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Iron oxides nanoparticle as heterogeneous electro-Fenton catalysts for

the removal of AR18 azo-dye

Heterogeneous electro-Fenton mineralization of Acid Red 18 (AR18) in aqueous
solution was studied with magnetite Fe;Os (MNPs) and hematite Fe,O3 (HNPs)
nanoparticles as catalysts. High mineralization yields of AR18 were obtained
with magnetite, 81% TOC removal after 180 min of electrolysis in 40 mg.L"!
Fes04, pH 3.0, at 50mA of current intensity and in 50 mM Na,SOs. In order to
explain the obtained mineralization yield achieved with MNPs, the quantification
of hydrogen peroxide (H,O,), hydroxyl radical (*OH) and iron leaching were
performed at 50 and 100 mA. From the high iron concentration found in the bulk
solution and the slight impact of the catalyst mass concentration on TOC
removal, the formation of hydroxyl radicals occurs mainly through homogeneous
process. In the presence of hydroxyl radical scavenger, degradation remained
total after 15 min showing the involvement of a direct electrochemical oxidation
of the dye at the electrode surface. The hydroxyl radical oxidation is responsible

for at least 50% of mineralization.
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Introduction:

Advanced oxidation processes (AOPs) are widely documented, owing to their efficiency
for the removal of recalcitrant and bio-refractory organic pollutants. AOPs are based on
the in situ-generation of mainly free hydroxyl radicals [1-3]. This class of processes
includes electro-Fenton, a well-used process thanks to its high performance and
relevance for an environmental purpose. Recently, more interest has been given to
heterogeneous electro-Fenton [4] using zero-valent iron [5, 6], iron based clays [7, 8],
iron containing materials [9, 10] and iron oxides minerals [11-14]. Great effort have
been undertaken to develop active heterogeneous catalysts, such as the use of iron based

solid particles [15-18] or hosting iron compounds on different supports [19, 20, 17, 21].



Heterogeneous catalysts can be reused, avoiding catalysts waste and making the process
economically feasible. The extended range of pH, from pH 3 to pH 7, is attractive as
well. Heterogeneous electro-Fenton is therefore considered as a natural evolution of the
homogeneous one [22- 24]. Due to their specific structure, magnetic properties and their
abundance, iron oxides such as magnetite (Fe3O4), hematite (Fe2O3) and goethite (-

FeOOH) are the most commonly used [25-27].

In the heterogeneous electro-Fenton process, hydroxyl radicals are generated
either in solution with dissolved Fe") and Fe") ions from the catalyst or on its surface
[17, 28]. In the latest case, hydrogen peroxide is produced. at the cathode then
transported by convection to the catalyst surface. Take goethite as an example of
heterogeneous Fenton catalyst, two mechanisms can occur on its surface: radical
mechanism [29] and non-radical mechanism [30]. In the case of a surface radical
mechanism, the reaction starts by the formation of a precursor surface complex (H202)s
on the surface of the catalyst. (H202)s leads then to an electronically excited state
ligands through a reversible electron transfer. The unstable formed ligands generate
FeY and HO,". Fe") can then react with either hydrogen peroxide or oxygen to produce
‘OH and HOy' respectively. The generated HO>" will decompose and give place to O;™.
However, the non-radical mechanism is based on the superficial sites of goethite, which
are effective for the sorption of the target substrate and H>O», reacting on the catalyst

surface [31].

Heterogeneous catalysts based on nanoparticles is a promising alternative [32].
It can have properties that are different from those of the bulk forms of the same
material. Nanoparticles present improved catalytic activity [33], in comparison with

their micro-size counterparts, nano-size particles have few or no mass transfer



limitations [23], high surface area [34] and are very reactive thanks to their active sites
located on the surface which make them easily accessible [27]. A number of studies
have shown application of metal nanoparticles as Fenton and electro-Fenton catalysts
[22, 35]. Magnetite nanoparticles catalysts were successfully used to degrade methyl
orange azo-dye from aqueous solution in the electro-Fenton process [2]. In another
study, the catalytic behaviour of iron (III) oxide-based nanoparticles was investigated
for the treatment of contaminated water. Ethylen glycol and phenol were efficiently
destroyed by the Fenton-like reaction in the presence of hydrogen peroxide without
ultraviolet (UV) light or any radiation source [36]. Moreover, other studies focused on
the supported metal nanoparticles, as the degradation of phenol, Rhodamine B and
Methyl Blue, which where efficiently degraded using supported Pd and Fes;Oq4
nanoparticles. Sulfamethazine antibiotics was efficiently degraded as well, using
synthesized Fe304-Mn304 nanocomposite [37].

In this study, hematite (HNPs) and magnetite (MNPs) nanoparticles were used
to oxidize ARI18. As reported in literature by Teja et al. [26], Magnetite has the
strongest magnetism of any transition metal oxide, Fe") ions are distributed randomly
between octahedral and tetrahedral sites, and Fe"” ions are distributed in octahedral
sites allowing the Fe species to be reversibly oxidized and reduced while keeping the
same structure [23]. The oxygen ions are in cubic close-packed arrangement. However,
in" hematite, oxygen are in hexagonal close-packed arrangement with Fe™ jons
occupying octahedral sites. This latest is the oldest known of the iron oxides. HNPs and
MNPs have shown high catalytic activity for the oxidation of contaminants [13, 14, 2,
38, 39].

ARI18 dye was chosen as a target compound, since it is extensively employed in

food industry, despite its side effects on children behaviour [40]. Treating AR18 azo



dye is reported in literature by electrochemical methods [40-42]. For Thiam et al. [40]
the photo electro-Fenton (PEF) process in the presence of Fe?" catalyst with low or high
oxidation power anodes is the most convenient to ensure quick and total removal of
ARI18 and its by-products after 360 min. Thiam et al. experimented as well, the
mineralization of AR18, they achieved 50% TOC removal at 150 mA.cm™ after 60 min
of electrolysis using PEF with BDD anode and 3 cm?® air-diffusion cathode. The
solution was irradiated with 6W lamp of Amax =360 nm [41]. According to previous
studies, AR18 discoloration and mineralization were mainly due to the generation of
*OH radicals [41, 43].

In this work, AR18 mineralization by heterogeneous electro-Fenton process
involving hematite and magnetite as nanocatalysts was investigated. The catalysts mass
concentrations were examined. Hydrogen peroxide, dissolved iron and hydroxyl radical
concentrations were monitored during the mineralization of AR18 using magnetite
nanoparticles as catalyst at 50 and 100 -mA. The contribution of *OH radicals on

mineralization and discoloration was discussed as well.

Materials and methods

Chemicals and materials

AR18(C20H11N2Na3010S3, 80%) was obtained as powder from a Tunisian food factory
and was used without further purification. Magnetite (Fe3O4, 97%), hematite (Fe2Os3,
98%) nano-powders and sodium sulfate (NaxSOs, 99%) were used as catalyst and
supporting electrolyte respectively and were purchased from Sigma Aldrich. DMSO
(C2H6OS, 99,7%) and sodium methanesulfonate (CH3NaO3S,99%) were purchased
form Sigma Aldrich as well. Thiosulfate (Na2S203, 98,5%) and analytical grade of

sulfuric acid were used as a titrant for hydrogen peroxide quantification and pH



adjustment respectively, both were purchased from Acros Organics. 1,10 phenantroline,
used for the colorimetric determination of Fe ions was purchased from Alfa Aesar. All
solutions were prepared with ultrapure water and all the other chemicals used for
analysis were purchased from Acros and Sigma Aldrich.

Electrochemical apparatus and procedure

An electrochemical batch mono-compartment cell with 0.25 L of solution was used to
perform all experiments at ambient temperature (20°C). The cell was equipped with,
first a cylindrical (Pt) electrode (31.2 ¢cm?) as an anode located in the center of the
electrochemical reactor to have a good potential distribution. The second electrode was
a tridimensional carbon felt piece (Carbone Lorraine RVG 4000 Mersen, Paris La
Defense, France) as a cathode (63mm x50mm x12-mm corresponding to a geometrical
volume of 37.8 cm?).

ARI18 initial concentration was 40 mg L''; all experiments were carried out in duplicate.
The solution was continuously mixed by a magnetic stirrer. The oxygen was provided
by bubbling compressed air into the solution (0.5 L.min™') for 10 min, before and all
along the electrolysis. The electric field was supplied by an ammeter power supply
(Microsinic system, MicrolabMX 20V-2A, villette d Anthon, France).

The ionic strength was maintained constant by the addition of 50 mM Na;SOs.

Analytical methods

Total organic carbon (TOC) measurement

The total organic carbon removal of AR18 solution was measured using TOC-V¢pn/cr
total organic analyzer Schimadzu. The amount of CO: formed, through the catalytic
combustion and conversion of organic carbon compounds, was quantified using a non-

dispersive Infra-Red detector (NDIR).



Hydrogen peroxide quantification

The concentration of hydrogen peroxide was determined using iodometric method.
H>0: oxidizes iodide ions to iodine in acidic conditions and in presence of molybdate
catalyst, the iodine formed is titrated with thiosulfate solution incorporating the starch

indicator [3].

Dissolved iron concentration [44]

The concentration of dissolved iron ions (Fe(Ill)+Fe(Il)) was measured by colorimetric
determination with 1,10 phenantroline as complexic agent [16]. Its absorbance was

measured at 510 nm by a Shimadzu UV-1280 spectrophometer.

Hydroxyl radical quantification

The electrochemical cell was the same as described above. It was filled with 50 mM
sodium sulfate solution at pH 3. DMSO (0.25 M) and magnetite (40 mg.L!") were added
to the solution without AR18. Compressed air was bubbled 10 min prior to electrodes
polarization in order to saturate the solution with dissolved oxygen.

The expected hydroxyl radicals were quantified during 180 min of electrolysis at 50 and
100 mA, respectively. Thanks to its high reactivity toward *OH radicals, DMSO is used
as a trapping agent to quantify them. In fact, it is oxidized in the medium leading to
methanesulfinic_acid. This latest will react with two hydroxyl radicals to form
methanesulfonate, which can be quantified. Consequently, its quantification leads
indirectly to determine the concentration of °OH radicals. Methanesulfonate
quantification was performed by ion chromatography (DIONEX DXI120,
ThemoScientific, Sunnyvale, USA) supplied with a conductivity detector. Mobile phase
and stationary phase were KOH and an ion exchange column AS19 (4 x 250 mm),

respectively. A gradient elution mode was chosen to run the analysis, 10 mM of KOH



during the first 10 min; then increased linearly up to 45 mM after 25 min and this

concentration was maintained from 25 to 35 min. The flow rate was set at 1 ml.min’!

[3].

Results and discussion

Effect of catalysts mass concentrations on AR18 mineralization

The crucial role of catalysts in the generation of hydroxyl radicals in electro-Fenton
process has been reported by many authors [45, 2, 12, 46]. Since both homogeneous
Fenton reaction and heterogeneous one can occur either in the solution or/and at the
catalyst surface, an improvement of the mineralization yield would be expected with an
increase of heterogeneous catalyst. Two different commercial nanocatalysts (magnetite

and hematite) were evaluated in this study for the mineralization of AR18.

Table 1 shows AR18 mineralization yield achieved after three hours of treatment
according to the HNPs mass concentration (40 mg.L! or 80 mg.L!). The increase of the
HNPs mass concentration amplified only slightly the mineralization yield, from 72.4 +
0.4 to 75.8 £ 0.4 % at 5S0.mA and from 81.5 = 0.2 to 83 + 1% at 100 mA. In this range
of mass concentration; the influence of the hematite catalyst can be considered as
negligible. Similar observation was made in the study of Araujo et al. when they studied
the oxidation of Drimarene Red X-6BN by heterogeneous Fenton process using
hematite as iron nanocatalyst. The increase of mass concentration of hematite from 1 to
5 gL' slightly improved the reactive dye degradation yield. But for 10 gL' of
hematite, the dye removal significantly increased [13]. These results may indicate that
in the case of the present study, the range of mass concentration was too low to observe

a significant impact.



Contrarily to hematite, an increase of magnetite mass concentration [Table 1] from 40
to 80 mg.L! decreased its TOC removal from 81 + 2 to 55 =4 % at 50 mA and from 83
+2t0 79% £ 2 at 100 mA.

Similar results were observed by Nidheesh et al. [12], and they concluded that the
increase in magnetite concentration from 10 to 15 mg.L™! led to scavenging reactions.of
excess iron species. Such as the reaction of Fe™ with H,O, (reaction 1) to produce
HOO® having weaker oxidation capability than *OH radicals. The competition for the
consumption of *OH radicals by Fe') and H,O; leads to inefficient consumption of *OH

as shown in (reactions 2, 3 and 4).

=Fe" + H,0; > =Fe™.H,0; > =Fe"+ HOO- + H* (1)
Fe!® + «OH > Fe™ + HO- 2)
*OH + H202 = HO2¢ + H0 3)
2°0H = H,0» “

At 40 mg.L"!, Fe™-bearing iron mineral, magnetite, is a more effective catalyst than
hematite at SOmA for  AR18 mineralization and are in accordance with the study of
Exposito et ~al. [16]. They tested hematite and magnetite as electro-Fenton
heterogencous catalyst for aniline removal. Based on their results, homogeneous Fenton
reaction’ was mainly responsible for the oxidation of aniline and the lowest
mineralization yield was obtained for hematite because of the low iron ions leaching

from the catalyst.



Influence of the applied current intensity

Current intensity is an important parameter considering its direct implication in the
process operating cost, the regeneration of ferrous catalyst at the cathode (reaction 1)
and the generation of H,O» (reaction 5) [47]. An increase in both Fe™ and H,0; as a
result of an increase of the current intensity leads to a higher production of *OH
radicals, inducing a higher mineralization of the dye.

0,+2H" +2e- > H,0, (5)

With HNPs catalyst [table 1], the mineralization yield increased when the current
intensity varied from 50 mA to 100 mA; from 72.4 = 0.4 to 81.5.+0.2 % in the presence
of 40 mg.L! of catalyst and from 75.8 £0.4 to 83.3 +0.3% with 80 mg.L"! catalyst.
On one hand, kinetic rate of H2O> production can be-increased with current intensity
(reaction 5) and on the other hand the oxidation of water at the anode can lead to a
greater production of O (Reaction 6) [12].

H0 «1/20:+2H " +2 ¢ (6)
With MNPs catalyst, mineralization yield at 50 and 100 mA for 40 mg.L! recorded a
slight increase from 81 + 2 to 83 + 2%. Mineralization yield then decreased to 71 + 2%
when current intensity achieved 250 mA. Almost the same trend was observed for 80
mg.L!, since a maximum was also observed for 100 mA.
From 50-t0 100 mA, the evolution of the mineralization yield was in accordance with
the slight increase of the amount of H,O» generated, from 0.9 + 0,06 mM to 1.15 + 0,09
mM after 120 min of electrolysis (data not shown). The decrease of mineralization yield
at 250 mA for magnetite can be then explained considering competitive reactions such
as the electro reduction of H>O: (reaction 7), its dismutation in solution (reaction 8), its
anodic oxidation (reaction 9) and the hydrogen production (reaction 10) [3].

H,0,+2H+2e- >2H,0 (7)
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2H,0, = O, +2H,0 (8)

H2O2 2 Oy +2¢ +2H" 9)

2H"+2¢ > H» (10)
The iron dissolution during electrolysis with MNPs was studied and the evolution of
soluble Fe ions (ferric + ferrous ions) is represented in figure 1 for two current
intensities (50 and 100 mA). For the first 30 min of electrolysis a high Fe ions
dissolution was observed for both current intensities (50 and 100 mA); then the
concentration of dissolved iron species increased with the reaction time until remaining
constant after 120 min. The concentration of iron in solution was higher for 100 mA
than for 50 mA. The influence of current intensity on the dissolution of ferrous ions and
their regeneration was also observed previously [28, 38]. Nideesh et al. [17] also found
that the increase of electrode potential favor the leaching of metals from magnetite,
affecting consequently the pollutant degradation mechanism from surface reaction to
Fenton reaction in solution.
Based on these findings the slight increase in TOC removal from 50 mA to 100 mA can
be attributed to the enhancement of H>O, and dissolved iron species production and a
better Fe') generation leading to the production of higher amount of *OH radicals.
According to Nideesh et al. [25], a high catalysts leaching induces the generation of
*OH radicals in the bulk solution. In contrast, when insignificant iron leaching is
observed, *OH radicals are generated over the catalyst surface. In the current study,
high amount of dissolved iron from magnetite 1.39 + 0.05 mM at 100 mA and 1.20 £
0.02 mM at 50 mA in the bulk solution was found (Figure 1). If we consider 2.07 mM
as the initial theoretical concentration of iron from the catalyst (40 mg.L™! of FesOs in

250 mL), 67% at 100 mA and 58% at 50 mA of total iron were leached in solution after
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180 min indicating that homogeneous Fenton reaction plays a major rule in the
mechanism of *OH radicals generation, which is in agreement with the related literature
[38, 48]. Exposito et al. [16] measured the concentration of total Fe dissolved in the
solution; it was 21.2 mg.L!, after 24h of electro-Fenton treatment using 1g/L Fe;O4
catalyst. They suggested that magnetite behaves as iron ions in the solution; accordingly
the homogeneous catalytic reaction is dominant and the heterogeneous catalytic reaction
can be considered as negligible in the mineralization of organic compounds. Xu et al.
[28] investigated the Fenton-like degradation of 2,4-dichlorophenol using Fes3Os
magnetic nanoparticles. The concentration of total dissolved iron increased as reaction
time increased, which can be attributed to the continuous leaching of iron from 1g/L
MNPs, achieving 9.8 mg.L! of the iron dissolved into the solution after 180 min. They
stipulated that the degradation occurs in two stages, an induction and a degradation
stage. Induction period is considered as an activation stage involving the dissolution of
iron and the second stage is attributed mainly to the bulk homogeneous Fenton reaction
[28].

In this way, the evolution of the *OH radicals concentration was carried out at the two
tested current intensities (Figure 2). Results showed a higher hydroxyl radical
production rate for 100 mA in comparison to 50 mA up to 60 min of electrolysis (2 10
mM.s™ -and ' 10®* mM.s™! respectively); these results were in accordance with those
obtained for H,O, generation and iron ion leaching. Moreover, there were in accordance

with the AR18 mineralization yield behavior.

Contribution of *"OH

It is important to elucidate the contribution of hydroxyl radicals to AR18 discoloration
and mineralization in electro-Fenton process with magnetite as iron catalyst. To do so

the contribution of hydroxyl radicals was investigated by radical scavenging.
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Isopropanol in excess (1 M) was chosen as scavenger due to its high reaction rate
constant with *OH radicals (1.9x10%) L mol™! s [49]. As presented in figure 3, only
26% at 50 mA and 30% at 100 mA TOC removal were achieved in the same
experimental conditions. However, the discoloration percentage remained unchanged,
achieving total discoloration after 15 min of electrolysis at 50 and 100 mA , with excess
isopropanol (1 M) with 40 mg.L™! Fe;04 at pH 3 in 250 mL NaxSO4 0.05 M (data not
shown).

Based on these results, it can be concluded that *OH radicals were responsible for more
than 50% of the TOC removal. The AR18 discoloration through cleavage of its
chromophore groups [46] was faster than its mineralization but did not depend on
hydroxyl radicals oxidation.

To better understand the degradation mechanism, cyclic voltammetry curves were
plotted in AR18 solutions, recorded in oxidation and in reduction at 200 mg.L"! of
AR18 in 0.05 M sodium sulfate solution at pH 3.0 and at 20°C, using vitreous carbon as
working electrode (figure 4). In the presence of ARI8 an oxidation peak appeared at
0.4V/ECS which led to the conclusion that apart from mediated *OH, ARI1S8 is
electroactive and may undergo direct oxidation as well. This can account for the rapid
discoloration. This finding is in agreement with Thiam et al. [40]. Moreover, other
reactive” oxygen species ROS and adsorption phenomena may contribute to the
mineralization of the pollutant. Wang et al. [50] investigated the nature of ROS
generated from the decomposition of H>O» catalyzed by FesO4 MNPs as peroxidase
mimetic. They identified the produced ROS with the electron spin resonance (ESR)
measurement by the addition of the spin-trapping DMPO, showing that *OH and O>™*

/HO,*® radicals are formed and contribute to the pollutant mineralization.
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Conclusion

Heterogeneous electro-Fenton mineralization of Acid Red18 in aqueous solution was
studied with hematite and magnetite as nanocatalysts. In the range of hematite amounts
tested, its impact on the mineralization yield was not significant. The increase of the
mass concentration of magnetite affected mineralization due to scavenging reactions.
However, the highest TOC removal was achieved for magnetite; 83+2% at 100 mA for
40 mg.L! of nanocatalyst. Quantification of hydrogen peroxide and hydroxyl radical
highlighted the influence of current intensity on the mineralization yields. High Fe iron
leaching 67% at 100 mA and 58% at 50 mA indicate that homogeneous Fenton reaction
plays a major role in the mechanism of hydroxyl radicals generation. ARIS8
electrochemical behavior and hydroxyl radicals scavenger studies revealed that even
though *OH are involved in more than 50% in AR18 mineralization. Current-potential
curve obtained by cyclic c=voltammetry showed the AR18 oxidation at the electrode
surface. In this way, AR18 discoloration from the cleavage of the chromophore group

can be due to its direct oxidation on the platinum anode.
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Table 1. Mineralization yield of AR18 as a function of the current intensity with
Hematite and Magnetite catalyst after 180 min of electrolysis, at pH 3 in 0.25 L Na>SO4
0.05M.
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Catalyst TOC removal (%)
concentration
(mg.L') [=50 mA [=100 mA =250 mA
Hematite 40 72.4+0.4 81.5+0.2 -
(Fe203) 80 75.8+0.4 83+1 -
Magnetite 40 81+£2 83+2 71+£2
(Fe304) 80 55+4 79 +2 702
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Figure 1. Investigation of Fe ion dissolution as a function of the current intensity during

180 min, with 40 mg.L"! Fe3O4, at pH 3, in 250 mL Na>SO4 0.05M
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Figure 2. Concentration of generated *OH as a function of the current density during
180 min of electrolysis, with DMSO 0.25M, 40 mg.L " Fe304, at pH 3, in 250 mL
NazS04 0.05M
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Figure 3 . Mineralization yield of AR18 as a function of the current intensity in
presence (light grey bars) and absence (dark grey bars) of isopropanol (1M), with 40
mg.L! Fe304, at pH 3, in 250 mL Na>SO4 0.05M
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Figure 4. Current-potential curves obtained by cyclic voltammetry with a vitreous
carbon electrode (S = 3.14 mm?) as working electrode, a Pt counter electrode and SCE
as reference electrode, r=50mV.s™, under nitrogen atmosphere and room temperature,

in Na,SO4 0.05 mol.L! at pH 3 (dotted line) and 200mg.L! AR18 (solid line)

23





