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Abstract

The degradation pathway of three model aqueous pollutants, methyl orange, methylene blue, and
paranitrophenol, in a Fenton process based on the use of maghemite/silica microspheres as magnetically
separable heterogeneous catalyst was investigated. The utilization of different analytical methods,
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including UV-visible spectroscopy, non-purgeable organic carbon (NPOC) measurements, quadrupole-
time-of-flight high resolution mass spectrometry (Qtof-HRMS), liquid chromatography coupled with
mass spectrometry (LC-MS), and ion chromatography (IC) allowed the identification at different times
of many transformation products for each pelutants-pollutant. Fheses-These analyses confirmed first the
existence of intermediates which have been already evidenced in previous studies on the advanced
oxidation of these pollutants. However, new products were also identified, particularly thanks to the
highly accurate Qtof-HRMS analyses. The evolution with time of the main intermediate compounds was
monitored by LC-MS. It was then possible to propose an overall transformation pathway for each
pollutant. The same classes of reactions, especially ring-hydroxylations and N-demethylations, were
observed for the three pollutants, although specific features were also pointed out. While some common
features with other advanced oxidations processes were found, the highlighted specificities could be

related to the selection of the catalyst and to the experimental conditions used for the degradation tests.



1. Introduction

Advanced Oxidation Processes (AOPs) are a set of chemical methods for the treatment of effluents,
based on the oxidation by some in-situ generated hydroxyl (HO") radicals. This highly reactive species is
characterized by one of the largest reduction potentials (E°=2.8V), and can easily react with numerous
organic molecules. Therefore AOPs have been widely used for the removal of organic pollutants in air,
water and soils [1-3]. AOPs were found to be particularly promising for wastewater treatment, with two

main applications: (i) the treatment of highly charged industrial or agricultural effluents containing toxic

compounds recalcitrant to biodegradation such as dyes, pesticides, or persistent organic pollutants

less-toxic-organic-compounds—ean-be-obtained—(ii) the removal of small amount of micropollutants such

as pesticides, drug residues or detergents, at the end of the treatment sequence. {tertiary-or-quaternary

toxie—effeets—[5]. In that case, a—complete mineralization of the pollutants can be aimed, leading to

environmentally-benten-mineral species such as CO», H>0, and inorganic salts.

AOQOPs are classified as a function of the production mode of the HO" radicals, which can be generated by
various procedures, including radiolysis, photochemistry, electrochemistry, sonochemistry, or purely
chemical methods [6]. In the case of the Fenton type processes, the formation of HO® results from the
addition of hydrogen peroxide (H202), in combination with a hemegeneus homogeneous or
heterogeneous catalyst. Altheush-othertransition—metals—ean—-alse-beused; The-the Fenton catalysts are
often based on iron, since this element gives the best eempromises compromise in terms of activity, cost
and safety [7]. Fenton type processes have been shown to be one of the most efficient methods for the
removal of organic pollutants, with respect to other AOPs [8]. Additional advantages offered by these
processes are the possibility to work in the absence of light, and the relatively low costs of the reagent
and catalyst [8-10]. Over the last three decades, increasing work has been carried out on the replacement

of the traditional homogeneous Fenton catalysts based on soluble iron Hh-er-Hb, by heterogeneous



Fenton catalysts containing iron oxide particles or supported iron ions, owing to the following
advantages [11-14]: (i) The heterogeneous catalysts can be recovered and reused, which reduces the
formation of secondary wastes resulting from the catalyst (iron sladee’s sludges). (ii) There is a
possibility to work at a-neutral pH, increasing the range of efficiency of this process, since hemogenous

homogeneous Fenton catalysts are only active at acidic pH.

In this study, we have employed maghemite/silica (¥F20:/S10> 7-Fe203/Si02) nanocomposite
microspheres as heterogeneous Fenton catalyst, in the continuity of our previous works [15]. The use of
this catalyst was motivated by the easiness of its separation from the effluent, due to its high magnetic

susceptibility. Indeed this material can be easily recovered by magnetically assisted settlement, through

the application of a masneticfielderadient—obtained—with—a magnet or electromagnet. Fhis—ean
constderably-deerease-the-cost-of itsrecoveryandreeyehne. We determined the activity of this catalyst

in a large range of conditions, on three model pollutants, methyl orange (MO), methylene blue (MB) and
paranitrophenol (PNP). These three compounds were chosen because they are good models of well-
known classes of organic aqueous pollutants. Thus, MO belongs to the vast class of azo dyes, some of
which are eareinegens—carcinogenic and mutagenic, while PNP is an example of the recalcitrant and
toxic phenolic compounds, present in numerous industrial effluents. MB, which is used in various
biomedical applications, can be toxic and ecotoxic at high doses [16-18]. Furthermore, these pollutants
differ in their charge. At acid or neutral pH, MO has an anionic charge, MB is cationic, and PNP is
neutral. We have evidenced that the +F203/5i0, y-Feo03/Si0» catalyst is highly active in the Fenton
oxidation of these three compounds, with complete decolorizations of the peHutants—pollutant solutions
in few hours. However, relatively low mineralization yields were obtained, indicating that unidentified
organic byproducts were formed during the oxidation of the pollutants. In addition, we have evidenced
strong differences in reactivity for these three compounds, the rates of decolorization and mineralization
strongly varying, although similar conditions were used. This led us to question how these compounds
are decomposed. The aim of this study is therefore to highlight the similarities and differences in the

degradation pathway—pathways of these compounds, to explain their difference in reactivity.



Simultaneously, we want to compare the degradation mechanisms with those which have been described

for other AOPs.

There have been a huge number of publications about the removal of these three model pollutants by
AOPs, especially by the Fenton-type processes. In the majority of these papers, the efficiency of the
process is simply evaluated through the measurement of the decolorization and/or the mineralization of
the pollutant solutions, without focusing on the intermediates-intermediate compounds resulting from the
degradation. However it has been shown that the transformation byproducts can be sometimes more
toxic or more stable than the parent compound, and frequently remain in small amount at the end of the
reaction, having a detrimental impact on the practicability of the process [19,20]. The degradation
pathways of MO, MB and PNP have been studied only for a relatively small number of AOPs including
photocatalysis [21-30], photolysis [31-32], radiolysis [33-34], plasma and direct anodic oxidation [35-
38], homogeneous and heterogeneous Fenton [39-41], photo-Fenton [42-44], electro-Fenton [45-46], and

sono-Fenton [47] processes. Additional work is therefore required for other systems, to specify what it is

common or different, with regard to the existing degradation pathways. h—addition,—seme—of—the

Here, a complete work on the identification of the intermediate compounds resulting from the
heterogeneous Fenton degradation of the three model pollutants (MO, MB, and PNP) is carried out,
theugh—through the complementary use of several techniques. In particular, the samples have been
analysed analyzed by quadrupole-time-of-flight high resolution mass spectrometry (Qtof-HRMS). This
technology is able to determine with a—hich—aceuracythe—mass—oftheparentions—high accuracy the
masses of the parent ions (MS1 mode) and the corresponding fragment ions (MS2 mode), allowing an
unambiguous identification of the main constituents of the mixture. HRMS has been rarely employed in
the studies on the AOPs mechanisms [20,48-51]. The use of this technique, in combination with more

usual methods such as liquid chromatography coupled with mass spectrometry (LC-MS), ion



chromatography (IC), UV-visible spectroscopy, and non-purgeable organic carbon (NPOC)
measurements enabled us to propose a degradation pathway for the three pollutants, and to highlight the
presence of intermediate compounds, which had not yet been observed, or whose existence had to be
confirmed. In the next sections, the results of the analyses will be only detailed for MO, since a similar
approach was taken for MB and PNP. For these two other compounds, the presentation will be limited to
the main degradation intermediates and to the global degradation pathways (the complete analyses can

be found in the SI part).

2. Experimental part

2-1. Catalyst synthesis and characterization

The synthesis of the y-Fe»O3/SiO> catalyst has been already described in our previous paper [15].
Briefly, magnetite (FesOs) NP were first prepared by the Massart’s method, adding ammonia to an
aqueous mixture of FeCls and FeCl, [52]. Then, the FesO4 NP were oxidized to y-Fe,Os by successively
adding HNO3 and Fe(NOs)3. The y-FeoO3 NP were finally obtained as an aqueous acidic dispersion with
a high colloidal stability, also called ferrofluid. The y-Fe>O3 NP were supported on the surface of porous
silica microspheres via a protocol inspired from the method originally described by Andersson et al.
[53]. A magnetic sol containing the y-FeoO3; NP and a silica precursor (Tetraethoxysilane, TEOS) in
acidic medium was added dropwise to an organic phase composed of a vegetable oil and a commercial
emulsifier (Arlacel P135 from Uniquema), under stirring. The water-in-oil emulsion thus formed was
transferred into a Biichner flask, and the ethanol formed by the hydrolysis of TEOS was evaporated from
the dispersed phase under reduced pressure, which led to a rapid condensation of TEOS in silica in each
water droplet. The emulsion was then broken by addition of a large amount of acetone. The catalytic
beads were washed several times with acetone and water, and dried at 70 °C. Finally, they were calcined

in an oven under air at 400°C for 18 h to remove any organic traces.

Transmission electron microscopy (TEM) micrographs of the catalyst were taken using a JEM JEOL

100 CX microscope operating at 100 kV. In this aim, the sample was embedded in a resin (AGAR 100),



which was then polymerised at 60°C during two days, and cut in 70 nm thin sections using a LEICA
ULTRACUT UCT microtome apparatus. The catalyst was also observed by scanning electron
microscopy (SEM) on a SEM-FEG Hitachi SU-70 apparatus. The images were taken in secondary
electron mode with an accelerating voltage of 10 kV. Prior to analysis, the beads were coated with a thin
shell of gold by sputter deposition. The amount of y-FeoO3 NP in the silica beads was determined by
spectrophotometry. In this aim, a given weight of material was first introduced in an HCI aqueous
solution (4 mol L). After 48 h of stirring, the y-Fe.Os; NP were totally dissolved, and the iron
concentration in the supernatant was analyzed by atomic absorption spectrophotometry (Perkin Elmer
AA100 apparatus) and the weight fraction of y-Fe>Os3 in the beads, wre203 was determined. X-ray
diffractograms of the pure y-FeoO3 NP, and y-Fe>O3/SiO, sample were recorded using a Phillips PW
1130 diffractometer. Data were collected from 26 = 10° to 80° in 0.1° steps. The experimental
conditions for the other methods utilized to characterize the catalyst (SQUID magnetometry, UV-Vis-

NIR spectroscopy, N> and CO» adsorption volumetry) can be found in reference [15].
2-2. Catalytic tests

The activity of the y-Fe>O3/SiO> catalyst was tested for the degradation of methyl orange (MO),
methylene blue (MB), or paranitrophenol (PNP). All the experiments were carried out in the dark at a
mild temperature (T=40°C), in a closed vessel to avoid evaporation. First, 0.3 g of catalyst, (equivalent
to [Fe]r=3.15x102 mol L'! in the final reaction mixture) sas-were added to an aqueous solution of the
pollutant;—whiek (pH was previously adjusted at 3 by addition of HNO3). The volume of this solution
was chosen in a manner that the initial concentration of the pollutant in the final mixture was Ci=2.5x10"
“ mol L™! for a total volume of 10 mL (except for the MB pollutant, where Ci was fixed at 8x10™* mol L!
to take into account the much larger adsorption of this compound on the silica surface). The suspension
containing the catalysts and the pollutant was magnetically stirred for 2 h to reach the adsorption
equilibrium. Then, 0.68 mL of a 30% w/w H>0, aqueous solution was-were added to the suspension
(corresponding to a concentration of H2Oz of 0.68 mol L! in the final mixture). The initial time t = 0

was fixed at this moment.



The decolorization kinetie—kinetics in the supernatant was monitored by the following procedure.
Solution samples were taken at desired time intervals, and were put over a magnet to separate the
supernatant from the catalysts by magnetic settlement. The supernatant was then recovered and diluted
to an adequate concentration before to be analysed-analyzed with an UV-Visible spectrophotometer
(UVIKON XL apparatus). The remaining color in the supernatant was determined by measuring the
absorbance A at 1=502, 665, and 400 nm respectively for MO, MB, and PNP. The decolorization rate is
given by the ratio /100xA/Ao, where Ao is the color of the supernatant measured at t = 0. The
mineralization kinetie-kinetics in the supernatant was determined by a similar procedure, analyzing the
non-purgeable organic carbon at desired time intervals (NPOC, in ppm) using a Shimadzu TOC ASI-
5000A apparatus. Several reproducibility tests were carried out, and it was determined that the
percentage of uncertainty on NPOC measurements is +/-12.5%. The mineralization rate is given by the
ratio- I00xNPOC/NPOC;, where NPOC; is the initial NPOC concentration (before the adsorption
equilibrium). NPOC; was chosen as reference, to take into account the decrease of NPOC at t=0, due to
the initial adsorption of the pollutant on the catalyst. Taking into account that for a ratio the relative
uncertainties are added, the relative uncertainties on NPOC/NPOC; were estimated to be +/- 25%. The
iron leaching was determined by measuring the iron concentrations in the supernatant using atomic
absorption spectrophotometry. The percentage of leached iron leached—was calculated by
100x[Fe]s/[Fe]t where [Fe]s is the iron concentration in the supernatant at t, and [Fe]r the equivalent iron

concentration in the catalytic test ([Fe]r=3.15x102 mol L.
2-3. LC-MS analysis

500 uL of the supernatant issued of the degradation solution were taken after 2 minutes, 30 minutes, 60
minutes, 2 hours, 4 hours (for MO and MB only), 6 hours (for MB only), 8 hours (for PNP only), and 24
hours of reaction, and immediately 500 uL of acetonitrile were added. The resulting solution was
directly injected in LC/MS-MS. The analyses were performed using a reversed phase liquid
chromatograph (UltiMate 3000®, Thermo Scientific, Illkirch, France) coupled with a Triple Stage
Quadrupole Mass Spectrometer (TSQ Quantum Access MAX, Thermo Scientific, Illkirch, France)

equipped with a heated electrospray ionization source (HESI2). Chromatographic separations were



conducted on a Sunfire C18 column (150 x2.1 mm, S5um) at 28°C. The flow rate and the injection
volume were respectively set at 0.2 mL min! and 5 uL. Mobile phases were water containing 0.1% (v/v)
formic acid (A) and acetonitrile containing 0.1% (v/v) formic acid (B) for MO, or methanol containing
0.1% (v/v) formic acid for MB and PNP (C). For MO, the separation was performed in isocratic mode
with a mixture of A and B, 50/50, v/v as mobile phase. For MB, we used a linear gradient from 10 to
60% of C in 20 min, then the percentage of C increase up to 90% in 5 min, hold for 3 minutes, ramp
over in 2 min to 10% C and hold for 10 min to equilibrate the system. For PNP, we used a linear
gradient from 10 to 70% of C in 30 min, ramp over 2 min to 10% C and hold for 10 min to equilibrate

the system.

MS was operated in positive ion mode for MB and negative ion mode for PNP and MO using an
electrospray voltage of 3000 V and 2500 V respectively. Capillary and vaporizer temperatures were
respectively set at 270°C and 300°C in negative mode, and at 320°C and 50°C in positive mode. In both
modes, nitrogen was used as desolvatation gas. The instrument was operated in full scan mode (Q3) in
positive and negative ion mode (m/z = 50 - 350) in order to identify intermediates—intermediate
compounds issued ef-from the degradation. SIM mode was also performed in order to follow the kinetics
of the main intermediate compounds during the degradation process (list of ions corresponding to each

model pollutant can be found in the SI, table S1, S2 and S3).

To confirm some of the identifications made by LC-MS, aqueous HNOs solutions (pH=3) of pure
commercial products with concentrations ranging from 10 to 8x10™ mol L' were prepared. These
solutions were injected in the chromatogram, with the same conditions as the corresponding degradation
solutions. For each case, the retention time (RT) and the m/z value of the base peak (BP) were recorded
and compared with those obtained for the corresponding component in the degradation solution. The
identification was considered confirmed when the same m/z and a RT differing from less than 10% were
found. This procedure was especially performed for the three parent compounds, and for the

transformation products referred in the next sections as 3, 6, 13, 16, 19a, 19b, 22, 24a, and 26.

2-4. Qtof-HRMS analysis



The supernatants recovered during the degradation process for each pollutant were directly infused in
High Resolution Mass Spectrometry (HRMS). The MS1 analysis was operated in positive ion mode for
MB and negative ion mode for PNP and MO using an MicrOTOF-Q II Mass Spectrometer (Bruker
Daltonics, Wissembourg, France) with an electrospray ionization (ESI) source and an orthogonal
accelerator, reflector and detector. The mass-detection range was set at m/z = 50 - 3000. The ESI source
parameters were as follows: drying gas (N2) flow rate, 5.0 L min~!; drying gas temperature, 200 °C;
nebulizing gas pressure, 20 psi; capillary voltage, 4500 V for positive mode and 3500 V for negative
mode. The collision energy and the pre-pulse storage were maintained at 4 eV and 5 ps, respectively. For
MS?2 analysis, the targeted ion was selected in the quadrupole before its fragmentation with nitrogen in
CID cell. The collision energy was adapted according to the m/z of the parent ion. The mass detection
range was set at m/z = 50 - 400. All data acquisitions were controlled by the TOF Control software

(Version 3.4, Bruker Daltonics).

2-5. IC analysis

The supernatants at t= 24h were analyzed by ion chromatography (Dionex ICS3000 apparatus) equipped
with both CS16 cation-exchange and AS15 anion-exchange columns. After separation of the catalyst,
100 uL of supernatant was taken and directly injected in the ion-exchange columns. The analyses were
done at T=30°C, with 30 mmol L' methanesulfonic acid aqueous eluent solution at a flow rate of 1
mL/min, and 38 mmol L' KOH aqueous eluent solution at a flow rate of 1.2 mL/min, respectively for
cations and anions. The eluted ions were detected by conductimetry. They were identified by
comparison of their retention time with that of the corresponding commercial products. Thus, aqueous
HNO:s solutions (pH=3) of pure commercial products (referred in the next sections as 9, 10, 11, 12, 13,
and 23) with concentrations ranging from 10 to 10* mol L! were prepared. These solutions were
injected in the chromatogram, with the same conditions as the corresponding degradation solutions.

Furthermore, Fo-to discriminate between the ions resulting from the degradation of the model pollutants



and the trace ions resulting from the addition of H>O», HNO3 or catalyst, a blank sample was analyzed

by injecting the supernatant after 24h of a catalytic test in the absence of the pollutant.

3. Results and discussion

3-1. Synthesis and characterization of the catalyst:

The synthesis and characterization of the yF.O:/SiO2 y-FeoOs3/Si0, catalyst have been thoroughly
described in our previous paper [15]. In brief, the maghemite nanoparticles (+F.O3 y-FeoO3 NP) were
first prepared by co-precipitation followed by an oxidation step. Then, they were added to a silica
precursor which was polymerized by sol-gel in a water-in-oil emulsion, leading to nanocomposite ¥~
E203/510; v-Fer03/Si02 microspheres [15,53]. Finally, the material was calcined at 400°C to remove
any organic traces. This heterogeneous catalyst is characterized by a strong magnetic susceptibility,
which is spectacularly confirmed by its behaviour in presence of a Nd-Fe-B magnet (see the photographs
in fig. 1A). The ¥ F203/5:02 y-Feo03/S10; particles are strongly attracted by the magnetic force, which
is proportional to the strong magnetic field gradient, and can be therefore separated from the aqueous
solution in a very short time. This property considerably facilitated the analyses of the supernatants
during the catalytic tests. The strong magnetic susceptibility of the catalyst, which results from the
superparamagnetic behaviour of the ¥¥.0s; y-FeoOs3 NP, has been also confirmed by SQUID

magnetometry [15].

The diffraction patterns (fig. 1B) obtained for the .03 y-FeoO3 NP before and after their encapsulation
into the silica beads are similar, and correspond well to the spinel structure of maghemite, confirming
that the nanoparticles were not altered during the synthesis of the catalyst. The average crystal size of the
nanoparticles calculated from the XRD patterns using the Scherrer formula is d=7.1 nm, which agrees
well with the mean diameter of the y-FeoOs; NP usually obtained by this method. The absence of

modification of the y-Fe,O3; NP inside the silica was also confirmed by UV-Vis-NIR spectroscopy [15].

The morphology and internal structure of the catalyst were examined by SEM and TEM (see fig. 1C and

fig. 1D). The SEM micrograph of the material (Fig. 1C) indicated that the catalytic microspheres are



polydisperse in size, with a relatively smooth external surface. Their mean diameter determined by
counting the size of more than 350 beads is D=2.0 um with a standard deviation of 1.7 um. The TEM
micrograph of a bead (fig. 1D) showed a homogeneous and isotropic dispersion of the y-Fe>O3 NP inside
the silica, without evidence for the formation of agglomerates, despite the relative high weight fraction
of the y-FeoO3 NP (a value of 8.1% w/w of y-Fe2Os in the silica was found by atomic absorption

spectrophotometry).

The porosity of the material was evaluated by sorption volumetry of N> and CO: (respectively at 77 K
and 273 K) [15]. N2 volumetry have revealed that the microspheres are microporous, with pore diameters
smaller than 2 nm. A surface area of 744 m* g'! and a microporous volume of 0.30 mL g! have been
found by CO; adsorption volumetry [15]. These values confirm the large amount of micropores in the
silica network. A mean diameter of 1.6 nm has been estimated for the micropores. This relatively large
size is sufficient to allow the diffusion of the pollutants up to the catalytic sites located on the surface of

the encapsulated y-Fe>O3 NP.
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Figure 1: (A) Photographs of the water suspension of the ¥F.O3/St02 y-Fe,03/S10; catalyst, without a

magnet (1), and after two minutes in presence of a magnet (2); (B) XRD patterns of the +F203 y-Fe,Os



NP before (1), and after (2), their encapsulation into the silica; (C) SEM image of the catalyst; (D) MET

image of a single catalytic bead.
3-2. Catalytic activity on the three pollutants

The activity of the catalyst on the H>O; oxidation of the three model aqueous pollutants, MO, MB and
PNP, have been studied for a large range of experimental conditions, as described in our previous work
[15]. We have shown that the better catalytic activities are obtained at pH=3 and T=40°C. These
conditions were used in the present publication for the study on the degradation mechanism of the three
pollutants. We have also checked that the major part of the pollutants removal is effectively due to the
heterogeneous catalyst by measuring the catalytic activity of the supernatant after a 1% run, and by
analysis of the iron concentration in solution after 4 h [15]. We thus have proved that the percentages of
leached iron remain less than 0.4%, demonstrating the good stability of the catalyst. The decolorization
and the mineralization kinetics of the pollutant solutions were respectively determined by UV-visible
spectroscopy, and measurement of the NPOC. Figure 2 displays the kinetic curves obtained for the

decolorization (fig. 2A) and mineralization (fig. 2B) of the three pollutants.

The addition of the catalyst allows significant decolorizations of each pollutant solutions after few hours
(see fig. 2A). These rapid decolorizations correspond to a fast oxidation of the pollutants into uncoloured
species, due to the reactions with the HO" radicals, which result from the H>O> decomposition at the
surface of the 7y-FeoOs nanoparticles. Best results are obtained with MB, since quantitative
decolorizations are attained after 3 h. In comparison, the decolorization rate of the MO solution is

slightly lower, whereas much lower activities are obtained for PNP.
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Figure 2 : (A) Kinetic curves for the decolorization rates of the three pollutant solutions, A/Ao, where A
and Ao are the absorbance at Amax for each pollutant, respectively at t and t=0; (B) Kinetic curves for the
mineralization rates of the three pollutant solutions, NPOC/NPOC;, where NPOC and NPOC; are the

non-purgeable organic carbon in the supernatants, respectively at t, and before adsorption equilibrium.

The mineralization of the pollutant solutions (fig. 2B) occurs much more slowly than their
decolorization. Moreover, the patterns of the mineralization curves are rather complex. It should be
noted, however, that the observed shapes are reproducible, although the relative uncertainties on the
NPOC/NPOC; values are relatively large (+/-25%). At t=0, the NPOC values are smaller than expected,
because of the adsorption of a part of the pollutant on the catalyst (the NPOC/NPOC; at t=0, corresponds
to the maximum adsorption rate of the pollutant on the catalyst, which is of 70%, 37% and 7% for MB,
MO and PNP, respectively). During the first hours of the reaction, the amount of NPOC is increased,
which can be interpreted in terms of desorption of the primary organic species resulting from the early
degradation of the adsorbed pollutants. Finally, the NPOC is gradually decreased up to 24h, which is due
to the slow mineralization of these primary organic species. Thus, for the three compounds, the real
mineralization yields are relatively weak, and can be obtained by comparing the NPOC at the maximum
of the kinetic curves with the NPOC at 24h. Thus, the real mineralization yields, which correspond to the
oxidation of the pollutants into CO», H>O and inorganic ions, range between 20 and 35%.

It can be seen that there is a strong difference of reactivity between the pollutants regarding the

decolorization rates, which correspond to the first steps of the oxidation process. This difference can be



correlated to the adsorption rates. Indeed the same order is observed for the decolorization rates (see the
kinetic curves in fig. 2A), and the initial amounts of adsorbed pollutant (see the NPOC/NPOC; values at
t=0 in fig. 2B). The correlation exiting between the adsorption and decolorization rates has been also
mentioned in a recent paper, in which it has been evidenced that the reactivity of a pollutant toward an
AOP can dramatically change, depending on its interaction with the catalyst support [54]. Therefore, a
larger adsorption of a pollutant on the surface of the catalyst seems to favour a better catalytic activity,
although the decolorization rate may be also influenced by other parameters such as the stability of the
pollutant to the attack of the HO" radicals, and the possible existence at the first stages of the process, of
several transformation products having a similar coloration te-as the parent compound. The difference
observed at early stages of the oxidation seems to have a poor influence on the mineralization rate, since
the transformation into inorganic species occur very slowly from the ultimate organic intermediates,
characterized by a reactivity toward HO" very different from the parent compound. Slow mineralization
rates have also been reported for other AOPs, which have been explained by the accumulation of end-

products recalcitrant to mineralization [22,23,26,31,42,45].

3-3. Identification of the intermediate compounds and description of the degradation pathwey-pathways

3-3-1 Methyl orange (MO)

3-3-1-1 Identification of the intermediate compounds

To assess the main degradation compounds corresponding to the MO oxidation, the supernatant was first
analysed-analyzed by full-scan LC-MS at different times of catalysis (t=2 min, 30 min, 1h, 2h, 4h and
24h). The chromatograms are given in figure 3. All the significant peaks are labeled with their retention

time (RT) and the m/z value of highest ion in the corresponding MS spectrum (named base peak, BP).



At short reaction times (t=2 min, 30 min and 1h), the chromatograms display a peak at RT=16.5 min,
with a BP at m/z=304. This peak is also found in the LC-MS chromatogram of the pure MO solution
(not shown) and corresponds to MO (M=304.3 g mol™'). The area of this peak decreases as the reaction
time increases, up to a complete disappearance after 1h of reaction. This confirms that MO is totally
oxidized during the reaction. Five major additional peaks are observed at short reaction times. The
compounds associated to these peaks have been identified (see fig. 6 for their chemical structure), on the
basis of the former studies on MO degradation [24,28-31,35,37,43,46,47]. The first peak at RT=1.6 min
has been observed in all the chromatograms. It can be in fact decomposed in several poorly resolved
peaks, which corresponds probably to several hydrophilic compounds, not well-separated in RPLC
(based on hydrophobic interactions). However, the BP for this peak is at m/z=320, which corresponds to
hydroxylation products of one of the two benzene rings of MO (compounds 1a). In addition, it should be
noted the presence of increasing amounts of the ion at m/z=336, which may be ascribed to compounds
resulting from a double hydroxylation of the benzene rings (compounds 5). The four other peaks at RT=
7.2, 11.2, 13.4 and 20.2 min can be attributed respectively to benzenesulfonate (m/z=157, compound 4),
to a N-demethylation product (m/z=290, compound 2) resulting from the cleavage of a N-C bond in the
dimethylamino group ((CH3)2N), to a species presenting both N-demethylation and ring-hydroxylation
(m/z=306, compound 4), and to an intermediate produced by ring-hydroxylation in ortho-position of the
(CH3)2N group (m/z=320, compound 1b). Compounds 2, 3 and 4 have a lower RT than MO, which is
consistent with their higher polarity. To the contrary, compound 1b is characterized by a larger RT,
despite its higher polarity. As already described [24,28,29], to explain this apparent anomaly, it should
be taken into account the existence of an internal hydrogen bond between the (CH3)2N group and the OH
group in ortho-position. This internal hydrogen bond increases the hydrophobicity of the molecule,
which results in a larger RT. Similarly, to explain that compound 4 was more retained in RPLC than
compound 2, we propose that the peak at m/z=306 is due to an isomer bearing an OH group in ortho-
position of the CH3NH group. The existence of two peaks corresponding to m/z=320 (RT=1.6 min and
RT=20.2 min), demonstrates the presence of at least two monohydroxylated isomers, characterized by a

very different behaviors in terms of interactions with the LC column. To the contrary of the hydrophobic



isomer at RT=20.2 min, it was not possible to precisely identify the hydrophilic isomer(s) at RT=1.6
min, since three structures can be associated to this peak, depending on the position of the OH group on
the two benzene rings. Our results are in accordance with those of Dai et al., which have also noted the
existence of several isomers resulting from ring-hydroxylation during the photocatalytic decomposition
of MO [28]. At larger reaction time (t=2h and 4h), the chromatograms are quite more complex with the
gradual disappearance of the products observed at short reaction time, and the appearance of several
small peaks, between RT = 4.5 min and 6 min, in which the ions at m/z=173 and 189 can be especially
detected, and at RT=8.8 min where the presence of the ion at m/z=276 is attested. Finally, the
chromatogram at very long reaction time (t=24h) exhibit exhibits only a single peak at RT=1.6 min,
without any dominating ion in the corresponding MS spectrum. This is indicative of the incapacity for
RPLC (based on hydrophobic interactions) to separate the very hydrophilic compounds and/or small
molecules produced at the end of the reaction. To complete the characterization of the final compounds,
the sample at t=24h was therefore analyzed by ion chromatography (IC). Several peaks were found in
the anionic part of the chromatogram (see fig. S1, in the SI), especially at RT=3.9, 7.9, 9.2, 10.3 min and
16.9 min. By comparing these RT with those of the corresponding commercial products, these peaks
were respectively assigned to formic acid, malonic acid, sulfate ions, oxalic acid, and nitrate ions
(compounds 11, 13, 9, 12 and 10). Thus, the supernatant at t=24h essentially contains small carboxylic
acids and inorganic salts, which is in agreement with the former studies on the decomposition of azo

dyes by AOP [26].
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Figure 3: LC-MS chromatograms in full-scan mode corresponding to degradation of MO at different
times (t=2 min, 30 min, 1h, 2h, 4h and 24h). Each chromatogram peak is characterized by its retention
time (RT) and by the m/z value of the highest ion in the corresponding mass spectrum (BP).

* 1 a substantial amount of the ion at m/z=336 is also found in SIM mode at RT=1.6 min. ** : a
substantial amount of the ion at m/z=189 is also found in the mass spectrum at RT=5.8 min. *** : traces

of the ion at m/z=276 are found in SIM mode at RT=8.8 min.

To complete the identification of the MO degradation compounds, the samples corresponding to reaction
times at t=30 min, 1h and 4h were analyzed by direct infusion in Qtof mass spectrometer. Figure 4
shows the MS1 spectrum and the MS2 spectra corresponding to the fragmentation of ion at m/z=157,

173, 290, 320 and 336, obtained after 4h of degradation.
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Figure 4 : Qtof-HRMS analysis of supernatant of the MO solutions degraded at t= 4h (A) Mass spectrum
in MS1 ; (B-F) MS2 spectra corresponding respectively to the parents ions: m/z= 156.998 (B), 172.993
(©), 290.063 (D), 320.073 (E), 336.067 (F). When the fragments were identified, they were annotated in

MS?2 spectra

The MS1 spectrum (fig. 4(A)) exhibit exhibits several ions of high intensity, particularly at m/z=
156.998, 172.993, 188.988, 290.062, 304.078, 320.073, and 336.068. These values are identical to the
BPs of the main peaks in the LC-MS chromatograms (fig. 3) and can be therefore assigned to the
molecular ions of the different transformation products. The exact masses of the MS1 molecular ions,

and their corresponding fragment ions in the MS2 spectra were used, and the fragment ions were



annotated in accordance with the fragmentation pattern described by Baiocchi er al. [24], to propose
with high confidence (error <10 ppm) an elemental composition for each ion present on MS1 or MS2
spectra. Thus, the presence of benzenesulfonate as major degradation product is confirmed by the MS1
ion at 156.998 which corresponds with a high accuracy to the molecular formula C¢Hs0Os3S, and by the
two fragment ions at m/z=93.035 and m/z= 79.955 in the corresponding MS2 spectrum (fig. 4(B)),
respectively attributable to the loss of SO, and CsHs groups. The presence of the N-demethylated
product is supported by the existence of the MS1 ion at m/z=290.062 (Ci3H12N303S) and the MS2
fragment ions (fig. 4(D)) at m/z=275.041, 260.032, 226.101, 155.991 (respectively, loss of CHz,
NH(CH3), SO», and N>CsH4N(CH3)2). In the same way, the existence of the ring-monohydroxylation
products is confirmed based on the MS1 ion at m/z=320.073 (C14H14N304S) and the corresponding MS2
fragment ions (fig.4(E)), while the ring-dihydroxylation products are inferred on the MSI ion at
m/z=336.068, (C14H14N30s5S) and the MS2 fragment ions (fig. 4(F)). Furthermore, the structure of the
MS1 ion at m/z=172.993 (Ce¢Hs04S), was elucidated as a ring-hydroxylated benzene sulfonate
(compounds 7, fig. 4(C)). Although it was not possible to obtain the MS2 spectrum corresponding to the
MS1 ion at m/z=188.988 because of its too low intensity, the presence of small amount of
dihydroxylated benzene sulfonate (compounds 8) can be postulated, taking into account the good
correlation between the observed and the theoretical m/z corresponding to CsHsOsS. The existence of
hydroxylated and dihydroxylated benzenesulfonates as transformation products in the course of the MO

oxidation has been poorly documented, although it has been proposed in few studies [30,37,43].

3-3-1-2 Kinetics and degradation pathway for MO

To have a better understanding of the MO degradation pathway, the evolution with time of degradation
of the peak areas for the most abundant compounds identified deteeted-inEC-MS—and-identitied-thanks

to-HRMS was monitored by LC-MS in SIM mode. The results are depicted in figure 5.
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Figure 5 : Kinetics of the main intermediates identified for the MO degradation (evolution of the peak
area determined during LC- MS analysis in SIM mode). Each peak area is normalized to 100% thanks to

the maximum peak area reached for a given compound:

Several features can be observed from figure 5. First, a fast decrease of the peak area at m/z=304,
RT=18.5 min, is evidenced, confirming the fast and total oxidation of the parent compound, MO. At t=2
min, several intermediates are already formed, especially those resulting from ring-hydroxylation
(compound 1a and 1b), and N-demethylation (compound 2). These compounds can be considered as the
first transformation products which results from the primary oxidation of MO. A fast decomposition of
the hydroxylated isomers 1a occurs after 2 min, indicating the lack of stability of this compound. The
ortho-hydroxylated isomer 1b seems to have a better stability (with a maximum after 30 min of
degradation). This higher stability may be due to the internal hydrogen bond between the OH and
N(CHj3)2 groups. Compound 2, has a maximum intensity after 60 min, demonstrating that N-
demethylation takes longer than ring-hydroxylation, and/or that compound 2 has a better stability than
compounds 1a and 1b. Compound 4 can be considered as a secondary intermediate, which results from
the ortho-hydroxylation of compound 2, and/or from the N-demethylation of compound 1b.
Consequently, the maximum concentration for this transformation product is relatively late, with a
maximum of presence after 4 hours of degradation. Benzenesulfonate (compound 3) results from the
cleavage of the azo bond. This product is yet observed in very small amount at t=2 min, indicating that it

can be directly produced from MO. However, the maximum is found significantly later (at t=2h), which



proves that this it is mainly formed from the first intermediates of the MO oxidation (compounds 1a, 1b
and 2). Moreover, the relatively slow decrease of the benzenesulfonate concentration after 2 h is
indicative of its good stability toward oxidation, the most likely hypothesis being that it is slowly
transformed into hydroxylated and dihydroxylated benzenesulfonates (compounds 7 and 8,) which were

principally detected after 4h.

The overall proposed transformation pathway of MO during the Fenton oxidation in presence of the
catalysts is given in figure 6. All the compounds displayed, and the methods used for their identification
are also listed in table S1 of the SI.
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to the time of degradation of MO leading to a maximum intensity for the given compound.



The oxidation pathway of figure 6 results from the regioselectivity of the reactions with the HO" radicals
produced at the surface of the catalyst. At least four primary intermediates can be formed, depending on
the site of attack of the HO" radicals on the MO molecule. Compounds 1a and 1b result from the attack
of the HO® radicals on one of the two the benzene rings, leading to a radical adduct which quickly
evolves into a hydroxylated aromatic compound, according to reaction (1). Compound 1b, results from
an attack of the HO' radicals on the benzene ring in ortho-position of the N(CHj3), which is favored both
by the strong electro-donating and the ortho-para directing effects of this group. Three isomers may
correspond to compounds 1a. They result from ring-hydroxylation of the first benzene ring in meta-
position of the N(CHz3), group, and/or on the second benzene ring in ortho- or meta-position of the SO3”
group. The existence of these products has been explained by the strong reactivity of the HO" radicals
which are able to overcome the ortho-para directing effects of the N(CHz3), group, and/or the electron-

withdrawing effect of the SO3™ group [31].
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The presence of benzenesulfonate 3 at the first stages of the reaction is related to a reaction with a HO®
radical in the ipso positions of the azo group according to reaction (2). This leads to cleavage of the azo
bond with the forming of two aromatic compounds, respectively bearing the sulfonate and the amino
groups [55]. The existence of benzenesulfonate demonstrates that the main site of the ipso-attack is
located on the benzene cycle bearing the dimethylamine, which is explained by the strong
electrodonating ortho-para directing effect of this group. The lack of detection of the hydroxylated

aromatic amine can be explained by its difficulty to be ionized in ESI(-) mode.
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The last site for the attack of the HO radicals is situated on the methyl group of the amino function. This
proceeds by reaction (3) which is responsible for the formation of the N-demethylated compound 2.
Demethylation of amine during the oxidation of azoic compounds has been frequently reported [24,26].

R@N\f? + OH ﬂf@ﬁ*\pm LR@‘N{CHQ %R@NI{ + 0=CH, (3

5 CH; cH, W CH,

The overall degradation pathway of MO results from the combination of these three mechanisms
(reactions (1)-(3)), which occurs successively and competitively. Our results obtained by LC-MS in SIM
mode indicate that ring-hydroxylation (reaction (1)) is the main and the faster degradation pathway at
the first stages, while demethylation (reaction (2)) may be considered as an important competitive
mechanism. The presence of compounds 4, 5 and 6 at later stages, indicates that successive reactions of
N-demethylation and ring-hydroxylation reaction continue to occur during several hours. Formation of
benzenesulfonate 3 directly from MO, by cleavage of the azo bond, seems-is minor at the beginning of
the oxidation process. Nevertheless, the presence of important amounts of this compounds and of its
hydroxylated analogues (compounds 7-8) after several hours, while the concentration of demethylated
and hydroxylated azo compounds has decreased, demonstrates that all the azo derivatives are slowly
transformed into benzene sulfonates derivatives by cleavage of the azo bond (reaction (2)). The final
disappearance of the benzenesulfonate analogues after 24h of reaction, indicates that the ultimate steps
of the oxidation process are ring-opening reactions which leads to inorganic salts (compounds 9 and 10),
small carboxylic acids (compounds 11, 12 and 13), and CO, and H>O. Our results concerning the
degradation of MO are globally in agreement with former studies on the degradation pathways of MO or
similar azo dyes by other AOPs such as photocatalysis [24,26,28-31], or Fenton-type processes
[43,46,47]. However we have highlighted the importance of the benzenesulfonate derivatives as late

degradation intermediates.
3-3-2 Methylene Blue (MB)
3-3-2-1 Identification of the intermediate compounds

The main transformation products resulting from the MB Fenton oxidation have been similarly

identified by LC-MS, Qtof-HRMS, and IC. The full-scan LC-MS chromatograms of the supernatants at



different times of degradation (from 2 min to 24h) can be found in figure S2 (see SI). The peak at RT=
22 min with a BP at m/z= 284 can be attributed to the parent compound MB. This peak is no longer
observed after two hours of reaction, confirming the total conversion of MB. The others peaks on the
chromatograms eerresponds—correspond to the MB transformation products. The peaks at RT =21.7,
21.2, 20.1, and 19.3 min with BP respectively at m/z= 270, 256, 256 and 242 were easily identified
through the former studies on MB degradation [22,23,27,38,40,44], and by comparing their RT with
those of the corresponding commercial products. They have been attributed respectively to azure B
(compound 16), the two isomers of azure A (compounds 19), and azure C (compound 22). These
compounds were formed by successive N-demethylations from the N(CH3)> groups of MB. The peak at
RT= 23.8 min (BP at m/z=300) was supposed to be a hydroxylation product of MB (compound 15),
while the peaks at RT=22.9 and 23.3 min (BP at m/z=286) were considered to result from the
combination of hydroxylation and N-demethylation (compounds 18). For MB, hydroxylation can occur
on the aromatic rings or the sulphur atom. As with MO, the high RT of these compounds stands for a
ring-hydroxylation in ortho-position of the N(CH3)> groups. It was more difficult to make an attribution
for the other peaks on the chromatograms (BP at m/z= 217, 231 and 298). Qtof-HRMS was therefore
carried out. Figure 7 shows the MS1 spectrum and the MS2 spectra corresponding to the ions at
m/z=217, 231 and 298, present after 2 hours of degradation. The MS1 spectrum (fig. 7(A)) exhibits
several ions of high intensity (fig. S2) that can therefore be assigned to MB and its transformation
products. The ions at m/z = 270.124, 256.108, 242.091 and 300.128 enabled us to confirm the
importance of the N-demethylation and hydroxylation reactions. In addition, the presence of traces of the
ion at m/z = 316.125 (molecular formula CisHisO2N3S) may also indicate the existence of
dihydroxylation product(s) (compound(s) 17). The ion at m/z=298.112 matches well with the molecular
formula C1sHisON3S. Thanks to its MS2 spectrum (fig. 7(B)), it was elucidated as being an aldehyde
compound resulting from the oxidation of one of the methyl groups of MB (compound 14). The
existence of aldehyde compounds in the course of MB oxidation has only been attested in few studies
[22,38]. The ions at 231.075 and 217.059 in the MS1 spectrum correspond respectively to the molecular

formulas CsH11N204S and CsHi3N20sS. According to their fragmentation spectra (fig. 7(C-D)), we



propose therefore to attribute these ions to small sulfonated molecules resulting from ring opening
(compounds 20 and 21). This is the first time to the best of our knowledges that such compounds are

observed in the course of MB degradation, although similar structures have been described by Houas et

al. [22].
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Figure 7 : Qtof-HRMS analysis of supernatant of the MB solutions degraded at t= 2h. (A) Mass
spectrum in MS1 ; (B-D) MS2 spectra corresponding respectively to the parents ions m/z= 217.0606
(B), 230.9426 (C), 298.1118 (D).When the fragments were identified, they were annotated in MS2

spectra.
3-3-2-2 Kinetics and degradation pathway for MB

The evolution of the peak areas of the most abundant compounds detected during the course of MB
degradation was evaluated by LC-MS in SIM mode (see figure S3 of the SI). All the intermediates are
formed very early, with a maximum intensity after 2 or 30 min of degradation, after that their
concentration progressively decreases up to a total disappearance after 2 hours. This indicates that
during the first minutes, MB is partially decomposed by ring- or sulphur-hydroxylation, methyl-

oxidation and N-demethylation reactions into a first set of intermediates. These compounds and the



remaining part of MB are then oxidized more slowly by other reactions. Among the second series of
intermediates generated, the two isomers resulting from a second N-demethylation are the main detected
components, although small amounts of products resulting from a third N-demethylation (compound
22), or second hydroxylation (compounds 17), and two ring-opening products (compounds 20 and 21)
are also formed. LC-MS was ineffective to identify the degradation compounds engendered at very late
times (4h to 24h). The sample at 24h of degradation was therefore analyzed by IC (see fig. S1, in the SI).
The peaks found were attributed to ethanoic acid, formic acid, malonic acid, sulfate ions, oxalic acid,
and nitrate ions (compounds 23, 11, 13, 9, 12 and 10), on the basis of the comparison with the RT of the
commercial products. Thus, as for MO, the ultimate degradation compounds are composed of small
mono- and di-carboxylic acids and inorganic salts such as sulfates and nitrates. The overall proposed

transformation pathway for MB is given in figure 8 (see also table S2 in SI).
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Figure 8 : Proposed degradation pathway for MB. The continuous arrows correspond to the confirmed



steps of the MB degradation leading to the main intermediates, which evolution was monitored by LC-
MS analysis in SIM mode. The dashed arrows correspond to possible steps leading to secondary or late
intermediates. The framed compounds correspond to unusual intermediates with respect to previous
studies. *= For m/z=300 and 286, the compounds hydroxylated in ortho-positions of the amino groups
are included in top structure which represents all the isomers hydroxylated on the aromatic rings; **=

RT in IC.

Figure 8 highlights the regioselectivity of the reaction between MB and the HO" radicals. Compound(s)
14 results from the attack of the HO" directly on the methyl group of the N(CH3)> groups. This leads to a
radical adduct which is rapidly transformed into an aldehyde function, according to reaction (4) [22].
The oxidation of the methyl group into an aldehyde function is also confirmed by the existence of the

ring-opening product bearing an aldehyde function at m/z=231 (compound 20).

R
@‘N(C Hs), @N(C H3)(C Hy) H @‘N(C H3)(CH,OH)

+ OH H,O

R
@N(CHg)(CHO) % @N(CHz)(CPD +OH N(CHg)(C.HOH)

Compound(s) 15 results from a ring-hydroxylation mechanism similar to reaction (1), and/or from a

“)

direct oxidation of the sulphur atom into a sulfoxide function. Although the existence of sulfoxide
derivatives as oxidation product of MB have been evidenced by several authors [22,27,38], it is more
probable here that compound 15 corresponds to a ring-hydroxylation reaction occurring in ortho-position
of the N(CH3s)2 groups given its large RT in LC-MS. However small amounts of the sulfoxide derivative
might also be formed, since traces of the ion at m/z=300 were also observed in LC-MS at lower RT. In
addition, the existence of further oxygenation of the sulphur and aromatic rings is demonstrated by the
presence of the dihydroxylated compound(s) at m/z=316 (compound(s) 17), and by the two ring-opening

products (compounds 20 and 21) which result from the oxidation of the sulphur into a sulfonic acid.

Compound 16 is due to a N-demethylation reaction, according to a mechanism similar to reaction (3).

The high intensity of the ion at m/z=270 during the first 30 min indicates that compound 16 is the major



secondary product directly generated from MB. The presence of appreciable amounts of the species
resulting from consecutive N-demethylations (compounds 19 and 22), confirms that these reactions are
dominant during the first steps of the MB oxidation. However, ring- and sulphur-hydroxylation reactions
probably play a key-role to explain the formation of ring-opening products, which leads finally to small

organic acids and inorganic ions.

3-3-3. Identification of the intermediate compounds and degradation pathway for

paranitrophenol (PNP)

The main decomposition products for the PNP Fenton oxidation have been identified by the same
methods as MO and MB. The LC-MS chromatograms of the supernatants at different times of oxidation
(t=0 min, 2 min, 30 min, 1h, 8h and 24h) can be found in figure S3 (see SI). The chromatograms present
relatively few peaks, in comparison to MO and MB. The peak at RT=21.3 min with a BP at m/z= 138
was ascribed to the deprotonated form of the parent compound. The surface area of this peak
progressively decreases, but to the contrary of MO and MB, the conversion is total only after 8h, which
confirms that the oxidation of PNP is relatively slow. Only two others peaks are observed in full-scan
LC-MS. The first peak is found at RT=1.7 min and several ions of high intensity can be distinguished in
the corresponding MS, especially at m/z=139, 155 and 173. These ions evolve differently with time,
which indicates that several compounds are associated to this peak. The second peak is found at RT=4.2
min with a BP at m/z=62. It is also present in the chromatogram of a 10> mol/L. HNOs aqueous solution.

It was then unambiguously attributed to the NO3™ ions (compound 10).

A more sensitive method, based on SIM mode, was carried out to make the identification of the other
degradation compounds for PNP. This enabled us to detect the ions at m/z= 103 (RT= 3.5 min), 115
(RT= 8.1 min), and m/z= 154 (RT=17.1, 18.8 and 22.7 min). The ions at m/z=103 and 115 was assessed
to the deprotonated forms of malonic and maleic acid (compounds 13 and 26), based on the injection of
the corresponding commercial compounds. The three peaks corresponding to m/z=154 were supposed to
be some isomers resulting from the ring-hydroxylation of PNP (compounds 24a, 24b and 24c¢). The peak

at RT=17.2 min was attributed to 2-hydro-4-nitrophenol (compound 24a), through the injection of the



corresponding commercial product. The attribution of the two other peaks was more difficult since

several isomers may exist depending on the relative positions of the two hydroxyl and nitro substituents.

The obtained results have been completed by Qtof-HRMS. The MS1 spectrum of the sample at t=4h
exhibit exhibits several ions, especially at m/z= 88.988, 103.003, 115.004, 138.020, 154.015, and
172.959 (fig. 9(A)). The ions at 115.004 and 103.003 confirm the presence of malonic and maleic acids
(raw formula C4H304 and C3H304). The presence of PNP and hydroxylated-PNP is supported by the
existence of the ions at 138.020 and 154.015 (raw formula Ce¢HsNO3 and Ce¢HsNO4) and by the
fragmentations observed in the corresponding MS2 spectra (fig. 9(B) and 9(C)). The ion at m/z=88.988
was due to oxalic acid, the presence of this compound being also attested by IC. In addition, Qtof-
HRMS enabled us to attribute the ion at m/z= 172.959 to pentahydroxyphenol (compound 25), taking

into account the good agreement with the raw formulae CsHsOs, and the MS2 spectrum (fig. 9(D)).
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Figure 9 : (A) Mass spectrum in MS1 Qtof corresponding to the supernatant of the PNP solutions
degraded at t= 240 min ; (B)-(D) Mass spectra in MS2 Qtof corresponding respectively to the parents
ions: m/z= 138.019 (B), 154.015 (C), and 172.959. Some of the corresponding ions are indicated on the

figures.



Finally, the whole analyses performed for the oxidation of PNP enabled us to propose the overall

transformation pathway given in figure 10 (see also table S3 in SI).
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Figure 10 : Proposed degradation pathway for PNP. The continuous arrows correspond to the confirmed
steps of the PNP degradation leading to the main intermediates, which evolution was monitored by LC-
MS analysis in SIM mode. The dashed arrows correspond to possible steps leading to secondary or late
intermediates. The framed compounds correspond to unusual intermediates with respect to previous
studies. *= 2-hydro-4-nitrophenol has been formally identified as the isomer corresponding to RT=17.2
min; **= RT in ion chromatography. All the m/z values correspond to the deprotonated form (M-H)

except for compounds 11 and 12.

Our results prove that PNP is first oxidized by ring-hydroxylation (see reaction (1)). These reactions are
dominant during the first 30 min. Two isomers are formed, corresponding to compounds 24a and 24b,
respectively observed at RT=17.1 and 18.8 min (m/z=154). The major compound 24a has been clearly
identified as 2-hydro-4-nitrophenol. It results from ring-hydroxylation in ortho-position of the phenolic
group. We propose that the isomer 24b corresponds to the 3-hydro-4-nitrophenol, which results from
hydroxylation in meta-position of the phenolic group. According to literature, ring-hydroxylations in
ortho- and para-positions of the phenolic group are generally favoured, because of the strong electro-
donating effect of this function [21,25,32,45]. For PNP, hydroxylation in para-position of the phenol
group leads to the removal of the nitro substituent and to the formation of the 4-hydroxyphenol. Here,

this compound has not been formally identified, although we have noticed traces of the ion at m/z=109



or 110 at RT=1.7 min. Nevertheless, the presence of important amounts of the compound 25, which
results from several successive ring-hydroxylations, and the continuous formation of NOs3 ion are
consistent with the existence of the hydroxylation in para-position of the phenolic group. The difficulty
to clearly identify 4-hydroxyphenol, and others by-products resulting from consecutive ring-
hydroxylations is due to the absence of separation of these very hydrophilic compounds on the LC
column. A third hydroxylated isomer corresponding to m/z=154, at RT=22.7 min (compound 24¢) was
tardily observed. Its concentration reaches a maximum at t=2 h. It is therefore probable that this
compound is formed by isomerization of the compounds 24a or 24b. To explain its occurrence, it is
important to note that the first step of the ring-hydroxylation (reaction (1)) produces
dihydroxycyclohexadienyl radicals. These intermediates are known to give transposition reactions of the
hydroxy substituents [56,57]. These transpositions may generate the positional isomer of
hydroxynitrophenol corresponding to compound 24¢. The peak at m/z=115, identified as maleic acid
(compound 26), is characterized by a maximum at t=2h. This ring-opening product is therefore produced
by a consecutive reaction from the first oxidation products. It is important to note that compounds 26 is
in turn oxidized, since its concentration ultimately decreases up to a total disappearance at t=24h. Three
types of transformation products result from the late oxidation steps. The surface of the peak at m/z=62
progressively increases up to t=24h, showing that NO3™ ions are continuously formed, by hydroxylation
of the aromatic carbon bearing the nitro group. As for MO and MB, the presence at t= 24h of small
carboxylic acids such as malonic, formic and oxalic acids (compounds 13, 11 and 12) was detected by
LC-MS and IC. Additionally, the presence at t=24h of large amounts of the pentahydroxylated
compound 25 suggests that the ring-opening transformations are slow. The existence of compound 25
has not yet been mentioned. Here, we have demonstrated that the remaining organic carbon at 24h is
partially due to polyhydroxylated phenols such as 25. This compound may be resistant to further

oxidation leading to ring-opening and to mineralization.



4. Conclusion

In this work, we have focused on the degradation pathway of three model aqueous pollutants, MO, MB
and PNP, in a Fenton process based on the use of maghemite/silica microspheres as magnetically
separable heterogeneous catalyst. Various transformation products were identified at different times,
through the complementary utilization of different analytical methods;-espeeialy EE-MS;- HRMS(Qtof
n-MStand-MS2Z-mede)andIC. The kinetics of the main intermediate compounds was monitored by

EEMS-in-SHM-mede, which enabled us to propose an overall transformation pathway for each pollutant.
Some of the intermediates have been already evidenced in other studies on the AOP degradation of these
pollutants. However, we were able to identify new compounds, and to highlight some unusual

decomposition steps. —partictarly—thanks—to—the—highly—aceurate —Qtof-MS2—analyses—The main

advantage of our work is that a comparison between the three transformation pathways can be drawn.

Thus, aromatic ring-hydroxylation are observed for MO, MB and PNP. They display a certain
regioselectivity, since they are observed preferentially in ortho- or para-position of the electrodonating
groups such as N(CHsz)> or OH. In addition, products resulting of several consecutive ring-
hydroxylations are systematically observed. For PNP, ring-hydroxylated compounds seems to be the
unique transformation products at early time, while for MB and MO other products are competitively
formed, especially those resulting from successive N-demethylations of the (CH3)3N groups. For MB,

we have also noticed other types of competitive reactions, at-the-beginningot-the-proecess; especially the

direct oxidation of the methyl groups into aldehyde. For the three compounds, products resulting from

ring-opening and cleavages become appreciable only after several hours;altheugh-small-ameunt-of-these

MO. Similar final oxidation

products were detected. They are mainly composed of inorganics salts (NO3", SO4>), and small mono- or
dicarboxylic acids such as formic, acetic, oxalic and malonic acids. These compounds have been
described to be the ultimate oxidation products in many studies. They are very slowly transformed into
CO; and H>0, which explain the relative low mineralization—mineralizations obtained at 24h. It is
important to mention that for PNP, we have also highlighted the presence at 24h of important amount of

a polyhydrolylated phenolic compound.



The differences between the three degradation pathways are explained by the differences in the structure
of the parent compounds, which has an impact on the possible sites of reaction with the HO" radicals.
The regioselectivity of the oxidation steps may be also influenced by the adsorption properties of the
parent compound on the catalyst. While some common features with other advanced oxidations
processes were found, it is difficult to conclude either the specificities are related to the conditions used
here, or can be explained by the selected analytical methods. A partial answer may be given by studying
the degradation pathway of the three pollutants in presence of more efficient heterogeneous catalysts, or
by using visible light to improve the oxidation rates. Additional analytical methods (NMR, GC-MS...)

may be also carried out to complete the identification of the transformation products.
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