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ARTICLE INFO ABSTRACT

Article history:

This study reports an innovative preparation polyethylene-FeOx (PE-FeOx films) leading to the degra-
dation of the methylene blue (MB) dye under low intensity sunlight/visible light (>400 nm). The
intermediate highly oxidative radicals generated by PE-FeOx leading to MB discoloration/degradation
in the presence of H,0, were identified. The relative contribution to the MB discoloration by the Fe-
ions leached from the PE-FeOx films into solution was determined quantitatively. This allows estimating
the contribution of the heterogeneous and of the homogeneous leading to MB-degradation. The shift in
the peak binding energy (BE) for Fe was detected by photoelectron spectroscopy (XPS) after the MB-
MB-discoloration degradation providing the evidence for redox catalysis occurring during MB-degradation at the PE-FeOx
Visible light surface. The particle size and roughness of the PE-FeOx surfaces were determined by atomic force spec-
XPS troscopy (AFM). The spectral properties of PE-FeOx films are reported and insight is provided for the

Received 1 February 2016

Received in revised form 21 March 2016
Accepted 25 March 2016

Available online 26 March 2016

Keywords:
PE-FeOx synthesis

AFM mechanism of MB-degradation.

XRD

Repetitive MB degradation
H,0,

Heterogeneous catalysis
ROS diffusion distances

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The synthesis of environmentally friendly supported catalysts
not needing high temperatures, organic solvents or expen-
sive/sophisticated preparation methods is a research subject
gaining in importance during the last decade [1]. During the last
decade TiO, has been mostly used as the photocatalyst of reference
to abate pollutants and bacteria in the presence of air (0), (H,0y)
under band-gap irradiation <400nm [2]. Recently some reviews
have reported the discoloration/degradation of pollutants/dyes on
polymers with adhesive catalytic layers [3-6]. This is due to the
polymers low-cost, high availability, stability, flexibility and cor-
rosion resistance. This study addresses the preparation, evaluation
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and surface characterization of a polyethylene Fe-oxide (PE-FeOx)
polymer absorbing visible light up to ~520-530nm [7]. Polymer
thin films have shown to be flexible catalysts supports leading
to catalysis/photocatalysis with acceptable kinetics and recently,
some reviews have reported the degradation of organic com-
pounds/dyes under UV/sunlight on polymers coated with TiO, and
Au [8,9]. However a good adhesion of the photocatalyst semicon-
ductor particles on the polymer surface starting with a colloidal
suspension remains a problem since polymers do not present
thermal resistance. Therefore, calcination of oxides/composites on
polymers is not possible [10].

Methylene blue (MB) has been taken as the probe to test dis-
coloration/degradation on PE-FeOx films avoiding the undesirable
problem of the photocatalyst recovery encountered when using the
Fenton reagent in solution. The PE is a low-cost, stable polymer
presenting an inert surface and was selected as the substrate for
the preparation of PE-FeOx absorbing light in the visible region.
The band-gap of Fe;03 has been reported as 2.2 eV with the posi-
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Scheme 1. Outline the MB-degradation mechanism on PE-FeOx films under sun-
light/visible irradiation.

tions of the conduction band at 0.4eV and of the valence band
at 2.6eV respectively [11]. The removal of MB by immobilized
catalysts/photocatalysts presenting acceptable kinetics remains an
important area of environmental research. MB is a stable dye that
is not removed by conventional biological treatment and oxidation
technologies and better performing catalyst absorbing light in the
visible region should have to be developed to eliminate this dye
[12-14].

Immobilized photo-Fenton processes on thin polymer films
have been reported during the last decade. A Nafiion thin polymer
film was reported to bind Fe3*/Fe,03; by electrostatic attrac-
tion avoiding the use of expensive Fe complexes/chelators when
binding Fe-ions on polymer substrates [15]. Since Nafion is too
expensive, a second study reported chelating Fe on negative maleic-
anhydride fused on PE-films [16,17]. These studies show that
immobilized Fenton catalysts led to the degradation of compounds
beyond the narrow operational pH range around 3 required in Fen-
ton processes in aqueous solution leading to the degradation of
dyes. Later some colloidal preparations of Mn/Al/Fe oxides have
been reported on PE-films leading to phenol degradation under
light irradiation, but their reproducibility was not commented [ 18].
Supported rutile and iron oxides extruded and subsequently casted
on PE films have been reported as photocatalysts [19]. The inacti-
vation of bacteria on PE has been recently reported [20].

The novelty presented in this study addresses a) the innovative
preparation of a stable PE-FeOx film presenting repetitive stable
M-degradation performance, b) the identification of the interme-
diate radicals leading to MB-degradation by the use of appropriate
scavengers, c¢) the estimation of both the lifetime and the diffusion
length of the OH°-radical away from the PE-FeOx, d) the determi-
nation of the Fe-ions released from the PE-FeOx film within the MB
degradation time providing the evidence for the Fe3*/FeZ* redox
reactions, e) the nature of the Fe-Cl species left on the surface of
the PE-FeOx film during the photocatalyst preparation and finally
f) the shift by X-ray photoelectron spectroscopy (XPS) for the Fe, O
and C-peaks during the MB-degradation providing further evidence
for the redox process within the photocatalysis time.

2. Experimental

2.1. PE-FeOy film preparation, film material, irradiation source,
UV-vis spectrophotometry and total organic carbon (TOC)
determination

Low-density PE-films were washed with Milli-Q water followed
by acetone and dried at room temperature to eliminate surface con-
taminants. The PE film was then attached on a cylindrical Teflon
support and immersed in a FeCl3-7H;0 solution stirring for one
hour at 80°C. The films were left to dry at room temperature then
washed with distilled water and dried at 80 °C for 15 min.

The low-density polyethylene (LDPE) used in this study is a
highly branched low crystalline film with formula H(CH,-CH, ), H.
The (LDPE) 0.1 mm thick was obtained from Goodfellow, UK
(ET311201). The film presented mechanical stability, had a density
0f 0.92 gcm~3 and was thermally stable up to 96 °C.

The photochemical reactor (see Supplementary material S1)
was made out of glass and presented cylindrical shape with a diam-
eter of 8cm and contained an MB volume of 60 ml. Photolysis
experiments were performed in a solar simulated Hanau Suntest
Lamp with a tunable light intensity attachment equipped with an
IR filter to remove IR radiation >800 nm. The UV-radiation <305 nm
was removed by the Pyrex wall of the reaction vessels. The PE-FeOx
films were positioned at the bottom of the reactor (see Supplement
material S1). The MB-solution in the reactor was stirred during the
photolysis. The height of the solution in the reactor was ~2cm
and the MB-solutions were pre-equilibrated for 30 min in the dark
before each run. The absorbance of the MB-solutions was followed
in Shimadzu UV-1800 spectrophotometer and the total organic car-
bon (TOC) was determined in a Shimadzu TOC 500 equipped with
an ASI auto-sampler.

2.2. Intermediate ROS scavenging and determination of the
Fe-ions leached out during MB discoloration

NaN3 Fluka was used as oxygen singlet scavenger (10,). 1,4-
Benzoquinone (BQ) and methanol were used respectively as
HO,*~/0,°~ radical scavenger and OH*- radical scavengers [12].
Ethylenediamine tetra-acetic acid (EDTA-2Na) was used as TiO,vb
hole scavenger [13]. Ferrozine was used to evaluate the total iron
concentration leaching out during MB-degradation at 562 nm, in a
solution buffered at pH 9.5. To differentiate the Fe(Il)-species from
the Fe(Ill)-species, the latter species was reduced to iron(Il) with
hydroxylamine hydrochloride and the absorbance taken after 3 min
again at 562 nm.

2.3. Characterization of the PE-FeOx film microstructure and
surface properties

By X-ray fluorescence (XRF) the Fe- and Cl-content on the PE-
FeOx film was determined in a PANalytical PW 2400 unit. The
atomic force spectroscopy (AFM) image signals were acquired in
contact mode using a PSIA Xe-100 AFM. Silicon nitride cantilevers
were used with feedback set points around 1.0 nN. The AFM scanner
and position sensors were calibrated using standard samples from
Mikromash. The experimental error in the roughness was below
10%. The mean surface roughness (RMS) was calculated for scanned
areas of 4 x 4 M2 and 20 x 20 pM2.

X-ray diffraction (XRD) patterns of the PE-FeOx films were
recorded on a Philips X'Pert PRO diffractometer equipped with an
X'Celerator detector and a Ni-filtered Cu K radiation operating at
40KkV and 40 mA. The X-ray photoelectron spectroscopy (XPS) of
the PE-FeOx films was carried out in an AXIS NOVA photoelec-
tron spectrometer (Kratos Analytical, Manchester, UK) provided for
with monochromatic AlK; (hv=1486.6eV) anode. The carbon C1s
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Fig. 1. Discoloration of MB (4 x 10~> M) under different conditions at an initial pH 6 in solution: (1) MB alone under solar simulated irradiation (50 mW/cm?), (2) PE-FeOx
(Fe 0.30%) in the presence of H,O, (10 mM) in the dark, (3) H,0, (10 mM) under solar simulated irradiation (50 mW/cm?), (4) Fe-ions in solution added to the MB-solution
containing H,0, (10 mM) under solar simulated irradiation (50 mW/cm?), (5) MB discoloration on PE-FeOx (Fe 0.30%) in the presence of H,0, (10 mM) under solar simulated
irradiation (50 mW/cm?) in the presence of a cut- off filter at 400 nm, (6) MB discoloration on PE-FeOx (Fe 0.30%) in the presence of H,0, (10 mM) under solar simulated

irradiation (50 mW/cm?). Insert: TOC decrease of MB (4 x 10~> M) in the presence of PE-FeOx (Fe 0.30%) film and H,0; (10 mM). Suntest light intensity: 50 mW/cm?2.

line with position at 284.6eV was used as a reference to correct
for charging effects [21,22]. The surface atomic concentration was
determined from peak areas using the known electrostatic correc-
tion factors according to Shirley [23].

3. Results and discussion

3.1. MB discoloration kinetics as a function of solution
parameters, MB and H,0, concentration and identification of the
radical intermediates leading to MB-degradation

Fig. 1 presents the MB discoloration results under different
experimental conditions. Fig. 1, trace 1 presents the discoloration
of a solution MB (4 x 10~3 M) by itself under low intensity solar
simulated radiation (50 mW/cm?). Fig. 1, trace 2 shows the data
for MB degradation by a PE-FeOx (Fe 0.30%) solution containing
H,0,(10mM) in the dark. In both cases practically no MB-
discoloration was observed. A MB-discoloration of about 30% under
solar simulated irradiation was attained within 7h (Fig. 1, trace
3) for a solution made up by MB and H,0,. MB-discoloration
within 7h reaching 50% was observed upon addition of 1 mg/L
Fe-ions/H,0, (10 mM). In this case, the MB-degradation proceeds
through a Fenton process in homogeneous solution as shown in
Fig. 1, trace 4. Fig. 1, trace 5 shows a run under Suntest irradiation
in the presence of a 400 nm cut-off filter. The visible light drives the
MB-discoloration almost to completion within 7 h. Finally, Fig. 1,
trace 6 presents the complete MB-discoloration by a PE-FeOx (Fe
0.30%) film in a solution containing HyO, (10 mM). The insert in
Fig. 1, shows the MB total organic carbon (TOC) of ~66% reduction
for the solution reported in Fig. 1, trace 6. Different Fe-loadings on
the PE-FeOx films did not significantly modify the MB-discoloration
kinetics reported in Fig. 1, trace 6. The lowest Fe-loading of 0.17%
(see Table 1) lead to a 70% MB-discoloration within 7 h compared
to the complete discoloration induced by the PE-FeOx (Fe 0.30%)
(see Supplementary material S2).

Table 1
Fe and Cl wt%/wt PE determined by X-ray fluorescence as a function of the FeCls
content during the preparation of PE-FeOx.

FeCl;-7H,0 suspension concentration (g/L) Fe wt%/wt PE Cl wt%/wt PE
0 0.10 <0.20

0.5 0.17 <0.20

1 0.18 <0.20

10 0.30 0.31

20 0.37 0.39

Fig. 2a presents the MB-discoloration on PE-FeOx (Fe 0.30%)
under simulated sunlight for MB-solutions presenting differ-
ent concentrations. Similar end-points for the complete MB-
discoloration proceeding through a mass transfer controlled
reaction. Fig. 2b shows the MB discoloration kinetics being acceler-
ated by increasing H, O, concentrations. The effect of an increasing
concentration of H,0O, can be understood by the Reaction (1)
showing that higher concentrations of peroxide led to a higher
concentration of OH*. The scavenging of the OH*-radicals on the
MB-degradation is reported next in Fig. 3.

Fe?* + H,0, — (Fe%"...H,0,) — Fe3* +OH~ +OH* (1)

Fig. 3 shows the scavenging of the radical intermediates gen-
erated in MB solutions under Suntest light irradiation. It is readily
seen that a 0.2 mM methanol added to the solution quenches 55%
of the MB-degradation and 0.2 mM NaN;3 quenches 60% of the
observed MB-degradation. Fig. 3 shows that the OH*-radical and
the O-singlet are the two moat active intermediates leading to
MB-degradation. The HO,°~/O,~ quencher p-benzoquinone and
the EDTA-2Na hole quencher vb(h*) did practically not preclude
the MB-degradation under light irradiation. The absence of semi-
conductor effect by the PE-FeOx film on MB degradation becomes
evident since the valence band holes vb(h*) were not scavenged
by EDTA-2Na. Another proof for the predominant effect for the
photo-Fenton effect leading to the dye degradation comes from the
observation that sunlight light doses between 30 mW/cm? and up
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Fig. 2. (a) Discoloration of MB by on a PE-FeOx (Fe 0.30%) film irradiated under solar simulated irradiation (50 mW/cm?) as a function of the initial MB concentration initial
in a solution H,0, (10mM). MB: (1) 4x 10> M, (2) 2 x 10->M, (3) 1 x 10~> M. (b) Discoloration of MB by on a PE-FeOx (Fe 0.30%) film irradiated under solar simulated
irradiation (50 mW/cm?) as a function of the initial H,O, concentration, MB 4 x 105 M, and the H,0, concentration in traces: (1) 1mM, (2) 2mM, (3) 5mM, (4) 10mM, (5)

20 mM.

CiC,

time (h)

Fig. 3. Discoloration of MB (4 x 10-5 M) by means of PE-FeOx (Fe 0.30%) film, H,0; (10 mM) and ROS scavengers under sunlight irradiation: (1) 0.2 mM methanol, (2) 0.2 mM

NaN3 (3) 0.2 mM p-benzoquinone, (4) 0.2 mM EDTA-2Na, (5) run without scavengers.

to 90 mW/cm? affected only marginally the rate of MB degradation
(see Supplementary material S3).

With this information we suggest the nature of the radicals lead-
ing to MB-degradation [14-17].

Fe’* + H,0, — Fe3t + OH* + OHk; = 76 M~ 157! (2)
Fe3* + H,0; — Fe?t +HO,* + Htky= 2x 1072 M~ 57! (3)
Fe3t + HOy, — Fe?* + 0, +Htks= 10°M 157! (4)
H,0, + OH* — HO, + H,0ks = 2.7 x 10’ M~ 571 (5)
Fe(OH)** +hv — Fe2t + OH* (6)
Fe?t + OH* — Fe3* + OH ks4= 4.3x 108 M5! (7)

The degradation of MB due to the Suntest sunlight simulated
alone is negligible as shown in Fig. 1, trace 1. The H,0, decompo-
sition leading to OH*-radicals under the experimental conditions
used: HyO, +hv — 2 OH*-radicals are not important as shown in
Fig. 1, trace 3 due to the low absorption coefficient of H,O, > 305 nm
close to 0.7 M~'cm~! [24]. Reactions (1)-(2) present the classical
Fenton mechanism playing a role in MB-degradation. Reaction (3)

seems not to be important since the amount of HO,* radicals pro-
duced is negligible during the MB-degradation as shown in Fig. 3,
trace 3. During the MB-degradation the natural pH of the MB- solu-
tion of 6.0 was seen to decrease by 2-2.5 units as noted by the
H*-species in Egs. (3)-(4) (see Supplementary material S4).

Fig. 2b shows that increasing the concentration of H,0, (10 mM)
to H,0, (20 mM) led to a faster MB-degradation kinetics. Therefore,
there was no scavenging of the OH*-radicals by the H,0, as shown
in Fig. 2b, trace 5. Eq. (6) shows the effect of light in the reduction
of Fe3* (or regeneration of Fe2*) consistent with the data reported
in Fig. 1, trace 2 [25]. No MB-degradation in the absence of light
seems to take place due to the extremely slow rate of reaction for
the conversion Fe3*[Fe2* noted in Eq. (2). Eq. (7) does not seem to
proceed, since the pH within the degradation time moves to more
acidic values and this excludes the formation of OH™.

The MB-degradation kinetics was found to be faster at more
acidic pH-values. An initial pH of 8.5 lead to a 50% MB-degradation
within 7h while a 100% degradation was attained at pH-values
6.8 and 5.0. At pH 4 the complete MB-degradation was completed
within 5 h (see Supplementary material S5). At pH >4.5 the Fe(II/III)-
aqua complexes on the PE-FeOx liberate OH*-radicals under light as
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shown in Reaction (8) [26]. This reaction becomes faster as the pH
becomes more acidic producing a higher amount of the Fe-hydroxy
species Fe(IIl/II)(H,0)g3*/2*.

Fe(III)OH(H,0)5%* +H,0 + hv — Fe(II)(H,0)g%" + OH* (8)

The FeOx film probably undergoes a redox reaction between MB
and the Fe3* on the PE-film leading to Fe2* and the formation of the
unstable MB*-cation.

MB + [PE-Fe"0x]+ hv— [MB x...Fe"Ox]PE
— [MB*...Fe"10x|PE (9)

The MB* excited singlet in Eq. (8) has been reported with a life-
time of 358 ps [27]. This excited singlet intercrosses subsequently
to the triplet state with a lifetime of 4.6 ms. From this state an
unstable MB*-cation is formed responsible for the MB degrada-
tion/discoloration [28]. The redox reaction between MB and Fe2*/3*
is shown to be accelerated by increasing amounts of H, O, as shown
above in Fig. 2b and is in agreement with earlier results reported
by our laboratory [29]. Fig. 1 (insert) reports the total organic
carbon decrease during MB-discoloration. This is an indirect indi-
cation of CO, generation (mineralization of MB). The MB generates
short-lived organic acids branched or not preceding the final CO,
mineralization step [30]. The last mineralization step of organic
compounds proceeds due to the photo-Kolbe reaction. This reac-
tion is outlined below in Eq. (10), where R is a short notation for
the intermediate for the short carboxylic-acid in solution preceding
the CO, evolution.

[RCOO-Fe3*] — [R*] + Fe?* +CO, ¢ (10)

From the information presented in Figs. 1, 2 a,b and 3 in the text
and in the Supplementary material S2-S5 (Section 3.1) a simplified
MB-degradation mechanism under sunlight/visible irradiation is
suggested in the Scheme 1 below:

The PE-FeOx film was prepared using FeCl3-7H, 0 as the iron and
chloride source. The Cl~-anions on the film surface may as well play
arole during the degradation of organic compounds as documented
previously [31] leading to highly oxidative Cl,*~ radicals:

Fe3* 4 ClI~ — FeCl?*+ (11)

time (h)

Fig. 4. Fe-ions released by the PE-FeOx (0.30%) film into the MB (4 x 10~> M) solution containing H,0> (10 mM), Suntest light intensity 50 mW/cm?.

Fe3* +2Cl~ — FeCly* (12)
FeCl,* — Fe2t +CI- (13)
Cl- +Cl* — Cl,*"andCIOH® (14)

3.2. Lifetime and diffusion distance of the OH*-radical away from
the PE-FeOx intervening in MB-degradation

Fig. 3 shows that the OH¢®-radical is the most impor-
tant oxidative radical leading to MB-degradation. Estima-
tion of the OH°-radical lifetime takes into account: a) the
rate of the reaction Fe?*+H,0,— Fe3*+0OH~+OH*, as noted
in Eq. (2) k;=76M-1s~1 and b) the reaction of OH°+MB
(RH) — products (k, ~ 1019 M~1s-1), Inserting the solution param-
etersMB=4 x 10-> M, H,0, =102 M, Fe3* =2 x 10~> M (equivalent
to 1 mgFe/L) leached in the solution during MB-degradation and
knowing that in the quasi-stationary state the OH*-radical concen-
tration is close to zero, allows to estimate a value 0of 0.38 x 10-10 M
for the OH*-radical concentration (see Supplementary material
S6). To estimate the OH*-radical mean-free path (x) away from
the PE-FeOx surface, the Smoluchowski simplified approximation
is used. Being D the diffusion of molecules with a low molec-
ular weight like MB and 1/t the inverse of the encounter pair
7=1/(kon + MB) x [MB]. Using the values in the relation x2 ~ DT, the
mean-free path is x ~ 35 nm (see Supplementary material S7).

3.3. Fe-leached out during MB-degradation and repetitive dye
degradation

The Fe-ions leached into the solution during the degradation
of the MB solution are shown in Fig. 4. The total Fe-ions leached
out after 7h was ~0.9mg/L. This amount of Fe is close to the
Fe-ions concentration added in the run reported in Fig. 1, trace
4, leading to a 50% MB-degradation within 7 h. Therefore, as the
reaction time progresses, the PE-FeOx film would catalyze the MB-
degradation through a progressively heterogeneous/homogeneous
reaction. The Fe3*-ions make up about 90% of the Fe-ions detected
in the solution after 7 h, while the Fe2*-ions make up the residual
Fe-ions as shown in Fig. 4. This is expected due to two reasons: a)
the solution contains H,0, during the entire degradation process
and b) the conversion in the dark of Fe* to Fe3*-ions proceeds with
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Fig. 5. Repetitive MB (4 x 10~ M) discoloration on PE-FeOx (Fe 0.30%), H,0, (10 mM), Suntest light intensity 50 mW/cm?.

arate k; =76 M~1s~1 while the back reaction to the Fe2* proceeds
with a slow rate of ky; =2 x 102 M~1s~1 as noted by Egs. (2) and (3)
above in Section 3.1.

Fig. 5 shows repetitive MB-degradation cycles. The Fe3*/FeZ*-
ions leached into the solution during the MB-degradation revert
back to the PE-FeOx film surface containing the Fe-agglomerates
after dye degradation. This is the way nature is cleaned either by a
dark or photo-activated Fenton reagent in water bodies containing
micro-molar peroxide/oxidative radical concentrations and Fe-ions
[32,33].

3.4. Properties of PE-FeOx films: optical absorption, X-ray
diffraction (XRD) particle size, film roughness and X-ray
photoelectron spectroscopy (XPS)

Fig. 6 presents optical absorption of PE-FeOx films prepared with
a different loading of Fe as shown in Table 1. As the Fe loading
increases on the PE-film, the optical Fe d-d transition also increased.
The onset of the Fe;03 absorption at 550-600 nm (2.1-2.2 eV) is in
good agreement with the values reported by Hardee and Bard [7].
The Fe,O3cb with a cb at 0.4-0.5 eV pH 0 vs SCE does not allow the
reduction of O, (air) requiring potentials of ~0.16eV [1,2] which
would subsequently attack MB. This provides a further evidence for
the MB-degradation occurring due to a photo-Fenton catalysis and
not through to a light induced PE-FeOx semiconductor effect. The
MB-degradation was due to the PE-FeOx film comprising a mixture
of iron species. This will be shown by XRD next in Fig. 7.

By X-ray diffraction Fig. 7a shows the XRD run for the Fe-oxides
peaks on the PE-FeOx films. Fig. 7b shows the XRD peak positions
for the Fe and chloride species: FeOCl, FeCl, » 2H50, FeCl, , 4H,O0,
FeCl; for: a) sample with a Fe 0.37%/0.39Cl% content and b) for a
sample with a Fe 0.30%/0.31Cl% content. The possible involvement
of Fe-ions and Cl~ species has been described in Eqs. (11)-(14) and
the role of the highly oxidative radicals Cl,*~ and CIOH®* may also
be important during the MB-degradation due to the high reduction
potential of the Cl/Cl,*~ pair [31].

Fig. 8a shows AFM images of PE-FeOx (Fe 0.37%) film scanning
an area (20 x 20 wM?). The surface morphology shows micro-
agglomerates of ~6 pum diameter size and present a roughness of
RMS =148 nm (see Table 2). The values for the RMS reported in
Table 2 are the median in the Z plane of Z;,-Z;, shown in the

right hand-side of Fig. 8a-d. The distance between the peaks and
the valleys is taken for many particles in the agglomerates and the
final values summation are averaged for resolutions of 4 x 4 M2
or 20 x 20 pM?2.

Fig. 8b shows that the agglomerates are formed by nano-
particles with sizes 100-200nm presenting a RMS=78.4nm in
a scanning an area (4 x 4 wM?) as noted in Table 2. The Fig. 8c
shows AFM images for PE-FeOx (Fe 0.17%) film scanning an
area (20 x 20 wM?). The surface morphology shows the micro-
agglomerates of ~10 w with a roughness of RMS =148 nm. This
is a higher size dispersion compared to the values found for
the PE-FeOx (Fe 0.37%) film. Fig. 8d show sizes ~100nm for the
nano-particles PE-FeOx films (Fe 0.17%). Scanning an 20 x 20 uM?
area renders an RMS=60nm (Table 2) while scanning an area
4 x 4 uM? shows the presence of triangular shaped nano-particle
of sizes ~100 nm and roughness RMS =20.5 nm. Fig. 8a shows that
decreasing in the Fe-content in the films leads to: a) lower surface
roughness and b) an increase in the average particle size.

Fig. 9 presents the results of the XPS runs within the MB-
degradation time. The Fe2p peak binding energies (BE) shift from
709.72 eV to 709.96 eV [21,22]. The shift towards higher BE for the
Fe2p-states means that the Fe is being oxidized within the 10h
period. A new oxidation state appears since the BE displacement
was >0.2 eV corrected for electrostatic charging effects [23]. There-
fore, the MB-degradation involves concomitant redox Fe-reactions
on the film surface. The O1s spectral shift in Fig. 9 from 530.18 eV
to 530.48 eV involves a modest reduction to a O1s reduced species.
This shows again redox processes during the MB-degradation time.
The O1s are seen to be broad with multiple overlapping compo-
nents. This makes it difficult to accurately quantify the oxygen
chemical states [21,22]. O-species have been reported in metal
oxides with different binding energies and their interpretation is
not straightforward since the O1s binding energy of many metal-
oxides falls within a narrow range. This is complicated by the
presence organic C—O compounds and carbonates.

The redox reactions involving Cls-species during the MB-
degradation are shown next in Fig. 9. A shift in the C-peak from
283.46eV to 283.66eV means an oxidation of the Cls-species
-whatever their identity- on the topmost PE-layers during MB-
degradation. This is to be expected in view of the nature of the
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Fig. 7. XRD results PE-FeOx (Fe 0.37%) and for PE-FeOx (Fe 0.37%) matrix. The species containing FeClO are shown in the Figure caption.
Table 2

Roughness Low resolution (20 x 20 p.M?)

Roughness High resolution (4 x 4 uM?)

RMS (nm) Average (nm) RMS (nm) Average (nm)
PE-FeOx, Fe 0.37% 148 120 78.4 63.3
PE-FeOx, Fe 0.17% 60.08 47.3 20.5 16.5

Fenton reagent Fe2*/H,0, that transforms instantaneously the
Fe2*-ions into Fe3*-ions by contact with H,0,.

Table 3 shows the surface percentage atomic concentration of
the elements making-up the PE-FeOx as determined by XPS. Previ-
ous to the XPS measurements, the PE-FeOx samples were contacted
with MB in the dark for 30 min to deposit a fine layer of MB on the
of PE-FeOx film. During 30 min the MB undergoes adsorption on
the PE-FeOx film in the absence of H,0, in the dark. At time zero,
Table 3 shows the C-content is 82.03% and the C-content decreases
afterwards due to the loss of C during the MB-degradation (see

insert Fig. 1). The N-content found in the MB formulation is shown
to decrease within the time of photocatalysis. The O-increases with
time due to the generation of carboxylic acid intermediates in the
solution. This is in agreement with results reported in reference
[14]. Table 3 shows that the S-content decreases by more than 70%
within the MB-degradation time. The Fe-content on the PE-FeOx
surface is shown to increase since the topmost PE-FeOx surface is
cleaned progressively from the dye during MB-degradation.

Fig. 5 shows stable repetitive cycling of the PE-FeOx film leading
to MB-degradation and provides the proof that the surface of the PE-
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wt%).

Table 3

Surface percentage atomic concentration of PE-FeOx during MB discoloration deter-
mined by XPS. The PE-FeOx samples used were put in contact with MB for a short
period in the dark (3s).

Reaction time (h) C N 0 S Fe

PE 93.13 4.66

0 82.03 2.33 13.02 1.03 1.17
74.43 3.20 18.91 1.37 1.52

10 76.81 0.20 18.12 0.36 228

FeOx does not accumulate intermediate residual species hindering
the repetitive catalyst use. This observation is consistent with the
XPS data described in the preceding paragraph suggesting that the
catalytic destruction of the intermediates during MB-degradation
is a fast process.

4. Conclusions

This study presents the first report on MB-degradation by an
innovative PE-FeOx film inducing heterogeneous-homogeneous
photo-Fenton reactions under low intensity sunlight/visible irra-
diation. The MB-degradation kinetics follows the kinetics typical of
mass transfer controlled reactions on the PE-FeOx film. Evidence is
presented for the specific nature of the oxidative radical interme-
diates intervening in the MB- degradation. The absence of vb hole
(h*) effects and the quasi-absence of light intensity effects sug-
gest that the FeOx intervening as a semiconductor does not play
an important role during MB-degradation. A mechanism leading to
MB-degradation is suggested based on the experimental work car-
ried out during this study. The PE-FeOx mediated Fenton catalysis
leading to MB-degradation by a progressive co-participation of het-
erogeneous and homogeneous catalysis in solution. The PE-FeOx
film surface microstructure was characterized by several overlap-
ping surface techniques.
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