type has some influ-
ence on the photo-catalytic activity, four different polymers were
subjected to the functionalization/Fe-deposition process by photo-
Fenton and comparatively tested for R photo-degradation. Fig. 3
shows the evolution of (i) R, (ii) DOC, and (iii) Fe in solution during
photo-catalytic experiments using PEp_g, PPp_g, PAp_g, and PSp_g.
During the first 10 min of treatment, the R degradation (Fig. 3(i))
can be associated mainly to the heterogeneous system as the lixivi-
ation of iron ions from the polymers was low (Fig. 3(iii)). Between
10 and 20 min, a different amount of leached iron was observed
between PEp_g, PPp_g, and PAp_g, PSp_g. However, the R degrada-
tion is not significantly different for all polymers. Fig. 3(ii) shows
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Fig. 3. Normalized concentrations of R (i), DOC (ii), and concentration of iron in
solution (iii) during the photo-degradation of R (91 wM) in the presence of H,0,
(1.2mM): (a) PSp_f, (b) PPp_g, (¢) PEp_p, and (d) PAp_f.

that DOC increased in the PEp_g and PPp_g systems (curves b and
¢, respectively) due to parallel corrosion of the Fe/polymer which
generates carbonaceous material into the solution. The PPp_g film
showed higher self-degradation than the PEp_g film due to its lower
chemical stability.

In these initial stages, the Fenton reactions onto polymeric sur-
faces (= ) lead to the generation of reactive oxygen species, such
as HO* and HO,* radicals (Egs. (2) and (3)). Surface iron aqua-
complexes can be photo-activated to produce more radicals and
regenerate the catalyst as shown in Eq. (4). Then, these radicals
attack the R molecules in the proximity of the polymer surface
(10-300 nm, depending of species)[30,31], leading to aromatic ring
opening and the subsequent formation of aliphatic acids as shown
in Eq. (5).

ZFe(Ill) + Hy0y - #Fe(Il) + HO5 + HF

(2)
2Fe(ll) + HyOy — z=Fe(lll) + HO* + HO~ 3)
ZFe(lll) + H,O0 5 zFe(ll) + HO® + H* @)
R + HO,*/HO* —— A-COOH (5)

Between 20 and 40 min, increasing R conversion rate is observed
with PPp_g, and PEp_ films (Fig. 3(i), curves b and c, respectively)
and a concomitant increase in the dissolved Fe concentration is
observed (Fig. 3(iii), curves b and c). A similar situation for the PAp_g
film between 40 and 60 min is shown in curves d of Fig. 3(i) and (iii).
There was a correlation between R degradation, and the iron salts
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Fig. 4. Repetitive photo-degradation of R (91 wM) at initial pH 5.6 in the presence
of H,0, (1.2 mM) and sample PEp_g.

accumulated in the solution by leaching of iron initially fixed on
the polymeric films, and consequently the photo-catalytic activity
of different polymeric films is mainly linked to their capacity to
release soluble Fe forms.

3.3. Long-term activity of the PEp_g catalyst

In order to assess the long-term stability of the photo-catalytic
system, experiments were performed with the same PEp_g film.
Fig. 4 shows that this material was efficient in degrading R during
four successive photo-catalytic cycles, reaching total degradation at
reaction time of about 40 min. In two subsequent runs, the degrada-
tion rate decreased yielding total elimination of R in 60 min. These
results indicate a reduction of ca. 32% in R conversion rate, coincid-
ing with the percentage of iron lost from the film (35%) during the
first four cycles. Then, the decay of catalytic activity is associated
to leached iron from the catalyst surface.

3.4. Mechanism of functionalization/Fe-deposition

Fig. 5 shows the schematic of the suggested functionalization/
Fe-deposition process to originate PEp_g, PPp_g, PAp_g, and PSp_g.
The Fenton reagent under light reacts with the polymeric film via
HO* radicals leading to the formation of surface CO, COOH, COH,
COC, COOC groups and to the elimination of carbonaceous material
in the form of short-chain carboxylic acids and CO,. This hypothe-
sis is supported by experimental evidence because the DOC in the
solution was increased (between 1 and 10 mg C/L) at the end of
procedure. Using the photo-Fenton process, Fan and co-workers
functionalized carbon nanotubes with hydroxyl, carbonyl, and car-
boxyl groups, which were identified by Fourier Transform Infrared
(FTIR) spectral analysis [32]. Due to their nucleophilic character,
the groups just mentioned can bind iron ions (Fe2* and Fe3*).
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Fig. 5. Schematic diagram for the surface functionalization/Fe-deposition process
onto PE through the photo-Fenton method (hydrogen not shown).

3.5. Fe leaching from the PEp_g, PPp_f, PAp_f, and PSp_r films

Unlike photo-catalytic reactors, which use glass containers with
and without continuous or semi-continuous water recirculation,
the reactors used here allow unambiguous monitoring of iron and
guarantee that the solution of R is only in contact with the pre-
pared photo-catalytic material surface. The iron leaching can then
arise from its complexation by carboxylic acids generated from R
photo-degradation (Eq. (5)), Zazo and co-workers [17] reported the
linear correlation between Fe leaching and the amount of accu-
mulated oxalic acid during phenol oxidation by a Fe-immobilized
active carbon catalyst in the presence of H,O,. Using different cat-
alysts and target pollutants, other groups [23-26,33,34] observed
similar iron leakage as shown in Fig. 3(iii) for the polymeric sup-
ports. Panias et al. [35] also proposed that the iron dissolution
mechanism from oxides involve aliphatic organic acids. Carboxy-
late groups can form surface Fe(Ill)-carboxylate complexes (Eq.(6))
and subsequently, undergo charge transfer reactions resulting in
the oxidation of the ligands and the reduction of the Fe(III) (see Eq.
(7)). Finally, Fe(Il) dissolution occurs concomitantly with desorp-
tion of the by-products resulting from ligand oxidation (Eq. (8)). For
this pathway, the Fe(II) dissolution is very slow, which is enhanced
by illumination because the iron-carboxylic acids complexes are
photosensitive in the wavelength range used, enhancing ligand-
to-metal charge transfer and, consequently, increasing the rate of
reaction shown in Eq. (7) [36,37].

z=Fe(lll) + A— COOH —» z=[Fe(Ill) - (OOC —A)]” + H* (6)
z2[Fe(Ill) — (OOC — A)]” » zx[Fe(1l) — (OOC — A)]~ (7)
z2[Fe(ll) — (OOC — A)]” - Fe(Il) + oxidation products (8)

Dissolved iron concentration reaches a maximum followed by a
subsequent decay due to the degradation of [Fe(II/IlI)-(O0C-A)] ",
then Fe-ions are liberated and can return to the functionalized sur-
face of the catalyst or form precipitates.

All polymeric photo-catalysts exhibit a pH decrease from 5.6 to
4.5 during the first 30 min of reaction and remain constant there-
after. This is related to the generation of acidic by-products during
the R degradation and to the Fe(Il) regeneration by Fe(IIl) reduction
with H,0, as indicated in Eq. (2).

The initial solution pH of 5.6 was not the best for R degradation,
since the optimal pH for heterogeneous photo-Fenton processes
has been reported to be at pH 3 [12-17,19,23,33,38-41], leading to
a high amount of Fe-leaching.

3.6. Contribution of homogeneous photo-Fenton process

To assess the homogeneous contribution due to Fe-leaching
into solution during the R photo-degradation by Fe-loaded poly-
mers, experiments were carried out using dissolved Fe(Ill) with
a concentration of Fe equivalent to the Fe-concentration leached
from PEp_g, PPp_g, PAp_g, and PSp_g films. Fig. 6 shows that the R
degradation and mineralization rates using homogeneous oxida-
tion process (Fe3*/Fe2*, H,0,) was similar to those obtained with
the studied polymeric “heterogeneous” system. This result suggests
that the R oxidation is mainly conducted by HO® radicals coming
from photo-Fenton reaction occurring in the solution and probably
few coming from the heterogeneous catalyst-solution interface, as
discussed in Section 3.2.

Quantification of the heterogeneous photo-Fenton contribution
to the overall R conversion and mineralization rates is very difficult.
Indeed, depending on the process (homogeneous or heteroge-
neous) the optical properties of the photo-reactor are modified.
Furthermore, the extend of iron leached and consequently its
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Fig. 6. Normalized concentrations of DOC (open points) and R (full points) during
the photo-degradation of R (91 M) in the presence of H,0, (1.2 mM) with Fe3*: (a)
0.1 and (b) 0.2 mg/L.

concentration in the solution changes as a function of time.
Undoubtedly, the hetero/homogeneous process is as efficient as the
homogenous one, but the former is advantageous because of the
reusability of the photo-catalyst during several runs (see Section
3.3) and the final concentration of iron in the solution is far lower
than levels allowed in wastewaters by EEC regulations (2 mg/L)
[42].

4. Conclusions

Innovative photo-Fenton catalysts were prepared by immobi-
lizing iron species onto polymer films. Among the preparation
methods studied, photo-Fenton functionalization/Fe-deposition
led to the most efficient catalysts. This is an innovative method
requiring mild preparative conditions: room temperature, aqueous
solution, light, and minimal quantities of iron salt.

The best photo-catalytic activities were reached using polyethy-
lene and polypropylene films as supports and the good percentages
of resorcinol conversion and mineralization were correlated to iron
dissolution.

In the systems studied herein, the main effect exerted by the
polymer film on the photo-catalytic activity is the capacity to
release iron in solution.

PEp_r is a stable catalyst for the photo-assisted resorcinol
decomposition, which can be used in several cycles of degradation
with some loss of activity.
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