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Fenton-like processes using persulfate for oxidative water treatment and contaminant removal can be enhanced
by the addition of redox-active biochar, which accelerates the reduction of Fe(III) to Fe(II) and increases the yield
of reactive species that react with organic contaminants. However, available data on the formation of non-radical
or radical species in the biochar/Fe(Ill)/persulfate system are inconsistent, which limits the evaluation of
treatment efficiency and applicability in different water matrices. Based on competition kinetics calculations, we
employed different scavengers and probe compounds to systematically evaluate the effect of chloride in presence
of organic matter on the formation of major reactive species in the biochar/Fe(Ill)/persulfate system for the
transformation of the model compound N,N-diethyl-m-toluamide (DEET) at pH 2.5. We show that the trans-
formation of methyl phenyl sulfoxide (PMSO) to methyl phenyl sulfone (PMSO5) cannot serve as a reliable in-
dicator for Fe(IV), as previously suggested, because sulfate radicals also induce PMSO formation. Although the
formation of Fe(IV) cannot be completely excluded, sulfate radicals were identified as the major reactive species
in the biochar/Fe(IIl)/persulfate system in pure water. In the presence of dissolved organic matter, low chloride
concentrations (0.1 mM) shifted the major reactive species likely to hydroxyl radicals. Higher chloride con-
centrations (1 mM), as present in a mining-impacted acidic surface water, resulted in the formation of another
reactive species, possibly Cl3~, and efficient DEET degradation. To tailor the application of this oxidation process,
the water matrix must be considered as a decisive factor for reactive species formation and contaminant removal.

1. Introduction storage, and various methods allow the in situ production of highly

reactive sulfate radicals (SO37) by cleaving the peroxide bond in per-

Persulfate-based oxidation processes using peroxydisulfate (PDS) or
peroxymonosulfate (PMS) have gained increasing interest for the
removal of recalcitrant organic contaminants in water and wastewater
treatment (Lee et al., 2020; Matzek and Carter, 2016; Zhou et al., 2019).
Compared to hydroxyl radical (*OH)-based oxidation processes, which
traditionally employ ozone, UV, or hydrogen peroxide (H202) (e.g. in
the traditional Fenton process) (Miklos et al., 2018), persulfate-based
oxidation processes have several advantages (Lee et al., 2020). For
instance, persulfate salts enable cost-effective transportation and
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sulfate (Lee et al., 2020; Wactawek et al., 2017; Wang and Wang, 2018).
One way to activate PDS is via reduced transition metals such as Fe(II) in
a Fenton-like process at low pH (Nie et al., 2015; Wang et al., 2019a;
Zhao et al., 2014). However, the rapid depletion of dissolved Fe(II)
during PDS activation together with a low reduction rate of Fe(III) to Fe
(ID) and the accumulation of iron-containing sludge severely limit the
applicability of this process (Luo et al., 2021a; Nie et al., 2015; Wang
et al., 2019a; Zhao et al.,, 2014). To overcome these barriers,
redox-active biochars have been successfully employed for catalytic
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activation of PDS in the presence of Fe(IIl) under acidic conditions
(Liang et al., 2021; Lu et al., 2023; Tang et al., 2023; Wang et al., 2019b;
Zeng et al., 2021). In this process, biochar has been shown to accelerate
the reduction of Fe(III) to Fe(II), which activates PDS to reactive species
for the transformation of organic contaminants, for instance in industrial
wastewaters or other contaminated acidic waters (Liang et al., 2021; Lu
et al., 2023; Tang et al., 2023; Wang et al., 2019b; Zeng et al., 2021).

However, there are contrasting findings on the major reactive species
formed in the biochar/Fe(III)/PDS system (Liang et al., 2021; Tang et al.,
2023; Wang et al., 2019b; Zeng et al., 2021). While some studies found
evidence for radical-based processes, involving mainly SO3 (Wang
et al, 2019b; Zeng et al., 2021), others reported indications of
non-radical processes, particularly involving Fe(IV) (Liang et al., 2021;
Tang et al., 2023). Knowledge about the main reactive species is crucial
already at an early stage of the development of a new oxidation process,
such as the biochar/Fe(III)/PDS system, to identify suitable applications
in terms of target contaminants as well as potential water matrix effects
on treatment performance (Hiibner et al., 2024). Identifying the major
reactive species in oxidation processes is, however, challenging.
Specialized instrumentation for the direct measurement of short-lived
reactive species, e.g. by laser flash photolysis, is not readily available
to most researchers (Burns et al., 2012; Nosaka and Nosaka, 2017; Zhou
et al., 2017). Alternatively, probe compounds and scavengers play a
crucial role as specific indicators for reactive species (Burns et al., 2012;
Hiibner et al., 2024; Nosaka and Nosaka, 2017; Rosario-Ortiz and Can-
onica, 2016), but must be selected and used with great care to avoid
misinterpretation of the results. For instance, studies postulating the
presence of Fe(IV) in the biochar/Fe(III)/PDS system are predominantly
based on the observed transformation of methyl phenyl sulfoxide
(PMSO) to methyl phenyl sulfone (PMSO2) (Liang et al., 2021; Tang
et al., 2023). There is, however, increasing concern about the use of
PMSO as a specific probe compound for Fe(IV) (Chen et al., 2023; Lei
etal., 2023; Yao et al., 2022), because the transformation of sulfoxide to
sulfone is not specific to high-valent metal species (Chen et al., 2023)
and there can be other pathways leading to PMSO5 formation (Chen
et al.,, 2023; Lei et al., 2023; Yao et al., 2022). In persulfate-based
oxidation processes, it is unclear whether SO3~ can transform PMSO
to PMSO,.

Furthermore, little is known about the effects of water matrix com-
ponents, in particular dissolved organic matter (DOM) and chloride
(CI7), on the formation of reactive species in the heterogeneous biochar/
Fe(III)/PDS system and how they affect contaminant transformation in
real waters. In principle, SO~ react more substrate-specific than *OH,
leading to less kinetic inhibition by organic water matrix components
(Hiibner et al.,, 2024; Lee et al.,, 2020). However, Cl can shift
SO3~ -based processes to *OH or reactive chlorine species, depending on
the Cl™ concentration and the presence of DOM and bicarbonate (Ben-
nedsen et al., 2012; Fang et al., 2012; Lutze et al., 2015a). Such effects of
DOM and Cl™ on the formation of reactive species have previously been
demonstrated in homogeneous PDS systems, in which PDS was activated
by UV (Lutze et al., 2015a; Qian et al., 2016), heat (Bennedsen et al.,
2012; Lutze et al., 2015b), or alkaline conditions (Bennedsen et al.,
2012). In the heterogeneous biochar/Fe(IIl)/PDS system, systematic
experimental evidence for the effects of Cl on the formation of reactive
species and pollutant removal in presence of organic matter is still
lacking.

The objectives of this study were therefore (i) to identify the major
reactive species in the biochar/Fe(IIl)/PDS system and (ii) to investigate
the effects of chloride in presence of organic matter on reactive species
formation and organic contaminant removal. To this end, we established
a biochar/Fe(II)/PDS system that degraded an organic model com-
pound, the insect repellent N,N-diethyl-m-toluamide (DEET), at pH 2.5.
DEET was selected because it cannot be effectively removed by con-
ventional water treatment and is frequently detected in the aquatic
environment (Costanzo et al., 2007; Stackelberg et al., 2007). In contrast
to many model compounds usually studied in oxidation processes (e.g.,
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sulfamethoxazole (Liang et al., 2021; Wang et al., 2019b)), the amide
DEET is harder to oxidize (Lee et al., 2022; Padhye et al., 2014) and
might serve as representative of other similar alkyl aromatic compounds
(Dickenson et al., 2009). To determine the major reactive species formed
in the biochar/Fe(III)/PDS system in the absence and presence of dis-
solved organic carbon (DOC) and Cl~, we employed a combination of
scavengers and probe compounds. Furthermore, we demonstrated the
applicability of this heterogeneous oxidation process to a real water
matrix.

2. Materials and methods

A list of all chemicals including supplier and purity is provided in
Section S1 in the Supporting Information.

2.1. Biochar preparation and characterization

Biochar was produced in a PYREKA (Pyreg GmbH, Dorth, Germany)
continuously operating screw reactor, which is described elsewhere
(Hagemann et al., 2020). Beech wood was used as feedstock and pyro-
lyzed at 450 °C under N, atmosphere with a flow rate of 2 L min! and a
residence time of 10 min. The biochar sample was ground to a particle
size of < 200 um using a ball mill (Figure S1) and stored in a desiccator
until further use. For details on the biochar characterization, including
electron exchange capacity, persistent free radicals, and elemental
composition see Section S2.

2.2. DEET degradation with biochar, Fe(Ill), and PDS in pure water

Batch experiments were performed at room temperature in 40 mL
amber glass vials on an overhead shaker. 30 mg of biochar was added to
30 mL deionized water to prepare a suspension of 1 g biochar L™, The
initial pH of the suspension was adjusted to 2.5 with 0.25 M H3SO4.
DEET was added to the suspension from an aqueous 10 mM stock so-
lution to reach a nominal concentration of 50 uM. After 30 min contact
time, sorption of DEET on the biochar reached an apparent equilibrium
(Figure S2) and the measured aqueous DEET concentration was taken as
initial value. Subsequently, 60 L of Fe(Ill) was added from a freshly
prepared 0.05 M aqueous Fe(III) sulfate stock solution to reach an initial
concentration of 0.2 mM, followed by excess PDS addition (240 pL) from
a 1 M aqueous stock solution to obtain an initial, nominal PDS con-
centration of 8 mM. At predefined time points, 1 mL sample was with-
drawn and mixed with 100 pL of pure methanol (2 M in the sample, ~ 9
% v/v) and 5.5 uL. NaOH (10 mM in the sample, ~ 1 % v/v, pH > 11) to
quench the reaction and precipitate iron. Samples were filtered through
0.22 um PES syringe filters (BGB Analytik, Germany; 88.5 + 0.7 % DEET
recovery) into 1.5 mL amber glass vials and stored in the dark at 4 °C
until DEET analysis. The pH was measured at the beginning and the end
of the experiment and remained constant at 2.5 + 0.1, whereby no iron
polymerization or precipitation was assumed to occur (Knight and
Sylva, 1974). Control experiments were set up identically to assess the
stability of DEET, sorption of DEET onto biochar, and reaction of DEET
with (i) PDS, (ii) Fe(II), (iii) PDS and Fe(III), (iv) biochar and PDS, and
(v) biochar and Fe(Ill). The experimental procedure is illustrated in
Figure S3. To demonstrate the role of biochar for enhanced DEET
transformation, we added three consecutive spikes of DEET (nominal
concentration of 50 uM, each spike one hour apart) to the same 1 g
biochar L™! suspension containing 50 uM Fe(III) and 8 mM PDS. Samples
were withdrawn at predefined time points for DEET analysis.

2.3. Effects of the water matrix on DEET transformation and reactive
species

Surface water impacted by past lignite mining activities was sampled
in the Greifenhainer FlieB, a tributary of the Spree River (51°45'28.8"'N
14°08'54.0"E, Brandenburg, Germany) in December 2021. The water
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sample was analyzed for pH, electrical conductivity, O, concentration,
total and dissolved organic carbon, major ions such as Cl~ and SO%‘, as
well as metals including iron species (see Section S18 and Table S3).
DEET degradation experiments in acidic surface water followed the
same procedure as described above, except that the pH of the 1 g biochar
L~! suspension was not adjusted, and no additional iron was added due
to the low pH of 3.6 and high iron content (0.05 mM Fe(III)) of the
surface water. Experiments in a synthetic water matrix (pH 3.6) con-
taining 4.3 mg L™} DOC (from Suwannee River humic acid) and 0.05
mM Fe(III) (from iron(Ill) sulfate) in the presence of 0.1 mM or 1 mM
chloride also followed the procedure explained above.

2.4. Identification of reactive species using scavengers and probe
compounds

Following the method suggested by Pestovsky and Bakac, 2006, 200
pM PMSO was added to a 1 g biochar L™! suspension containing 0.2 mM
Fe(IlI) and 8 mM PDS at pH 2.5. Batch experiments followed the pro-
cedure described above for DEET degradation. At predetermined time
intervals, samples (1 mL) were withdrawn, quenched immediately with
100 pL of aqueous DMSO (2 M in samples, ~ 9 % v/v), and analyzed for
PMSO and PMSO,. Control experiments were conducted with 200 pM
PMSO and only PS, only biochar, only Fe(III), and combinations thereof.
To investigate whether PMSO, is formed during the reaction of PMSO
with SO3~, PDS was thermally activated at 60 °C in the presence of 200
uM PMSO and 20 mM tert-butanol (TBA), which was added to suppress
formation of *"OH (93 % scavenged) from the reaction of SO5~ with small
amounts of Cl™(Lutze et al., 2015a). To study the reaction of PMSO with
reactive chlorine species, PDS was thermally activated at 60 °C in the
presence of 50 uM PMSO and 1 mM chloride. PMSO reacted with 95 % of
the SO~ to form reactive chlorine species. Experimental details and
competition kinetics calculations are shown in Sections S12 and S13.

To investigate radical species in the biochar/Fe(III)/PDS system, we
added different scavengers to a 1 g biochar L ™! suspension containing 50
uM DEET, 0.2 mM Fe(Ill), and 8 mM PDS. Methanol (300 mM final
concentration) was added to completely scavenge > 99 % of both SO~
(k (SO57) =1.1 x 10’ M s7! (Neta et al., 1988)) and *OH (k ("OH) =
9.7 x 108 M~! 57! (Buxton et al., 1988)). TBA (10 mM final concen-
tration) was employed to scavenge 96 % of *OH (k (*OH)= 6.0 x 108
M1 s7! (Buxton et al., 1988)) but only 14 % of SO~ (k (SO57) = 8.0 x
10° M ! 57! (Neta et al., 1988)). Additionally, DEET degradation ex-
periments were conducted in the presence of different TBA concentra-
tions (10 — 1000 mM), all resulting in > 95 % scavenging of *OH and 14
% - 94 % scavenging of SO% . Calculations of the fractions that react with
an oxidant are based on the principles of competition kinetics (Dodd
et al., 2006) and are described in Section S13. For competition kinetics
experiments, 4-nitrobenzoic acid (pNBA) and 4-chlorobenzoic acid
(pCBA) were added as probe compounds to a 1 g biochar L™! suspension
containing 0.2 mM Fe(III) and 8 mM PDS. Both pCBA and pNBA favor
the reaction with radicals rather than Fe(IV) (Yang et al., 2023). pNBA
readily reacts with *OH (2.6 x 10° M~ 1s! (Buxton et al., 1988)) but has
a low reactivity towards SO5~ (< 10° M1 s! (Neta et al., 1977)). pCBA
reacts moderately with both SO3™ (3.6 x 108 M s (Neta et al., 1977))
and *OH (5 x 10°M 157! (Buxton et al., 1988)). The competition ki-
netics approach can indicate the major reactive species present. For
instance, hardly any degradation of pNBA together with the degradation
of a high fraction of pCBA would be indicative of a SO3™-based process
(Lutze et al., 2015a). The ratio of the first order degradation kinetics was
obtained as the slope in a plot of In(c/cp) (pCBA) vs. In(c/cg) (pNBA)
(Dodd et al., 2006; Lutze et al., 2015a). A SO -based oxidation process
is characterized by a very small slope, while an *OH-based oxidation
process leads to a theoretical slope of k ("OH + pNBA)/k (*OH + pCBA)
of 0.52 (Buxton et al., 1988) (for further details on this methodology see
Lutze et al., 2015a). Both probe compounds were added in low con-
centrations (4 pM for experiments in pure water and 5 uM for experi-
ments in real water matrix) to ensure <10 % scavenging of *OH and
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SO%~ by the probe compounds. A sorption control containing only pCBA,
PNBA, and biochar was conducted to correct the transformation rates of
PCBA and pNBA for sorption (Section S14, Figure S15). A control con-
taining only pCBA, pNBA, and PDS showed no transformation of the
probe compounds in the reaction time (Figure S16).

2.5. Analytical methods

The concentrations of DEET, PMSO, PMSO,, pCBA, and pNBA were
quantified by HPLC (1200 Series, Agilent) with UV-vis detection at 210
nm for DEET, 230 nm for PMSO, 215 nm for PMSO,, 234 nm for pCBA,
and 262 nm for pNBA. Aqueous samples were analyzed using an Agilent
ZORBAX Eclipse XDB-C18 column (4.6 mm x 150 mm, 5 pm) and a
ZORBAX Eclipse XDB-C18 guard cartridge. For DEET analysis, 10 pL of
sample was injected and the eluent mixture consisted of 60 % methanol
and 40 % water (pH 3, 1 mM HySO,4) at a flow rate of 0.5 mL min L.
Concentrations were quantified by external calibration from 2 to 100
uM. For PMSO and PMSO;, analysis, 20 pL of sample was injected and the
mobile phase consisted of 75 % water with 1 % formic acid and 25 %
acetonitrile with a flow rate of 0.5 mL min~'. PMSO and PMSO, con-
centrations were quantified by external calibration from 1 to 250 uM
and 0.5 to 125 pM, respectively. Analysis of pCBA and pNBA was carried
out by injecting 50 pL of sample with an eluent mixture of 70 % meth-
anol and 30 % water (pH 3, 1 mM H3SO,) at a flow rate of 0.5 mL min~ L.
Concentrations were quantified by external calibration from 0.025 to 5
uM.

The fraction of a reactive species, f, reacting with a certain com-
pound in competition with other substrates can be calculated with the
corresponding known concentrations and reaction rate constants (Lutze
et al., 2015a, 2015b). The fraction corresponds to the concentration
(Ccompound) times the reaction rate constant (kcompound) of the compound
at study, divided by the sum of the concentrations (cy, ¢z to ¢,) times the
reaction rate constants (ki, ko to k;) of all substrates that can react with
the reactive species according to eq. (1):

o Ccompound 'kcompound (1)
Ccompound'kcompound + Cl’kl + C2'k2 + e+ Cn'kn

3. Results and discussion
3.1. DEET degradation by PDS activation with biochar and Fe(III)

As shown in Fig. 1a, DEET was efficiently degraded in the presence of
biochar, Fe(Ill), and PDS resulting in 88 + 3 % DEET removal within two
hours under the given experimental conditions. DEET degradation fol-
lowed pseudo-first order kinetics with a kops of (2.9 £+ 0.1) x 107471
(Figure S4) and a half-life time of 39 + 4 min. In control batches with
PDS only, biochar only, Fe(III) only, and combinations thereof, DEET
removal was much less efficient (<5.5 — 29 %, Fig. 1a). Our results agree
with previous studies also reporting enhanced contaminant trans-
formation in the presence of biochar, Fe(Ill), and PDS using sulfa-
methoxazole or bisphenol A as model compounds (Liang et al., 2021;
Tang et al., 2023; Wang et al., 2019b; Zeng et al., 2021).The accelerated
DEET degradation in the biochar/Fe(IlI)/PDS system indicates
biochar-mediated Fe(III) reduction leading to continuous PDS activation
upon reaction with Fe(I) as reported previously (Liang et al., 2021;
Tang et al., 2023; Wang et al., 2019b; Zeng et al., 2021).

We compared the degradation of DEET in the heterogeneous bio-
char/Fe(IIl)/PDS system with DEET degradation in a homogeneous Fe
(I1)/PDS reference system, both containing 8 mM PDS but different
concentrations of Fe(III) and Fe(II), respectively (Fig. 1b). In the Fe(I)/
PDS system, DEET removal within two hours reaction time increased
with increasing Fe(II) to PDS ratios from 1:160 to 1:16, corresponding to
Fe(II) concentrations of 0.05 mM to 0.5 mM, respectively. To achieve 87
% DEET degradation in the homogeneous reference system, 0.5 mM Fe
(II) had to be applied with 8 mM PDS (Fe(II) to PDS ratio of 1:16). In the
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Fig. 1. (a) DEET transformation in the biochar/Fe(III)/PDS system and corresponding control experiments with DEET only, DEET and PDS, DEET and biochar, DEET
and Fe(III), and combinations thereof. [Biochar] =1 g L’l, [Fe(IID)] = 0.2 mM, [PDS] = 8 mM, [DEET], = ¢y ~ 40 uM after sorption equilibrium, ¢ = measured DEET
concentration over time, pH 2.5. (b) DEET removal in the biochar/Fe(IIl)/PDS system (grey, solid bars) and the Fe(II)/PDS reference system (blue, patterned bars) at
different molar Fe to PDS ratios and corresponding pseudo-first order rate constants (kops). [Fe(III)] = 0.05 - 0.2 mM for biochar/Fe(III)/PDS system, [Fe(II)] = 0.05 -
0.5 mM for Fe(II)/PDS system, [PDS] = 8 mM, [DEET], ~ 40 uM, pH 2.5, reaction time = 2 h. Error bars indicate the standard deviation of triplicate experiments.

biochar/Fe(III)/PDS system, in contrast, 86 % DEET degradation was
already obtained by adding 0.1 mM Fe(III), corresponding to an Fe(III)
to PDS ratio of 1:80 (Fig. 1b). While dissolved Fe(II) can activate PDS in
the homogeneous Fe(I)/PDS system, high input of Fe(Il) is required due
to rapid Fe(II) depletion and formation of Fe(IIl), which is only slowly
reduced to Fe(II) by PDS (6.6 x 1072 M s71) (Hou et al., 2021; Luo
et al., 2021a; Wang et al., 2019b).

Efficient DEET degradation in biochar suspensions with sub-
stoichiometric Fe(III) to PDS addition indicates biochar-mediated
enhanced Fe(III) reduction to Fe(Il), which reacts with PDS. The Fe
(I11) formed can in turn be reduced back to Fe(II) by biochar. In fact, the
biochar used here successfully reduced Fe(III) to Fe(II) (Figure S5) due
to its redox-active properties. The biochar possessed a high electron
donating capacity (EDC, 413 + 22 umol e~ (g biochar)~!, Table S1),
which is in the same order of magnitude as other biochars (Kliipfel et al.,
2014). The biochar also contained a high concentration of persistent free
radicals (PFR, (3.50 + 0.40) x 10'° spins (g biochar) ™!, Table S1), i.e.
moieties with unpaired electrons that can contribute to the EDC (Luo
et al., 2021b; Yuan et al., 2022) and were suggested to directly activate
PDS (Fang et al., 2015; Kemmou et al., 2018; Luo et al., 2021b).

The addition of biochar to the Fe(II)/PDS system markedly increased
the DEET degradation rate, indicating the role of biochar for Fe(III)/Fe
(ID) cycling (Figure S6). Further evidence for accelerated iron cycling
was obtained from adding three consecutive spikes of DEET (50 pM
each, 60 min apart) to the same 1 g L™! biochar suspension containing
50 uM Fe(III) and 8 mM PDS (Figure S7). After three hours, 61 % of the
added 150 uM DEET was removed, exceeding the present Fe(III) con-
centration by a factor of 1.8. In another experiment, the degraded DEET
(739 uM) exceeded the Fe(IIl) present (200 uM) by a factor of 3.7
(Figure S8). The here used biochar thus enhanced Fe(III) reduction and
facilitated PDS activation, as suggested by other studies (Liang et al.,
2021; Tang et al., 2023; Wang et al., 2019b; Zeng et al., 2021), leading to
the generation of reactive species and DEET degradation.

3.2. Identification of reactive species in the biochar/Fe(II[) /PDS system

PMSO has been postulated as a specific probe compound to deter-
mine the presence of Fe(IV), as it reacts with the latter via a 2-electron
transfer step to form a characteristic sulfone product, PMSO; (Pestovsky

and Bakac, 2006). Fig. 2a shows PMSO transformation to PMSO5 in the
biochar/Fe(III)/PDS system. Within two hours, PMSO was completely
oxidized following pseudo-first order kinetics with a reaction rate con-
stant of (3.2 + 0.2) x 107 47! (Figure S9). The yield of PMSO; (i.e.,
mole of PMSO,; formed per mole of PMSO transformed) was 62 %. Tang
et al. (2023) and Liang et al. (2021) reported a similar conversion of
PMSO to PMSO; (yields between 40 and 63 %) in the presence of low
pyrolysis temperature biochars (< 500 °C), Fe(III), and PDS (Liang et al.,
2021; Tang et al., 2023). Both studies concluded that Fe(IV) was present
(Tang et al., 2023). However, there is increasing concern about the
selectivity of PMSO as a specific probe compound for Fe(IV) (Chen et al.,
2023; Lei et al., 2023; Yao et al., 2022). Lei et al. (2023) reported that
PMS itself can transform PMSO to PMSO, (Lei et al., 2023). Chen et al.
(2023) revealed that oxidation products of PMSO, formed via the reac-
tion with *OH, can enhance PMSO, formation in the homogeneous
Fenton reaction due to complexation of the PMSO oxidation products
with Fe(III) (Chen et al., 2023).

Originally, PMSO was used to distinguish *OH and Fe(IV) (Pang
et al., 2011; Pestovsky and Bakac, 2006). The PMSO transformation
products indicative for the presence of *OH were defined as meth-
anesulfinic acid and formaldehyde, whereas the reaction of PMSO with
Fe(IV) formed PMSO; (Pang et al., 2011; Pestovsky and Bakac, 2006).
Whether PMSO can be used in a similar way to distinguish between SO~
and Fe(IV) has not been well investigated. In a clean SO3 -based reac-
tion system, in which PDS was activated by heat and *OH formation was
suppressed by addition of TBA, PMSO was also transformed to PMSO4
with 21 % yield (Figs. 2b and S10). No self-decomposition of PMSO was
observed through heat (Figure S11) and PDS alone did not convert
PMSO to PMSO; (Figure S12). Thus, in SO5 -based oxidation systems,
PMSO cannot serve as a unique indicator for Fe(IV).

Yao et al. (2022) found similar results for thermal activation of PMS
at 60 °C, which resulted in a PMSO3, yield of 100 % (Yao et al., 2022).
This much higher PMSO; yield might be due to the ability of PMS itself
to transform sulfoxide to sulfone with considerable rate constants (Lei
et al., 2023). Contrary results were reported by Wang et al. (2018), who
found that SO3~ oxidized PMSO to biphenyl compounds rather than
PMSO,, during PDS activation by UV (Wang et al., 2018). However, the
addition of HCI for pH adjustment likely shifted the reactive species
formed from SO3~ to *OH or reactive chlorine species (Ershov, 2004;
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Fig. 2. (a) PMSO transformation and PMSO, formation in the biochar/Fe(III)/PDS system. [Fe(Il)] = 0.2 mM, [Biochar] = 1 g L%, [PDS] = 8 mM, [PMSOlo, atter 30
min sorption = 189 UM, pH 2.5. (b) PMSO transformation and PMSO, formation in the heat/PDS control system. [PDS] = 8 mM, [PMSO] = 200 uM, [TBA] = 20 mM, pH

2.5, 60 °C in a water bath.

Lutze et al., 2015a; McElroy, 1990; U. Von Gunten, 2003) both of which
do not transform PMSO into PMSO; as show in Figure S13 and other
studies (Lai et al., 2022; Pang et al., 2011; Pestovsky and Bakac, 2006).
Consequently, studies employing PMSO and PMSO; to distinguish Fe
(IV) from SO3™ need to be carefully reassessed.

The higher PMSO, formation in the biochar/Fe(Ill)/PDS system
(Fig. 2a) compared to the heat/PDS system (Fig. 2b) is likely due to the
continuous reduction of Fe(III) to Fe(Il), leading to PDS activation and
formation of SO3 ™. Although we cannot strictly rule out the formation of
Fe(IV), our results suggest that SO3 are the predominant reactive spe-
cies in the biochar/Fe(II)/PDS system.

To further elucidate which reactive species were present in the bio-
char/Fe(II)/PDS system, we investigated DEET transformation in the
presence of two scavengers, namely methanol and TBA. Note that
competition kinetics calculations, as discussed in Section S13, are
pivotal for a valid design and interpretation of scavenger experiments
based on the fraction of reactive species scavenged. TBA, which solely
scavenged *OH at the applied dosages (96 % scavenging of *OH and 14
% scavenging of SO3 ), had no effect on DEET degradation. Methanol,
which scavenged > 99 % of both SO3™ and *OH, completely stopped the
reaction (Fig. 3a). These observations indicate that SO;~ are the domi-
nant reactive species in the biochar/Fe(III)/PDS system. The involve-
ment of SO3 was further verified by performing DEET degradation
experiments in the presence of varying TBA concentrations from 10 mM
to 1 M, resulting in an increased fraction of SO3~ scavenged from 14 % to
94 % (for detailed calculations see Section S13). With increasing TBA
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concentration, DEET degradation was increasingly inhibited
(Figure S14), suggesting a SO3 -based oxidation process. In a purely
*OH-based process, the scavenging effect would already be observed at
TBA doses well below 10 mM.

To validate the formation of SO3 as major reactive species in the
biochar/Fe(IlI)/PDS system, we employed pCBA and pNBA as probe
compounds and conducted competition kinetics experiments. From the
sorption-corrected competition kinetics plot in Fig. 3b and Figure S15, a
nearly horizontal line was obtained, because hardly any pNBA was
degraded, while pCBA was degraded to a large extent. These results
clearly indicate that SO3 are the major reactive species in the biochar/
Fe(III)/PDS system, in agreement with the scavenger experiments. The
steady-state concentration of sulfate radicals [SO3 ™ 1ss was determined to
be 2.69 x 107! M using pCBA as probe compound (Section $16 and
Figure S17). It is noteworthy that pNBA and pCBA will hardly be reactive
towards Fe(IV) (Yang et al., 2023).

Previous studies on the biochar/Fe(III)/PDS system collectively re-
ported PDS activation by accelerated Fe(III) reduction to Fe(II) but did
not provide a coherent picture concerning the reactive species involved
(Liang et al., 2021; Tang et al., 2023; Wang et al., 2019b; Zeng et al.,
2021). Liang et al., 2021 and Tang et al., 2023 reported an Fe(IV)-based
non-radical pathway for the degradation of sulfamethoxazole and
phenanthrene, respectively. Wang et al., 2019b and Zeng et al., 2021
proposed radical pathways, involving SO3 and O3, respectively, for
target compound transformation. This could be due to different biochars
giving rise to different reactive species, or to inconclusive interpretation
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Fig. 3. (a) DEET degradation over time in the biochar/Fe(III)/PDS system in the absence (control) and presence of 300 mM methanol and 10 mM tert-butanol (TBA).
[Biochar] =1 g L7}, [Fe(II)] = 0.2 mM, [PDS] = 8 mM, [DEET], = co ~ 40 uM, pH 2.5. (b) Sorption-corrected competition plot In(c/co) of pCBA vs. pNBA in the
biochar/Fe(I1I)/PDS system (slope —0.017 + 0.031; intercept —0.058 + 0.006). [Biochar] =1 g L1, [Fe(IID)] = 0.2 mM, [PDS] = 8 mM, [PCBA]y, after 30 min sorption =
1.5 uM; [pNBAlo, after 30 min sorption = 1.7 UM, pH 2.5. Red areas show the 95 % confidence intervals of the linear fit.
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of results from scavenger or probe compound experiments. Scavengers
and probe compounds used to diagnose reactive species should therefore
be carefully chosen and caution should be advised if they do not react
selectively or form secondary reactive species or unidentified products
(Hiibner et al., 2024; Willach et al., 2017). Indeed, superoxide and Hy0,
may form in reactions of SO3~ with organic matter, but also in reactions
of *OH with scavengers such as TBA in the presence of oxygen (Flyunt
et al., 2003; U. Von Gunten, 2003b). However, this would not affect the
results of the present study, as superoxide and H;0, seem to have no
effect on the degradation of pNBA and pCBA, as their degradation
perfectly matches the ratio of the reaction rate constants with SO3~
(Fig. 3b).

3.3. Effects of the water matrix on reactive species formation and DEET
degradation

A biochar concentration of 1 g L™ together with 8 mM PDS was
applied to degrade 50 uM DEET in lignite mining-impacted surface
water. This water was chosen due to its naturally low pH (3.6) and high
iron concentration (0.05 mM, for more details see Supporting Informa-
tion Section S17). DEET was almost completely degraded after two
hours (Figure S18a). DEET disappearance in the acidic surface water
followed pseudo-first order kinetics (Figure S18b) with a kgps of (4.2 +
0.1) x 10~*s~L. This value is approximately 1.5-times greater than the
kobs obtained for the transformation of DEET in ultrapure water at pH
2.5 (Fig. 1a and S4). The water matrix as well as the pH of the surface
water thus did not inhibit DEET transformation, but rather enhanced the
transformation of DEET, possibly due to the formation of reactive spe-
cies other than sulfate radicals.

To investigate the major reactive species formed in this surface water
matrix, pNBA and pCBA were employed in analogy to the competition
degradation experiment shown in Fig. 3b. The competition plot of In(c/
co) (pCBA) vs. In(c/cp) (pPNBA) shown in Fig. 4a yielded a slope of 0.8 +
0.01. This slope is neither indicative for a SO~ -based process (leading to
hardly any correlation), nor for an *OH-based process (leading to a slope
of 0.52) (Lutze et al., 2015a). Water matrix constituents likely converted
the SO3 -based process to an oxidation process governed by reactive
species other than SO3~ or °OH. Table S3 shows that the
mining-impacted surface water contained approximately 1 mM of Cl~
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(31 mg L. ¢l reacts rapidly with SO5~ (k = 2.88 x 108M s Hto
form chlorine atoms (Cl°*), which can further react to other reactive
species such as dichlorine radical anions (Cl37) (Lutze et al., 2015a;
McElroy, 1990).

To test the impact of CI™ on the formation of reactive species in the
biochar/Fe(II)/PDS system, we conducted competition kinetics exper-
iments with pNBA and pCBA in a synthetic water matrix simulating the
surface water characteristics (pH 3.6, 0.05 mM Fe(IIl), 4.3 mg L' DOC
as Suwannee River humic acid) in the presence of 1 mM Cl . The
competition plot in the synthetic water matrix (Fig. 4b) showed the same
slope as obtained from the real mining-impacted surface water (Fig. 4a).
This observation suggests that Cl~ caused the shift from SO3 to
potentially chlorine radical species.

Cl can react with SO3~ to form CI° (reaction (1) in Table 1), which in
turn can react with HoO to form HOCI®~ and eventually *OH (see Lutze
et al., 2015a and Section S21 for all reactions involved in the oxidation
of CI7). In fact, an additional experiment with pNBA and pCBA in the
same synthetic water matrix but low Cl concentration of 0.1 mM sug-
gested an *OH-based oxidation process (Figure S19). At a low Cl con-
centration of 0.1 mM, the contribution of ClI- to the overall
SOj scavenging was calculated to be 44 %, and the remaining 56 % is
contributed by DOC (Section S20).

At a higher C1™ concentration of 1 mM and low pH as present in the
surface water, a significant amount of C1° may react with Cl~ to form

Table 1
Reactions involved in the oxidation of Cl~ with corresponding second order
reaction rate constants and references.

No. Reaction Reaction rate Unit Ref.
constant
(1)  SO; +Cl -Cl"+ 2.7 x 108 M! (McElroy, 1990)
SO, st
2 *OH + 4.3 x 10° M (Jayson et al., 1973)
Cl” - HOCIl* ~ st
3) HOCI* "— *OH -+ CI~ 6.1 x 10° st (Jayson et al., 1973)
(4) HOCI" 4+ H'-Cl*+ 2.1 x 10" M (Jayson et al., 1973)
H,0 st
(5) C'+ cl -l 8 x 10° Mt (Nagarajan and
st Fessenden, 1985)
(b) 0.0-
/,.0'
-0.5- 4
I 4
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Fig. 4. (a) Sorption-corrected competition plot In(c/c) of pCBA vs. pNBA in mining-impacted surface water (pH 3.6) containing 0.05 mM Fe(III), 1 mM Cl~, and
other constituents (Table S3) (slope 0.8 + 0.01; intercept 0.11 + 0.01). [Biochar] =1 g L1, [PDS] = 8 mM, [PCBA], after 30 min sorption = 1.64 uM; [DNBAI(, after 30 min
sorption = 2.31 uM. The reaction was initiated by adding PDS after 30 min sorption. (b) Sorption-corrected competition plot In(c/co) of pCBA vs. pNBA in synthetic
water containing 4.3 mg L~ DOC (Suwannee River humic acid) and 1 mM Cl~ (slope 0.8 + 0.02; intercept 0.2 & 0.03). [Biochar] =1 g L1, Fe(Ill) = 0.05 mM,
[PDS] = 8 mM, [pCBAlo, after 30 min sorption = 1.97 UM; [PNBAIo, after 30 min sorption = 2-55 UM, pH 3.6 (adjusted with H,SO4). Red areas show the 95 % confidence

intervals of the linear fit.
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Cl3™ according to reaction (5) in Table 1. The scavenging of SO3~ and
*OH was mainly driven by ClI~ (=~ 90 %, reactions (1) — (4) in Table 1, for
calculations see Section S20) to form Cl°. With excess Cl~, the scav-
enging of CI* by Cl~ competes with the reaction forming *OH (see Lutze
et al., 2015a), resulting in the formation of C13~ (reaction (5)). At low pH
values (< 4), the formation of Cl3 is favored compared to neutral
conditions (Ershov, 2004; Lutze et al., 2015a; U. Von Gunten, 2003). The
rate constant of Cl3~ formation (reaction (5)) depends on both the
concentration of CI~ and H" and can be calculated using the rate con-
stants of reactions (2) and (4) (Jayson et al., 1973), which can predict
the major reactive species of radical-based oxidation processes at
different conditions. While it was beyond the scope of this study to
identify the reactive chlorine species, also Fang et al. (2012) suggested
Cl5~ as predominant reactive species in a PDS-based oxidation process in
the presence of high Cl concentrations (up to 100 mM) (Fang et al.,
2012). In our study, DEET was removed efficiently in the presence of
high CI™ concentrations, suggesting a fast reaction between DEET and
Cl3™. Although ClI3™ is less reactive than SO%, its reactivity towards
amides, like DEET, is high with reaction rate constants of 108 M !5t
(Lei et al., 2019).

4. Conclusions

Our study demonstrates that the biochar/Fe(III)/persulfate system
offers advantages compared to the Fe(II)/persulfate system because of
accelerated reduction of Fe(III) to Fe(II) and formation of reactive spe-
cies that react with organic contaminants. The type of reactive species
formed, however, strongly depends on the water matrix. Using different
scavengers and probe compounds, this study highlights that water ma-
trix components, particularly chloride in presence of organic matter, can
shift the formation of reactive species in the biochar/Fe(III)/PDS system.
While SO3~ were the major reactive species in ultra-pure water, low
chloride concentrations (0.1 mM) resulted in a change in reactive spe-
cies, probably forming *OH. High chloride concentrations (1 mM)
formed reactive chlorine species, likely Cl5~. Irrespective of the water
matrix and chloride concentration, the organic model compound DEET
was transformed upon application of the biochar/Fe(III)/PDS system at
low pH. Our study demonstrates the effectiveness of the biochar/Fe(IIl)/
PDS system using one model compound, but also provides the basis for
further applications in water treatment because many other organic
contaminants, especially those with similar or higher reactivity also
react with the identified reactive species. For future applications, how-
ever, it must be noted that the biochar/Fe(III)/persulfate system, like the
traditional Fenton process, requires a low pH value.

Knowledge about the effects of water matrix components on the
formation of reactive species is crucial to tailor the biochar/Fe(III)/PDS
system to specific applications such as industrial wastewater treatment
or in situ chemical oxidation. While a mining-impacted water was used
for this study, our findings provide a mechanistic understanding of the
effect of water matrix components on the formation of reactive species
in the biochar/Fe(IlI)/PDS system, which is highly relevant for
contaminant abatement in other water matrices. As the water matrix
plays a decisive role for the application of any oxidation process, future
studies on the effects of other ions such as carbonate or phosphate ions
on reactive species formation and contaminant transformation are rec-
ommended. Moreover, oxidation processes should combine the evalu-
ation of the degradation efficiency of target pollutants with studies of
the major reactive species and the formation of oxidation by-products
and transformation products such as chlorate, bromate, or haloge-
nated compounds in the respective water matrix.
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