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Abstract

We show that phenol can be effectively degraded by magnetite in the presence of persulfate
(52082_) under UVA irradiation. The process involves the radical SO4 °, formed from 52082_
in the presence of Fe". Although magnetite naturally contains Fe', the air-exposed oxide
surface is fully oxidized to Fe'" and irradiation is required to produce Fe'. The magnetite +
S,05% system was superior to the corresponding magnetite + H,O, one in the presence of
radical scavengers and in a natural water matrix, but it induced phenol mineralization in ultra-
pure water to a lesser extent. The leaching of Fe from the oxide surface was very limited, and
much below the wastewater discharge limits. The reasonable performance of the
magnetite/persulfate system in a natural water matrix and the low levels of dissolved Fe are

potentially important for the removal of organic contaminants in wastewater.




Introduction

The sulfate radical (SO4™") is a strong one-electron oxidant.! Its properties, including the
reactivity with organic compounds, have been determined in early studies where SOy~ was
generated by radiolysis of persulfate solutions.”* The activation of persulfate (S,05"7/S0,7,
E° = 2.01 V vs. NHE) to generate SO4~° (SO4*/SO,*", E° = 2.6 V vs. NHE) was recently
proposed to remove different kinds of organic pollutants in contaminated waters and soils.*®
Persulfate activation to SO4 ~ can be initiated under photochemical, thermal (also with metal
catalysts) or chemical conditions, and SO4 ~ can rapidly react with several organic compounds
with second-order rate constants in the range of 10"-10" M™" s7'.7 Tron (often as dissolved

Fe®*) is a commonly used transition metal for the chemical activation of persulfate:*°

Fel + S,042 — Fe + SO,7 + SO, (1)

The "OH radical can also be produced in the presence of SO4 . Reaction (2) takes place under

basic conditions:’

SO~ + OH — SO, + ‘OH (2)
and reaction (3) at all pH values:
SO, + H,O — *OH + HSO4~ 3)

Liang et al. * suggested that SO, predominates under acidic conditions and “OH under
alkaline ones. Both “OH and SO, " could attack target contaminants, but they can also react

with the persulfate anion as follows:’

*OH + S,05" — HSO4 + SO, + %0, (or ‘OH + S,04" — $,05™" + OH") 4)
SO~ + $,05% — $,05™° + SO,* (5)

Other competitive or scavenging reactions may occur (although reaction (7) would be minor

. . 79,11
in the presence of organic compounds): -

Fe + SO, — Fe' + SO~ (6)
280, — S,05>" (7

Because of similarities between the activation of persulfate by Fe" and the Fenton reaction,
the persulfate process is usually named Fenton-like.

The main drawback of dissolved Fe' (Fe™*) is the rapid oxidation and precipitation as
Fe', which inactivates ferrous iron. Chelating agents have been used to maintain Fe™ in
solution, where it can be more easily recycled to Fe"*!? In alternative, the UV irradiation of

. . . . i 13.14 O .
Fe' species is an interesting Fe" source.'>'* Another possibility is the use of minerals such as



15,16

ferrihydrite, goethite, manganese oxide and clay (including modified clays), which can

activate persulfate and induce the degradation of e.g. trichloroethylene or diesel

5,17
compounds.™

Magnetite (Fe3O4) is a good agent to activate persulfate in the remediation of
PAH-contaminated soil.'® Fe;04 is one of the most stable mixed-valence oxides (FeH—FeIH) at
ambient temperature, and it is the most abundant in natural settings. Moreover, it can be
synthesized in the laboratory by various biotic and abiotic pathways. Depending on the source
or the synthesis method, magnetites with different composition, crystal habits, morphologies
and surface properties can be produced.19

In addition to the magnetic properties that facilitate phase separation, the natural
presence of Fe in magnetite has understandably attracted attention in the field of

- L2021
heterogeneous Fenton and Fenton-like reactions.*”

Moreover, we have recently found that
the Fenton reactivity of magnetite can be considerably enhanced under irradiation.”” The
traditional photo-Fenton process is exemplified in reactions (8-13), according to the proposed
Haber-Weiss mechanism, and it is particularly useful with sunlight as radiation source.”® Note
that L is an intentionally added or naturally occurring organic ligand (e.g. citrate, oxalate or
ligand moieties of dissolved organic matter). The "OH yield of reaction (13) is not

quantitative, and additional oxidants (e.g. ferryl, FeO*) could also be formed in the

131‘00688224’25
FeOH*" + hv — Fe" + *OH (8)
Fe"+0, > Fe"+0," (or Fe"+H'+ 0, — Fe + HO,") 9)
HO,' + O, + H" — H,0, + O, (10)
Fe"+ 0, > Fe"+ 0, (11)
FeL + hv —» Fe + L** (12)
Fe'" + H,0, — Fe" + *OH + OH~ (13)

The use of magnetite to activate persulfate under irradiation has never been tested to date.
Therefore, the goal of the present work is, first of all, to provide the very first evidence to our
knowledge of the feasibility of the process for the degradation of organic compounds in both
synthetic and natural water matrices. Considering that magnetite exists as micrometric and
nanometric particles in many natural and engineered systems, four kinds of synthetic
magnetites with different particle size and stoichiometry were tested in dark and irradiation
experiments. Insights are given into the possible reactive species involved in the degradation
pathways, and the systems magnetite + H,O, + UV and magnetite + $,05° + UV are

compared for the degradation and mineralization of phenol.



Experimental section
Reagents and materials

Phenol (purity grade 99%), 1,10-phenanthroline (99%), 2-propanol (99.9%), potassium
hydrogen phthalate (99%), KI (98%), NaHCO3 (99%), NaH,PO4 (99%), Na,HPO,4 (98%), 4-
aminoantipyrine (98%), K,COs (99%), HisPO4 (85%), HClO4 (70%), magnetite (97%),
methanol (gradient grade) and horseradish peroxidase (type VI) were purchased from Sigma-
Aldrich, Na;S,03 (99%) from Fluka, magnetite (98%) from Prolabo, H,O, (35%) from VWR
International, argon (research grade) and zero-grade air from Sapio (Monza, Italy). All
reagents were used as received, without further purification. The aqueous solutions were
prepared by using Milli-Q water (TOC < 2 ppb, resistivity 218.2 m€ cm).

Concerning the used magnetite specimens, two (S1 and S2) were synthesized by Fe'-
induced mineralogical transformation of 2-line ferrihydrite and lepidocrocite (y-FeOOH),

. . . o . 22,26
respectively, as explained in detail in previous works.™

Magnetite S3 was purchased from
Prolabo and S4 from Aldrich. Sample characterization is explained in the Supporting
Information (hereafter SI). Table 1 reports particle size, surface area, the pH values of the
point of zero charge (pHpzc, estimated from potentiometric titration), and the Fe'/Fe! ratios
of the oxides. The latter were determined by chemical analysis after acid dissolution, as

suggested by Gorski et al. 27

who reported an excellent agreement with Maossbauer
spectroscopy.

The ratio between ferrous and ferric ions (X = FeﬂfFem) was lower than 0.5, thus all
the investigated samples may be considered as non-stoichiometric or partially oxidized
ma1gnetite.27’28 The most oxidized samples (lowest x values) were S1 and S4.%%%7 84 is a
commercial sample, but S1 could still contain precursor ferrihydrite as residual from the
synthesis method. This is supported by TEM images (Figure S1-SI) and by the high PZC
value of S1 (close to that of ferrihydrite, i.e. ~8.2," Table 1). Abiotic synthesis methods (as

for samples S1 and S2) generally fail to generate stoichiometric rnalgnetite,”’28

probably
because the washing step(s) easily cause Fe** dissolution/oxidation.””** Characterization of
S1-S4 by X-ray powder diffraction (XRD) only gave the main magnetite diffraction peaks,
while other crystallographic phases were lower than the XRD limit of detection (around 5%).
The PZC of S2-S4 (Table 1) is close to literature reports for rnalgnetite.19 An expected
inverse proportionality was observed between BET surface area and particle size. Significant
aggregation of magnetite particles in aqueous suspension is suggested by the comparison of
the particle size data estimated from TEM images (Table 1) with the hydrodynamic radii from
Dynamic Light Scattering (DLS, Figure S1-SI). Further details about the characterization
methods, including XRD, TEM-EDAX (Transmission Electron Microscopy-Energy

Dispersive X-ray spectrometry), multipoint No-BET and DLS analyses are given in the SI.



Irradiation experiments

Magnetite stock suspensions at 1.0 g L™ loading were prepared by ultrasonication (Branson
2200 ultrasonic bath, 40 kHz). The suspensions for irradiation (50 mL total volume in a
beaker) were prepared by diluting stock suspensions to 0.2 g L. Phenol, H,O, and persulfate
were added from separate stock solutions. The natural pH value of the system was ~5,
measured (and periodically monitored as irradiation progressed) with a combined glass
electrode connected to a Metrohm 713 pH meter. Irradiation took place under a 20 W Philips
TL 09N UVA lamp, with emission maximum at 365 nm. The lamp irradiance on top of the
suspensions was 18 W m 2 in the 295-400 nm range, measured with a CO.FO.ME.GRA.
(Milan, Italy) power meter. The suspension temperature was ~30°C. A picture showing the
experimental set-up is provided in the supplementary material of previous work.” Irradiation
experiments were carried out in duplicate, the results averaged and the error bars reported on
the relevant plots.

To monitor the time evolution of phenol, aliquots of ~1.5 mL were withdrawn from the
irradiated suspension at selected time intervals and immediately filtered on Millipore HV
syringe filters (Teflon, 0.45 pum pore diameter). A precisely measured volume (0.7 mL) of the
filtered solution was immediately added to an HPLC vial, containing 0.7 mL methanol to
quench the reaction. Analysis within the shortest possible time was carried out by high-
performance liquid chromatography coupled to diode array detection (HPLC-DAD). In some
experiments, larger aliquots (5 mL) were withdrawn to monitor persulfate and H,O, (UV-Vis
spectrophotometry), sulfate and carboxylic acids (ion chromatography), as well as total
dissolved Fe (inductively coupled plasma). Further analytical details are provided as SI.

The analysis of total organic carbon (TOC) was carried out on filtered-only sample
aliquots, without methanol addition, by using a Shimadzu TOC-V sy Total Organic Carbon
Analyzer, equipped with an ASI-V autosampler and fed with zero-grade air. The TOC was
determined as total carbon minus inorganic carbon.

Natural water was sampled in summer 2013 from the surface of the eutrophic Lake Candia
(near Torino, NW Italy) and vacuum filtered upon arrival to the laboratory (cellulose acetate
filters, 0.45 um, Sartorius). Sampled water had the following features: 7+1 mg L™ Ca, 18+2
mg L Mg, 15+1 pg L™ nitrate, 6.9£1.0 mg C L™ TOC, 1241 mg C L inorganic carbon, pH
8.3.



Results and Discussion

Preliminary runs were carried out to look for the main factors involved in phenol degradation
and to check for the optimal experimental conditions. The degradation of phenol with
magnetite usually required the contemporary presence of radiation and an oxidant (H,O, or
persulfate). The optimal magnetite loading was 0.2 g L™, most likely because higher loadings
would cause excessive scattering of radiation by the suspension.22

The need to apply radiation could be avoided at elevated persulfate concentration, and
effective transformation of 0.1 mM phenol took place with 50 mM Szng_ in the dark. In this
case the suspension pH dropped from ~5 to ~3 in less than 2 h, followed by very limited
further changes up to at least 24 h. Phenol degradation in the dark with 50 mM S,05” also
took place without magnetite, thereby suggesting that persulfate can directly react with
phenol. The reaction would cause an initial pH decrease, as a consequence of the oxidation of
the organic substrate with production of sulfuric acid (see for instance reaction (14), where

HPhOH represents phenol):*

HPhOH + S,04>” + H,O — HOPhOH + 2 SO, + 2 H' (14)

Due to contact with air, the surface layer of magnetite is fully oxidized to Fe'?

The initial
acidification would cause dissolution of surface Fem, letting sub-surface Fe" in contact with

the aqueous phase. Persulfate activation and further acidification would proceed as follows:*’

Fe’" + S,05°” — Fe** + SO, + S04~ (15)
Fe** + 3 H,O — Fe(OH); + 3 H' (16)

The formation of poorly soluble Fe™ species would limit the concentration of dissolved Fe,
which was around 0.1 mg L Moreover, acidification due to reactions (14-16) would induce

an additional pathway of persulfate activation (reactions (17,18), with no net pH impa1ct):30’3 !

52082_ +H"* 4 HSQOg_ (17)
HS,05 — 2 SO4_. +H" (18)

Differently from 50 mM persulfate, little to no degradation of phenol was observed with 0.5
mM 52082_ alone (without magnetite), either in the dark or under irradiation. In this case, both
magnetite and UVA radiation were required for phenol degradation. Further experiments with
the irradiated systems suggested that no transformation was operational with phenol + UVA
or with phenol + magnetite + UVA. The blank runs also showed negligible adsorption of

phenol on magnetite.



Phenol degradation by magnetite + S;05°~ + UVA: effect of the Fe;0y4 specimen

Figure 1 shows the time trend of 0.1 mM phenol in the presence of 0.5 mM S,0s” under
UVA irradiation, with no magnetite and in the presence of each of the studied magnetite
specimens (S1 to S4, at a loading of 0.2 g L™ each). Compared to the experiment without
magnetite, all the S1-S4 samples enhanced phenol transformation. The enhancement was
highest for S2 and S3.

The elevated photoactivity of S2 and S3, compared to S1 or S4, cannot be accounted for
by differences in particle size or surface area (see Table 1). However, S2 and S3 are the
studied magnetite specimens with the highest structural content of Fe" (Table 1). The link
between Fe' content and photo-Fenton or photo-Fenton-like reactivity is only apparently
straightforward (Fe" is the most reactive Fe species towards peroxides),32 because the studied
magnetites were unreactive in the dark with 0.5 mM 52082_. The insignificant dark reactivity
is in clear contrast with a simple hypothesis concerning the availability of Fe" at the magnetite
surface, which would be higher for S2 and S3 compared to S1 and S4. The need to irradiate
the system suggests that Fe'" is the primary actor of magnetite photoreactivity, because Fe'
species are often photochemically inactive.'"* Radiation absorption by Fe™ compounds
(including the hydroxocomplexes) is linked to a ligand-to-metal charge transfer and the
photolysis induces Fe™ reduction to Fe", together with ligand oxidation (see reaction 8).*>**

To account for the observed phenomena one should consider that, although bulk magnetite
contains Fe', its air-exposed surface is substantially or totally oxidized to Fe™. Indeed, Fe" in
the outer regions reacts with atmospheric O, and forms a thin layer of epitaxial

L2735
maghemite.””

The oxidation process occurs to a depth of approximately 3 nm and depends
on particle size and lattice order.*® Surface oxidation was confirmed by XPS analysis of the
investigated samples (see Figure S2-SI), and it is corroborated by the relatively low values of
Fe'/Fe" (Table 1). Fe™ photoreduction is thus required to produce Fe" that activates
persulfate. Note that magnetite stoichiometry (Fe"/Fe™) may influence its overall reactivity,
including sorption capacity and reduction potentiall.29

In the presence of the photoactive magnetites S2 and S3, the suspension pH dropped from
~5 to ~4 upon irradiation. Considering that the direct reaction (14) between phenol and
persulfate can be excluded (no degradation of 0.1 mM phenol was observed with 0.5 mM
S,05%), the pH drop would be accounted for by reactions (15,16). In these systems, dissolved
Fe was detectable but quite low (< 0.1 mg L™"). Fe leaching is a potential problem because of
the limits for wastewater discharge, but Fe levels below 0.1 mg L™ are safe from this point of
view."> The detected concentration of total Fe also places an upper limit for the possible

scavenging of SO, " by dissolved Fe™*, based on the reported reaction rate constants:’



compared to phenol, Fe** would scavenge <1% SO, " at the beginning of the reaction and the

process would become important only after almost complete phenol removal.
Effect of persulfate concentration

The effect of variable persulfate concentration on the transformation of phenol was studied in
the presence of the photoactive samples S2 and S3. A [S,05> ] increase from 0.5 to 5 and then
to 50 mM understandably accelerated the degradation of phenol. With S2, the respective
phenol half-life times decreased from about 10 to ~3 and ~1 hour. The corresponding data for
S3 were ~10, ~2.5 and <1 h.

At 0.5 mM S,05> the degradation of phenol was much faster with S2 or S3 compared to
persulfate alone, without magnetite (see Figure 1), but the magnetite effect became
considerably less important with increasing S,057". Figure 2 reports the time trend of 0.1 mM
phenol in the presence of 50 mM 82082_, with and without magnetite (S2) and with and
without irradiation. First of all, when using 50 mM 52082_ and despite the acceleration
observed with S2, considerable phenol transformation was already achieved with irradiated
persulfate alone. S,05> undergoes photolysis upon UV absorption, yielding SO, 37 that is
able to oxidize phenol.” The importance of persulfate photolysis would increase with
increasing persulfate concentration, while competition for irradiance between magnetite and
persulfate might account for the limited S2 effect. The magnetite specimen S3 was slightly
more active compared to S2 (data not shown), but the overall behavior was quite similar.

Figure 2 shows that some degradation of phenol with 50 mM S,05> already occurred in
the dark, also without magnetite, possibly due to reactions (14,17,18). Overall, the
experiments with variable persulfate concentration suggest that the addition of magnetite is
very useful at low persulfate (0.5 mM in the present case), and much less effective at elevated
oxidant levels. Irradiated magnetite allows a persulfate economy that has potential advantages
from an applicative point of view, including the lower initial cost of the oxidant (which would
not be offset by the cost of radiation if sunlight is used) and the lesser need to eliminate the

oxidant excess after treatment.
Effect of the addition of 2-propanol

The degradation of phenol by activated persulfate could occur upon reaction with SO4
and/or "OH. Insight into phenol transformation pathways with magnetite + persulfate + UVA
could be obtained by studying the effect of 2-propanol. The alcohol reacts with both *OH and
SO, ~",*® but the second-order reaction rate constant with *OH (1.9-10° M s7") is around 45-

50 times higher than that with SO4 (4'107 M s_l).7’39 In contrast, the reaction rate constant



between phenol and "OH (6.6-10° M~ s™') is only 3 times higher than the phenol rate constant
with SO, (2.2:10° M ™" s71). %

Persulfate was used at 0.5 mM initial concentration, where the magnetite effect on
degradation was very significant. The second-order reaction rate constant between persulfate
and SO4° (1.2-106 M s_l)7 ensures that 0.5 mM 52082_ scavenges SO, to a negligible
extent compared to 0.1 mM phenol. A similar issue happens with ‘OH, given the very low
second-order reaction rate constant with persulfate (<1-10° M™' s7).** The following
discussion focuses on S2, but fully comparable results were obtained with S3.

Figure 3a compares phenol phototransformation with S2 (0.2 g L loading), with and
without 2-propanol (2 mM initial concentration when applicable), in the presence of 0.5 mM
S,0s°". The addition of 2-propanol induced limited inhibition of phenol transformation. As
mentioned above, phenol and 2-propanol could react with both “OH and SO4 -, while the

scavenging of radical species by S,05° would be negligible.7’40

In the absence of 2-propanol,
practically all the photogenerated “OH and SO,* would react with phenol. In the runs with the
alcohol, 2 mM 2-propanol (in competition with 0.1 mM phenol) would scavenge ~85% of the
photogenerated ‘OH but only 25% of SO4 °, while the rest would react with phenol.
Therefore, 2 mM 2-propanol should strongly inhibit the transformation of 0.1 mM phenol if
*OH were the main reactive species, while the effect of the alcohol should be relatively small
if the reaction with SO, were the prevailing process. The experimental data of Figure 3a
support the hypothesis that phenol degradation would prevalently take place upon reaction
with SO4".

It is interesting to compare the persulfate results with those obtained using H,O,. Figure
3b shows the time trends of 0.1 mM phenol in the presence of S2 (0.2 g L™ loading) and 0.5
mM H,0,, with and without 2 mM 2-propanol. The reaction rate constant between H,O, and
*OH (2.7-10’ M s71* ensures that "OH scavenging by hydrogen peroxide would be ~50
times lower compared to phenol. Therefore, in the absence of 2-propanol, phenol would be
the main “OH scavenger in the irradiated system. In the presence of 2 mM 2-propanol, as
mentioned above, 85% “OH would react with the alcohol and only 15% with phenol. The
experimental data support this assumption and they are, therefore, consistent with the
involvement of “OH in the degradation of phenol with S2 + H,O, + UVA. However, it should
be pointed out that the controversy concerning the role of *OH vs. super-oxidized iron species
(e.g. the ferryl ion, FeO™) in Fenton degradation is not totally solved.*"** While it could be
reasonably assumed that ferryl might be more activated to electron-transfer processes than to
H-abstraction,” too little is presently known about its reactivity with organic compounds to
derive a definite conclusion.

Briefly, *OH can be ruled out as an important reactive species for the degradation of
phenol with S2 + 82082_ + UVA (SOs° would rather be involved). In contrast, the

10



experimental data for S2 + H,O, + UVA are consistent with phenol degradation by "OH,

although they are silent regarding a possible role of additional species (e.g. ferryl).
Trend of the total organic carbon

Substrate mineralization is a welcome target in degradation processes, because it avoids the
potential problem of the formation of recalcitrant intermediates as potential secondary
pollutants. In the case of phenol it is well known that transformation causes detoxification in
the vast majority of cases, ™ but the problem of the intermediates could be very important

with other substrates.*®*’

Therefore, the time trend of the total organic carbon (TOC) was
monitored in the presence of the photoactive specimen S2 (S2 + S,05° + UVA, see Figure
4a). For comparison, the TOC trend was also monitored in the system S2 + H,O, + UVA.
Because phenol mineralization was considerably slower than degradation, in the relevant
experiments the initial concentration values of persulfate and H,O, were increased to 5 mM.
The corresponding runs carried out in the dark (data not shown) yielded no TOC variation for
S2 + 82082_. In the case of S2 + H,O, in the dark, the TOC was stable for the first 50 h and
then it decreased by approximately 50% till 70 h.

Figure 4a suggests that some degree of mineralization under irradiation took place in both
cases. The TOC decrease was initially comparable for Szng_ and H,O,, but in the case of
persulfate it practically stopped after 48 h. In contrast, complete mineralization was achieved
with H,O,; after 70 h irradiation. In the case of H,O,, the pH of the irradiated suspension
slightly decreased from ~5 to ~4.5 within 24 h, and it was then approximately stable as
irradiation progressed. With persulfate, the pH dropped to ~3 within 24 h and tended towards
2 for longer irradiation times. It should be underlined that both the degradation and the
mineralization of organic compounds by 52082_/504_' are favored under acidic conditions,3 0
thus the pH drop cannot account for the lack of phenol mineralization by S2 + $,05° + UVA
after 48 h irradiation.

A possible explanation for the trend reported in Figure 4a could be a higher instability of
Szng_ compared to H,O,: if the reaction mixture runs out of persulfate at around 48h, it is
reasonable that the mineralization process cannot continue. However, Figure 4b shows that
persulfate was a bit more stable than H,O,, which rules out such a hypothesis. Figure 4c
additionally shows that there was a practically quantitative conversion of S,05” into SO4*
(note that one persulfate ion can produce two sulfate ions).

An alternative explanation is that SO, " has more variable reaction rate constants toward
organic compounds compared to *OH (see Figure S3-SI and related discussion).”*’ Therefore,
the probability that phenol degradation produces a refractory intermediate would be higher
with SO4 " than with "OH. In the persulfate experiments, trace levels of acetic acid and a

buildup of formic acid were observed. Both compounds would be formed upon ring opening
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. 484
and fragmentation, 849

and formic acid reached 0.15 mM levels at the longest irradiation time.
Under such conditions, it would account for ~25% of the initial carbon and for almost 50% of

the residual one. Interestingly, “OH is much more reactive than SO, " towards formic acid.”
Performance of magnetite/S;05" JUVA and magnetite/H,0,/UVA in a natural water matrix

The systems based on 52082_/504_. may be more effective than their H,O,/"OH homologues
in inducing degradation reactions in the presence of natural water components that scavenge
*OH.”™! On the other hand, persulfate may be less performing than H,O, in waters that are
poor in e.g. dissolved organic matter (the main “OH scavenger in natural waters). >

To check for the above suggestions, the degradation of phenol was also studied in a
natural water matrix from a eutrophic lake (Lago di Candia, province of Torino, Piedmont
region, NW Italy). Water from this lake was chosen because it is relatively rich of organic
matter and very poor (sub-uM levels) of nitrate, which is a photochemical *OH source and
might potentially act as a confounding factor.”*> Moreover, the very low Fe levels in filtered
lake water (~2 pg L) suggest that naturally occurring Fe would not be able to trigger Fenton
or Fenton-like processes to a significant extent. Phenol was added to lake water at an initial
concentration of 10 uM, to ensure that it was not the main contributor to the total organic
carbon (TOC) of the sample. Indeed, 10 uM phenol has TOC = 0.72 mgC L tobe compared
with TOC ~7 mgC L™ accounted for by natural organic matter in lake water. The oxidants
(52082_ or H,O,, where relevant) were used at equal concentration (0.5 mM).

Figure 5 shows that, when irradiation was carried out in the lake water matrix, phenol
degradation was more effective in the presence of S2 + Szng_ compared to S2 + H,O,. Both
the persulfate- and the H,O,-based Fenton(-like) systems tend to show lesser performance at
basic pH and in the presence of carbonate/bicarbonate buffers, which can scavenge reactive

. 30,41-43
radicals.”™

Water from Lake Candia had pH 8.3 and about 1 mM of inorganic carbon,
which would slow down the kinetics of phenol degradation with both H,O, and S,057".
Interestingly, chloride is expected to interfere with H,O,-based systems to a higher extent than
with those containing persulfalte.56 The photo-Fenton system (H,O;-based) has two further
disadvantages over the persulfate one: the first is that natural organic matter scavenges “OH to
a higher extent than S04, %! the second is that increasing pH decreases the yield of "OH
(reaction (13)). Indeed, while at pH 2-3 the *OH yield is approximately 60%,> at higher pH
the "OH production decreases and the reaction is shifted towards ferryl.*'** The latter is
considerably less reactive than *OH,” and a significant decrease of the system reactivity is

usually observed.'
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Possible implications for water treatment

This paper shows, for the first time to our knowledge, that magnetite under UVA irradiation
can activate persulfate to SO, and induce effective degradation of phenol, used as model
pollutant. Magnetite irradiation was necessary to photoreduce Fe™ to Fe' because, although
the oxide contains structural Fe", its surface is oxidized by contact with atmospheric O».

The magnetite/persulfate/UVA system was less affected than the corresponding H,O,-
based one by the presence of radical scavengers or a natural water matrix. This probably
happened for two reasons: (i) SO4 " is less subject than *OH and/or ferryl (possible reactive
species in the H,O,-based Fenton systems) to the scavenging reactions by organic compounds
and natural organic matter, and (ii) (only for natural water) the reactivity of the HO,-Fenton
system is decreased to a higher extent than the persulfate one in neutral to basic conditions,
because of the decreased “OH yield. However, despite a slightly higher stability of S,05% vs.
H,0,; at long irradiation times, the persulfate system was inferior to the H,O, one as far as
phenol mineralization was concerned. Therefore, the selection of the most suitable process
might depend on the water matrix to be treated.

Heterogeneous Fenton and Fenton-like systems can have the advantage of a limited
amount of dissolved Fe, which may save the need to eliminate the Fe excess at the end of the
treatment (e.g. by precipitation). In our systems the Fe level was much below 1 mg L™, i.e.
the limit above which Fe elimination from wastewater would be necessary. Further
advantages are the effectiveness under UVA light, which allows the use of cheap sunlight that
would offset the relatively slow reaction kinetics, and the easy magnetic separation of
magnetite nanoparticles at the end of the treatment. In the case of persulfate a disadvantage is
represented by acidification as reaction progresses, which would require pH correction after
treatment. In contrast, the use of buffers to maintain the pH at higher levels is well-known to
inhibit the 82082_—based Fenton-like processes.30

The reaction of oxidants with the magnetite surface could induce mineralogical
transformation and/or a substantial change in the surface characteristics. While the
photocorrosion of the oxide is of little importance, as shown by the low amount of leached Fe,
XPS data showed an insignificant change of the surface before and after the reaction (Figure
S2-SI). The latter findings suggest that the magnetite surface was not much modified at the
end of the process. In analogy with previous results,”' such issues suggest that the magnetic
material may be recycled. Actually, there is evidence that magnetite induces effective photo-
Fenton-like degradation of phenol in at least two consecutive cycles (see Figure S4-SI and

related discussion).
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Supporting Information Available

Characterization of magnetite samples, instrumental conditions for analysis, reactivity of ‘OH
and SO, " towards aromatic compounds, experiments on multiple magnetite use. This material
is available free of charge via the Internet at http://pubs.acs.org.
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Table 1. Some properties of the magnetite samples used in this study. XRD = X-Ray Diffraction, PZC = Point of Zero Charge, TEM =
Transmission Electron Microscopy, XPS = X-ray Photoelectron Spectroscopy.

Magnetite Particlesize SSABET pyzc  Fe'/Fe' Remarks
samples range (m? g'l) ratio

Only magnetite (XRD), possibly maghemite traces (PZC, TEM), thin

51 30-50 nm 75%2 8.1 0.34£0.02 surface layer made up of Fe'™ only (XPS)
S2 60-80 nm 260+ 1 7.8  0.42+0.02 Only magnetite (XRD), thin surface layer made up of Fe' only (XPS)
S3 1-2 ym 1.7+£0.2 74 043 +0.02 Only magnetite (XRD)

S4 100-300 nm 85+0.5 7.6  0.30+0.02 Only magnetite (XRD)
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Figure 1. Time trend of 0.1 mM phenol under UVA irradiation with 0.5 mM Na,S,0g, alone

or in the presence of 0.2 g L™' magnetite (S1 to S4, initial pH ~5).
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Figure 2. Time trend of 0.1 mM phenol under UVA irradiation (or in the dark) with 50 mM

Na,S,0s, alone or in the presence of 0.2 g L's2 (initial pH ~5).
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Figure 3. Time trend of 0.1 mM phenol under UVA irradiation, with 0.2 g L' S2 and 0.5 mM
Na,S,0s (a) or 0.5 mM H,0O, (b), in the presence and in the absence of 2 mM 2-

propanol. Initial pH ~5.
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Figure 5. Time trend of 10 uM phenol under UVA irradiation with 0.2 g L' S2 and 0.5 mM

H,0O; or Na,S,0s, in water sampled from Lake Candia (initial pH 8.3).
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