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ABSTRACT
Catalytic activation of
peroxymonosulfate by hematite for

oxidation of organic compounds

Kang Hyeonseok
School of Chemical and Biological Engineering
The Graduate School

Seoul National University

Hematite (a-Fe,O3;) was found to activate peroxymonosulfate (PMS) for
oxidizing organic compounds in aqueous environments. a-Fe;O3 activated
PMS can effectively degrade phenolic compounds (i.e., phenol, bisphenol
A, and 2,4,6-trichlorophenol). The effects of pH, catalyst dosage, and PMS
concentration on phenol degradation were investigated. The observations
obtained in this study provided evidence against the generation of reactive
species such as sulfate radical, hydroxyl radical, superoxide radical, and
singlet oxygen. Radical scavenger (i.e., fert-butanol, methanol, and p-

benzoquinone) test, superoxide radical probe test, anion (i.e., HoPOs,



ClOs, NOs; and CI) test, and electron paramagnetic resonance
spectroscopy suggest that the oxidation mechanism does not likely involve
the previously proposed radical mechanisms. Although singlet oxygen
scavengers (i.e., furfuryl alcohol, azide ion, and L-histidine) could inhibit
the phenol degradation, EPR spectroscopy and deuterium oxide test deny
the responsible for singlet oxygen in o-Fe;O3/PMS system. PMS
decomposition by a-Fe,Os and electrochemical analysis rebuff the electron
mediated reactive complex. Based on the observations from this study, it is
suggested that a high-valent iron species (Fe(IV)) is the reactive species of
the a-Fe;O3/PMS system. Fe'Y=0 generated on the surface of a-Fe;Os
appears to be the responsible oxidant for the degradation of organic

contaminants.
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1. Introduction

Advanced oxidation processes (AOPs) utilizing peroxymonosulfate (PMS)
as an alternative oxidant for organic contaminants degradation have attracted
attention due to high reactivity and stability [1-4]. PMS has a high redox
potential (E°(HSOs /SO4*") = 1.75 V vs. NHE [5]) that has the ability to direct
oxidation of organic pollutants [5—9]. PMS can further be activated to
generate SO4" (E°(SO4/SO4%) = 2.43 V vs. NHE [6]) that is more effective,
fast, but nonselective, through various activation methods (i.e., heat [10], base
[11], UV [12], ultrasound [13], and transition metal [2—4]).

Iron has widely studied because of its low price, nontoxicity, and
efficiency [14,15]. Iron-mediated persulfate activation can be applied in the
remediation of pollutants in water and soil [3,16—18]. However, using iron
ions has some limitations such as excessive iron ions rather reduce reactivity
or the precipitated iron ions decrease the efficiency. Accordingly,
heterogeneous iron oxide which works well in near-neutral pH is an
alternative [19-21]. In particular, iron oxide is one of the abundant minerals
consisting of the Earth’s crust, so oxidant activation by iron oxide is a
promising method for in-sifu chemical oxidation (ISCO) [22].

Previously, PMS activation by iron(IIl) oxide (Fe,Os3) and additives were
studied by many researchers. The reactive species and the corresponding

evidence that supporting the reaction mechanisms were proposed (Table 1).



Table 1

Previous studies on the PMS activation by iron(III) oxide.

Catalyst Source of catalyst Reactive species Evidence for mechanism Reference

Hematite Commercially purchased ~ SO4™, 'OH Probe compound (Nitrobenzene) [23]
Scavenger (fert-butanol, Isopropanol)

Martite (a-Fe,O3) Synthesized N0 XPS (surface Fe(Il) and Fe(I1I)) [15]

Porous Fe,O3 Synthesized S04, 'OH Scavenger (fert-butanol, Methanol) [14]

. .- Scavenger (fert-butanol, Ethanol)
Nano F th
ano Fe;O3 Synthesized SO4 Anion (CI', NOs , HPO.) [24]

Dipicolinic acid- . — .

functionalized hematite Synthesized 5047, "OH i [25]

v-Fe;O3-montmorillonite ~ Synthesized SO4™ - [26]
Scavenger (fert-butanol, Methanol)

Porous sulfurized Fe,O3 Synthesized S04, 'OH EPR (DMPO) [27]
Anion (NO;~, CI', HCO3)

a-Fe2O;5 + Cu0 Commercially purchased  SO4™, ‘OH Scavenger (fert-butanol, Ethanol) [28]

. . .. Scavenger (fert-butanol, Methanol)
-F +h 1 11 h: !

0-Fe;Os + hydroxylamine Commercially purchased  SO4™, ‘OH, 'O» EPR (DMPO, TEMP) [29]
Scavenger (Methanol, p-benzoquinone, NaN3)

Ca-doped a-FexOs Synthesized S04, 'OH, 0,7, 'O, EPR (DMPO, TEMP, oxygen vacancy) [30]

Anion (HCO;", H,PO4 ', NOs -, CI)




For the pure form of Fe;Os, radical species were proposed as the main
reactive species regardless of commercially purchased or synthesized
[14,15,23,24]. Soltani et al. (2018) suggested that iron ions on the surface of
martite nanoparticle proceed in the same mechanism as iron ions in an
aqueous solution (Egs. (1)—(3)) [15]. Ji et al. (2013) and Jaafarzadeh et al.
(2017) explained the pathway of SO~ generation from the reaction with
surface iron and PMS (Egs. (4)-(9)) [14,24]. On the other hand, recently,
Sang et al. (2020) and Guo et al. (2020) suggested the contribution of a
nonradical mechanism through singlet oxygen ('O>) in the system with Fe,Os
and additives [29,30]. In the meantime, a few studies suggested a radical
mechanism only by the fact that it had known as a radical mechanism without
any evidence. That is why more detailed studies on the activation mechanism

are required.

Fe’" + HSOs — SOs™ + Fe* + H (1)
Fe?" + HSOs — SO, + Fe*" + OH™ ()
SO+ OH — "OH + SO+ 3)
=Fe" + HSOs™ — SOs™ +=Fe'' + H" 4)
=Fe'' + HSOs” — SO, +=Fe'" + OH™ 5)
=Fe'"-OH + HSOs~ — =Fe"'-S0s™ + H,0 (6)
=Fe""-SOs™ + H,0 — SOs™ +=Fe'-OH + H" (7)
=Fe''-OH + HSOs~ — =Fe" -SOs™ + H,O 8)
=Fe'-SOs™ + H,O — SO~ + =Fe"-OH + OH~ )



In this study, the catalytic activity of a-Fe;O3; as a PMS activator was
investigated for the degradation of various organic compounds. The influence
of water chemistry parameters was also tested. Various experiments including
scavenger test, probe test, solvent test, anion test, electron paramagnetic
resonance (EPR) spectroscopy, electrochemical analysis, and X-ray
absorption near edge structure (XANES) spectroscopy were conducted to
elucidate the pathway of PMS activation. Herein, we suggest the activation
pathway does not involve radicals but occurs via a nonradical mechanism that

is distinguished from previous studies.



2. Materials and methods

2.1. Reagents

All chemicals were reagent grade and used without further purification.
Chemicals used in this study included: methanol (Honeywell) and oil-based
carbon paste (BASi). PMS (Oxone, KHSOs-0.5KHSO4-0.5K>S04), iron(I1)
oxide (a-FeOs, hematite), iron(IIl) oxide-hydroxide (0-FeOOH, goethite),
iron(ILIII) oxide (FesO4, magnetite), iron(Il) sulfate heptahydrate, iron(III)
perchlorate hydrate, phenol, bisphenol A, benzoic acid, furfuryl alcohol, 2,4,6-
trichlorophenol, 2,5-dimethylfuran, perchloric acid, sodium hydroxide, tert-
butanol, p-benzoquinone, sodium azide (N3°), L-histidine, 2,3-bis(2-methoxy-
4-nitro-5-sulfophenyl)-2 H-tetrazolium-5-carboxanilide (XTT) sodium salt,
deuterium oxide (D-0), sodium phosphate monobasic, sodium perchlorate,
sodium nitrate, sodium chloride, 5,5-dimethyl-1-pyrroline N-oxide (DMPO),
2,2,6,6-tetramethyl-4-piperidone hydrochloride (TEMPD-HCI),
hydroxylamine solution were purchased from Sigma-Aldrich. Deionized (DI)

water (18.2 MQ cm, Millipore) was used to prepare all solutions.



2.2. EPR spectroscopy

EPR analysis was conducted using an EPR spectrometer (JES-X310,
JEOL). 10 mM of spin trapping agent (i.e., DMPO and TEMPD<HCI)
containing solution was prepared at aimed pH condition. PMS (1 mM) and a-
Fe;O3 (5 g/L) were added to the solution to initiate the reaction. At
predetermined time intervals, the samples were withdrawn and analyzed under
the following conditions: microwave frequency = 9419 MHz; microwave
power = 0.998 mW; modulation frequency = 100 MHz; and modulation

amplitude = 2.0 G.

2.3. Electrochemical analysis

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were
performed using a potentiostat (VSP, Biologic). For the LSV test, a working
electrode (glassy carbon electrode, GCE), a counter electrode (Pt foil), and a
reference electrode (saturated calomel electrode, SCE) were used. While, a
working electrode (carbon paste electrode, CPE), a counter electrode (Pt
mesh), and a reference electrode (SCE) were used in the CV experiment.
Perchlorate (50, 500 mM) was served as an electrolyte. Although SCE served
as a reference electrode, the units and notations in this study were converted

to a normal hydrogen electrode (NHE).



2.4. PMS treatment of a-Fe2O3 and characterization

PMS treatment of a-Fe,O3 was conducted to identify whether the reactive
complex exists on the surface. a-Fe;O3 was immersed in a high concentration
of PMS (200 mM) for more than 3 days. Then washed with DI water until no
more PMS be detected and dried in the N> box overnight. The morphology
and chemical property of pristine and PMS-treated o-Fe,O3 were
characterized through high resolution transmission electron microscope-
energy dispersive X-ray spectroscopy (HR-TEM/EDS, JEM-3010, JEOL), X-
ray powder diffraction (XRD, D8 Discover, Bruker), surface zeta potential

(Zetasizer Nano-ZS, Malvern), and XANES (R-XAS, Rigaku).

2.5. Experimental setup and procedure

All experiments were carried out in a 100 mL flask at room temperature
(22 £ 1 °C). The reaction was initiated by adding 5 g/L a-Fe;Os into the
solution containing PMS (1 mM) and target contaminants (0.1 mM phenol,
bisphenol A, benzoic acid, furfuryl alcohol, 2,4,6-trichlorophenol, 2,5-
dimethylfuran) and conducted for 2 hours. In the presence of I mM PMS, the
pH of the solution was about pH 3.3 and rarely changed during the reaction.
The solution pH was adjusted with either HOCL; (0.1 M) or NaOH (0.1 M) if
needed. During the process, 2mL of samples were collected at a
predetermined time and filtered using 0.2 um PTFE syringe filter to get rid of
a-Fe;O;. The filtered samples were analyzed for PMS and target organic

compounds.



2.6. Analytical methods

The concentration of target organic compounds was analyzed with
ultrahigh performance liquid chromatography (UHPLC) with a UV-Vis
detector (UltiMate 3000, Thermo Scientific). Acclaim 120 C18 rapid
separation liquid chromatography column was used for separation. PMS and
XTT were measured by UV-Vis spectrometer (Lambda 465, PerkinElmer). A

modified colorimetric method was used for the detection of PMS [31].



3. Results and discussion

3.1. Degradation of organic compounds by a-Fe:O3;/PMS

system

The degradation of phenol by 0-Fe;O; in the presence of a-FeOs and
PMS was investigated at pH 3.3 (Fig. 1a). a-Fe;O3 or PMS alone system did
not degrade phenol, indicating that the phenol removal by adsorption on the
surface of a-Fe>xO; is negligible. Whereas, when both a-Fe,Os; and PMS
existed, complete phenol degradation was achieved within 60 min.
Furthermore, the efficiency of other iron-based catalysts such as ferrous ion
(Fe(I)), ferric ion (Fe(Ill)), magnetite (FesO4), and goethite (a-FeOOH) was
conducted in the presence of PMS (Fig. 1b). a-Fe:O; was the most efficient
catalyst, followed by o-FeOOH with 70% of phenol removal in 120 min,
while other catalysts did not show effective phenol degradation.

Various organic compounds degradation by o-Fe:O3/PMS system was
examined (Fig. 2a). Phenolic compounds (i.e., phenol, bisphenol A, 2.4,6-
trichlorophenol, and 2,5-dimethylfuran) were effectively degraded by the
system. However, benzoic acid and furfuryl alcohol were not completely
degraded within 120 min (23% and 84% respectively). Pseudo-first-order rate
constants (k) of organic compounds degradation observed by a-Fe;O3;/PMS
system are presented (Fig. 2b). Benzoic acid which has a high reactivity

toward SOs~ and "OH (kgp;- = 1.2 x 10’ M's™ and k., =4.3 x 10° M''s”!

°*OH
[32,33]) and furfuryl alcohol which has a high reactivity toward 'O (kio, =

1.2 x 108 M''s! [34]) were hardly degraded (Table 2). The selectivity toward

these organic compounds indicates that SO4™~, "OH, and 'O, are not involved

9 -:l."i . ¥ !..;



in the activation of PMS.
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Fig. 1. (a) Degradation of phenol in the presence of a-Fe;O3 or/and PMS:
[Phenol]p = 0.1 mM; [0-Fe,03]0 = 5 g/L; [PMS]o = 1 mM; pH = 3.3. (b)
Degradation of phenol by PMS in the presence of various iron-based
catalysts: [Phenol]o = 0.1 mM; [a-Fe;Os]o = [Fe;04]o = [a-FeOOH]o = 5 g/L;
[Fe(Il)]o = [Fe(1II)]o = 0.1 mM; [PMS]o =1 mM; pH = 3.3.
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Fig. 2. (a) Degradation of various organic compounds and (b) pseudo-first-

order rate constants (k) for degradation of various organic compounds by a-
Fe>,O3/PMS system: [Phenol]o = [Bisphenol A]o = [Benzoic acid]o = [Furfuryl
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Table 2

Rate constants of reactive species for organic compounds.

Reactive Rate constant,

Compound pKa species k (M's™) Reference
‘OH K.y, =6.6x10°

Phenol 9.9 SOs~ kso;- =8.8 x 107 [32,34,35]
'0, ki, =2-3 % 10°

Bisphenol A 10.3 ‘OH k., =1.55x10 [36]
‘OH kep, =4.3x10°

Benzoic acid 4.2 [32,33]
SO~ ksos- =12 %107
‘OH ke, =15x10"

Furfuryl alcohol 9.6 [32,34]
'0, kip, =12 x10°

i "OH k.,, =5.48x 10

24,6 9.6 o [32,34]

trichlorophenol 10, kiy, =2 x 10°

2,5- 2.7 10, kg, =8.2 % 10° 33]

dimethylfuran ) 0:
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3.2. Effects of reaction parameters on phenol degradation

The experimental parameters (i.e., pH, o-Fe;O; dosage, and PMS
concentration) on the oxidation of phenol were investigated (Fig. 3).
Complete phenol removal was achieved at pH 3.0, 7.0, and 11.0 which
suggests that the a-Fe;O3/PMS system can be applied at a wide range of pH
(Fig. 3a). The increase in a-Fe;Os; dosage and PMS concentration had a
positive relationship on the phenol removal (Fig. 3b and Fig. 3c). The results
are concerned with the activation on the surface of a-Fe;O; which would be

explained later.
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Fig. 3. (a) Phenol removal by a-Fe,O3/PMS system as a function of pH: [Phenol]o = 0.1 mM; [a-Fe;Os]o =5 g/L; [PMS]o =1 mM; pH = 3.0 —
11.0; reaction time = 120 min. (b) Phenol removal by a-Fe,O3/PMS system as a function of a-Fe;Os dosage: [Phenol]o = 0.1 mM; [a-Fe;Os]o =
0 — 5 g/L; [PMS]o = 1 mM; pH = 3.3; reaction time = 120 min. (¢) Phenol removal by a-Fe,O3/PMS system as a function of PMS
concentration: [Phenol]o = 0.1 mM; [a-Fe2Os]o =5 g/L; [PMS]o = 0 — 1 mM; pH = 3.3; reaction time = 120 min.
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The effects of experimental conditions such as dissolved oxygen in the
solution and visible light illumination were investigated as well (Fig. 4).
Dissolved oxygen can affect the generation of reactive oxygen species (ROS)
such as superoxide radical (O>™) and 'O, [30]. To exclude the involvement of
dissolved oxygen on the PMS activation, the solution had sparged by argon
(Ar) during the experiment (Fig. 4a). Also, since a-Fe;Os; has exhibited
photocatalytic activity [37], the experiment was conducted in a dark condition
(Fig. 4b). The results suggest that dissolved oxygen and visible light

illumination have a negligible effect on the PMS activation by a-Fe,Os.
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Fig. 4. (a) Degradation of phenol by a-Fe;O3/PMS system with and without
dissolved oxygen (by sparging the solution with Ar): [Phenol]o = 0.1 mM; [o-
Fe,0s3]o = 5 g/L; [PMS]o = 1 mM; pH = 3.3. (b) Degradation of phenol by a-
Fe>,O3/PMS system with and without visible light illumination: [Phenol]o = 0.1
mM; [a-Fe.03]o =5 g/L; [PMS]o =1 mM; pH = 3.3.
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3.3. Mechanism of PMS activation by a-Fe:O3

3.3.1. Effects of scavengers

Phenol degradation in the presence of scavengers was examined. Table 3
summarizes the various scavengers and the rate constant of them. Methanol,
an alcohol containing ‘a-hydrogen’ scavenges both SO4~ and "OH (kso;- =

32 x10°M's" and k., = 9.7 x 10° M's" [32,33]). Whereas tert-butanol

°*OH

without ‘a-hydrogen’ is a specific ‘OH scavenger (k. = 3.8 —7.6 x 108 M-

's1 [2,3]). As displayed in Fig. 5, the presence of methanol and tert-butanol

did not inhibit the phenol degradation.

Table 3

Rate constants of scavengers for reactive species.

Scavenger Reactive Rate constant, kK (M''s")  Reference
species
tert-butanol OH k., =38-76x10°  [3]
OH k.., =9.710°
Methanol [32,33]
NO kso;_ =32x10°
p-benzoquinone 0> kos- =9.8 x 10° [38]
Furfuryl alcohol ~ 'O» kg, =1.2x 10® [34]
Azide ion (N3°) '0, kip, =1.0 x 10° [34]
L-histidine '0, ki, =1.5x 10® [39]
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Fig. 5. Degradation of phenol by a-Fe,O3/PMS system with and without
radical scavengers: [Phenol]o = 0.1 mM; [a-FexOs]o = 5 g/L; [PMS]o = 1 mM;
[tert-butanol]o = [Methanol]o = 0.2 — 1 M; pH = 3.3.
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To evaluate the contribution of O,™, p-benzoquinone was used as an O™
scavenger (kos- = 9.8 x 10° M''s" [38]) (Fig. 6a). As a result of the
experiment, phenol degradation was suppressed to 48%. To ensure the
participation O, probe test using XTT was examined (Fig. 6b). XTT reacts
with O, to form XTT-formazan which has an absorption peak at 470 nm [40].
However, O, was not detected by XTT test. So O, is not a main reactive

species in the system.

1.0 ' : 7
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Fig. 6. (a) Degradation of phenol by a-Fe;O3/PMS system with and without
superoxide radical scavenger: [Phenollp = 0.1 mM; [a-Fe:Os]o = 5 g/L;
[PMS]o = 1 mM; [p-benzoquinone]o = 0.1 M; pH = 3.3. (b) UV-Vis absorption
spectra of XTT by a-Fe,O3/PMS system: [a-Fe.Os]o =5 g/L; [PMS]o =1 mM;
[XTT]o = 1 mM; pH = 3.3; reaction time = 4 h.
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The effect of 'O, scavengers (i.e. furfuryl alcohol, ki, =12 x 10° M''s"
'; azide ion, ki, =1.0 x 10° M's™ [34]; L-histidine, ki, = 1.5 x 10°M's
[39]) was examined in phenol degradation by a-Fe;O3/PMS system (Fig. 7a).
All three 'O, scavengers inhibited phenol degradation by more than 90%.
Deuterium oxide (D>0O) was used as a solvent instead of H,O (Fig. 7b). In the
D,O solvent, the lifetime of 'O, increases tenfold, and the organic
contaminant degradation by 'O be accelerated [41]. The acceleration was not
observed in D,O suggesting that 'O, is not responsible for phenol and furfuryl

alcohol degradation.
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Fig. 7. (a) Degradation of phenol by a-Fe;O3;/PMS system with and without
singlet oxygen scavengers: [Phenol]o = 0.1 mM; [a-Fe>Os]o =5 g/L; [PMS]o =
1 mM; [Furfuryl alcohol]o = [Azide ion]o = [L-histidine]o = 0.2 M; pH = 3.3.
(b) Degradation of organic compounds by a-Fe;O3/PMS system in the H,O
and D,O solvent: [Phenol]o = [Furfuryl alcohol]p = 0.1 mM; [a-FexOs]o = 5
g/L; [PMS]o=1 mM; pH = 3.3.
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3.3.2. Effects of anions

The effects of anions such as phosphate (H.PO4"), perchlorate (ClO4),
nitrate (NOs"), and chloride (CI") ions were determined (Fig. 8). HPOs
which has a strong affinity and thus forms a complex with Fe(Ill) on the
surface of the catalyst [42,43], inhibited phenol degradation about 70% with
10mM. Meanwhile, the effect of the ClO4, NOs~ and CI” was very minor.
ClO4 was used to evaluate the ionic strength [43]. The little inhibition effect
of ClO4™ represents the existence of strong inner-sphere interaction between
oxidant and catalyst surface. NOs™ and CI” could oxidize SO4~ and "OH into
less active radicals (i.e., NOs', NO,', CI', and Cl,™) ((Egs. (10)~(16)) [4,44].
The results propose that PMS activation occurs on the a-Fe>O; surface, and

the reactive species is neither SO4™ nor "OH.

"'OH + NO;” — OH ™ + NO5' (10)
S04~ +NO; — SO + NO3 (11)
NO;" + Hy0 + e,q— NO,' + 20H™ (12)
SOs”+ CI” — SO + CI' (13)
Cl™+ClI' — Cl,™ (14)
Cl"™ +CL™ — Cl (15)
CI'+CI' - Cl, (16)

» ] & 7]
20 M =—TH



1.0 ' ' ' =
= 0.8 - AL i
) |
< 0.6 - 8
o —@— Control |
- o HPO,
e 04- clo,
) -V 4
a —@ No;
s —&-c ]
0.0 I PP Y H—r ‘
0 30 60 90 120

Reaction time (min)

Fig. 8. Degradation of phenol by a-Fe,O3/PMS system with and without
anions: [Phenol]o = 0.1 mM; [a-Fe,O3]o =5 g/L; [PMS]o = 1 mM; [H2PO4 o =
[ClO4 Jo=[NOs3Jo=[Cl']o= 10 mM; pH = 3.3.
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3.3.3. EPR analysis

EPR spectroscopy is a method capable of recognizing the reactive
species by affirming the adduct of the spin-trapping agent. DMPO was used
as a trapping agent for SOs~ and ‘OH [45]. DMPO reacts with SO4~ and "OH
turn into DMPO-SOs; and DMPO-OH adducts, respectively. While
TEMPD-<HCI was used to trap 'O, because Hideg et al. (2011) reported that
2,2,6,6-tetramethylpiperidine (TEMP) and 2,2,6,6-tetramethyl-4-piperidone
(TEMPD) contain impurities that might affect the generation of 'O, adducts,
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) and 2,2,6,6-tetramethyl-4-
oxo-1-piperidinyloxy (TEMPONE) [46]. The signal of 5,5-dimethyl-
pyrrolidone-(2)-oxyl-(1) (DMPOX) which is corresponding to the nonradical
mechanism was obtained in the o-Fe:O3;/PMS system (Fig. 9a) [47,48].
Furthermore, no noticeable signal of 'O, was obtained in the a-Fe;O3/PMS
system (Fig. 9b). Thusly SO, ‘OH, and 'O, were not the dominant reactive

species for PMS activation by a-Fe,Os.
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Fig. 9. (a) EPR spectra obtained by spin strapping with DMPO in the a-
Fe>,O3/PMS system: [DMPO]o = 10 mM; [0-FexO3]o =5 g/L; [PMS]o = 1 mM;
pH = 3.3; reaction time = 10 min. (b) EPR spectra obtained by spin strapping
with TEMPD<HCI in the a-Fe,O3/PMS system: [TEMPD+HCl]o = 10 mM; [o-
Fe;O0s3]o =5 g/L; [PMS]o = 1 mM; pH = 3.3; reaction time = 10 min.
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3.3.4. Electron mediated reactive complex

Based on the tests above, the engagement of SOs~, ‘OH, O, and 'O,
which have been proposed as reactive species on the a-Fe,Os related PMS
activation previously are invalid. The nonradical mechanism is likely to be
responsible for the a-Fe;O3/PMS system. Among nonradical mechanisms,
electron mediated reactive complex is one of the strong candidates [49-52].
Electron mediated reactive complex is a direct two-electrons transfer from
organic compound (electron donor) to persulfate (electron acceptor) on the
surface of catalyst (electron mediator). Lee et al. (2015) and Kim et al (2020)
conducted PDS decomposition test in the catalyst/PDS system in the presence
and absence of target compound and LSV to confirm the catalyst mediated
electron transfer [51,52]. The electron mediated reactive complex is a ternary
system requiring all three components, hence persulfate was not decomposed
in the absence of a target compound while a current increase was aroused with
the addition of both target compound and PDS in LSV using catalyst coated
working electrode. The PMS decomposition and LSV were examined in the
presence and absence of three components of mediated electron transfer (Fig.
10). PMS decomposition was possible by o-FeO; regardless of phenol
existence (Fig. 10a). LSV showed no significant current change with the
addition of PMS and phenol altogether (Fig. 10b). The result of PMS
decomposition and LSV articulate that the electron mediated reactive complex

does not occur.

24 A I



0.04 T T T T T !‘
Back ground it
............. PMS ¢
0031 ___ Pphenol (;! ]
— 2 ———— PMS/Phenol £
(2] :
= £ 0.2 .
o -
7 5
g t 0.01 4 1
=
a, )
—O— PMS/phenol
0.2 4 —/— a-Fe,0,/PMS - 0.00 -
—- a-Fe,0,/PMS/phenol  (3)
0.0 L =0.01 bt et et
0 30 60 920 120 06 08 10 12 14 16 1.8

Reaction time (min) Potential (V vs. NHE)

Fig. 10. (a) Decomposition of PMS in the presence of phenol or/and a-Fe;Os:
[Phenol]o = 0.1 mM; [a-Fe;Os]o = 5 g/L; [PMS]o =1 mM; pH = 3.3. (b) LSV
obtained by a-FexO; coated GCE in the presence of PMS or/and phenol:
working electrode = o-FexOs coated GCE; counter electrode = Pt foil;
[Phenol]yp = 0.1 mM; [PMS]o = 1 mM; [NaClO4]o = 50 mM; [dE/dt] = 20
mV/s; pH = 3.3.
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3.3.5. PMS treatment of a-Fe;O;

To further understand the reactive species that exist on the surface of a-
Fe;O3, the catalyst was treated with PMS. The characteristics of PMS-treated
a-Fe,O3 were compared with pristine a-Fe,O3 by TEM, EDS, XRD, and zeta
potential analysis (Fig. 11). No notable chemical or physical differences were
observed comparing before and after the PMS treatment except for the
slightly higher zeta potential of the treated one. However, PMS-treated o-
Fe,Os; had oxidizing power to some extent without PMS (Fig. 12a). It
indicates that a reactive species is existing on the surface of a-Fe,O; after
PMS treatment and the surface reactive species showed stability for more than
3 days (result not shown). EPR analysis expressed a signal of DMPOX in the
presence of PMS-treated a-Fe>Os (Fig. 12b), which supports the existence of

reactive species on the surface of PMS-treated a-Fe,O
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Fig. 11. (a), (b) TEM images of pristine a-Fe;O3 and PMS-treated a-Fe;Os. (c), (d) EDS analysis of pristine a-Fe,O3, and PMS-treated a-
Fe;0;. (e) XRD patterns of pristine a-Fe,O; and PMS-treated a-Fe,Os. (f) Zeta potential of pristine a-Fe;O3 and PMS-treated a-Fe,Os:

[Pristine 0-Fe>Os]o = [PMS-treated a-Fe,Os]o =1 g/L; pH = 1.0 — 13.0.
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Fig. 12. (a) Degradation of phenol by pristine a-Fe,O3 and PMS-treated a-Fe>Os: [Phenol]o = 0.1 mM; [Pristine a-Fe;Os3]o = [PMS-treated a-
FexO03]0 =5 g/L; pH = 5.0 — 6.4. (b) EPR spectra obtained by spin strapping with DMPO in the presence of pristine a-Fe;O3 and PMS-treated
a-Fe;Os: [DMPO]p = 10 mM; [Pristine a-Fe;Os]o = [PMS-treated a-Fe,03]o = 50 g/L; [PMS]o = 1 mM; pH = 5.0 — 6.4; reaction time = 10 min.
(c) Fe K-edge XANES of pristine a-Fe>O3 and PMS-treated a-Fe>Os.
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The Fe K-edge XANES spectra of pristine a-Fe;O3; and PMS-treated a-
Fe>,Os were obtained (Fig. 12¢). The 1s — 3d pre-edge peak and 1s — 4p
peak of XANES are correlated with the oxidation state [53-55]. With an
increase in the oxidation state of metal oxide, 1s — 3d pre-edge peak and 1s
— 4p peak shift to higher energy level. As shown in Fig. 12c, the 1s — 3d
pre-edge peak shifted by 3 eV from 7128 eV (pristine a-Fe>O3) to 7131 eV
(PMS-treated a-Fe>Os) while 1s — 4p peak shifted by 2 eV from 7171 eV
(pristine a-Fe>O3) to 7173 eV (PMS-treated a-Fe.Os3). The positive K-edge
energy shift by 2-3 eV corresponding to the fact that the valence state is
higher than Fe(Ill). Therefore, high-valent iron species (Fe(IV)) is speculated
as a reactive species generated on the surface of a-Fe;O; in the a-Fe,O3/PMS

system.
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3.3.6. High-valent iron species (Fe(IV))

Hight-valent metal species are one of the encouraging alternative
persulfate activation mechanisms [49]. In previous studies, various metals
such as Ag (I) and Fe(Il) were reported to forms high-valent metal ions having
oxidizing power [56—58]. There are a number of papers that reported the high-
valent iron generation from the activation of Fe(Il) ion. Wang et al. (2018,
2019) claimed the involvement of Fe(IV) in persulfate activation by Fe(Il)
(Egs. (17)and(18)) [57,58]. Similarly to persulfate activation, Liang et al.
(2020) suggested the production of Fe'V=0?" from the Fe*’/HOCI system
through two-electron transfer (Eq. (19)) [59]. At the same time, Fe'"=0
generation on the a-Fe,Os electrode from electrochemical oxidation reaction

was presented (Egs. (20)—(23)) [60,61].

Fe*" + HSOs — Fe'VO?' + SO + H' (17)
Fe*" + S,05 — Fe'YO?' + 280, + 2H" (18)
Fe?* + HOCl — Fe'VO* + HCl (19)
=Fe'" + H,O — =Fe!"-OH + H" (20)
=Fe""OH — =Fe'VO* + H' + ¢ 21)
=Fe'" + H,0, + H,0 — =Fe"YO* + O, + 4H" + 3¢~ (22)
=Fe""-OH + H,0, — =Fe"VO*" + 0, + 3H" + 3¢ (23)
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The formation of Fe(IV) was determined by electrochemical analysis
using o-Fe;O; modified CPE (Fig. 13a). A reversible couple with redox
potential at 1.21 V vs. NHE and a small reversible couple with redox potential
at 0.71 V vs. NHE appeared. From the bare CPE experiment with Fe™ ion, it
is conjecturable that the reversible couple with £° = 0.71 V vs. NHE is
Fe(IT)/Fe(Ill) redox couple (Fig. 13b). Thus, the reactive species from the o-
Fe,03/PMS system has an E° value of 1.21 V vs. NHE. Previous studies have
reported the redox potential of Fe'Y=0O(-chelate)/Fe(I1I)(-chelate) complex at

near the 1.2 V vs. NHE [61-65].
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Fig. 13. (a) CV by a-Fe;O; modified CPE with and without PMS: working
electrode = a-Fe>O3 modified CPE; counter electrode = Pt mesh; [PMS]o = 25
mM; [NaClO4]o = 500 mM; [dE/dt] = 2 mV/s; pH = 3.3. (b) CV by bare CPE
with and without PMS and Fe(IIl): working electrode = bare CPE; counter
electrode = Pt mesh; [PMS]o = 25 mM; [Fe(Il)]o = 5 mM; [NaClOs]o = 500
mM; [dE/dt] = 2 mV/s; pH = 3.3.
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A strong reducing agent, hydroxylamine (HA) could convert surface
Fe(Ill) to Fe(Il) and enhance the Fenton-like reaction [29]. When HA was
added to the a-Fe,O3/PMS system, the phenol degradation was decelerated
and even the 200 mM of radical scavengers could inhibit the reaction (Fig. 14).

Thus, the Fe(II) would not engage in the Fe(IV) generation.
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Fig. 14. Degradation of phenol by a-Fe;O3/PMS system with and without
hydroxylamine and radical scavengers: [Phenol]o = 0.1 mM; [0-FexOs]o = 5
g/L; [PMS]o = 1| mM; [Hydroxylaminelo = 1 mM; [fert-butanol]y =
[Methanol]o = 200 mM; pH = 3.3.
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Based on the above results, surface Fe(Ill) on the a-Fe;Os is the main
source of high-valent oxoiron(IV) during the PMS activation. The possible
pathway for Fe'V=0 generation from surface Fe(IlI) via one-electron transfer
was proposed in Eq. (24). PMS is decomposed on the process of Fe'V=0
generation without generating radical species or 'O, (Fig. 10a) [66]. The
generated Fe'Y=0 acts as a main oxidizing species for organic compounds

degradation.
2=F¢""-OH + HSOs — 2=F¢'YO*" + SO,> + H,O + H" (24)

The generated Fe'V=0 has a redox potential of 1.21 V vs. NHE. Though
the oxidizing potential is lower than radical species (E°('SOs/SO4*") = 2.43
V vs. NHE and E°COH/H.O) = 2.81 V vs. NHE [6,67]), it has higher
selectivity than nonselective radical species [59,68]. Thus, the a-Fe;O3/PMS
system is a suitable method for the degradation of various organic

contaminants due to prominent activity and substrate-specific tendency.
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4. Conclusions

This study demonstrated that the o-Fe,O3/PMS system can adequately
oxidize organic compounds in an aqueous system. In general, a-Fe,Os was
more effectual than other iron-based catalysts. The pH, dissolved oxygen, and
light illumination did not affect the activation mechanism of the a-Fe,O3/PMS
system significantly. Diverse experiments using scavengers, XTT, DO,
anions, EPR spectroscopy, and LSV indicated that the system is generating
neither radical species (i.e., SO4~, "OH, and O,"), 'O, nor electron mediated
reactive complex. XANES and CV declared that the Fe'V=0 generated on the
surface of a-Fe;Os3 is the dominant reactive species for the degradation of
phenol among the nonradical mechanisms. The a-Fe;Oi;/PMS system is
weakly affected by pH change and has a higher selectivity toward some
organic compounds. Thus, the a-Fe,O3/PMS system is a promising way to

wastewater treatment and soil remediation.
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