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Catalytic enrichment of plasma with hydroxyl
radicals in the aqueous phase at room
temperature†
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Michał Kwiatkowski,f David Duday d and Sophie Hermans *a

Different iron oxide catalysts supported on mesoporous silica were prepared by several techniques

including assembly of pre-synthesized nanoparticles, coprecipitation in the presence of the support or

impregnation. Characterization showed that iron oxide nanoparticles were dispersed either at the surface

of the SiO2 material or within the pores when prepared by dry impregnation. The catalytic performance of

these materials for Fenton chemistry was evaluated through kinetic tests in the presence of coumarin as a

radical trap for the quantification of the HO˙ radicals produced. The first tests concerned the production of

HO˙ radicals from H2O2 by a Fenton-like reaction. The results show that catalysts prepared by dry

impregnation in an ethanolic solution show the highest activity toward the production of HO˙ radicals.

These catalysts were also engaged in a reaction without external H2O2 using a cold atmospheric pressure

plasma jet treatment with the successful purpose of increasing the production of HO˙ radicals in aqueous

solution at room temperature and near-neutral pH. Our best catalysts outperformed others reported in the

literature in reactions carried out with soluble species or at acidic pH. Moreover, a synergetic effect

between the heterogeneous catalyst and the plasma for HO˙ radical production was highlighted. These

radicals could be easily used for biomedical or wastewater treatment applications.

Introduction

Advanced oxidation processes (AOPs) allow the production of
highly reactive oxygen species, above all the hydroxyl (HO˙)
radical, which is a strong oxidant capable of oxidizing
persistent organic pollutants for wastewater treatment.1–3

These HO˙ radicals can be formed by using the
homogeneous Fenton reaction that implies the activation of
H2O2 by ferrous ions (Fe2+).4,5 However, to avoid formation of
soluble metallic species, serious attention has been focused
on the heterogeneous Fenton-like reaction.6 The Fenton-like
reaction is based on the use of noble metals or metal oxides
(Au, or Cu, Co, Mn and Fe oxide)7,8 but the use of materials
containing iron (Fe zeolites or modified clays) has also been
reported.9,10 Among all these reported catalysts, iron oxides11

received the most interest due to their properties (magnetic
properties, good activity, recyclability).12,13

The possibility to support these iron oxide nanoparticles
on (porous or nonporous) solids can result in better
dispersion and hence smaller Fe3O4 nanoparticles with
improvement of the catalytic activity due to a larger surface
area.11,14,15 Some studies also suggest that this better activity
is due to electron transfers between iron and a coating16 or
the support.17
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In the heterogeneous Fenton process, the HO˙ radical can
be generated by the reaction of hydrogen peroxide (H2O2)
and the surface FeII (denoted as FeII) (eqn (1)). Magnetite
(Fe3O4) indeed is a mixed FeII + FeIII oxide. This simplified
mechanism proposed by Lin et Gurol18 based on surface
complexation chemistry is widely accepted.19

FeII + H2O2 → FeIII–OH + HO˙ (1)

The FeIII–OH formed can also react with H2O2 (according
to eqn (2)) to give HO2˙, allowing regeneration of FeII. This
hydroperoxyl radical (HO2˙) can also be formed by the
reaction between H2O2 and HO˙ (eqn (3)) and they can
participate in the regeneration of FeII according to (eqn (4)).

FeIII–OH + H2O2 → FeII + H2O + HO2˙ (2)

HO˙ + H2O2 → HO2˙ + H2O (3)

FeIII–OH + HO2˙ → FeII + H2O + O2 (4)

The superoxide anion (O2˙
−) can also be detected during the

Fenton process and arises from the presence of HO2˙ (eqn
(5)).

HO2˙ ↔ H+ + O2˙
− (5)

In the medical field, the use of HO˙ radicals is studied due
to its strong oxidizing power that can cause damage to DNA,
cellular proteins and lipids. Studies were therefore conducted
for the treatment of cancer by generation of HO˙ radicals
from the endogenous H2O2 of the tumor cells20 or that have
been brought into the tumor environment by enzymatic
catalysis21 or plasma.22 This latter possibility stems from the
recent development of atmospheric plasma. Plasma is an
ionized gas containing molecules (or neutral gas atoms),
electrons and different types of ions as well as excited species
and radicals. Non-thermal plasma (“cold plasma”) operating
at atmospheric pressure has applications in analytical
chemistry, plasma-catalysis,23–25 deposition or surface
modification,26,27 biomedicine (wound healing,28

disinfection/anti-bacterial,29 cancer treatment30,31) or in
depollution (water32 or air23). It is well established that
plasma allows the production of reactive species within the
plasma33 or upon interaction with species present in its
surrounding atmosphere (such as N2, O2 or water vapor).33,34

Among these reactive species, reactive oxygen and nitrogen
species (RONS), in particular HO˙ radicals and H2O2, play a
key role, although many others are present and the reactivity
of plasma in liquids is very complex, as shown here.35,36 HO˙
species are produced in the plasma gas phase by electron
impact dissociation of H2O during the interaction of plasma
with the humidity in the air diffusing into the jet33,34,37 or in
the aqueous medium.35

Therefore, our goal is to combine an iron oxide catalyst
with plasma excitation to generate an enhanced fraction of

HO˙ radicals. These radicals could be applied to water
remediation or medical fields, but as a proof of principle,
here they will be simply trapped to confirm their presence
and obtain an evaluation of their quantity. We have chosen
the known reaction of coumarin38–40 that upon HO˙ radical
addition gives a fluorescent molecule: umbelliferone (Fig. 1).

Fenton chemistry is usually carried out under acidic
conditions.41,42 Our goal here is to efficiently produce HO˙
radicals in pure water without pH control, at room
temperature, using iron oxide supported on silica material
catalysts, in a non-assisted heterogeneous Fenton reaction
mode. Indeed, performant catalysts reported to date for this
reaction are assisted by UV radiation.43,44 In addition,
literature reports focused on the degradation/oxidation of
organic pollutants under these conditions, without any effort
to isolate the active species or quantify the radicals involved.
Other oxidizing agents can be involved during Fenton-like
reactions. This has been highlighted indirectly by using
radical scavengers that cause a lowering of the catalytic
activity.14,43 Hence the present contribution will focus on HO˙
radical formation and detection without immediate further
use to avoid hiding subtle effects.

Different materials will be compared for their catalytic
efficiency. In this work, iron oxide nanoparticles supported
over mesoporous silica have been prepared by various
techniques involving either dispersion of preformed
magnetite nanoparticles or impregnation of an iron salt, with
the aim to obtain small iron oxide nanoparticles well
dispersed on the silica support to give a “high active surface.
The as-prepared materials were characterized and evaluated
for the production of hydroxyl radicals in water at room
temperature and atmospheric pressure. They were tested first
for the heterogeneous Fenton-like process in the presence of
H2O2 without an external light source, and second under the
effect of cold atmospheric plasma treatment. The efficiency
of hydroxyl radical production by combining Fenton
supported nanocatalysts and cold atmospheric plasma is
discussed.

Experimental
Reagents and materials

Hexadecyltrimethylammonium bromide (CTAB, 95%),
tetraethyl orthosilicate (TEOS, >98%), FeCl3·6H2O (99+%)
and FeCl2·4H2O (99+%) were purchased from Sigma Aldrich
and used as received. 2-Bromo-2-methylpropionic acid
(BMPA, 98%), 3-aminopropyltriethoxysilane (APTES, 98%)
and Fe(NO3)3·9H2O were purchased from Alfa Aesar, aqueous

Fig. 1 Formation of the fluorescent 7-hydroxycoumarin by the
reaction of HO˙ radicals with coumarin.
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ammonia (28–30 wt%) from ChemLab and coumarin (99+%),
H2O2 (35 wt%) and oleic acid (80–90%) from Acros Organics.
Citric acid (p.a.) was purchased from Merck. A commercial
ultrasonic cleaner (VWR) was used for sonication.

Syntheses of iron oxide-based catalysts

Silica supports. Spherical MCM-48 mesoporous silica
particles were synthesized according to a procedure reported by
Schumacher and co-workers.45 The template
n-hexadecyltrimethylammonium bromide (CTAB, 2.4 g) was
dissolved under stirring in a mixture of deionized water/ethanol
(50 mL/50 mL) at room temperature followed by the addition of
aqueous ammonia (28–30 wt%, 12 mL) and this solution was
left under stirring for 10 min. Then, the silica source tetraethyl
orthosilicate (TEOS, 3.4 g; 16 mmol) was added and the mixture
was stirred still at room temperature for 2 h under constant
stirring. The molar ratio of this reaction is TEOS/CTAB/NH3/
H2O/EtOH 1/0.4/12.5/174/54. The resulting solid was filtered
out, washed with distilled water and dried in air at room
temperature. The MCM-48 support was obtained by calcination
under air at 550 °C for 6 h to remove the CTAB template.

Wormhole and interconnected pore mesoporous silica
nanoparticles (MSNPs) were synthesized using surfactant-
directed, base-catalyzed condensation of silica precursors
using a sol–gel approach proposed earlier by Bein and co-
workers.46 A stock solution was prepared by mixing 13.75 mL
of Milli-Q water, 2.23 mL of absolute ethanol, and 2.23 mL
(1.69 mmol) of cetyltrimethylammonium chloride (CTACl, 25
wt%) by stirring in a Radleys Mya 4® station for 10 min
under an argon atmosphere. Then, triethanolamine (TEA,
1.78 mL; 13.37 mmol) was added to the stock solution and
mixed at room temperature until complete dissolution. When
TEA was fully dissolved, the mixture was heated at 60 °C, and
then TEOS (1.454 mL; 6.5 mmol) was added dropwise. The
reaction was further stirred for 2 h under an argon
atmosphere. The molar ratio of this reaction is TEOS/CTACl/
TEA/H2O/EtOH 1/0.26/2/117.35/5.88. The solid was recovered
and extraction of the CTACl surfactant was achieved by
applying several cycles of hydrochloric acid wash/
centrifugation. Each extraction cycle included a dispersion of
MSNPs in a solution of ethanol and hydrochloric acid at 2%,
ultrasonication for 40 min at 40 °C and then centrifugation
for 20 min at 45 000g. After surfactant extraction, MSNPs were
either dispersed in absolute ethanol or freeze-dried to obtain
a dried powder.

Fe3O4 NPs. Magnetite nanoparticles were prepared by the
coprecipitation method.47 Namely, 5.85 g of FeCl3·6H2O and
2.2 g of FeCl2·4H2O were dissolved in 200 mL of distilled
water and the mixture was left under argon bubbling for 1 h.
Then the solution was heated to 90 °C, 9 mL of aqueous
ammonia (28–30 wt%) was added and the mixture was kept
at this temperature for 20 min. To obtain hydrophobic
magnetite nanoparticles, 9 mL of oleic acid was added
directly to the mixture and kept under stirring for 60 min at
90 °C. After cooling, the nanoparticles were separated by

using an external magnet (magnetic decantation) and washed
with distilled water.

To obtain hydrophilic magnetite nanoparticles, the black
precipitate was recovered with a magnet after the 20 min
period at 90 °C and washed with distilled water. Then, 2 g of
citric acid was added to the redispersed nanoparticles in 200
mL of distilled water and the mixture was heated to 80 °C for
30 min. After cooling, the nanoparticles were separated by
magnetic decantation and washed with distilled water.

Fe3O4/MCM-48(CV). These magnetite NPs have been
linked to the MCM-48 surface. For this, the surface of MCM-
48 was first functionalized48 with amino groups by treatment
with APTES (3-aminopropyltriethoxysilane) as follows. MCM-
48 (1 mg) was dispersed in 100 mL of ethanol and the
mixture was refluxed for 3 h followed by the addition of 400
μL of APTES. The solid was recovered by centrifugation and
washed with ethanol.

Then, the oleic acid ligands of the magnetite
nanoparticles were exchanged by reacting with BMPA
(2-bromo-2-methylpropionic acid) to functionalize the surface
with amine groups.49 50 mg of hydrophobic magnetite
nanoparticles capped with oleic acid dispersed in 3 mL of
chloroform was added to 30 mL of a 0.1 mol L−1 solution of
BMPA in chloroform. The solution was left under stirring at
room temperature for 48 h, then the nanoparticles were
precipitated by the addition of an excess of ethanol. The
precipitated Fe3O4–Br nanoparticles were recovered by
centrifugation.

The ligand-exchanged magnetite nanoparticle dispersion
(0.005 g in 3 mL of THF) was added to 0.1 g of the amino-
functionalized MCM-48 dispersed in 20 mL of THF, and the
resulting dispersion was heated to reflux for 3 h. The sample,
designated Fe3O4/MCM-48(CV), was recovered by
centrifugation and washed with ethanol to remove excess
magnetite nanoparticles.

Fe3O4/MCM-48(CP). Another way used to obtain magnetite
NPs on the surface of the MCM-48 was adapted from a
coprecipitation method for which the preparation of
magnetite nanoparticles was carried out in the presence of
the MCM-48 support. To do so, 70 mg of FeCl3·6H2O and 26
mg of FeCl2·4H2O were dissolved in 4 mL of distilled water
and the mixture was left under argon bubbling for 1 h. Then
the solution was heated to 90 °C and 0.5 mL of aqueous
ammonia (28–30 wt%) was added and the mixture was kept
at this temperature for 20 min. After cooling, the
nanoparticles were separated by using an external magnet
(magnetic decantation) and washed with distilled water.

Fe3O4/MCM-48(FI). Magnetite nanoparticles were also
dispersed on the MCM-48 support by impregnation assisted
by ultrasound. To do so, 15 mg of hydrophilic magnetite
nanoparticles were dispersed in 3 mL of deionized water
before addition of 285 mg of MCM-48 particles and the
mixture was left under ultrasonic irradiation for 60 min.
Then, the mixture was dried under vacuum at 40 °C. The
same procedure was applied to hydrophobic magnetite
nanoparticles that were dispersed in chloroform.

Catalysis Science & TechnologyPaper
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FexOy/SiO2(I). Finally, a dry impregnation method has also
been implemented to obtain iron oxide dispersed on MSNPs.
The silica support (0.3 g) was impregnated with 0.3 mL of an
aqueous (or ethanolic) solution of Fe(NO3)3·9H2O; the
concentration of the solution was adjusted to obtain a metal
loading of 5 wt%. The impregnated powder was dried at 100
°C for 12 h in stagnant air and was then calcined at 500 °C
in a muffle oven. The iron oxide catalyst was reduced just
before the catalytic tests at the desired temperature under a
reductive gas flow (Alphagaz™ mix H2 5%/Ar, Air Liquide).

Table 1 summarizes the various preparation methods used
to produce the different materials described in this study and
their corresponding code names.

Characterization

The powders were characterized by transmission electron
microscopy (TEM), powder X-ray diffraction (XRD), synchrotron
XRD, X-ray photoelectron spectroscopy (XPS), N2 physisorption,
elemental analyses (ICP), thermogravimetric analysis (TGA) and
temperature-programmed reduction (TPR).

The morphology of the samples was evaluated by
transmission electron microscopy (TEM). Images were
obtained on a LEO 922 Omega energy filter transmission
electron microscope operating at 120 kV. The samples were
suspended in acetone under ultrasonic treatment. A drop of
the suspension was deposited on a holey carbon film
supported on a copper grid (Holey Carbon Film 300 Mesh
Cu, Electron Microscopy Sciences), which was dried overnight
under vacuum at room temperature before introduction in
the microscope.

SEM and SEM-EDX (energy-dispersive X-ray spectrometry)
analyses were performed using a JEOL FEG SEM 7600F
equipped with an EDX system (Jeol JSM2300 with a
resolution <129 eV) operating at 15 keV with a working
distance of about 8 mm. The acquisition time for the
chemical spectra lasted 300 s with a probe current of 1 nA.
The quantitative analysis of the atomic elements was
performed using the integrated Analysis Station software. A
two-step analysis procedure was applied in order to obtain
quantitatively reliable results for the element profiles over
the entire cross sections: (i) the subtraction of the
bremsstrahlung done with the classical top-hat filter
method50,51 and (ii) the quantification of the area under each
atomic peak determined by the φ(ρz) model.52–54

Synchrotron X-ray powder diffraction measurements were
performed at the MSPD beamline of the ALBA synchrotron.55

The samples were inserted into 0.7 mm glass capillaries and
diffraction data were collected at 30 keV (0.41335 Å
wavelength) in transmission mode using the MYTHEN
detector (6 molecules at 550 mm from the sample) up to 120°
(2θ) and a total measurement time of 30 min per sample.

X-ray photoelectron spectroscopy (XPS) analyses were
carried out at room temperature using an SSI-Xprobe (SSX
100/206) photoelectron spectrometer from Surface Science
Instruments (USA) equipped with a monochromatized
microfocus Al X-ray source. Samples were stuck onto small
sample holders using double-face adhesive tape and then
placed on an insulating Macor® ceramic carousel. Charge
effects were avoided by placing a nickel grid above the
samples and using a flood gun set at 8 eV. The binding
energies were calculated with respect to the C–(C, H)

Table 1 Summary of preparation methods tested and corresponding code names for the obtained materials

Preparation method Code name

MCM-48 support MCM-48
Mesoporous silica nanoparticle support MSNPs
Hydrophobic magnetite NPs obtained from the coprecipitation of Fe(II)/Fe(III) salts and coated with oleic acid Fe3O4(o)
Bromo-terminated magnetite nanoparticles (after ligand exchange of Fe3O4(o)) Fe3O4–Br
Hydrophilic magnetite NPs obtained from the coprecipitation of Fe(II)/Fe(III) salts and coated with citric acid Fe3O4(i)
Surface-modified Fe3O4 NPs covalently linked on the surfaced-modified MCM-48 Fe3O4/MCM-48(CV)
Ferrofluid impregnation: Fe3O4(o) NPs dispersed in CHCl3 Fe3O4(o)/MCM-48(FI)
Ferrofluid impregnation: Fe3O4(i) NPs dispersed in H2O Fe3O4(i)/MCM-48(FI)
Coprecipitation of Fe(II)/Fe(III) salts in the presence of MCM-48 Fe3O4/MCM-48(CP)
Dry impregnation (with aqueous solution) onto MCM-48 and thermal activation at the indicated temperature FexOy/MCM-48(I) (XXX°)
Dry impregnation (with ethanolic solution) onto MCM-48 FexOy/MCM-48(I-EtOH) (500°)
Dry impregnation (in EtOH) onto MSNPs FexOy/MSNPs(I-EtOH) (500°)
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component of the C1s peak fixed at 284.8 eV. Data
treatment was performed using the CasaXPS program (Casa
Software Ltd., UK). The peaks were decomposed into a sum
of Gaussian/Lorentzian (85/15) after subtraction of a Shirley-
type baseline.

The pore texture of the covered catalysts was characterized
by nitrogen adsorption–desorption isotherms. The
measurements were achieved by using a Micromeritics ASAP
2020 analyzer at 77 K. Before analysis, the samples (0.02–0.10
g) were degassed for 2 h at 200 °C at a heating rate of 10 °C
min−1 under 0.133 Pa pressure. The analysis of the isotherms
provided specific surface areas calculated with the Brunauer–
Emmett–Teller (BET) equation, SBET. The pore volume, Vp, of
the samples and the pore average diameter were calculated
using the DFT model.

Iron and gold were analyzed by ICP-AES on an ICAP 6500
instrument. The samples were prepared by an acid digestion
process.

Powder X-ray diffraction (XRD) was performed on a Bruker
D8 advanced diffractometer with Bragg Brentano geometry,
using a LinkEye XE-T detector with Cu Kα radiation (λ =
0.154 nm) and a power of 1200 W (40 kV, 30 mA). The
samples were scanned from 0.8 to 10 (2θ range) at a scanning
rate of 1.5° min−1.

Thermograms were recorded on a TGA/SDTA 851e
instrument from Mettler Toledo. Samples (5–10 mg) in
alumina containers were heated at 10 °C min−1 under air
flow.

Temperature-programmed reduction (TPR) with hydrogen
was used to evaluate the reduction temperature of the iron-
based catalyst. A Hiden Catlab Reactor combined with a QGA
Hiden Quadrupole mass spectrometer was used. The sample
was pretreated in dry air (20 mL min−1) at 500 °C for 1 h. The
sample was then cooled under argon (20 mL min−1) to 120
°C. After 1 h under argon flow, the gas flow was changed to a
mixture of 15 mL min−1 of argon and 5 mL min−1 of 5% H2

in nitrogen. A temperature program of 10 °C min−1 up to 650
°C was then applied.

Catalytic tests

In a typical experiment for the production of HO˙ radicals, 10
mg of catalyst were added to 20 mL of a solution of 1.0 mmol
L−1 coumarin and 9.6 × 10−2 mmol L−1 H2O2 in a quartz
round-bottom flask equipped with a magnetic stirrer. When
specified, the solution was acidified by adding a few drops of
diluted HCl. At regular and defined time intervals (t = 0 min
when the catalyst was added), aliquots of the solution were
taken and placed in a 5 × 5 mm cell, and the fluorescence
spectrum of the generated 7-hydroxycoumarin was measured
after a dilution by 4 (excitation wavelength: 346 nm; emission
wavelength: 452 nm) on a Cary Eclipse fluorescence
spectrophotometer (from Agilent).

Catalytic tests were also carried out under plasma
treatment without an external source of H2O2. Indeed,
plasma generates H2O2 spontaneously on contact with water

through dissociation of water molecules by reactive plasma
species. For this, an atmospheric plasma jet device was used
as follows. A hand-held mobile kINPen®11 plasma generator
(CE-certified medical device) was operated with a power
supply unit and a gas supply unit.56 The plasma jets
consisted of a central pin type electrode that ignited plasma
by applying a voltage of 3 kV at a frequency of approximately
1.1 MHz. Argon was used as a feed gas (5 standard liters per
minute) because it is known to generate a higher content of
H2O2 in the presence of water.57 The typical plasma effluent
length is 8–12 mm with a diameter of 1 mm. In a typical
experiment for the production of HO˙ radicals under plasma
treatment, 10 mg of catalyst was added to 20 mL of a solution
of 1.0 mmol L−1 coumarin in a quartz round-bottom flask
equipped with a magnetic stirrer. Aliquots were analyzed as
mentioned above.

Results and discussion

In this work, several iron oxide-based catalysts supported on
mesoporous silica have been prepared by different
approaches. The first section of this manuscript describes
their synthesis and detailed characterization. In the second
part of the paper, their activity toward the production of
hydroxyl (HO˙) radicals from H2O2 will be described, before
testing HO˙ radical production from pure water under plasma
treatment.

Preparation of FexOy nanoparticles supported on MCM-48
mesoporous silica

The aim when preparing these catalysts was to obtain small
iron oxide nanoparticles that are well dispersed on the silica
support. To achieve this, several methods were used to form
and support iron oxide nanoparticles on mesoporous silica.
Thus, pre-synthesized Fe3O4 nanoparticles were covalently
linked or simply deposited by impregnation. A deposition
method by coprecipitation was also used to obtain very small
Fe3O4 nanoparticles on the MCM-48 support. The last
method envisaged is dry impregnation in order to confine
the iron oxide nanoparticles in the silica pores.

First, MCM-48 mesoporous silica was prepared following
the procedure of Schumacher and co-workers.45 This support
exhibited a high specific surface area of 1440 m2 g−1 and an
extremely narrow pore size distribution centered on an
average of 2.7 nm (ESI,† Fig. S1). On this support, several
techniques for the deposition of iron oxide nanoparticles
were implemented.

A first approach was to synthesize free-standing magnetite
nanoparticles before attaching them onto the MCM-48
support. Hydrophobic nanoparticles were prepared by a
coprecipitation method with iron(II) and iron(III) salts in the
presence of oleic acid as a coating agent.47 The synthesized
hydrophobic nanoparticles presented an average particle size
distribution centered on 7.5 nm (ESI,† Fig. S2).
Characterization by X-ray powder diffraction (XRD) showed
peaks attributable to magnetite Fe3O4 and/or maghemite
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γ-Fe2O3 phases, which were very difficult to distinguish
because the two phases present a spinel structure and similar
lattice parameters (Fig. S3†).

Aiming at assembling these Fe3O4 nanoparticles onto the
MCM-48 surface, the capping oleic acid ligands were
exchanged with 2-bromo-2-methylpropionic acid (BMPA).49

The surface of the MCM-48 support was also modified with
3-aminopropyltriethoxysilane (APTES).48 Then, the surface-
modified nanoparticles were put in contact with the amine-
grafted MCM-48 support. This reaction of the functionalized
siliceous surface with the functionalized NPs leads to their
strong covalent attachment.48,49

Transmission electron microscopy (TEM) images of this
Fe3O4/MCM-48(CV) material in Fig. 3(a) show nanoparticles
dispersed on the surface of the MCM-48 with the presence of
some small aggregates, even if these particles tend to cluster
easily.

Based on the properties of these hydrophobic Fe3O4

nanoparticles capped with oleic acid to form a ferrofluid
when dispersed in chloroform, direct impregnation without
functionalization was performed by adding the MCM-48 solid
to the suspension under ultrasonic stirring, giving the
catalyst named Fe3O4(o)/MCM-48(FI). Direct impregnation
was also performed with an aqueous ferrofluid of hydrophilic
Fe3O4 nanoparticles coated with citric acid,58 giving the
catalyst named Fe3O4(i)/MCM-48(FI).

These ferrofluid impregnation processes resulted in a
better dispersion of Fe3O4 nanoparticles on the MCM-48
support with smaller aggregates, for both hydrophobic and
hydrophilic magnetite nanoparticles (Fig. 3(b) and (c)).

XRD characterization of these materials (ESI,† Fig. S4)
obtained by impregnation of Fe3O4 nanoparticle ferrofluids
showed a weak intensity peak at 35.5° attributable to Fe3O4

magnetite or γ-Fe2O3 maghemite, the latter being due to an
oxidation of the magnetite phase under ambient air.

Another synthetic approach was to synthesize the Fe3O4

nanoparticles by coprecipitation in the presence of the MCM-
48 support (denoted Fe3O4/MCM-48(CP)). This method was
used to prepare small Fe3O4 nanoparticles well dispersed on

the graphene oxide support.17 With this method, Fe3O4

nanoparticles were obtained on the MCM-48 surface but TEM
imaging showed the formation of numerous and voluminous
iron oxide nanoparticle aggregates (Fig. 4(a)). This method
also impacted the MCM-48 structure (Fig. 4(a)) with a drop of
the specific surface area from 1440 m2 g−1 for the bare MCM-
48 to 555 m2 g−1 after the coprecipitation and with a much
wider pore size distribution (ESI,† Fig. S5). Strikingly, most of
the narrow mesopores have disappeared from the pore size
distribution; larger mesopores have then appeared, pointing
towards MCM restructuring during the iron phase deposition
process. This is due to the basic pH during Fe3O4

coprecipitation.59

Finally, a last kind of approach was used to obtain iron
oxide NPs well dispersed on the MCM-48 support. Dry
impregnation with Fe(NO3)3·9H2O was performed followed by
reduction under H2 : Ar (1 : 4 V : V) after the calcination step.
Two different solvents (DI water and ethanol) were compared
to carry out the iron(III) nitrate impregnation into the MCM-
48 support. For the FexOy/MCM-48(I) catalysts obtained with
this deposition method, in either of both solvents, the iron
oxide particles were not clearly visible on the TEM images
(Fig. 4(b) and (c)) and X-ray diffraction (XRD) (ESI,† Fig. S6(a))
showed no signal of iron oxide phases.

Aiming at obtaining the Fe3O4 species and based on
literature data,60,61 a reduction step under a reductive gas
flow (Alphagaz™ mix H2 5%/Ar from Air Liquide) was
performed at a temperature of 400 °C. In parallel,
temperature-programmed reduction (TPR) was performed on

Fig. 2 Scheme of the treatment performed with cold atmospheric
pressure plasma with suspensions of the catalytic particles developed.
The plasma jet is not in direct contact with the suspension.

Fig. 3 TEM images of (a) magnetite/maghemite nanoparticles
covalently linked to surface-modified MCM-48, (b) hydrophobic
magnetite nanoparticles impregnated on MCM-48 from CHCl3
suspension and (c) hydrophilic magnetite nanoparticles impregnated
on MCM-48 in water.

Fig. 4 TEM images of (a) magnetite nanoparticles supported on MCM-
48 obtained by deposition–precipitation in the presence of the MCM-
48 support (Fe3O4/MCM-48(CP)), (b) the FexOy/MCM-48(I-water)
catalyst obtained by dry impregnation with an aqueous solution of
iron(III) nitrate and (c) the FexOy/MCM-48(I-EtOH) catalyst obtained by
dry impregnation with an ethanolic solution of iron(III) nitrate.
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the fresh FexOy/MCM-48(I) catalyst to study the reduction
profile and identify precisely the temperature of the different
reduction steps (ESI,† Fig. S8). It is well known that the
reduction of bulk iron oxide by hydrogen usually proceeds
through the following steps: Fe2O3 → Fe3O4 → FeO → Fe, but
experimentally FeO is usually not detected.62 In accordance
with the literature, the TPR profile of our catalyst exhibits
two reduction peaks. The first peak observed (∼420 °C) was
therefore assigned to the reduction from Fe2O3 to Fe3O4. The
second peak (∼575 °C) then includes two reduction steps:
from Fe3O4 to FeO and from FeO to metallic Fe. Therefore,
the temperature was varied for the reduction step carried out
under a reductive gas flow (Alphagaz™ mix H2 5%/Ar from
Air Liquide) to study its influence on the catalytic properties.
New samples were prepared and reduced at 500 and 600 °C.

For the catalyst prepared by dry impregnation with the
aqueous solution of iron(III) nitrate (FexOy/MCM-48(I)), the
iron loading was measured by ICP, which gave a value of 4.7
wt%. The surface iron content measured by XPS reached 0.50
at% (Table 2) corresponding to ∼1.4 wt% (calculated). By
comparing the bulk mass percentage of iron in this catalyst
(ICP) with the amount of iron on the surface (XPS), it can be
seen that the surface content was much lower than in the
bulk. This can be explained by the iron being mainly located
inside the pores of the MCM-48 support, as expected for a
dry impregnation method, thanks to the low amount of
solvent used that seeped into the pores by capillarity.

This observation has been confirmed by the diminution of
the cumulative pore volume in the FexOy/MCM-48(I) sample
as compared to the starting MCM-48 (Fig. 5), especially in the
range >27 Å.

The catalysts prepared by dry impregnation or
impregnation with the ferrofluid and by coprecipitation in
the presence of MCM-48 were further characterized by
synchrotron X-ray diffraction. Similar XRD patterns
appeared, composed of large peaks arising from the
mesoporous material together with, in some of the
samples, clearly visible iron oxide peaks. In particular,
Fe3O4/MCM-48(FI) presented clear Fe3O4 crystalline phase
diffraction peaks (Fig. 6).

The most important peak of the Fe3O4 phase was used as
a reference, and when plotting the data within this range
(Fig. 6, inset), one can see that for Fe3O4(i)/MCM-48(FI) and
Fe3O4/MCM-48(CP) there is some crystallinity. By integrating
the area under the peak for Fe3O4/MCM-48(CP), we can
evaluate that it corresponded to ∼6% of the peak area in
sample Fe3O4(i)/MCM-48(FI).

Using the Williamson–Hall plot to obtain the average size
as well as the refinement of the whole pattern with the
FullProf program, the average size of iron oxide NPs of the
Fe3O4(i)/MCM-48(FI) sample is 10(2) nm. It is not possible to
obtain a precise estimation of the size of Fe3O4/MCM-48(CP)
either with the Williamson–Hall plot or with the Scherrer
equation since there are not enough diffraction peaks in the
pattern and the peak area is very small. However, the peak
can be quite well reproduced if the factor 0.06 is applied to
Fe3O4(i)/MCM-48(FI); one possible interpretation would be
that about 6% of iron oxide NPs is nanocrystalline (∼10 nm
average size), while the rest is amorphous or smaller in size.

FexOy/MCM-48(I) does not present any indication of
diffraction peaks in this region. This indicated that the
particles are either amorphous or very small. Experimentally,
peaks with the integrated area under 2% of the peak area for
Fe3O4(i)/MCM-48(FI) would be undetectable, the same applies
to peaks with the same area as Fe3O4(i)/MCM-48(FI) but with
average sizes below 2 nm (please note that the width of the
peak would be ∼5 times larger which will hinder the peak
detection). Therefore, if crystalline, the nanoparticles in Fex-
Oy/MCM-48(I) are below 2 nm in size.

Transfer of best synthesis methods from MCM-48 to
mesoporous silica nanoparticles (MSNPs)

A second type of mesoporous silica (MSNP) support was
prepared and characterized. This material presented much
smaller particulate sizes. After efficient removal of the CTACl
template, these MSNPs were characterized by N2

physisorption: they exhibited a specific surface area of 935
cm2 g−1 with an average pore diameter of 2.8 nm and a pore

Table 2 XPS results (at%) for the FexOy/MCM-48(I) and FexOy/MSNPs(I-EtOH) samples, in comparison with pure MCM-48

MCM-48 MSNPs FexOy/MCM-48(I) FexOy/MCM-48(I-EtOH) FexOy/MSNPs(I-EtOH)

O 1s 68.99 60.50 63.34 64.24 68.80
Si 2p 29.74 30.87 31.80 33.41 29.18
O/Si 2.32 1.96 1.99 1.92 2.36
Fe 2p3 — — 0.50 0.32 0.61
Fe/Si — — 0.02 0.01 0.02
C 1s 1.27 8.63 4.35 2.03 1.41

Fig. 5 Difference in cumulative pore volume before and after the dry
impregnation procedure.
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volume of 0.61 cm3 g−1 (ESI,† Fig. S9). These MSNPs had a
narrow pore size distribution, which was validated by the
absence of hysteresis on the type IV isotherm. The
morphology of these MSNPs was observed by electron
microscopy (SEM, Fig. S10, ESI†) and the images showed
spherical and monodisperse particles with an average
diameter of 53 ± 6 nm.

The dry impregnation procedure with an ethanolic
solution of Fe(NO3)3·9H2O gave the best results on MCM-48
amongst all procedures screened as described above. This
optimal synthetic procedure to decorate the silica with iron
oxide nanoparticles was therefore repeated with this new
mesoporous silica nanosupport to give the sample named
FexOy/MSNPs(I-EtOH).

XPS characterization of this material (Table 2) revealed
that the iron at the surface on the silica support was only
present at a loading rate of 0.61 at% corresponding to ∼1.75
wt% (calculated).

XRD analysis of this catalyst showed a very small peak at
35.5° (ESI,† Fig. S6(b)) corresponding to the most intense
diffraction peak of magnetite Fe3O4 or maghemite γ-Fe2O3,
indicating that the iron oxide NPs in this case were at least
partially crystalline or slightly bigger than with the MCM-48
support.

Again, the TEM images of this material showed no clearly
visible iron oxide nanoparticles (ESI,† Fig. S11), confirming
as expected their very small sizes. Finally, SEM and elemental
mapping images of FexOy/MSNPs(I-EtOH) (ESI,† Fig. S11)
revealed the homogeneously dispersed iron within the
support particles.

Production of HO˙ radicals

As mentioned above, the activity of all of these catalysts was
evaluated in a first step for the catalytic production of HO˙
radicals from H2O2 to compare the different materials. Then,
the most active catalysts were evaluated for the catalytic
production of HO˙ radicals in water without H2O2 but under

cold atmospheric plasma treatment of the catalyst
suspension. This innovative part aims at exploring possible
synergetic effects between plasma and catalytic materials. In
this case, the tests were carried out by treating the solution
continuously with a low-temperature plasma jet supplied
with chemically inert argon gas. Still, this treatment was
performed in an open-batch reactor, where the liquid surface
was in contact with air. In addition to reactive oxygen species,
which are formed from activation and non-equilibrium
dissociation of water molecules in the liquid phase, these
conditions may support the formation of many types of active
compounds also including molecules containing the nitrogen
atom, primarily formed in the gaseous phase surrounding
the plasma plume and further dissolving into the liquid
phase. However, the main goal of the present investigation
was to elaborate experimental conditions that with plasma-
assisted catalytic activity strongly promote the generation of
HO˙ radicals.

In both cases, the catalytic production of the HO˙ radicals
was followed through a fluorescence method based on the
reaction between the HO˙ produced and coumarin to produce
7-hydroxycoumarin, a highly fluorescent product (see Fig. 1).

The production of HO˙ radicals was first tested with the
support alone and then studied in the presence of the iron-
based catalysts and H2O2 (Fenton-like reaction) at room
temperature and atmospheric pressure. The MCM-48 present
during the reaction had no activity toward the production of
the HO˙ radicals (not shown).

In the case of the catalyst where the surface-modified
magnetic nanoparticles were prepared separately before
being assembled onto the MCM-48, no activity for the
production of HO˙ radicals was noticed under our conditions.
Therefore, the surface-modified magnetite nanoparticles as
well as the surface-modified MCM-48 (Fe3O4/MCM-48(CV))
have been studied by TGA under air (ESI,† Fig. S12) to assess
whether it is possible to remove the capping agents to
evaluate if they do not hinder the activity towards the
production of HO˙ radicals. For the coated Fe3O4 NPs it was
possible to observe a mass loss between 200 °C and 380 °C
(TGA) with a wide exothermic peak in this temperature range
(DSC) and a second exothermic peak without real mass
change around 560 °C. The first mass loss can be attributed
to the decomposition of the capping agents. A mass loss was
also observed at ca. 300 °C for the surface-modified MCM-48
that can be attributed to the loss of the APTES
functionalization, in addition to a loss before 100 °C
corresponding to water physisorbed on the silica surface.

This Fe3O4/MCM-48(CV) catalyst was therefore thermally
treated under air at 400 °C. However, after this thermal
treatment aiming at eliminating organic compounds from
the Fe3O4 NPs and MCM-48 surface, the catalyst was still
inactive toward the production of HO˙ radicals from H2O2

under our experimental conditions. This is ascribed to a
concomitant phase transition of magnetite into maghemite
(as indicated by the first and wide exothermic peak), leading
to all the iron being in the Fe(III) state. This inhibits the

Fig. 6 Synchrotron XRD characterization of iron oxide nanoparticles
supported on MCM-48 (right, zoom-in region of the Fe3O4 phase most
intense diffraction peak).
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activity toward the production of HO˙ radicals from H2O2. In
the literature, the transformation of Fe3O4 into γ-Fe2O3

(maghemite) is reported to occur at a temperature between
200 and 400 °C (ref. 63) and the second exothermic peak can
be attributed to another phase transition as maghemite is
transformed into the hematite phase.64

The catalyst prepared by impregnation of the hydrophobic
Fe3O4 NP ferrofluid (Fe3O4(o)/MCM-48(FI)) did not show
either any activity toward the production of HO˙ radicals from
H2O2. However, the hydrophobic character of these Fe3O4

NPs was not ideally suited because the reaction was carried
out in water. Thus, as described above, hydrophilic Fe3O4

NPs were also impregnated on MCM-48 (Fe3O4(i)/MCM-
48(FI)). The hydrophilic Fe3O4 NPs tested alone
(unsupported) exhibited activity for HO˙ radical production
from H2O2 (ESI,† Fig. S13). However, the process of
supporting them on MCM-48 led to a complete loss of
activity.

The catalyst obtained by coprecipitation in the presence of
the MCM-48 support (Fe3O4/MCM-48(CP)) was active for the
production of HO˙ radicals from H2O2 (Fig. 7, orange curve
(▲)) despite the non-optimal dispersion of the nanoparticles
on the MCM-48 surface (see above, Fig. 4(a)).

Production of HO˙ radicals from H2O2 was also obtained
with the catalyst prepared by dry impregnation followed by a
reduction step under H2 (Fig. 7, purple curve (■)).

This result could be explained by the size of the iron oxide
nanoparticles. Indeed, the characterization results seem to
show that they are slightly bigger in Fe3O4/MCM-48(CP) than
in FexOy/MCM-48(I). Previous studies stated that the catalytic
activity in the Fenton-like reaction is improved with smaller
Fe3O4 particles which allow better dispersion and larger
surface area.11,14,15 However, it should be noted that Niu
et al.16 indicated that they found only a limited relationship
between the improvement in catalytic activity and the size of
their humic acid (HA) coated Fe3O4 particles. They suggested
rather that this improvement could be due to the electron
transfer among the complexed Fe(II)–HA or Fe(III)–HA
allowing a rapid regeneration of the Fe(II) species. This
hypothesis has also been proposed by Zubir et al.17 due to
the strong interaction between the Fe3O4 nanoparticles and
the support in their graphene oxide–Fe3O4 nanocomposites.

With the iron oxide catalyst, it is known that it is the
presence of iron in the Fe(II) state which is active during the
Fenton-like reactions for HO˙ radical production from
H2O2.

4,5,13 Therefore, according to the TPR results presented
above (ESI,† Fig. S8), the ideal reduction temperature would
be in a window between the two reduction peaks at ∼480 to
∼540 °C. The catalytic tests carried out with additional
samples reduced at 500 and 600 °C were in agreement with
an improvement in the production of HO˙ radicals from
H2O2 when the catalyst was reduced at 500 °C instead of 400
°C, but increasing the reduction temperature to 600 °C led to
the formation of Fe(0), causing a fall in its activity due to the
lack of Fe(II) (Fig. 8).

In subsequent experiments, the reduction step for all the
catalysts prepared by dry impregnation was performed just
before the catalytic tests and at a temperature of 500 °C.

An increase in the activity for the production of HO˙
radicals from H2O2 was observed when the solvent of the dry
impregnation was changed to ethanol (Fig. 9). This effect is
probably due to an influence of the impregnation solvent on
the iron oxide particle sizes obtained. Ho et al.65 and Zhang
et al.66 obtained smaller crystallites (and so a higher
dispersion) when impregnating cobalt nitrate on silica using
ethanol as a solvent rather than water. Ho et al. attributed this
effect to the presence of ethoxyl groups on the silica and/or
Co3O4 surface which hindered the sintering of the particles
during the thermal decomposition of nitrates. This
mechanism could be at work here as we are also impregnating
nitrates on silica in ethanol followed by thermal treatment. A
higher dispersion would give higher catalytic activity. However,
this hypothesis cannot be fully confirmed as in both cases the
iron oxide particles are so small that they remain undetected
even by synchrotron XRD. As for the catalyst prepared with the
aqueous solution of iron precursor, no diffraction peak was
observed for the catalyst prepared with the ethanolic solution
of iron precursor (ESI,† Fig. S6). On the TEM images, no
morphological difference was seen between these two catalysts
prepared by dry impregnation either with water or with
ethanol as solvent (see above, Fig. 4(b) and (c)). Finally, no real
difference was noticed in the reduction temperature on the
TPR profile (ESI,† Fig. S8).

Fig. 7 Activity of the catalyst obtained by coprecipitation in the
presence of the MCM-48 support and the catalyst prepared by dry
impregnation and activated at 400 °C.

Fig. 8 Activity of the FexOy/MCM-48(I) catalyst depending on the
reduction temperature.
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Another hypothesis that can be put forward is the
influence of ethanol on surface acidity. Indeed, it has been
shown that a source of protons, provided by the support,
might increase HO˙ radical generation.67 In that study, the
authors however used metal organic frameworks as support
and claimed the assistance of Lewis acid sites on the metal
nodes.

The activity of the iron oxide catalyst supported on the
MSNPs prepared by dry impregnation (FexOy/MSNPs(I-EtOH))
was slightly improved compared to that of the catalyst
prepared identically but supported on MCM-48 (FexOy/MCM-
48(I-EtOH)). Despite a higher specific surface area for MCM-
48, these two materials have a fairly similar porosity, the
difference being mainly the particle sizes (several hundred
nm for the MCM-48 against only ∼50 nm for the MSNPs).
The difference in activity between these two catalysts can
then be explained by the possibility of an intraparticular
diffusion limitation. Indeed, a smaller particle size allows an
easier access to the active phase located within the pores and
faster exchange of reactant and departure of products with
the reaction medium68 especially in the case of short-lived
species.

The initial rate of umbelliferone formation was estimated
from the linear parts of the kinetic curves shown above, and

the values increased by a factor of about 4.6 times (Table 3)
between the less active to the most active catalysts.

Studies on the Fenton-like reaction usually investigate the
degradation of organic molecules without focusing only on
HO˙ radicals. The disappearance of their target molecule
(which is the usual reported catalytic performance) can be
due to the action of different oxidative species such as H2O2,
HO˙, HO2˙ or FeIVO and not only HO˙ which makes any
comparison with our results complicated.

Lin et al.69 also used coumarin to measure HO˙ radical
formation by their goethite catalyst. At pH 3, they estimated
the initial rate of umbelliferone formation at 9 × 10−11 L
mol−1 s−1, where they used the same coumarin concentration
as in our catalytic tests (1 × 10−3 mol L−1). With all of our
active iron oxide-based catalysts we obtained therefore a
much higher initial rate of umbelliferone formation than that
of Lin et al., even if we used half the quantity of catalyst
compared to their study (0.5 g L−1 and 1 g L−1, respectively).
Moreover, our catalytic tests are carried out near neutral pH
(Milli-Q water), which is known to be less favourable than an
acidic pH for Fenton chemistry.41,42,69

Thus, because this Fenton-like reaction is known to be
more efficient at lower pH, both of these catalysts were also
tested in a reaction carried out at lower pH. As expected, the
reaction is more efficient as we observed a higher coumarin
production (thus a higher HO˙ radical production) as shown
in Fig. S14 (ESI†). The initial rate increased by a factor of 4.7
for the FexOy/MCM-48(I-EtOH) catalyst and by a factor of 5.9
for FexOy/MSNPs(I-EtOH) (Table 3). However, an important
drawback with the reaction carried out in acidic medium is
the leaching of iron during the reaction that increased from
ppb level to ppm (ESI,† Table S1).

After catalytic tests, no XRD peak appeared, indicating
that there is no formation of larger crystalline particles of
FexOy compared to before the catalytic tests (ESI,† Fig. S7).
Also, the XPS results (ESI,† Table S2) characterizing the
catalysts after reaction show that the amount of iron at the
surface of these materials decreased more when the catalytic
tests were carried out at lower pH than in Milli-Q water. This

Fig. 9 Activity of the best iron oxide catalysts supported on
mesoporous silica obtained by dry impregnation.

Table 3 Initial rate of umbelliferone formation depending on the catalyst

Catalyst Initial rate of umbelliferone formationa (L mol−1 s−1)

Fe3O4/MCM-48(CP) 1.3 × 10−10

FexOy/MCM-48(I) (400°) 1.8 × 10−10

FexOy/MCM-48(I) (500°) 2.9 × 10−10

FexOy/MCM-48(I) (600°) 2.0 × 10−10

FexOy/MCM-48(I-EtOH) (500°) 6.2 × 10−10

FexOy/MSNPs(I-EtOH) (500°) 5.9 × 10−10

FexOy/MCM-48(I-EtOH) (500°) at pH 2.4 2.9 × 10−9

FexOy/MSNPs(I-EtOH) (500°) at pH 2.6 3.5 × 10−9

Plasma alone 1.2 × 10−9

Plasma + FexOy/MCM-48(I-EtOH) (500°) 1.2 × 10−9

Plasma + FexOy/MSNPs(I-EtOH) (500°) 1.7 × 10−9

Plasma + FexOy/MSNPs(I-EtOH) (500°) at pH 2.8 2.7 × 10−9

a The initial rate of umbelliferone formation was estimated by the slope of the curve vs. time at t = 0.
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observation is in accordance with the higher iron leaching at
acidic pH determined by ICP (ESI,† Table S1).

Since the most active catalysts were those obtained by dry
impregnation (in EtOH as solvent), these samples were then
tested for the production of HO˙ radicals under plasma
exposure without adding H2O2, as plasma oxygen reactive
species spontaneously generate H2O2 on contact with water.33

For our catalytic tests, the plasma used to generate RONS
in the liquid was a cold atmospheric plasma jet operating in
argon and placed a few millimeters above the surface of the
liquid (thus, without direct contact with the liquid; see
scheme of principle in Fig. 2).

Plasma is known to produce, among others, highly
reactive oxygen species (ROS) in water including HO˙
radicals.33 All of the highly reactive species produced by the
plasma can have great potential in the medical field or for
water depollution. However, in our study, we focus only on
HO˙ radical detection by the selective reaction between them
and coumarin (Fig. 1). This production without the presence
of catalyst or H2O2 was measured before testing the catalytic
materials. Under these ‘blank’ conditions, it has been
possible to evaluate the production of HO˙ radicals generated
in the liquid phase by the plasma alone (Fig. 10, black curve
(−)). In addition, a test with MCM-48 alone exhibited no
additional activity compared to the ‘blank’ with the plasma
itself (Fig. 10, red curve (+)), indicating that mesoporous
silica does not present any catalytic activity under these
conditions.

The tests in the presence of iron oxide catalysts were then
carried out in order to assess whether it is possible to obtain
a synergistic effect between the plasma and the catalyst
dispersed in the liquid phase. Indeed, with the iron oxide
catalysts supported on silica, a synergy with the plasma was
observed, thus producing a greater amount of HO˙ radicals
than with the plasma treatment alone. However, no strong
difference was observed between the two iron oxide catalysts
supported on different silica nanoparticles (FexOy/MCM-48(I-
EtOH) and FexOy/MSNPs(I-EtOH)) (Fig. 10, dark blue (○) and

dark green (x) curves, respectively). The pH of the solution
measured before treatment was ∼5. After reaction, meaning
after 120 minutes with plasma exposure in the presence of
FexOy/MCM-48(EtOH) catalyst, the pH was 4.6. We can
therefore conclude that it is not a mere effect of acidification
or the reaction medium caused by the catalyst presence.

This synergetic effect between catalyst and plasma
treatment can be explained by the presence of the neutral
species H2O2, HO2˙, HO˙, O2, etc. In excited states that may
lead to a lower activation energy barrier or additional
intermediary reactions also leading to lower activation energy
barriers. For example, plasma excited HO2˙ will make the
reaction of eqn (4) (see the Introduction) faster. The injection
of electrons by plasma in solutions may also accelerate the
regeneration of the catalyst (similarly to reaction (eqn (4))).

A reaction at lower pH with plasma treatment was also
performed (ESI,† Fig. S14). A positive effect is observed, but
the initial rate only increases by a factor of 1.7 when the pH
is lowered to 2.8 (against a factor of 5.9 without plasma
irradiation; see above). Moreover, the iron leaching becomes
significant, reaching ∼45 ppm (ESI,† Table S1).

To confirm the synergetic effect, we have subtracted the
results of the blank (plasma alone) from the results obtained
with the FexOy/MSNPs(I-EtOH) catalyst (ESI,† Fig. S15), both
of these reactions being in Milli-Q water (and not at acidic
pH). The obtained ‘difference’ curve (magenta (−)) is indeed
higher than the catalytic results obtained without plasma
(light green (x) curve). This confirms a synergetic effect
between the solid catalyst and plasma for HO˙ radical
production.

This higher production of HO˙ radicals can be explained
by the sum of the radicals produced by the plasma itself and
the conversion by the FexOy-based catalyst of the H2O2 also
produced by the plasma. Indeed, it is known that during
plasma–water interaction, a significant part of the HOaq

radicals produced by the plasma react with themselves to
form H2O2 that then diffuses in water.33

Such a catalyst/plasma-enhanced behaviour has already
been shown by Chandana et al.57 by combining the Fenton
homogeneous catalyst (iron sulfate solubilized in the reaction
medium) and argon plasma jet in their study for the
degradation of methylene blue. To the best of our knowledge,
this is the closest result to the present work, but the added
iron sulfate cannot be recovered at the end of their process,
while our materials are recovered by simple filtration.
Cerium-based solids were also tested in the same study, with
limited efficiency. Kušić et al.70 also showed an improvement
in the decomposition of phenol when adding FeZSM-5 zeolite
during treatment in pulsed corona reactors, which they
attributed to the increase in HO˙ radicals due to the Fenton
reaction between H2O2 and Fe2+ ions in the zeolite framework
as well as those leached into the bulk solution. In that case,
the pulsed corona reactor is a much higher energy process.

The different kinetics for umbelliferone production
(logarithmic without plasma and almost linear in the
presence of plasma) can be explained by the presence of

Fig. 10 Production of HO˙ radicals under plasma treatment: blank test
and tests in the presence of the support alone or in the presence of
iron oxide catalysts.

Catalysis Science & TechnologyPaper



Catal. Sci. Technol., 2021, 11, 1430–1442 | 1441This journal is © The Royal Society of Chemistry 2021

H2O2 in quite a large quantity since the beginning for
experiments without plasma, while no H2O2 is present at the
beginning of the experiments with plasma (H2O2 produced
by plasma in this case). In the presence of plasma, it is also
evident that the linear production rate of umbelliferone is
lost after 1 h probably due to the umbelliferone and/or
coumarin degradation by plasma species, but this represents
only an artefact in our radical detection method, not in the
catalyst/plasma activity.

Our method allowed us to obtain an aqueous phase
medium enriched in HO˙ radicals without consuming an
external reactant, at room temperature and atmospheric
pressure, thanks to a heterogeneous catalytic process based
on a highly dispersed catalyst whereby the catalyst can be
easily recovered by filtration. This opens the door to many
applications in different fields.

Conclusions

Several techniques were used to support iron oxide
nanoparticles on two different mesoporous silica supports.
Either magnetite nanoparticles were synthesized separately
before being supported on the silica surface, or an iron
precursor was deposited by dry impregnation and reduced
by thermal treatment of the solids. The optimal reduction
temperature was found to be 500 °C and resulted in
catalysts with ultra-small iron oxide nanoparticles inside the
pores of the silica supports. All catalysts were tested for
production of HO˙ radicals from H2O2 at room temperature,
neutral pH and atmospheric pressure. The materials
synthesized by dry impregnation gave the best activity
because a higher Fe(II) dispersion and/or a higher number
of acidic sites were obtained. Moreover, the smaller particle
sizes of the mesoporous silica support also allowed
improvement of the catalytic performance in these
experiments.

The catalysts were also used to enhance the production of
hydroxyl radicals under plasma exposure. The production of
HO˙ radicals was significantly raised in the presence of the
suspension of the FexOy-based catalysts in the aqueous
phase. This has been attributed to the further transformation
of H2O2 produced by the plasma, leading to a HO˙-enriched
medium that may certainly be useful for many applications
like water or implant disinfection. The FexOy-based catalysts
were shown to be stable even under plasma exposure and a
synergetic effect between the catalyst and the plasma was
highlighted.
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