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Featured Application: The advanced degradation of organic pollutants aided by visible light
could be carried out through the use of austenitic stainless steel (X5CrNi18-10, AISI 304) as a
source for iron ions at pH values close to neutral.

Abstract: In this paper, a typical austenitic stainless steel was used as a catalyst in the visible
photo-Fenton degradation process of two model dyes, methylene blue and methylorange, in the
presence of hydrogen peroxide and potassium persulfate as free radical-generating species. The
concentration intervals for both peroxide and persulfate were in the range of 333–1667 µg/L. Very
high photodecoloration efficiencies have been achieved using peroxide (>93%), while moderate
ones have been achieved using persulfate (>75%) at a pH value of 6.5. For methylene blue, the
maximum mineralization yield of 74.5% was achieved using 1665 µg/L of hydrogen peroxide, while
methylorange was better mineralized using 999 µg/L of persulfate. The photodegradation of the
dye occurred in two distinct steps, which were successfully modeled by the Langmuir–Hinshelwood
pseudo-first-order kinetic model. Reaction rate constants k between 0.1 and 4.05 h−1 were observed,
comparable to those presented in the reference literature at lower pH values and higher concentrations
of total iron from the aqueous media.

Keywords: photo-Fenton; catalyst; stainless steel; photodegradation; organic dyes; wastewaters

1. Introduction

The continuous growth of industry-related activities has led to the discharge of persis-
tent and potentially toxic organic compounds into the environment. Organic compounds
with aromatic structures, such as most dyes used in the textile and food industry, phenolic
compounds, and pesticides, are relatively challenging to remove through conventional
adsorption, precipitation, and chemical/biochemical oxidation processes. Most of these
“conventional” processes have several drawbacks, such as poor cost efficiencies or mineral-
ization efficiencies [1,2]. They often fail to completely remove organic pollutants, leaving
trace amounts that still pose environmental and/or aesthetic concerns.

Advanced oxidation processes (AOPs) such as the Fenton process have been known
to have a much more economically efficient upscaling potential and a relatively low en-
vironmental impact compared with heterogeneous semiconductor photocatalysis-based
AOPs [3,4].

The Fenton process involves the formation of highly reactive nonspecific oxidant
radicals, such as hydroxyl, perhydroxyl, superoxide, or sulfate, based on electron transfer
between iron ions and a chemical species capable of generating such radicals, among which
hydrogen peroxide, peroxide ion-generating substances (percarbonates, perborates), and
persulfates are the most widely used. Traditionally, Fe2+ ions catalyze AOPs more efficiently,
but Fe3+ ions can be used as well in combination with a chelating agent [5]. Usually, the
electron transfer process works better in relatively acidic conditions (pH values between
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2 and 4) due to the complex electrochemistry of iron, which can precipitate from solution
as hydroxides with a low solubility, thus limiting the ability of iron ion to react with the
oxidant [6]. The generation of oxidant radicals in the Fenton process could be efficiently
conducted through chemical means alone, by light from the UV and visible domain (the
so-called photo-Fenton process variant) [7], by ultrasonic longitudinal waves [8], or through
electrochemical means [6].

The formation of the free hydroxyl radical in the homogeneous Fenton variant occurs in
a one-step mechanism variant with a water-soluble Fe2+ source and a two-step mechanism
with the addition of Fe3+ ions. Heterogeneous Fenton processes, which use zero-valent iron
(ZVI) in the metallic form, are very promising due to the iron source’s high accessibility and
low cost, the high organic pollutant mineralization rates, and facile separation of the iron
source from the treated wastewater. Zero-valent iron is a strong reducing agent and has
been used in particulate form for the removal of different organic (aromatic compounds) for
groundwater remediation in the form of permeable reaction barriers [9] or as a slurry [10].
ZVI in the form of micropowders with diameters in the range of 50 to 200 µm [11] or in
the form of nanopowders [12] shows a good reactivity in the presence of H2O2, meaning
it could react with the surface iron to produce Fe2+ and Fe3+ and initiate the Fenton
process [13–15]. Several studies have demonstrated that the optimal pH in the case of ZVI
shifts to higher values (4 to 6), allowing outstanding degradation efficiencies for organic
aromatic compounds [16,17]. However, zero-valent iron in particulate form has a strong
tendency to aggregate, limiting its efficiency over time [12]. Additionally, uncontrolled iron
leaching can occur, and the recovery and reusability of ZVI particles lead to the overall
process having a higher cost [18]. Several supports for ZVI in particulate form, such as
activated carbon cloths or zeolites. have been employed [19,20].

Comparatively, considerably fewer approaches have used metallic iron in pure form
(i.e., higher than 99.5%) in sheets or meshes as catalyst supports for photo-Fenton processes.
Solid iron supports generate iron ions in the presence of hydrogen peroxide without
the usual drawbacks of particle aggregation [21]. However, the use of these supports
poses problems of its own, such as the rapid passivation of the surface, decrease in the
mineralization reaction rate, and inactivation of the surface.

This work aims to study the feasibility of the use of a commonly encountered austenitic
stainless steel (X5CrNi18-10, AISI 304) as a zero-valent iron source in the photo-Fenton
degradation of methylene blue and methylorange dyes in the presence of peroxide and
persulfate ions. Austenitic stainless steel has several advantages compared to pure iron,
such as a good corrosion resistance, allowing for a low amount of Fe2+ ions being generated
(which reduces sludge formation); constant photodegradation rate; and better overall
control of the process. Using an iron-rich support, such as stainless steel, could mitigate the
issue of ZVI surface passivation, but the use of stainless steel in photo-Fenton processes
is not as widely researched compared to the use of ZVI particles [22,23]. Using persulfate
ions to degrade oxidant sulfate radicals for the degradation of the two model dyes in the
presence of stainless steel as ZVI at pH values close to 7 has been identified as a gap in
the literature [24,25]. pH values close to neutral while generating a lower amount of iron
ions in the presence of oxidant species could ensure the reuse and prolonged maintenance
of the mechanical properties of the substrate. Under these conditions, the photo-Fenton
catalyst can be structural steel from the lining or manufacture of a wastewater storage or
treatment tank, without adding supplementary particulate or mesh catalysts.

To possibly contribute to future applications of the photo-Fenton process, a compari-
son between the degradation efficiency and kinetics of the two model dyes was performed
for the two source oxidant species, hydrogen peroxide and potassium persulfate. The
persulfate-initiated photo-Fenton process has been addressed less often in the reference
literature. Additionally, the photo-Fenton process under nearly neutral pH conditions
is a less well-addressed issue associated with solid iron-based catalysts. The novelty of
this study, as previously stated, is not related to using custom-made catalysts or “uncon-
ventional” oxidant sources, but to documenting the feasibility of the use of stainless steel
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as a photo-Fenton catalyst for various oxidant concentrations. This type of catalyst has
been insufficiently well-studied in the reference literature with photo-Fenton processes. Al-
though stainless steel could be considered rather mundane, its wide use, known behaviour
in different environments, and the fact that it is a structural material could constitute an
advantage over custom-made ZVI sources for upscaling wastewater treatment installations.
This upscaling is not possible without knowing the material’s behaviour (performance,
compositional stability) under different reaction conditions, and it is the aim of this study
to contribute to this.

2. Materials and Methods

The methylene blue (MB) cationic dye (C16H18ClN3S, Mw = 319.85) and methylorange
(MO) anionic dye (C14H14N3NaO3S, Mw = 327.33) were purchased from Sigma-Aldrich.
The austenitic stainless steel (1.4301; X5CrNi18-10, AISI 304) had a nominal weight percent
chemical composition of 0.07% C, 1% Si, 1.5% Mn, 18% Cr, 9% Ni, Fe balance, determined
by atomic emission spectroscopy. The microstructure of the steel, as seen in reflexion
microscopy mode (200×, aqua regia etchant), consists of equiaxed austenite grains with a
small amount of d-ferrite at the austenite grain boundaries (Figure 1a). The reagents used in
the spectrophotometric determination of the total Fe content—namely, 1,10-phenanthroline
(Phen), hydroxylamine, and trisodium citrate—were purchased from Sigma-Aldrich and
were of analytical grade. The hydrogen peroxide was used as a 30% wt. aqueous solution
(Chemical Company SA, Iasi, Romania). The potassium persulfate (K2S2O8) oxidant of
99.5% purity was purchased from Sigma-Aldrich and used as a 4% vol. aqueous solution.
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Figure 1. (a): Optical microscopy of the austenitic stainless-steel surface; (b): principle scheme of
the photoreactor.

The photodegradation experiments were performed in a closed cylindrical reactor
(height 460 mm, diameter 310 mm) under irradiation with four visible domain-emitting
light bulbs (5700 K, wavelength distribution of ~400–750 nm) placed annular to the photore-
actor (Figure 1b). The steel samples (20 mm × 20 mm × 8 mm) were placed in glass beakers,
in contact with 20 mL of aqueous MB and MO solutions of 10−5 M initial concentration
(c0) at pH values of ~6.5 (the typical pH values of the aqueous dye solutions). The value
of the irradiance at the rim of the beaker containing the samples was 1 mW/cm2. The
photodegradation effect was studied with different amounts of added H2O2 solution to
make the concentration of peroxide 333 µg/L, 666 µg/L, 999 µg/L, and 1665 µg/L. In the
other batch of experiments, a potassium persulfate starting solution was added to the dye
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solutions so as the initial concentration of S2O8
2− to reach the same values as in the case

of peroxide.
Each experiment was performed at ambient temperature (22 ◦C) in triplicate; the

average values are presented in this paper.
A Spekol 11 mono-channel spectrophotometer (Carl Zeiss Jena, Germany) was used

for monitoring the MB and MO dye solutions decolorization at various time intervals (ct),
based on their absorbance values at wavelength maxima of λ = 665 nm (MB) and λ = 465 nm
(MO). The photodegradation efficiencies (η) were calculated with Equation (1):

η =
c0 − ct

c0
· 100 (%) (1)

In addition, to elucidate the type of radicals responsible for the photodegradation,
the photo-Fenton experiments were performed with each of the dye solutions spiked with
50 µL tert-butanol (99.8%, Scharlau), which is an efficient quencher of hydroxyl (HO•) or
sulphate (SO4·2−•) radicals [25].

To provide a complete picture of the advanced decomposition of MB and MO, not only
based on the degradation of chromophore groups, which determines the VIS absorbance
decrease, the chemical oxygen demand (COD) values of the irradiated solutions containing
the two dyes were determined using the spectrophotometric method [26]. The COD,
expressed in mg/L, is proportional to the amount of oxidizable organic substances in
water [27].

Mineralization was assessed through calculating the COD-based efficiency ηCOD,
according to Equation (2):

ηCOD =
COD0 − CODeq

COD0
· 100 (%) (2)

where COD0 represents the chemical oxygen demand of the initial dye solutions and CODeq
represents the equilibrium chemical oxygen demand after reaching the photodegradation
equilibrium.

This work aimed to study the performance of the photo-Fenton process under the least-
favorable electrochemical conditions (to preserve the chemical composition of the aqueous
environment and the steel as much as possible), with a minimum of added reagents.
The average surface roughness (Ra) of the steel was kept as purchased (1.75 µm). The
monitoring of the total iron content (Fe2+ and Fe3+), according to the spectrophotometric
method with Phen, was performed at λ = 510 nm according to the procedure described in
the reference literature [28].

The surface chemistry of the stainless steel photo-Fenton catalysts after their with-
drawal from the irradiated MB dye solutions containing 1665 µg/L hydrogen peroxide
and potassium persulfate was assessed through X-ray photoelectron spectrometry (XPS). A
Perkin–Elmer (Waltham, MA, USA) XPS PHI 550 spectrometer was used with an Al Kα

line (1486.6 eV) X-ray source. Both survey spectra and narrow-scans of Fe2p were acquired
using a 20 eV pass energy.

3. Results and Discussion

The decolorization of both methylene blue and methylorange dyes was successfully
achieved through the use of the stainless steel photocatalyst in the presence of both types
of oxidant species—namely, peroxide and persulfate ions.

High photodecoloration efficiencies (>99.1%) were registered in the case of MB for
all hydrogen peroxide concentrations, indicating that the disruption of the chromophore
groups for this dye occurs in a more facile manner than for methylorange, for which
efficiencies of 91–93.5% were registered (Figure 2a,b). As far as photodecoloration is
concerned, for the hydrogen peroxide concentration range reported in this paper and under
close to neutral pH conditions, there seems to be a less marked influence of peroxide ion
concentration on the photo-Fenton process efficiency for both dyes.
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based mineralization efficiency for MB and MO.

Photodecoloration in the presence of persulfate ions also occurs with a high efficiency
in the case of MB (88.4% at a 999 mg/L persulfate concentration, Figure 2a), although in
this case, after the aforementioned concentration, there is a sharp efficiency decrease. This
could be due to the fact that the higher amount of iron ions generated from stainless steel
through persulfate-aided oxidation hinders the efficient harvesting of visible light [29,30].

In the experiments where the photodecoloration occurs in the presence of the sul-
fate and hydroxyl radicals scavenger tert-butanol (TBu), a decrease of up to 55% (for MB,
Figure 2a) and up to 62% (for MO, Figure 2b) in the photo-Fenton efficiencies was reg-
istered for both oxidants, indicating the critical role that these species play in the degra-
dation of organic matter. A more significant drop in photodecoloration efficiency was
registered for persulfate due to tert-butanol inhibiting the generation of both sulfate and
hydroxyl radicals.

When mineralization comes into discussion, hydrogen peroxide presents the highest
photodegradation efficiency for MB (74.5% vs. 69.9% for persulfate, at 1666 µg/L, Figure 2c),
while for MO, persulfate is more efficient at 999 µg/L (57%, Figure 2c).

The decolorization kinetic was fitted with the pseudo-first-order kinetic model
(Langmuir–Hinshelwood) from Equation (3) [31] and expressed in Figure 3a,b (MB), and
Figure 3c,d (MO).

ln
(

c0

ct

)
= kt (3)
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In Equation (3), k represents the pseudo-first-order rate constant. The fitting parame-
ters for this model (including the correlation coefficients, R2) are depicted in Tables 1 and 2.

Table 1. Rate constants of the photo-Fenton process as a function of H2O2 concentration.

cH2O2
(µg/L)

Kinetic Data for MB Kinetic Data for MO

Total Fe
(mg/L)

Rate Constants Total Fe
(mg/L)

Rate Constants

k1 (h−1) k2 (h−1) k1 (h−1) k2 (h−1)

333 0.13 0.77 (0.992) 2.35 (0.995) 0.15 0.33 (0.962) 0.35 (0.983)
666 0.16 1.00 (0.987) 2.39 (0.998) 0.18 0.34 (0.996) 0.87 (0.980)
999 0.17 1.23 (0.985) 3.21 (0.996) 0.21 0.39 (0.993) 1.03 (0.984)

1665 0.28 1.26 (0.992) 4.05 (0.978) 0.32 0.47 (0.983) 1.33 (0.989)

Table 2. Rate constants of the photo-Fenton process as a function of S2O8
2− concentration.

cS2O8
2

(µg/L)

Kinetic Data for MB Kinetic Data for MO

Total Fe
(mg/L)

Rate Constants Total Fe
(mg/L)

Rate Constants

k1 (h−1) k2 (h−1) k1 (h−1) k2 (h−1)

333 0.94 0.35 (0.892) 1.36 (0.996) 0.98 0.20 (0.936) 0.35 (0.983)
666 1.36 0.10 (0.951) 0.38 (0.995) 1.32 0.23 (0.984) 0.36 (0.990)
999 2.96 0.15 (0.980) 0.24 (0.992) 3.04 0.10 (0.989) 0.33 (0.999)

1665 3.68 0.12 (0.996) 0.30 (0.999) 3.95 0.25 (0.988) 0.28 (0.999)
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Figure 3a–d indicate that the photo-Fenton degradation mechanism of both dyes
occurs in two steps. The first part of the kinetic (rate constant, k1) is characterized by a
slower overall degradation of the dyes for both H2O2 and S2O8

2−, because in this step
the oxidation of metallic iron Fe0 to Fe2+ and the generation of hydroxyl and sulfate
radicals take place; thus, initially there is a low amount of oxidant species to initiate the
photodegradation. The generation of reactive HO• radicals in the presence of H2O2 and
Fe2+ ions from the catalyst is depicted by the following Mechanism (4) [32,33]:

Fe0 + H2O2
hν

Fe2+ + 2OH−

Fe2+ + H2O2
hν

Fe3+ + OH− + HO•

Fe0 + 2Fe3+ � 3Fe2+

(4)

The persulfate ions can decompose in a first slow, ongoing step to highly reactive
sulfate radicals (SO4

−•), which oxidize the metallic iron to produce Fe2+ ions (i.e., the iron
is “activated”), which can further initiate the production of sulfate radicals on their own.
Avoiding surface passivation in this step is crucial for achieving a high photodegradation
yield [32]. The sulfate radicals can react with water to generate hydroxyl radicals, so for the
persulfate oxidant, the dyes can be oxidized by both type of radicals [29,34,35], according
to the following Mechanism (5):

S2O2−
8

hν

2SO−

4 •
2SO−

4 • + Fe0 + 2H2O
hν

Fe2+ + 2HSO−

4 + 2HO−

Fe2++S2O2−
8

hν

Fe3+ + SO−

4 • + SO2−
4

SO−
4 • + H2O

hν

HO• + HSO−

4

(5)

Regarding the dye photodegradation in this step, these could be oxidized to higher
molecular mass intermediates (possibly hydroxylated compounds or carboxylic acids)
according to Mechanism (6), where DyeH denotes the methylene blue/methylorange dyes
in their non-oxidized form. The dyes can also be directly oxidized by Fe3+ ions [35,36].

DyeH + HO•
hν

Dye• + H2O

DyeH + SO−
4 •

hν

Dye• + HSO−

4
Dye• + Fe3+ � Dye+ + Fe2+

(6)

In the second step, these organic intermediates can be degraded at a higher rate to
smaller molecular compounds with a rate constant of k2. The values of k1 and k2 for each
amount of H2O2 and S2O8

2- added are presented in Tables 1 and 2 (the R2 correlation
coefficients are given in parentheses after the actual values of k1 and k2).

For both dyes, the results indicate that the initial peroxide or persulfate ion concentra-
tions play a crucial role in the kinetic of photodecoloration. For hydrogen peroxide (Table 1),
there is a linear increase in the reaction rates for both steps until 999 µg/L (29.38 µmol/L),
which seems to represent the optimal concentration for the setup presented in the paper.
After this optimal hydrogen peroxide concentration value, there is a leveling off in the
reaction rate. Excess amounts of H2O2 could determine the trapping of the generated
hydroxyl radicals to form hydroperoxyl radicals (with lower oxidation potential) and water,
according to the Mechanism (7). Additionally, a higher amount of generated Fe2+ with
the increase in H2O2 addition could determine the decrease in the concentration of the
hydroxyl radicals [33,37].

For persulfate (Table 2), the optimum concentration for photodecoloration is main-
tained at 999 µg/L (5.20 µmol/L), after which the generated iron ions can similarly quench
both sulfate and hydroxyl radicals through the following Mechanism (7):
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HO• + H2O2
hν

HO2•+H2O

HO• + Fe2+ hν

HO− + Fe3+

SO−
4 • + Fe2+ hν


SO2−
4 + Fe3+

(7)

In general, the methylorange-related rate constants are up to 42% lower than those
corresponding to methylene blue due to the higher molecular mass of the former. A similar
trend was also observed for semiconductor-aided photocatalysis [38]. Tables 1 and 2 also
indicate that the total amount of iron generated in the solution during the photo-Fenton
process is below the recommended values for groundwater (0.3 mg/L, as recommended by
the World Health Organization) in the case of using hydrogen peroxide. A higher total iron
amount is generated for potassium persulfate, which may need additional precipitation
and filtering steps for the wastewater.

A comparison of the overall efficiency of photo-Fenton over the widely available
systems reported in the reference literature must be viewed with some caution, due to the
different experimental conditions, reagent concentrations, model pollutant concentrations,
and catalyst specific surfaces used, but it is widely agreed that fast degradation rate
constants (k), coupled with high decoloration and mineralization rates, constitute important
candidate parameters. Additionally, the use of the smallest amount of catalyst, iron ions,
and oxidant possible is desired for economic efficiency reasons and to limit additional
wastewater purification steps and avoid the excessive degradation of the catalyst [7,39,40].
In some studies, the importance of the photo-Fenton reaction medium’s pH value being as
close to neutral as possible is also stressed [7,41]. For the sake of comparison, to highlight
the benefits of using the proposed system with other photo-Fenton setups, Table 3 lists
the photo-Fenton process parameters and efficiencies in other studies extracted from the
reference literature.

Table 3. Parameters of selected photo-Fenton processes from the reference literature compared to
those of the present study.

Photo-Fenton with Hydrogen Peroxide

Catalyst Type Model
Dye(s)

Process
Efficiency

Rate
Constants k

Iron Amount in
Solution

Oxidant
Amount pH Reference

Stainless steel

MB

Discoloration eff.:
max. 99.5%,

mineralization
eff. 74.5%

0.77–4.05 h−1 0.13–0.28 mg/L

333–1665 µg/L 6.5 This study

MO

Discoloration eff.:
max. 93.5%,

mineralization
eff. 49.9%

0.33–1.33 h−1 0.15–0.32 mg/L

Nano ZVI
particles MB Discoloration eff.:

max. 98% max 2.34 h−1 150 mg/L 3100 mg/L 2 [42]

Fe-Ni/SiO2 MB

Discoloration eff.:
max. 99.80% at

pH 3
and 83% at pH=9

n.a. n.a. 102 mg/L 1.5–11 [33]

Au-Fe3O4/
graphene MB Discoloration eff.:

max. 99% n.a. max. 0.6 mg/L 0.2–1 g/L 7.2 [43]

Fe3O4 and
α-Fe2O3

MB Discoloration eff.:
max. 95% max. 0.78 h−1 n.a. 300–500 mg/L 6.5 [44]

nitrilotriacetic
acid-bonded Fe2+ MB Discoloration eff.:

max. 97.4% n.a. 1–3 mg/L 40–100 mg/L 6.5 [45]
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Table 3. Cont.

Photo-Fenton with Hydrogen Peroxide

Catalyst Type Model
Dye(s)

Process
Efficiency

Rate
Constants k

Iron Amount in
Solution

Oxidant
Amount pH Reference

Fe-Based
Metal–Organic

Frameworks
MB Discoloration eff.:

max. 99% n.a. 100 mg/L 735 mg/L 6.5 [46]

FeCu bimetallic
system MO mineralization

eff. 78% n.a. max. 0.32 mg/L 490 mg/L 7 [47]

Photo-Fenton with persulfate

Stainless steel

MB

Discoloration eff.:
max. 88.4%,

mineralization
eff. 69.9%

0.10–1.36 h−1 0.94–3.68 mg/L

333–1665 µg/L 6.5 This study

MO

Discoloration eff.:
max. 75.7%,

mineralization
eff. 57%

0.10–0.36 h−1 0.98–3.95 mg/L

Fe2+ (FeSO4)
under UV

MO
Discoloration eff.:

max. 99% at
pH 3, 2% at pH 7

~30 h−1 2–20 mg/L 50 mg/L 3–7 [48]

ZVI metallic Fe
nanoparticles MO

Discoloration eff.:
max. 98% at
pH 3, 70% at

pH 7

n.a. n.a. 30 mg/L 3–7 [49]

By analysing the data presented in Table 3, it can be seen that using austenitic stainless
steel as a photo-Fenton catalyst determines good mineralization and discoloration efficien-
cies at near-neutral pH values. Compared with the literature data, attained using hydrogen
peroxide or persulfate and Fe2+ salts or ZVI nanoparticles as an iron source, at the same pH
values as used in this study (6–7), the mineralization efficiency can be considered practically
nil [33,42,48,49]. Comparable degradation efficiencies of already-reported photo-Fenton
systems are reported to be achieved only under acidic pH values (3–4), which generate
total iron concentrations in solution ranging from 0.6 to 150 mg/L. Compared to this study,
these values are up to 38 times higher, necessitating further separation steps in a real-life
wastewater treatment pilot installation. Also, photo-Fenton on solid stainless steel supports,
as reported herein, can operate at oxidant concentrations of 20 to 460 times lower than those
reported in the reference literature [44,46], reducing the costs and the oxidative degradation
of the installation. The reaction rates obtained are similar to those reported in the reference
literature for ZVI nanoparticles or iron salts (except when using UV irradiation) but under
nearly-neutral pH conditions. A comparison of this study’s reaction rates with those from
the reference literature under neutral pH conditions was not possible due to the lack of
such data for MB and MO.

Regarding the surface chemistry of the catalyst, the relative wt.% of the elements of
interest (Fe, Cr, Ni, C, O) before and after the photo-Fenton degradation process for both
hydrogen peroxide and potassium persulfate ions at their highest concentration (1667 µg/L)
used in this study was determined through XPS spectroscopy (Figure 4a, Table 4). It can
be seen that the most notable modification in the surface chemistry of stainless steel is the
increase in oxygen content with 107% in the case of hydrogen peroxide and with 159% in
the case of potassium persulfate.
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Figure 4. (a): Survey XPS spectra of stainless steel (St-0), stainless steel immersed in hydrogen 
peroxide (St-H2O2), and stainless steel immersed in potassium persulfate (St-S2O82−); (b): high-
resolution XPS Fe2p envelopes. 
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light from the visible spectrum to degrade two model dyes (methylene blue and 
methylorange) with hydrogen peroxide and potassium persulfate at ambient 
temperature, without any pH correction and without stirring. Good photodegradation 
efficiencies (photodecoloration and mineralization) were achieved by using the 
operational parameters described in this paper. The photodegradation of the model dyes 
was achieved at pH values close to neutral and with considerably lower amounts of 
peroxide or persulfate than those used in other related studies. Further studies will be 
performed to assess the photodegradation efficiency of stainless steel in the presence of 
various interfering anions and cations and for real industrial wastewater effluents. 
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peroxide (St-H2O2), and stainless steel immersed in potassium persulfate (St-S2O8
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resolution XPS Fe2p envelopes.

Table 4. Relative surface chemistry of the samples calculated from XPS spectra.

Sample
Relative Element Concentration (wt.%) Fe Chemical Species (2p)

(rel. %)Fe2p Cr2p Ni2p O1s C1s

St-0 70.48 17.9 9.54 2.02 0.06
Fe0

Fe2+

Fe3+

98.4
-

1.6

St-H2O2 68.47 17.8 9.50 4.19 0.04
Fe0

Fe2+

Fe3+

90.3
7.3
2.4

St-S2O8
2− 67.37 17.8 9.55 5.24 0.04

Fe0

Fe2+

Fe3+

89.1
7.8
3.1

Furthermore, there is a decrease up to a maximum of 4.5% in the iron content of
the material. An increase in the oxygen content on the steel surface and iron dissolution
has also been observed in the case of electro-Fenton processes [22,50]. The dissolved iron
provides the ions necessary to initiate and sustain the photo-Fenton photodegradation
process. As mentioned in Tables 1 and 2, the iron concentration in solution ranges from
0.13 to 3.95 mg/L. In water, iron concentrations below 0.3 mg/L can be characterized as
unnoticeable, whereas levels of 0.3–3 mg/L are generally acceptable [26]. As previously
stated, using stainless steel at near-neutral pH generates much less iron in solution than
“traditional” processes using ZVI iron (Table 3).

Regarding Ni and Cr, the other major constituents of stainless steel responsible for its
characteristic corrosion resistance in aqueous environments, Table 4 reveals that there is a
0.05% reduction in the weight percentage of Ni on the surface of the stainless steel catalyst
submitted to the photo-Fenton process (H2O2 oxidant), while for Cr, a reduction of 0.01%
is registered for both oxidants. In solution, at the experimental pH values used in this
study, nickel should exist as NiO and/or Ni(OH)2, as these species are stable at pH 5−15.
Consequently, these species tend to separate from aqueous solution and precipitate [51],
posing a low cause for environmental concern. Cr oxidation products such as Cr3+ and/or
Cr(VI) ions are rarely present at pH values over 6 because hydrated chromium oxide
(Cr(OH)3) is hardly water-soluble, and Cr(VI) can be reduced to Cr3+ (thus precipitating
it out of the solution) by the Fe2+ ions [52,53]. More probably, since Ni and Cr are known
to form a thin oxide layer on the surface of stainless steel in the presence of atmospheric
oxygen (oxygen is present in the surface chemistry of the steel material, as in Table 4), the
reduction in the surface Ni and Cr in steel could be more likely due to the microabrasion of
this oxide layer than metallic Ni and Cr oxidation to water-soluble species [54].
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Regarding the chemical states of iron (high-resolution Fe2p envelopes, Figure 4b), all
samples present a high-intensity broad signal ascribed to metallic Fe0 2p3/2 at about 706 eV,
representing the dominating contribution [55]. Fe in higher oxidation states, such as Fe2+

2p3/2 at ~710 eV [56] is present on the surface of the steel samples submitted to photo-
Fenton. Iron at its maximally oxidized state—i.e., Fe3+—can be detected at ~715 eV [57] in
very low amounts on the surface of the initial stainless steel sample, but most notably on
the surface of the samples submitted to photo-Fenton. Fe2+ seems to represent the highest
oxidized-state iron contribution. Since the ferrous ions are the main species responsible for
electron transfer to the peroxide and persulfate oxidants, their presence on the material’s
surface confirms the depicted photogeneration of radicals and dye photodegradation
mechanism schemes.

4. Conclusions

Efficient methods for the degradation of persistent organic compound should make
use of commonly available materials, be upscalable, be energy-efficient, and alter the
chemical composition of the aqueous environment as little as possible. This work aimed to
determine the suitability of using a photo-Fenton process triggered by irradiation with light
from the visible spectrum to degrade two model dyes (methylene blue and methylorange)
with hydrogen peroxide and potassium persulfate at ambient temperature, without any pH
correction and without stirring. Good photodegradation efficiencies (photodecoloration
and mineralization) were achieved by using the operational parameters described in this
paper. The photodegradation of the model dyes was achieved at pH values close to neutral
and with considerably lower amounts of peroxide or persulfate than those used in other
related studies. Further studies will be performed to assess the photodegradation efficiency
of stainless steel in the presence of various interfering anions and cations and for real
industrial wastewater effluents.
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