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Degradation of phenol by perborate in the
presence of iron-bearing and carbonaceous

Seok-Young Oh®* and Jun-Hwan Kim

We investigated the oxidation of phenol by perborate—a newly proposed oxidant—in the presence of iron-
bearing and carbonaceous materials through batch experiments. We hypothesized that the oxidation of
phenol by perborate was enhanced due to the formation of reactive oxygen species (ROS) in the
presence of iron-bearing or carbonaceous materials. Zero-valent iron and ferrous iron (Fe2*) promoted

the oxidation of phenol by perborate. Biochar, granular activated carbon, an anode carbonaceous

material recovered from a spent Li-ion battery, and graphite also accelerated the oxidation of phenol by
perborate. Quenching experiments with radical scavengers and electron paramagnetic resonance (EPR)
analysis revealed that hydroxyl ("OH) and superoxide (O,"") radicals were generated and enhanced the
degradation of phenol in the perborate systems. Singlet oxygen (*O,) was involved in the iron-bearing
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material—perborate systems. Moreover, we found that Persil®, a commercial perborate detergent,

enhances the oxidation of phenol in the presence of iron-bearing and carbonaceous materials. Our

DOI: 10.1039/d3ra06986a
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1. Introduction

In the last decades, in situ or ex situ chemical oxidation of
organic contaminants has become one of the most common
remediation processes for natural environments. Depending on
the properties of the contaminants, such as their molecular size
or solubility in water, the types of oxidants, and experimental
conditions (e.g., solution pH, initial amount of contaminant,
and dosage of oxidant), as well as the kinetics and pathways of
oxidative degradation vary and have been intensely examined.
Some oxidants are non-selective and their oxidation rate is
insufficient to achieve a substantial removal of contaminants
within days or weeks. To enhance the kinetics and degree of
degradation by oxidants like hydrogen peroxide (H,O,) and
ozone (O3), radicals can be inductively generated via activation
processes using UV or transition metals (i.e., advanced oxida-
tion processes (AOPs))."? Because of the high oxidation poten-
tial of radicals, the chemical oxidation of contaminants could
be greatly promoted. However, AOPs may have drawbacks. The
high reactivity and low stability of oxidants may result in the
rapid consumption of oxidants in natural environments or
engineered systems before AOPs are achieved. Therefore,
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results suggest that perborate can be used for advanced oxidation processes to remediate recalcitrant
organic contaminants in natural environments and engineered systems.

managing oxidants and activating agents in natural environ-
ments is essential to remediate contaminated water and soils.

There have been many efforts to develop new oxidants that
can be safely and effectively used for chemical oxidation
processes in environmental applications. For example, persul-
fate (S,04>") was proposed as an alternative oxidant because it
is fairly stable and easy to handle.** Persulfate can be activated
by heat, UV, and transition metals such as Fe>". Moreover, iron-
bearing materials (e.g., zero-valent iron and iron sulfide) and
carbonaceous materials (e.g., activated carbon, carbon nano-
tubes, and graphene) can also activate persulfate to generate
sulfate or hydroxyl radicals to enhance the oxidation of
contaminants by persulfate.®'* Because of the graphitic struc-
ture and surface functional groups of carbonaceous materials,
the oxidation of contaminants is promoted. Various types of
carbon nanomaterials such as multi-walled carbon nanotubes,
N-doped carbon nanotubes, N-graphene, N-graphene oxide, g-
C;3N,, and O-doped g-C;N, have also been intensively examined
as catalysts."” Following free radical (OH" and SO, ) and non-
radical pathways (‘O, or electron transfer), different types of
organic pollutants were rapidly and effectively degraded.”
Various types of reactive oxygen species (ROS) have been iden-
tified, and oxidation pathways have been suggested for carbo-
naceous material-oxidant systems.”*

Other types of oxidants have also been suggested as alter-
natives (e.g., perborate for chemical oxidation and AOPs). A few
attempts have been made to use perborate for oxidation of
reagents in chemical engineering. Kabalka et al.** suggested
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that perborate was a mild and convenient reagent for the
oxidation of organoboranes. The oxidation of iodide by perbo-
rate in combination with molybdenum and zirconium was
investigated.’*' The oxidation of iodine is first order with
respect to perborate and is independent of the iodide and
hydrogen concentrations. Perborate was used for selective
nucleophilic oxidation of sulfides with microwave irradiation to
obtain sulfone.'® Perborate showed a similar oxidation capa-
bility to that of hydrogen peroxide for repulping, deinking, and
pre-bleaching of wastepaper.'” Perborate was also used as an
alternative to hydrogen peroxide for chemical oscillations.™
Devi et al* demonstrated that perborate oxidation of
substituted 5-oxoacids was first order with respect to perborate
and second order regarding pH. The results revealed that
perborate oxidation was faster than hydrogen peroxide oxida-
tion. In addition, an effort was made to use perborate as an
alternative to hydrogen peroxide for AOP with UV to degrade
natural organic matter.>® The results revealed that perborate
was as effective as hydrogen peroxide in the AOP system.
Although several attempts have been made to take advantage of
the oxidative properties of perborate, studies on the application
of perborate as an alternative oxidant for the degradation of
organic contaminants are still limited.

In this study, we explored the application of perborate, which
is used as an ingredient in a commercial detergent (Persil®), for
an AOP to remove recalcitrant organic contaminants. We
hypothesized that perborate may be a good oxidant so that
radicals can be readily generated in AOPs and that iron-bearing
materials and carbonaceous materials may enhance the oxida-
tion by perborate. Phenol was chosen as a model contaminant
because of its toxicity and classification as a primary pollutant
by the Environmental Protection Agency of the United States
(US EPA). Zero-valent iron and iron sulfate were chosen as iron-
bearing materials, and biochar, granular activated carbon
(GAC), graphite, and carbonaceous materials recovered from
the anode of a spent Li-ion battery were selected as carbona-
ceous materials to activate perborate. The objectives of this
study were to determine how perborate and activating agents
enhanced phenol degradation and identify the radicals gener-
ated, using scavenging experiments and electron paramagnetic
resonance (EPR) analysis to elucidate the oxidation mecha-
nisms. In addition, the perborate oxidation of phenol in the
presence of iron-bearing and carbonaceous materials was

Table 1 Properties of carbonaceous materials used in the present study
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examined using the commercial perborate-containing deter-
gent Persil®.

2. Materials and methods

2.1. Chemicals

Sodium perborate monohydrate (NaBO;-H,0, 96%) and the
spin trap reagents for EPR, 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO, >99.0%) and 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO, >98%) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Phenol (C¢Hs0H, 99%), iron(u) sulfate hep-
tahydrate (FeSO,-7H,0), furfuryl alcohol (FFA, 98.1%), mono-
sodium phosphate (NaH,PO,4, >98%), and disodium hydrogen
phosphate dodecahydrate (Na,HPO,-12H,0, >99%) were
purchased from Daejung Chemical (Gyeonggi, South Korea).
Tert-Butyl alcohol (TBA, 99.0%) and sodium azide (NaNj, 99%)
were obtained from Samchun Chemical (Seoul, South Korea)
and 1,4-benzoquinone (p-BQ, =98%) was purchased from Jun-
sei Chemical (Tokyo, Japan). Methanol (HPLC-grade) was
purchased from Honeywell Burdick and Jackson (Muskegon,
MI, USA). Iron powder (99%, <212 pm) was purchased from
Acros (Geel, Belgium).

Graphite (<20 pm) and GAC (CP500G, 8-20 mesh) were
purchased from Sigma-Aldrich and OCI (Seoul, South Korea),
respectively. Anode carbonaceous materials (ACM) were
provided by SungEel Hitech Company (Chonbuk, South Korea).
Biochar was synthesized through pyrolysis of rice straw
collected from a rice farm in Ulsan, South Korea. The sampled
rice straw was dried in an oven at 105 £ 5 °C for at least 2 h.
After storing in a desiccator overnight, the dried rice straw was
pulverized to smaller sizes (<5 mm) using an electric mixer.
Then, rice straw was pyrolyzed for 4 h at 550 °C, using a tube-
type electrical furnace under N, at 1000 mL min™~"'. To prevent
the production of ash from biomass during pyrolysis, a high
nitrogen flow rate was applied. After cooling down to room
temperature, the biochar was put in a desiccator for thorough
drying. The synthesized biochar was stored in a plastic bag for
batch experiments. The properties of biochar and other carbo-
naceous materials are summarized in Table 1.

2.2. Batch experiments

Experiments on phenol oxidation by perborate in the pres-
ence of iron-bearing and carbonaceous materials were

Elemental contents® (%)

Cation exchange Point of
pH® BET S.A” (m? g™ capacity (CEC)® (cmol kg™") zero charge (PZC)? C H o N
Biochar 9.08 16.7 3.08 8.19 56.1 2.77 12.7 1.92
ACM 6.73 6.70 15.7 75.8 89.9 0.26 3.03 0.03
GAC 6.42 739 11.6 6.89 79.8 0.56 2.81 0.59
Graphite 3.73 13.6 5.40 4.94 97.5 0.06 <0.01 <0.01

“ Determined by the method of Rump and Krist* using deionized water. ” The Brunauer-Emmett-Teller (BET) surface area was analyzed using
a nanoPOROSITY-XQ (Mirae Scientific Instruments, Korea) with N,. © The cation exchange capacity (CEC) was determined using the method of
Hesse.”> ¢ Point of zero charge (PZC) was determined using the method of Faria et al? ¢ Analyzed using a Vario EL elemental analyzer

(Elementar, GmbH, Germany).
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conducted using 500 mL Erlenmeyer flasks covered with
aluminum foil. In a typical run, 250 mL of sodium perborate
solution (250 mg L") and 1 g of iron-bearing or carbona-
ceous materials, except for GAC, were added to the flasks.
Because of its high surface area, 0.3 g of GAC was used to
decrease the effect of sorption removal. The batch experiment
was started by adding predetermined amounts (0.25 mmol)
of phenol to obtain an initial concentration of 1 mM.
Duplicate flasks were shaken at 180 rpm by a reciprocal
shaker (Hanbaek, Gyeonggi, South Korea) at room tempera-
ture. At each sampling time (1, 3, 5, 7, and 10 h), 1 mL of the
solution was taken using a glass syringe pipette and filtered
through a 0.22 pm membrane (Millipore, Burlington, MA,
USA). The material left on the membrane was chemically
analyzed. For each batch, control experiments were con-
ducted in parallel under identical conditions without one of
the elements (250 mg L~ perborate, iron-bearing, or carbo-
naceous materials).

To indirectly determine the formation of hydroxyl and
superoxide radicals ("OH and O,"~) and singlet oxygen ('0,), as
well as the transfer of electrons in the reactions, quenching
reagents were added to the solution under identical conditions.
p-BQ (0.05 M), TBA (0.4 M), FFA (0.2 M), and sodium azide
(NaNj3, 0.2 M) were added to quench O,"~, "OH, '0,, and 'O, as
well as electron transfer reactions, respectively.”**’

2.3. Chemical analysis

Phenol was analyzed using an UltiMate™ 3000 HPLC system
(Dionex, Sunnyvale, CA, USA) equipped with an Acclaim® 120
guard column (4.3 x 10 mm, Dionex) and an Acclaim® 120
C18 column (4.6 x 250 mm, 5 um, Dionex). A methanol-water
mixture (60 :40, v/v) was used as the mobile phase at a flow
rate of 1.0 mL min ', and the sample injection volume was 100
pL. The wavelength of the UV detector was set at 224 nm. The
phenol retention time was 5.3 min. For quantification
purposes, a calibration curve was plotted within the range of
the experimental concentrations used (coefficient of determi-
nation > 0.99). A standard phenol solution was used to confirm
the accuracy and precision of the phenol concentration in the
HPLC analysis. Total organic carbon (TOC) concentration was
determined using a TOC analyzer (TOC-L, Shimadzu, Kyoto,
Japan).

Free radicals in the perborate systems were determined by
EPR.> As a pre-treatment, DMPO was used to capture the
radical species, and 0.04 g of iron-bearing or carbonaceous
material, 0.1 mM phosphate buffer solution (pH = 7.4), and
perborate (250 mg L") were added to a 10 mL phenol solu-
tion (approximately 100 mg L™ ). Thereafter, 10 mM of DMPO
was introduced into the solution, which was allowed to react
for 1-1.5 min before filtering through a 0.45 pm membrane.
To identify the singlet oxygen ('0,), 5 mM of TEMPO was
used as a trapping reagent under identical conditions. The
resulting filtrate was analyzed with EPR equipment (E580,
Bucker Co., Germany). The microwave frequency, resonance,
and modulation were 20.00 mW, 9.4 GHz, and 100 kHz,
respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Oxidation by perborate in the presence of iron-bearing
materials

Direct oxidation of phenol by perborate resulted in less than
10% of phenol removal in 10 h (Fig. 1). Under the given
conditions, the removal of phenol using only Fe(0) or FeSO, was
not substantial (less than 5% in 10 h). By contrast, the intro-
duction of Fe(0) or FeSO, into the perborate solution markedly
enhanced the removal of phenol (Fig. 1), resulting in 93% and
98% removal in 1 h, respectively. After 7 h, complete removal of
phenol was observed in the perborate system. The results
indicate that perborate was activated by the iron-bearing
materials to generate highly reactive radicals. Oxidation was
likely enhanced by the formation of hydrogen peroxide when
sodium perborate monohydrate (NaBO;-H,0) was fully disso-
ciated in water.?®*®

2(NaBO;5-H,0) — 2Na* + H,B,0¢*~ (1)
H,B,04* + 2H,0 — 2[B(OH);-(HO,)|~ (2)
[B(OH);-(HO,)]” — B(OH); + HO,~ (3)
B(OH); + HO,™ + H,0 — B(OH),” + H,0, (4)
B(OH); + H,O — B(OH),” + H" (5)

As shown in eqn (1)-(4), hydrogen peroxide was produced
from the dissociation of sodium perborate in a stepwise way.
According to eqn (5), orthoborate (B(OH); = H3;BOj3) can, as
aweak acid, produce hydrogen ions in water when the pH of the
solution is higher than 9.14 (the pkK, of orthoborate). As long as
the pH of the solution is lower than 9.14, orthoborate remains
the dominant species, and hydrogen peroxide can be formed

1.0 ] '] $ [ ] -
[ ] [ J
0.8
o 0.6
Q
]
® Perborate
0.4 4 Fe(0)
Vv Fe(0) + perborate
m FeSO,
0.2 FeSO, + perborate
v w
0.0 T T V- T ¥ T
0 2 4 6 8 10 12
Time (h)

Fig.1 Degradation of phenol with perborate in the presence of iron-
bearing materials. The concentration of perborate, the initial
concentration of phenol, the amounts of iron-bearing materials, the
volume of solution, and initial pH are 250 mg L%, 1 mM, 1 g, 250 mL,
and pH 3, respectively.
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according to eqn (4). Under the given conditions, the initial and
final pH was in the range of 2.6-3.8, suggesting that the
formation of hydrogen peroxide may not be affected by alkaline
pH. The formation of hydrogen peroxide was confirmed by UV-
vis spectrometry analysis.*® Therefore, the activation of perbo-
rate by iron (Fe** or F(0)) can be expressed as follows.

H4B,04>~ + 4H,0 + Fe*' (or 0.5Fe(0)) — 2B(OH),~ + 2H,0, +
Fe’* (or 0.5Fe(0)) — B(OH),~ + 20H™ + 20H" + Fe’" (or
0.5Fe*) (6)

According to eqn (6), hydroxyl radicals, which can also be
transformed into other radicals such as superoxide radicals
(0,7), were formed to enhance the oxidation of phenol in the
perborate systems.

H,0, + OH.— HO;, + H,0 (7)

HO,—-0,” + H* (8)

The radicals formed in the presence of iron-bearing mate-
rials can promote the oxidation of phenol in the perborate
systems. In addition, the radicals were also terminated
according to the following chain of reactions in the presence of
hydrogen peroxide and Fe*" (i.e., a Fenton oxidation).**

Fe’* + OH" — Fe'* + OH™ (9)
Fe’* + H,0, — Fe?** + H' + HO,~ (10)
Fe’* + 0,'~ — Fe?t + 0, (11)
2H" + 05"~ + 0"~ — H,0, + O, (12)
H"+0,,” +OH" — H,0 + 0, (13)
OH' + OH' — H,0, (14)

3.2. Oxidation by perborate in the presence of carbonaceous
materials

To determine whether carbonaceous materials can enhance the
oxidation of phenol by perborate, various types of such mate-
rials were evaluated under identical conditions. Without
perborate, phenol was removed from the solution via sorption
to carbonaceous materials. The use of biochar, GAC, ACM, and
graphite resulted in 27%, 44%, 18%, and 20% phenol removal,
respectively, after 10 h (Fig. 2). Because of the high surface area
of GAC, it achieved the greatest removal even though only 0.3 g
of it was added to the phenol solution. However, sorptive
removal was limited because the sorption capacity of the
carbonaceous materials was saturated. The addition of perbo-
rate to carbonaceous materials greatly enhanced the oxidation
of phenol, regardless of the type of carbonaceous material. After
10 h, the oxidation of phenol by perborate was enhanced by
11%, 16%, 49%, and 31% in the presence of biochar, GAC,
ACM, and graphite, respectively (Fig. 2). The results confirmed
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Fig. 2 Degradation of phenol with perborate in the presence of
carbonaceous materials. The concentration of perborate, the initial
concentration of phenol, the amounts of carbonaceous material, the
volume of solution, and initial pH are 250 mg L%, 1 mM, 1 g (except for
GAC: 0.3 g), 250 mL, and pH 3, respectively.

that carbonaceous materials played the role of catalysts to
enhance the oxidation of phenol by perborate.

It was previously reported that both the surface functional
groups and graphitic structure of carbonaceous materials
account for the catalytic characteristic of these materials in an
oxidation reaction. The oxygen-containing surface functional
groups of carbonaceous materials (e.g., -OH and -COOH) are
persistent free radicals and are known to generate radicals with
oxidants such as H,0, and S,04>". Similarly, oxygen-containing
functional groups on the surface of carbonaceous materials can
act as electron shuttles to mediate electron transfer reactions
between persistent free radicals and perborate®-*¢ according to
the following equations:

Asurface*OOH + H4B20827 + 3HZO - Asurfacefoo. + ZB(OH)47
+OH +20H" (15)

Asurface*OH + H4B20827 + 3IﬁIZO - Asurfacefo' + ZB(OH)47 +
OH™ + 20H" (16)

Asurfacczo + H4B20827 + 3H20 - Asurleccfo. + ZB(OH)47 +
OH™ + 20H" (17)

(A: carbonaceous material; Agyrface—OO", Agurface—O': radicals).
Interestingly, compared with biochar and GAC, the oxidation
enhancement by perborate was much greater in the presence of
ACM and graphite (Fig. 2), suggesting that the graphitic struc-
ture may have a greater effect on promoting oxidation than
surface functional groups. According to the properties of
carbonaceous materials (Table 1) and a previous study,*” ACM is
mostly graphite and its surface is slightly oxidized. Obviously,
graphite does not have oxygen-containing functional groups to
mediate the electron transfer to generate radicals. Therefore,
the graphitic moiety should account for the enhanced oxidation
of phenol by perborate. Two possible mechanisms could be
responsible for the enhancement produced by the graphitic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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structure. First, delocalized electrons may be generated by
defects in the graphitic structure. Electron-rich or -deficient
particles resulting from the delocalized electrons on the surface
of carbonaceous materials can activate perborate to generate
radicals. Carbonaceous materials contain sp*-hybridized
graphitic structures, which have numerous free-flowing =
electrons.®® It has been reported that hydrogen peroxide, per-
oxymonosulfate (HSOs ), and persulfate can be decomposed
into radicals on the surface of graphitic carbonaceous materials
because of the delocalization of m-electrons from the graphitic
layers, thereby enhancing the oxidation of organic compounds
in an aqueous solution.’”*>* The XRD analysis confirmed the
clean development of the graphitic structures in GAC and
ACM.* Phenol oxidation by perborate accelerated when using
GAC, ACM, and graphite (Fig. 2), suggesting that graphitic
structures (C-t) may be responsible for enhancing carbona-
ceous material-perborate systems. Therefore, heterogeneous
phenol oxidation in a graphitic carbonaceous material-perbo-
rate system can be represented by the equation below:

C-m + H,B,0¢”~ + 3H,0 — C-n* + 2B(OH),~ + OH™ +

20H" (18)

In addition to the delocalized electrons, the facilitative role
of the graphitic structure can be explained by carbonated
material-mediated electron transfer reactions. In a previous
study, we suggested that carbonaceous materials may serve as
electron transfer mediators between phenol and persulfate.?”
Similarly, when carbonaceous materials contain a graphitic
structure, electrons from phenol can be readily transferred to
perborate. The enhancement of phenol oxidation by perborate
in the presence of graphite, GAC, ACM, and biochar confirms
the possible acceleration of electron transfer via graphitic
structures in carbonaceous materials (Fig. 2). Electrons can also
be transferred between phenol and perborate via oxygen-
containing surface functional groups of carbonaceous
materials.

Another possible ROS that may be involved in the perborate
system is singlet oxygen (*O,). The defects in carbon nanotubes
may generate singlet oxygen to enhance the oxidation of phenol
by persulfate.”® As a result of the presence of perborate and the
development of graphitic structures in graphite, GAC, ACM, and
biochar, the formation of singlet oxygen and its involvement in
the oxidation of phenol oxidation by perborate cannot be
completely ruled out. Therefore, the ROS in the iron-bearing
and carbonaceous material-perborate systems should be
identified.

3.3. Quenching of reactive oxygen species with radical
scavengers

To indirectly determine the ROS, radical scavengers were used
for scavenging each radical species in the perborate systems. As
shown in Fig. 3a, compared with the oxidation of phenol by
perborate in the presence of iron-bearing or carbonaceous
materials (Fig. 1 and 2), the addition of TBA substantially
decreased the oxidation of phenol in the iron/carbonaceous
material-perborate systems. Compared to the sorption to iron

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

1.0 i o
1 1
v 4 " ]
* v
* °
0.8
v
o 061
o
=
]
0.4 4 @® Biochar + perborate + TBA
ACM + perborate + TBA
¥ GAC + perborate + TBA
B Graphite + perborate + TBA
024 Fe(0) + perborate + TBA (a)
# FeSO, + perborate + TBA
0.0 T T T T T
0 2 4 6 8 10 12
Time (h)
1.0 &
|
© | e ]
* | |
0.8 A l :
v * v
v -
v v
o 064
Q
(@]
0.4 4 ® Biochar + perborate + pBQ
’ ACM + perborate + pBQ
V¥ GAC + perborate + pBQ
B Graphite + perborate + pBQ
0.2 1 Fe(0) + perborate + pBQ
# FeSO, + perborate + pBQ (b)
0.0 T T T T T
0 2 4 6 8 10 12

Time (h)

Fig. 3 Effects of (a) TBA ("OH scavenger) and (b) p-BQ (O, scav-
enger) on the degradation of phenol with perborate in the presence of
iron-bearing and carbonaceous materials. The concentration of
perborate, the initial concentration of phenol, the amount of iron-
bearing and carbonaceous materials, the volume of solution, and initial
pH are 250 mg L%, 1 mM, 1 g (except for GAC: 0.3 g), 250 mL, and pH
3, respectively.

and carbonaceous materials and direct oxidation by perborate
in the control experiments (Fig. 1 and 2), the quenching of
hydroxyl radicals (OH') did not show enhanced oxidative
removal of phenol in the iron/carbonaceous material-perborate
systems. These results indicate that hydroxyl radicals were
mostly responsible for the enhancement of phenol oxidation by
perborate. By contrast, the addition of p-BQ substantially
decreased the oxidation of phenol by perborate in the presence
of iron-bearing or carbonaceous materials (Fig. 3b). Compared
to the removal of phenol in the sorption and direct oxidation
control (Fig. 1 and 2), phenol oxidation by perborate in the
presence of iron-bearing or carbonaceous materials was slightly
enhanced in the presence of p-BQ, revealing that superoxide
radical (O, ") was predominantly involved in phenol oxidation
through the chain reactions (eqn (7), (8) and (11)-(13)) once the
hydroxyl radicals were generated from perborate by the effects
of iron-bearing or carbonaceous materials.
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To determine the formation of singlet oxygen (*0,) in the
iron/carbonaceous material-perborate systems, FFA was added
to the latter. It was reported that the defects of graphitic
structures result in the formation of singlet oxygen from the
0-0 bonding of persulfate.”® Likewise, the graphitic structure of
carbonaceous materials may generate singlet oxygen from
perborate. However, as shown in Fig. 4a, the addition of FFA did
not inhibit the oxidation of phenol by perborate in the presence
of iron-bearing or carbonaceous materials, revealing that
singlet oxygen may not be involved in this process. By contrast,
the addition of NaN; substantially decreased the oxidation of
phenol by perborate in the presence of iron-bearing or carbo-
naceous materials (Fig. 4b). The difference in inhibition
between NaN; and FFA suggests that electron transfer reactions
may occur in homogeneous solutions or heterogeneous systems
including iron-bearing or carbonaceous materials.”® In iron
material-perborate systems, electron transfer from Fe®" to
perborate in solution and electron transfer from Fe(0) to
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Fig. 4 Effects of (a) FFA (*O, scavenger) and (b) NaNs (*O, and elec-
tron transfer scavenger) on the degradation of phenol with perborate
in the presence of iron-bearing and carbonaceous materials. The
concentration of perborate, the initial concentration of phenol, the
amount of iron-bearing and carbonaceous materials, the volume of
solution, and initial pH are 250 mg L™, 1 mM, 1 g (except for GAC: 0.3
g), 250 mL, and pH 3, respectively.
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perborate at the iron surface was quenched to inhibit the
formation of radicals. As a result, the oxidation of phenol by
perborate was markedly decreased. In the carbonaceous mate-
rial-perborate systems, both the oxygen-containing surface
functional groups®® and graphitic structure account for the
electron transfer between phenol and perborate to promote
phenol oxidation. Overall, the quenching experiments reveal
that radical ("fOH and O, ") and non-radical (direct electron
transfer) reactions are involved in the iron-bearing and carbo-
naceous material-perborate systems.

3.4. Determination of reactive oxygen species by EPR
analysis

To verify the radical and non-radical reactions, the radical and
non-radical ROS should be determined using EPR. To identify
the hydroxyl and superoxide radicals, DMPO was added to the
systems. Based on the hyperfine splitting constants of DMPO-
‘OH and DMPO-O, ", the existence of two radicals was
confirmed in the EPR spectra of Fe(0)- and biochar-perborate
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Fig.5 EPRspectraof ‘OHand O, (@: DMPO-"OH; [J: DMPO-0O,"")
obtained from (a) Fe(0)-perborate and (b) biochar-perborate systems.
The reaction time and reactor volume are 1 min and 20 mL, respectively.
The initial concentrations of phenoland DMPO are 1.06 mM and 10 mM,
respectively. The dosage of carbonaceous material is 200 mg. The pH is
7.0, adjusted with 0.1 mM phosphate buffer.
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systems (Fig. 5). According to the intensity of the peaks in the
spectra, the hydroxyl radical ("OH) was predominant, whereas
the superoxide radical was barely observed in the Fe(0)-perbo-
rate system (Fig. 5a). These results indicate that hydroxyl radi-
cals are the predominant species in the oxidation of phenol by
perborate in the presence of iron materials.

On the other hand, the addition of biochar to perborate
slightly increased the intensity of the DMPO-"OH and DMPO-
O, peaks, confirming that biochar increased the formation of
oxygen-containing radicals (Fig. 5b). The addition of GAC, ACM,
and graphite also resulted in the appearance of the peaks of the
two radicals in the EPR spectra (Fig. S1f), suggesting that
hydroxyl and superoxide radicals are responsible for the
oxidation of phenol by perborate in the presence of carbona-
ceous materials. Compared with that of the iron material-
perborate system, the intensity of the two radical peaks was
much lower and somewhat ambiguous (Fig. 5b), suggesting
that, besides the two radicals, non-radical reactions such as
electron transfer through the graphitic structure and surface
functional groups of carbonaceous materials may be involved in
the oxidation of phenol by perborate. The identification of
singlet oxygen by EPR was conducted using TEMPO. The EPR
spectra did not clearly show the development of TEMPO-'0,
peaks during the oxidation of phenol by perborate in the iron-
or biochar-perborate systems (Fig. S2t), which is consistent
with the results of the quenching experiments with FFA (Fig. 4).

The results of the EPR analysis confirmed that ‘OH and O,"~
are involved in the oxidation of phenol in the presence of
carbonaceous materials. Based on the results of the batch
experiments and EPR analysis, in addition to direct oxidation by
perborate, oxidation by hydroxyl and superoxide radicals
generated by the chain reactions from perborate (eqn (1)-(14))
may be a primary pathway in the oxidation of phenol by
perborate in the presence of iron-bearing or carbonaceous
materials. The quenching experiments also revealed the direct
transfer of electrons between phenol and perborate when
carbonaceous materials oxidize phenol in the carbonaceous
material-perborate system. The electron-transfer oxidation
pathways may be explained by the graphitic structures and
oxygen-containing surface functional groups of carbonaceous
materials. Oxidation products were determined by GC-MS
analysis. Ethyl ether, n-hexane, and dichloromethane were
used to extract the organic products after the perborate oxida-
tion. However, no products were detected in the chromato-
grams, suggesting that phenol may have oxidatively
transformed into highly hydrophilic compounds or CO, in the
iron- or carbonaceous material-perborate systems under the
given conditions. Benzoquinone, a possible oxidation product
was not detected in the perborate systems. After 10 h, TOC
removal in the iron material-perborate systems reached 85-
90%, suggesting that the transformation of CO, may predomi-
nate under the given conditions. By contrast, less than 30% of
phenol in the carbonaceous material-perborate systems was
mineralized under identical conditions. Thus, the oxidation of
phenol by perborate, using iron materials may generate more
oxygen-containing radicals than the reaction with carbonaceous
materials, which is consistent with the EPR results (Fig. 5).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Degradation of phenol with Persil® in the presence of iron-
bearing and carbonaceous materials. The concentration of Persil®, the
initial concentration of phenol, the amount of iron-bearing and
carbonaceous materials, the volume of solution, and initial pH are
144 mg L% 1 mM, 1 g (except for GAC: 0.3 g), 250 mL, and pH 3,
respectively.

3.5. Environmental implications

Based on the results of perborate oxidation in the presence of
iron-bearing or carbonaceous materials, Persil®, a commercial
detergent in which perborate is one of the primary ingredients,
was tested as an oxidant under identical conditions. Compared
with the direct oxidation by Persil®, the addition of iron-
bearing or carbonaceous materials substantially enhanced the
oxidation of phenol by the detergent (Fig. 6), which is consistent
with the results obtained for perborate in the presence of iron or
carbonaceous materials (Fig. 1 and 2). Phenol oxidation by
Persil®, in the presence of iron materials, exhibited greater
enhancement than that involving carbonaceous materials
(Fig. 6), which is also consistent with the perborate systems
(Fig. 1 and 2). In the case of iron-rich soils and sediments, the
direct addition of Persil® may promote the oxidation of organic
pollutants in field applications. The results revealed that Per-
sil®, a readily available commercial detergent, can be used as an
oxidant for the practical application of AOPs for environmental
remediation of soils and sediments contaminated with refrac-
tory organic pollutants. Using perborate or Persil® as oxidants
for AOPs would help maintain the reactivity of oxidants in field
applications. The rapid consumption of hydrogen peroxide
generated from perborate can be controlled to some degree
because perborate is transformed into hydrogen peroxide in
water in a stepwise process. The oxidation capability of perbo-
rate is similar to that of hydrogen peroxide and this compound
is also easy to handle. Thus, perborate is a promising oxidant
for AOPs in environmental remediation.

4. Conclusions

Our results showed that the addition of iron or carbonaceous
materials (FeSO,, Fe(0), graphite, ACM, GAC, and biochar)
substantially enhanced the oxidation of phenol by perborate.
Hydrogen peroxide generated by the dissociation of perborate
was activated by the iron-bearing or carbonaceous materials.
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Hydroxyl and superoxide radicals were responsible for the
enhancement of phenol oxidation in the iron- or carbona-
ceous—perborate systems. Carbonaceous materials also played
a role as electron transfer mediators between phenol and
hydrogen peroxide to enhance the oxidation of phenol by
perborate. The applicability of Persil® (a commercial detergent)
as an oxidant in combination with iron-bearing or carbona-
ceous materials was confirmed. Our results suggest that
perborate may be a promising oxidant for use in AOPs for
environmental remediation of contaminated areas.
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