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Summary

Persulfate-based oxidation processes using e.g., peroxydisulfate (S20s%>) have
become increasingly popular for water treatment to remove organic contaminants.
Peroxydisulfate can be effectively activated by biochar in the presence and absence
of Fe(lll) to form reactive species that react with organic contaminants. However,
systematic studies on the performance of different biochars and formation of reactive
species in different water matrices are lacking. The goal of this dissertation was to
(i) assess the treatment efficiency of biochar and persulfate with and without dissolved
iron for the removal of organic contaminants, (ii) investigate the effect of water matrix
components on reactive species formation and treatment performance, (iii) gain
insights into the role of biochar pyrolysis conditions on persulfate activation and
contaminant removal, and (iv) explore the combined use of biochar and persulfate for
the treatment of urban stormwater runoff.

In laboratory batch experiments, a biochar produced from beech wood at 450°C
was successfully employed to activate peroxydisulfate in the presence of Fe(lll) at pH
2.5 to degrade an organic model compound, the insect repellent N,N-diethyl-m-
toluamide (DEET) in pure water, synthetic water, and a mining-impacted surface water.
By using carefully selected scavengers and probe compounds on the basis of
competition  kinetics calculations, the major reactive species in the
biochar/Fe(lll)/peroxydisulfate system were identified as sulfate radicals (SO4*7) in
pure water. In the presence of chloride at low (0.1 mM) and higher (1 mM)
concentrations, the reactive species shifted from SOs*~ to hydroxyl radicals and
reactive chlorine species, respectively. These results show that the water matrix has
a strong impact on the formation of reactive species, which is important to tailor and
assess the application of this oxidation process to specific requirements at full scale.

Comparing four biochars produced from beech wood at different pyrolysis
temperatures of 450, 600, 750°C, biochar produced at 450°C removed DEET most

efficiently with Fe(lll) and persulfate at pH 2.5. This biochar contained high amounts
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of surface oxygen functional groups and persistent free radicals as redox-active
moieties that likely accelerated Fe(lll) reduction and persulfate activation. To modulate
the redox properties, four biochars were produced from softwood sawdust to which 0
— 43 weight percent (Wt%) of ash was amended during pyrolysis at 500°C. The biochar
with 16 wt% ash amendment resulted in the best DEET removal in the presence of
Fe(lll) and persulfate. Ash-amended biochars contained surface oxygen function
groups, persistent free radicals and, in addition, crystalline iron minerals, which
promoted Fe(lll) reduction and persulfate activation. These results inform future
production of engineered biochars with fine-tuned redox properties that enable
optimized performance for specific applications in water treatment.

One biochar produced from shrimp shells at 750°C was found to directly activate
peroxydisulfate at circumneutral pH forming non-radical reactive species, most likely
singlet oxygen ('Oz2). In laboratory batch experiments, this biochar/peroxydisulfate
system was investigated for its potential to remove persistent and mobile organic
contaminants from urban stormwater, which can otherwise not be well removed in
conventional stormwater treatment systems. Out of the 11 organic contaminants
tested, one was removed through adsorption onto biochar (diuron) and four were
removed through oxidation (1,3-diphenylguanidine, 2-hydroxybenzothiazole, 1H-
benzotriazole, 5-methyl-benzotriazole). As 'Oz reacts selectively with organic
compounds via an electrophilic substitution reaction, the oxidation process performed
well in different water matrices and was only slightly impacted by dissolved organic
carbon and high chloride concentrations as often found in stormwater runoff. This
work provides an important first step towards applying persulfate-based oxidation

processes for stormwater purification.

Keywords: water treatment, persulfate-based oxidation processes, biochar, organic

contaminants, reactive species, redox-active properties, stormwater treatment
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Zusammenfassung

Zusammenfassung

Oxidationsverfahren auf Persulfatbasis, bei denen zum Beispiel Peroxodisulfat (S20s%)
eingesetzt wird, werden bei der Wasseraufbereitung zur Entfernung organischer
Verunreinigungen immer beliebter. Peroxodisulfat kann durch Biokohle in Gegenwart
und Abwesenheit von Fe(lll) effektiv aktiviert werden, um reaktive Spezies zu bilden,
die mit organischen Verunreinigungen reagieren. Es fehlen jedoch systematische
Studien Uber die Leistungsfahigkeit verschiedener Biokohlen und die Bildung reaktiver
Spezies in unterschiedlichen Wassermatrizes. Ziel dieser Dissertation war es, (i) die
Behandlungseffizienz von Biokohle und Persulfat mit und ohne gel6stem Eisen zur
Entfernung organischer Verunreinigungen zu bewerten, (ii) die Auswirkungen von
Komponenten der Wassermatrix auf die Bildung reaktiver Spezies und die
Behandlungsleistung zu untersuchen, (ii) Einblicke in die Rolle der Biokohle-
Pyrolysebedingungen auf die Persulfataktivierung und die Entfernung von
Verunreinigungen zu gewinnen und (iv) die kombinierte Verwendung von Biokohle und
Persulfat fur die Aufreinigung von stadtischem Niederschlagsabfluss zu untersuchen.
In Batch-Laborexperimenten wurde eine aus Buchenholz bei 450°C hergestellte
Biokohle erfolgreich zur Aktivierung von Peroxodisulfat in Gegenwart von Fe(lll) bei
pH 2,5 eingesetzt, um eine organische Modellverbindung, das Insektenabwehrmittel
N,N-Diethyl-m-toluamid (DEET), in reinem Wasser, synthetischem Wasser und einem
durch Bergbau beeinflussten Oberflachenwasser abzubauen. Durch den Einsatz
sorgfaltig ausgewahlter Scavenger und Sondenverbindungen auf der Grundlage von
Berechnungen der Kompetitionskinetik, wurden die wichtigsten reaktiven Spezies im
Biokohle/Fe(lll)/Peroxodisulfat-System als Sulfatradikale (SO4°*~) in reinem Wasser
identifiziert. Bei Anwesenheit von Chlorid in niedrigen (0,1 mM) und héheren (1 mM)
Konzentrationen veranderten sich die reaktiven Spezies von SOs~ zu
Hydroxylradikalen bzw. reaktiven Chlorspezies. Diese Ergebnisse zeigen, dass die
Wassermatrix einen starken Einfluss auf die Bildung reaktiver Spezies hat, was wichtig

ist, um die Anwendung dieses Oxidationsprozesses auf spezifische Anforderungen im
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Zusammenfassung

grof3technischen Maldstab anzupassen und zu bewerten.

Ein Vergleich von vier Biokohlen, die aus Buchenholz bei unterschiedlichen
Pyrolysetemperaturen (450, 600, 750°C) hergestellt wurden, ergab, dass die bei
450°C hergestellte Biokohle DEET am effizientesten mit Fe(lll) und Persulfat bei pH
2,5 entfernte. Diese Biokohle enthielt einen hohen Gehalt an funktionellen
Sauerstoffgruppen auf der Oberflache und persistenten freien Radikalen als redox-
aktive Bestandteile, die wahrscheinlich die Fe(lll)-Reduktion und Persulfat-Aktivierung
beschleunigten. Um die Redoxeigenschaften zu modifizieren, wurden vier Biokohlen
aus Weichholzsagemehl hergestellt, dem wahrend der Pyrolyse bei 500 °C Asche in
Mengen von 0 bis 43 Gewichtsprozent (Gew.-%) zugesetzt wurde. Die Biokohle mit
16 Gew.-% Aschezusatz fluhrte zur besten DEET-Entfernung in Gegenwart von Fe(lll)
und Persulfat. Die mit Asche versetzten Biokohlen enthielten funktionale
Sauerstoffgruppen an der Oberflache, persistente freie Radikale und zusatzlich
kristalline Eisenminerale, die die Reduktion von Fe(lll) und die Aktivierung von
Persulfat beglinstigten. Diese Ergebnisse liefern wichtige Erkenntnisse flr die kiinftige
Herstellung von Biokohlen mit angepassten Redox-Eigenschaften, die eine optimierte
Leistung fir bestimmte Anwendungen in der Wasseraufbereitung erméglichen.

Eine Biokohle, die bei 750 °C aus Krabbenschalen hergestellt wurde, aktivierte
Peroxodisulfat direkt bei neutralem pH-Wert und bildete dabei nichtradikalische
reaktive Spezies, hdchstwahrscheinlich Singulett-Sauerstoff ('02). In  Batch-
Laborexperimenten wurde dieses Biokohle/Peroxodisulfat-System auf sein Potenzial
hin untersucht, persistente und mobile organische Verunreinigungen aus stadtischem
Regenwasser zu entfernen, die in herkdbmmlichen Regenwasserbehandlungs-
systemen nicht gut entfernt werden konnen. Von den 11 getesteten organischen
Schadstoffen wurde einer durch Adsorption an Biokohle (Diuron) und vier durch
Oxidation (1,3-Diphenylguanidin, 2-Hydroxybenzothiazol, 1H-Benzotriazol, 5-
Methylbenzotriazol) entfernt. Da 'Oz selektiv mit organischen Verbindungen Uber eine
elektrophile Substitutionsreaktion reagiert, zeigte der Oxidationsprozess in
verschiedenen Wassermatrizes gute Ergebnisse und wurde nur geringfligig durch

gelésten organischen Kohlenstoff und hohe Chloridkonzentrationen beeintrachtigt,
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wie sie haufig in Regenabflissen vorkommen. Diese Arbeit ist ein wichtiger erster
Schritt auf dem Weg zur Anwendung persulfatbasierter Oxidationsverfahren fur die

Aufreinigung von Niederschlagsabfllissen.

Stichworte: Wasseraufbereitung, persulfatbasierte Oxidationsprozesse, Biokohle,
organische  Schadstoffe, reaktive Spezies, redoxaktive Eigenschaften,

Regenwasserbehandlung
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Introduction



Chapter 1

1.1 Occurrence, risks, and removal of synthetic organic
contaminants in the water cycle

Providing safe and clean water for human and environmental health is a key challenge
of international concern'. With increasing urbanization, industrialization, and
population growth, pollution of water resources with synthetic organic chemicals such
as pesticides, pharmaceuticals, personal care products, flame retardants, and other
industrial compounds is increasing®3. More than 350,000 chemicals and chemical
mixtures have been registered for production and use in the global market, with the
number of newly introduced chemicals continually rising*. Many of these organic
chemicals can enter the aquatic environment through insufficiently treated municipal
and industrial wastewater treatment plant (WWTP) effluents®® or through untreated
urban stormwater runoff -1, and can have adverse effects on aquatic organisms and
human health even at trace levels'?>='4. In order to protect aquatic ecosystems and
drinking water resources from contamination, it is crucial to remove organic chemicals
from wastewater and stormwater prior to discharge into rivers or infiltration into
groundwater’. The development and implementation of efficient and reliable water
treatment technologies to clean-up impaired freshwater resources is an important
element to ensure a sustainable management of water resources, particularly in urban
areas'®7,

Currently, WWTP effluents and stormwater runoff are discharged into surface
waters or groundwater aquifers, which are important drinking water resources.
However, conventional WWTPs cannot fully remove trace organic contaminants,
because many of them are polar or ionizable, hardly sorb, and are recalcitrant to
biodegradation®18. To achieve an efficient removal of trace organic contaminants from
water, additional treatment steps are often necessary. While advanced water treatment
technologies using e.g., membranes’®2® or electrochemical technologies?' can
efficiently purify wastewater and greywater and even allow for direct potable reuse,

these technologies are energy intensive and not yet widely applied'®2'. Activated
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carbon and ozonation are more economically feasible advanced water treatment
technologies, which are currently being implemented to upgrade certain WWTPs, e.g.,
in Switzerland or parts of Germany to enhance the removal of trace organic
contaminants from WWTP effluents?223,

In addition to activated carbon and ozonation, intensive research efforts have
been directed to the development and application of alternative water treatment
processes using e.g. more sustainable adsorbents such as biochar?*-2% and advanced
oxidation processes (AOPs) using chemical oxidants such as hydrogen peroxide
(H202) or persulfate. In AOPs, highly reactive species are formed from chemical
oxidants including hydroxyl radicals (*OH)?’=2° or sulfate radicals (SO4*"), which can
react quickly with many organic chemicals in water3?3', Persulfate-based oxidation
processes have gained growing attention as they have advantages such as a high
oxidant stability during transport and storage and good treatment performance for
many organic contaminants3?33, To date, peroxydisulfate (S20s?~, PDS) and
peroxymonosulfate (HSOs~, PMS) (collectively referred to as persulfate) have been
frequently used in both laboratory experiments and field studies, particularly for in situ
chemical oxidation to remediate contaminated sites303".

However, persulfate needs to be activated to form reactive species for organic
contaminant removal®®3'. Currently existing persulfate activation methods include
thermal or radiation activation, which require high energy input and can hardly be used
in decentralized water treatment systems3+3%, Persulfate can also be activated by
transition metal ions such as Fe(l1)%6-38. This Fenton-like process has been intensively
studied but has several limitations because dissolved Fe(ll) is rapidly depleted during
persulfate activation and the formed Fe(lll) is only slowly reduced back to Fe(ll)
leading to the accumulation of iron-containing sludge as hazardous waste also at low
pH values. More research is needed to investigate alternative and economical
methods that allow for an efficient and reliable activation for persulfate with
applications in either centralized water treatment using e.g., water treatment reactors

or decentralized water treatment in nature-based systems.
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1.2 Biochar for water treatment

Biochar is a carbon-rich solid produced by the heating of biomass under oxygen-
limited conditions®4°. Biochar can be produced from a variety of biomass feedstocks
such as energy crops, agricultural and forestry wastes, compost (green waste), and
sewage sludge*'3. Due to its large surface area, complex porosity, and variable
surface composition, biochar is attracting interest as a promising multifunctional
material for different environmental applications3®4°. In addition to its beneficial use in
agronomic and engineering applications**4°, biochar has been shown to bear great
potential as cost-effective and sustainable adsorbent to remove contaminants from
wastewater*6-48 and stormwater®-5'. Biochar might, thus, serve as an alternative
adsorbent to activated carbon for water treatment®?-%4,

Biochar contains redox-active components such as quinone-hydroquinone
moieties and/or condensed aromatic structures*®-°>5¢ that can reversibly accept and
donate electrons®”%8. Therefore, biochar functions similarly to natural organic matter
in many (bio)geochemically and environmentally relevant redox reactions®%80, such as
denitrification®?, iron mineral reduction®63, and organic contaminant transformation®4-
66, Biochar also contains persistent free radicals (PFRs), i.e. moieties with unpaired
electrons, which form during the pyrolysis process®’. PFRs potentially play a crucial
role in the degradation of contaminants, such as sulfamethoxazole®’-¢8, Recent studies
have demonstrated that PFRs can activate chemical oxidants such as persulfate
leading to the formation of highly reactive oxygen species, such as SOs*~ 6970, The
redox properties of biochar may thus greatly broaden the application of biochar for
pollution control. Current knowledge suggests that the feedstock materials and
pyrolysis conditions greatly impact the biochar properties”'-"4. For instance, the
pyrolysis temperature has been shown to impact the biochar redox properties, which
govern e.g., the biochar performance for Cr(VI) reduction”® and methane production
in anaerobic digestion of waste activated sludge’®. However, little is known about the

effects of biochar properties on persulfate activation in water treatment.
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1.3 Persulfate-based oxidation processes for contaminant
removal from water

Persulfate has gained increasing attention as oxidant to degrade recalcitrant organic
compounds in water3?31 In persulfate-based oxidation processes, SO4°~ and other
reactive oxygen species are formed, which can react with organic contaminants3%.77.78,
SO4*~ have a high redox potential (2.5 — 3.1 V) and are more selective compared to
*OH, which are formed in *OH-based AOPs such as the Fenton process (Fe/H202),
ozone/H202 or UV/H2027°-81. To release SOs*", the peroxide bond in the persulfate
molecule needs to be cleaved’’82, which can be achieved by UV-radiation®384,
heat3*85, metal ions®87, and carbon materials, such as biochar®8°, During persulfate
activation, persulfate can produce radical species, mainly SO4*~ and *OH, as well as
reactive non-radical species®-92,

Figure 1.1 shows possible oxidative reaction pathways that can be induced upon
persulfate activation by biochar in the presence or absence of metal ions3%3'. In the
past, it was generally assumed that radical reactions dominate in persulfate-based
oxidation systems and in the degradation of organic contaminants (pathway (i) in
Figure 1.1)%3-9_ Recent studies have shown that persulfate can also oxidize organic
compounds via non-radical mechanisms without the involvement of radical
species®%9%.97  Singlet oxygen ('0O2) has been reported to form during persulfate
activation with carbonaceous materials such as biochar, where ketone groups react
with persulfate to form 'O2 (pathway (ii))®®%. 02 can then react with organic
contaminants, which is an even more selective way than reactions with SO4°~ as '02
can only react with electron-rich moieties®:100.101 'When metal ions, such as Fe(lll),
are present in their reduced form, high-valent metal species (e.g. Fe(lV), Fe(V)) have
been proposed to form as reactive species in persulfate-based oxidation processes
(pathway (iii))'92-1%4 Another non-radical oxidative reaction pathway is mediated
electron transfer from organic compounds (as electron donor) to persulfate (as
electron acceptor) involving conductive catalysts, such as biochar as electron transfer

mediator (pathway (iv))'05106,
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Figure 1.1. Possible oxidative reaction pathways induced by persulfate activation by

biochar (X: organic contaminants; TP: transformation products)3°31.

1.4 Combination of biochar and persulfate for organic

contaminant removal from water

1.4.1 Persulfate activation by biochar in the presence of iron at acidic
conditions

Persulfate-based Fenton-like processes that form highly reactive species for oxidative
water treatment have attracted much attention, especially for the treatment of industrial
wastewaters containing a mixture of pollutants in a wide range of concentrations'%’-
109, However, the oxidation efficiency of the conventional Fe(ll)/persulfate system is
limited by the sluggish Fe(lll)/Fe(ll) cycling and Fe(lll) precipitation also at low pH
values®''. To address this problem, previous studies have demonstrated that the

Fe(ll)/Fe(ll) cycling can be enhanced by the addition of redox-active biochars in the
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presence of Fe(lll) at acidic condition!'®'16, The proposed mechanism was that
biochar induces Fe(lll) reduction to Fe(ll), which can activate persulfate to reactive
species that react with organic contaminants''3-116, However, different studies
reported conflicting findings concerning the formation of major reactive species in the
biochar/Fe(lll)/persulfate system''3-116_Moreover, the role of biochar properties for the

Fe(lll) reduction and persulfate activation remains unclear.

Reactive species such as SO4*~ or *OH have very short lifetimes in the range of
microsecond (us)'”, which complicates their direct detection and quantification.
Although direct methods such as electron paramagnetic resonance (EPR) spin
trapping''® or laser flash photolysis and pulse radiolysis hyphenated with fast UV-vis
spectroscopy’'®120 gre available for the detection and characterization of radicals,
expensive specialist non-portable instrumentation and considerable expertise are
needed with limited availability to most researchers'?'. The use of probe compounds
can serve as an alternative indirect method for the identification of major reactive
species in advanced oxidation processes®. Probe compounds are chemicals that
should react rapidly and selectively with a particular reactive species of interest®121-
123 Probe compounds should ideally have known reaction rate constants and known
reaction mechanisms for the reaction with the reactive species at study, and should
not interact with other components in the system under investigation®:2'-123 The use
of probe compounds offers many benefits as they are readily available and easy to
quantify with frequently available instrumentation such as high-performance liquid
chromatography (HPLC). The accurate identification of the major reactive species is
crucial for the development and assessment of persulfate-based oxidation processes
to identify suitable applications in terms of target contaminants as well as water
matrix'2'. However, inappropriate usage of probe compounds can result in misleading
mechanistic interpretations, such as overlooking or overestimating the contribution of

certain reactive species.

In the biochar/Fe(lll)/persulfate system, the performance of biochar for Fe(lll)

reduction and persulfate activation to reactive species is highly depend on the biochar
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properties, especially the redox properties''31"4 The biochar pyrolysis conditions,
particularly the pyrolysis temperature, can significantly impact the biochar redox
properties''3114, Surface functional groups, such as quinone functional groups, have
been shown to be the major redox-active moieties in biochars produced at low
pyrolysis temperature <600°C%869.124 At pyrolysis temperatures above 600°C,
conjugated aromatic structures, like conjugated Tr-electron systems, are formed and
proposed to be redox-active®®12%, However, little is known about the role of redox-
active moieties of biochars for persulfate activation and organic contaminant
transformation in the biochar/Fe(lll)/persulfate system. It is of great interest to optimize
the redox-active properties of biochar in order to improve the performance of biochar.
Wood ash, a by-product of biomass power plants with high mineral content and pH
buffering capacity'?%:127, has recently been explored as amendment during the biochar
pyrolysis procedure’?-'2°. The produced ash-amended biochars possessed
enhanced redox-active properties with higher electron exchange capacity than biochar
without ash amendment'?®. Ash-amended biochars, therefore, bear potential for
application in the biochar/Fe(lll)/persulfate system but have not yet been tested for

organic contaminant removal in this oxidation process.

1.4.2 Persulfate activation by biochar at circumneutral pH

Certain biochars have been shown to activate persulfate also in the absence of
transition metals, which offers the possibility to treat water with only biochar and
persulfate at circumneutral pH'3%131  Biochar-mediated persulfate-based oxidation
processes have been successfully used to abate organic contaminants in
wastewater'32133 surface water'**, and groundwater'3'.134, So far, no attempts have
been made to employ the biochar/persulfate system for the treatment of stormwater,
which often carries numerous trace organic contaminants such as herbicides,
plasticizers, corrosion inhibitors, and tire wear chemicals®'%'35  Many organic
contaminants in urban stormwater are persistent and mobile and thus difficult to

remove by conventional stormwater treatment, which is based on sedimentation (e.g.,
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in stormwater ponds), sorption (e.g., in biofilters), or biodegradation (e.g., in
constructed wetlands)3'.136-139 Recently, there have been growing efforts to remove
trace organic contaminants from urban stormwater through the amendment of
biofilters with biochar4®-51:140, However, it remains a major challenge to remove highly
mobile trace organic contaminants from stormwater due to their low sorption
tendency®10. The synergistic combination of biochar and persulfate holds promise for
stormwater purification because (i) trace organic compounds may sorb onto the
carbonaceous material and (ii) highly reactive species formed upon persulfate

activation through biochar may react with trace organic compounds.

1.5 Objectives and approach

The objective of this dissertation was to investigate persulfate activation by biochar for
organic contaminant removal from water (i) in the presence of dissolved iron under
acidic conditions and (ii) in metal-free systems at circumneutral pH. To this end,
laboratory batch experiments were conducted to study the transformation of selected
organic compounds in different water matrices, including pure water, synthetic water,

and real water. The specific goals of this work were:

1. To investigate the major reactive species formed during the activation of
persulfate by biochar and Fe(lll) to remove organic contaminants in different water
matrices, using carefully selected probe compounds and scavengers as well as

rigorous competition kinetics calculations.

2. To gain insights into the role of biochar pyrolysis conditions and ash
amendments to the feedstock on the reduction of Fe(lll), activation of persulfate, and

organic contaminant removal in the biochar/Fe(lll)/persulfate system.

3. To assess the applicability of biochar and persulfate for the removal of different
organic contaminants from urban stormwater with focus on reactive species formation

and the impact of water matrix constituents on treatment performance.
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Chapter 2 addresses the question of whether non-radical or radical species are
formed in the biochar/Fe(lll)/persulfate system and investigates the effects of water
matrix components on the formation of reactive species by using different scavengers
and probe compounds based on competition kinetics calculations. A biochar produced
from beech wood at 450°C was successfully employed in laboratory batch
experiments to activate persulfate in the presence of Fe(lll) at pH 2.5 to degrade an
organic model compound, the insect repellent N, N-diethyl-m-toluamide (DEET) in pure
water, a synthetic water, and a surface water.

Chapter 3 focuses on the effects of biochar pyrolysis conditions and ash
amendments to the feedstock on Fe(lll) reduction and persulfate activation for DEET
removal in the biochar/Fe(lll)/persulfate system. Eight biochars were employed in
laboratory batch experiments, four of which were produced from beech wood at
different pyrolysis temperatures and four from softwood sawdust with different ash
amendments during pyrolysis. The biochars were compared for their efficiency to
remove DEET from water in the presence of persulfate and Fe(lll) at pH 2.5. The
performance of the biochars was discussed in terms of biochar characteristics,
particularly the redox-active properties.

Chapter 4 investigates the treatment efficiency of biochar and persulfate for the
removal of a range of organic contaminants from stormwater and the effect of water
matrix components on the treatment performance. Laboratory batch experiments were
conducted using a shrimp shell biochar pyrolyzed at 750°C to activate persulfate for
the removal of 11 selected organic compounds from pure water, a synthetic water
matrix, and street runoff. Using a set of probe compounds and scavengers, the major
reactive species were examined and the reactivity of different organic contaminants
was evaluated based on quantitative structure—activity relationships.

Chapter 5 is a general conclusion section, where open questions and directions

for future research are discussed.
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Abstract

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(lll) to Fe(ll) 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(lll)/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 water matrix components,
particularly chloride, on the formation of major reactive species in the biochar/Fe(lll)/
persulfate system for the removal of N,N-diethyl-m-toluamide (DEET) as a model
compound. We show that the transformation of methyl phenyl sulfoxide (PMSO) to
methyl phenyl sulfone (PMSO2) cannot serve as a reliable indicator for Fe(lV), as
previously suggested, because sulfate radicals also induce PMSO:2 formation. In pure
water, sulfate radicals were indeed the major reactive species in the biochar/Fe(lll)/
persulfate system. Low chloride concentrations (0.1 mM) shifted the major reactive
species to hydroxyl radicals. Higher chloride concentrations (1 mM), as present in a
mining-impacted acidic surface water, resulted in the formation of another reactive
species, possibly Cl2*~, and more efficient DEET degradation than in pure water. 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.
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2.1 Introduction

Persulfate-based oxidation processes using peroxydisulfate (S208?~, PDS) or
peroxymonosulfate (PMS) for pollutant abatement have gained increasing interest in
water treatment and environmental remediation30.141.142. PDS has advantages such as
high stability during transport and storage, and the formation of highly reactive sulfate
radicals (SO4°7)"7-78, which can react to hydroxyl radicals (*OH) in presence of chloride
or at high pH'43144, PDS can be activated by reduced transition metals such as Fe(ll),
which has been extensively studied as Fenton-like process''%111.145 However, the
rapid depletion of dissolved Fe(ll) during PDS activation, together with a low reduction
rate of Fe(lll) to Fe(ll), and the accumulation of iron-containing sludge, severely limit
the applicability of this Fenton-like process!'%-112145  Previous studies have
successfully applied redox-active biochars to catalytically activate PDS in the
presence of Fe(lll) under acidic conditions'3-116.146_ Bjochar accelerated the reduction
of Fe(lll) to Fe(ll), which activated PDS to reactive species for the removal of organic
contaminants13-116.146,

However, there are contrasting findings on the major reactive species formed in
the biochar/Fe(lll)/PDS system''3-116_ While some studies found evidence for radical-
based processes, involving mainly SO4*~115116  others reported indications of non-
radical processes, particularly involving Fe(IV)''314 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(lll))PDS system, to identify suitable
applications in terms of target contaminants as well as potential water matrix effects
on treatment performance’?'. Identifying the major reactive species in oxidation
processes is, however, challenging. Specialized instrumentation for direct
measurements of short-lived reactive species is not readily available to most
researchers'#7-149  Alternatively, probe compounds play a crucial role as specific
indicators for reactive species'?".147.148.150 byt must be selected and used with great
care to avoid misinterpretation of the results. For instance, studies postulating the

presence of Fe(lV) in the biochar/Fe(ll1)/PDS system are predominantly based on the

13



Chapter 2

observed transformation of methyl phenyl sulfoxide (PMSO) to methyl phenyl sulfone
(PMS02)"3.114 There is, however, increasing concern about the use of PMSO as a
specific probe compound for Fe(1V)'122123.151  because the transformation of sulfoxide
to sulfone is not specific to high-valent metal species'?® and there can be other
pathways that promote PMSO2 formation'22123.151 |n persulfate-based processes, the
role of SO4°~ in PMSO2 formation is still unclear.

Furthermore, little is known about the effects of water matrix components such as
dissolved organic carbon (DOC) and major ions such as chloride (CI~) on the formation
of reactive species in the biochar/Fe(lll)/PDS system and how they affect contaminant
removal in real waters. In principle, SO4*~ react more substrate-specific than *OH,
leading to a lower scavenging rate in real water matrices3%'2'. However, major water
matrix components, especially CI~, can shift SO4*"-based processes to *OH or reactive
chlorine species, depending on the CI~ concentration and the presence of DOC and
bicarbonate 43144152 Sych effects of DOC and CI~ on the formation of reactive species
have previously been demonstrated in homogeneous PDS systems in which PDS was
activated by UV'43193 heat'®21%4 or alkaline conditions'?. In the heterogeneous
biochar/ Fe(lll)/PDS system, the effect of DOC and CI~ has so far only been studied
on the removal of pollutants’'3. Systematic experimental evidence for the impact of
water matrix components on reactive species formation is still lacking.

The objectives of this study were therefore (i) to identify the major reactive species
in the biochar/Fe(lll)/PDS system and (ii) to investigate the effects of water matrix
components on reactive species formation and organic contaminant removal. To this
end, we established a biochar/Fe(lll)/PDS system that degraded an organic model
compound, the insect repellent N,N-diethyl-m-toluamide (DEET) at pH 2.5. DEET,
which is frequently detected in the aquatic environment, cannot be effectively removed
by conventional water treatment'%%1% and was selected as representative of other
similar alkyl aromatic compounds™®’. To determine the major reactive species formed
in the biochar/Fe(lll)/PDS system in the absence and presence of DOC and ClI-, we
employed a combination of scavengers and probe compounds. Furthermore, we

showed the applicability of this heterogeneous oxidation process to a real water matrix.
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2.2 Materials and Methods

A list of all chemicals including supplier and purity is provided in section S2.1 in the

Supporting Information.

2.2.1 Biochar preparation

Biochar was produced in a PYREKA (Pyreg GmbH, Dorth, Germany) continuously
operating screw reactor, which is described elsewhere®3. Beech wood was used as
feedstock and pyrolyzed at 450°C under N2 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 pm using a ball mill (Figure S2.1) and stored in a desiccator until further use.

For details on the biochar characterization see Section S2.2.

2.2.2 DEET degradation with biochar, Fe(lll) 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 H2SO4. DEET was added to the suspension from an aqueous
10 mM stock solution to reach a nominal concentration of 50 uM. After 30 min contact
time, sorption of DEET on the biochar reached an apparent equilibrium (Figure S2.2)
and the measured aqueous DEET concentration was taken as initial value.
Subsequently, 60 pL of Fe(lll) was added from a 0.05 M aqueous Fe(lll) 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
concentration of 8 mM. At predefined time points, 1 mL sample was withdrawn and
mixed with 100 pL of pure methanol (2 M in the sample, = 9% v/v) and 5.5 yL NaOH
(10 mM in the sample, = 1% v/v, pH > 11) to quench the reaction and precipitate iron.
Samples were filtered through 0.22 ym 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
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4°C until DEET analysis. The pH was measured at the end of the experiment and
remained constant at 2.5 £ 0.1. 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(lll), (iii) PDS and Fe(lll), (iv) biochar and PDS, and (v) biochar and Fe(lll).
The experimental procedure is illustrated in Figure S2.3. 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(lll) and 8 mM PDS. Samples were

withdrawn at predefined time points for DEET analysis.

2.2.3 Effects of the water matrix on DEET removal and reactive
species

Surface water impacted by past lignite mining activities was sampled in the
Greifenhainer Fliel3, a tributary of the Spree River (51°45'28.8"N 14°08'54.0"E,
Brandenburg, Germany) in December 2021. The water sample was analyzed for pH,
electrical conductivity, O2 concentration, total and dissolved organic carbon, major
ions such as CI~ and SO4?7, as well as metals including iron species (see Section
S2.16 and Table S2.3). 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(lll)) of the surface water. Experiments in a
synthetic water matrix containing 4.3 mg L' DOC (from Suwannee River humic acid)
and 0.05 mM Fe(lll) (from iron(lll) sulfate) in the presence of 0.1 mM or 1 mM chloride

also followed the procedure explained above.
2.2.4 Identification of reactive species using scavengers and probe

compounds

Following the method suggested by Pestovsky et al.(2006)'%8, 200 yM PMSO was
added to a 1 g biochar L-! suspension containing 0.2 mM Fe(lll) and 8 mM PDS at pH
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2.5. Batch experiments followed the procedure 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:2. Control experiments were conducted with 200 yM PMSO and
only PS, only biochar, only Fe(lll), and combinations thereof. To investigate whether
PMSO: is formed during reaction of PMSO with SO4*~, PDS was thermally activated
at 60°C in the presence 200 yM PMSO and 20 mM tert-butanol (TBA), which was
added to suppress formation of *OH (93% scavenged) from the reaction of SO4*~ with
small amounts of CI~'43, To study the reaction of PMSO with reactive chlorine species,
PDS was thermally activated at 60°C in the presence of 50 yM PMSO and 1 mM
chloride. PMSO reacted with 95% of the SO4*~ to form reactive chlorine species.
Experimental details and competition kinetics calculations are shown in Section S2.11
and S2.12.

To investigate radical species in the biochar/Fe(lll)/PDS system, we added
different scavengers to a 1 g biochar L' suspension containing 50 uM DEET, 0.2 mM
Fe(lll), and 8 mM PDS. Methanol (300 mM final concentration) was added to
completely scavenge > 99% of both  SOs*~ (k (SOs*") = 1.1 x 107 M 571 159) and *OH
(k ("OH) = 9.7 x 108 M-" 57" 19). TBA (10 mM final concentration) was employed to
scavenge 96% of *OH (k (*OH)= 6.0 x 108 M s 19) but only 14% of SOas*"
(k (SO4*7) = 8.0 x 10° M" 51 159), Additionally, DEET degradation experiments were
conducted in the presence of different TBA concentrations (10 — 1000 mM), all
resulting in >95% scavenging of *OH and 14% - 94% scavenging of SOs*".
Calculations of the fractions that react with an oxidant are based on the principles of
competition kinetics'®® and are described in Section S2.12. 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(lll)
and 8 mM PDS. Both pCBA and pNBA favor the reaction with radicals rather than
Fe(IV)'®1. pNBA readily reacts with *OH (2.6 x 10° M-" s-1 119) but has a low reactivity
towards SO4°*~ (< 106 M's1120), pCBA reacts quickly with both SO4*~ (3.6 x 108 M-' s-
1120) and *OH (5 x 10° M" 51 119). The competition kinetics approach can indicate the
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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 SO4*~-based
process’3. The ratio of the first order degradation kinetics was obtained as the slope
in a plot of In(c/co) (pbCBA) vs. In(c/co) (oONBA)'43.160 A SO4*~-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""9 (for further details on
this methodology see Lutze et al.’3). Both probe compounds were added in low
concentrations (4 uM for experiments in pure water and 5 yM for experiments in real
water matrix) to ensure less than 10% scavenging of *OH and SO4*~ 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
S2.13, Figure S2.15). A control containing only pCBA, pNBA, and PDS showed no

transformation of the probe compounds in the reaction time (Figure S2.16).

2.2.5 Analytical methods

High performance liquid chromatography (HPLC) analyses

The concentrations of DEET, PMSO, PMSO2, 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 PMSO2, 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 um) 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 H2S04) at a flow rate of 0.5 mL min-'. Concentrations were
quantified by external calibration from 2 to 100 yM. For PMSO and PMSO:2 analysis,
20 uL 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:-
concentrations were quantified by external calibration from 1 to 250 yM and 0.5 to 125
MM, respectively. Analysis of pCBA and pNBA was carried out by injecting 50 yL of

sample with an eluent mixture of 70% methanol and 30% water (pH 3, 1 mM H2SO4)
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at a flow rate of 0.5 mL min-'. Concentrations were quantified by external calibration
from 0.025 to 5 pM.
Data evaluation

Pseudo-first order rate constants (kobs) and half-life times (t12) were calculated

according to eq. (1) and eq. (2), respectively:

C
lnc—tz —kgps - t (1)
0
In2
t1/2 N kobs (2)

where ct is the concentration of the analyte at time t and co is the initial analyte
concentration in the biochar suspension after 30 min sorption equilibrium.

The fraction of a reactive species, f, reacting with a certain compound in
competition with other substrates can be calculated with the corresponding known
concentrations and reaction rate constants'#31%4 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 (c1, c2 to cn) times the reaction rate
constants (ki, k2 to kn) of all substrates that can react with the reactive species

according to eq. (3):

Ccompound ’ kcompound
f= 3)

Ccompound * kcompound +cytky ekttt ky

2.3 Results and discussion

2.3.1 DEET degradation by PDS activation with biochar and Fe(lll)

As shown in Figure 2.1a, DEET was efficiently degraded in the presence of biochar,
Fe(lll), and PDS resulting in 88 + 3% DEET removal within two hours. DEET
degradation followed pseudo-first order kinetics with a kobs of (2.9 £0.1) x 10* s
(Figure S2.4) and a half-life time of 39 + 4 min. In control batches with PDS only,
biochar only, Fe(lll) only, and combinations thereof, DEET removal was much less

efficient (<5.5 — 29%, Figure 2.1a). Our results agree with previous studies also
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reporting enhanced contaminant removal in the presence of biochar, Fe(lll), and PDS
using sulfamethoxazole or bisphenol A as model compounds''®-16, The accelerated
DEET degradation in the biochar/Fe(lll)/PDS system indicates biochar-mediated Fe(lll)
reduction leading to continuous PDS activation upon reaction with Fe(ll) as reported
previously'13-116,

We compared the degradation of DEET in the heterogeneous biochar/Fe(lll)/PDS
system with DEET degradation in a homogeneous Fe(ll)/PDS reference system, both
containing 8 mM PDS but different concentrations of Fe(lll) and Fe(ll), respectively
(Figure 2.1b). In the Fe(ll)/PDS system, DEET removal within two hours reaction time
increased with increasing Fe(ll) to PDS ratios from 1:160 to 1:16, corresponding to
Fe(ll) concentrations of 0.05 mM to 0.5 mM, respectively. To achieve 87% DEET
degradation in the homogeneous reference system, 0.5 mM Fe(ll) had to be applied
with 8 mM PDS (Fe(ll) to PDS ratio of 1:16). In the biochar/Fe(lll)/PDS system, in
contrast, 86% DEET degradation was already obtained by adding 0.1 mM Fe(lll),
corresponding to an Fe(lll) to PDS ratio of 1:80 (Figure 2.1b). While dissolved Fe(ll)
can activate PDS in the homogeneous Fe(ll)/PDS system, high input of Fe(ll) is
required due to rapid Fe(ll) depletion and formation of Fe(lll), which is only slowly
reduced to Fe(ll) by PDS (6.6 x 102 M1 g1)111.112,162

Efficient DEET degradation in biochar suspensions with sub-stoichiometric Fe(lIl)
to PDS addition indicates biochar-mediated enhanced Fe(lll) reduction to Fe(ll), which
reacts with PDS. The Fe(lll) formed can in turn be reduced back to Fe(ll) by biochar.
In fact, the biochar used here successfully reduced Fe(lll) to Fe(ll) (Figure S2.5) due
to its redox-active properties. The biochar possessed a high electron donating capacity
(EDC, 413 = 22 uymol e (g biochar)', Table S2.1), which is in the same order of
magnitude as other biochars®®. 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®8'%3 and were
suggested to directly activate PDS%8.69.124,

The addition of biochar to the Fe(ll)/PDS system markedly increased the DEET
degradation rate, indicating the role of biochar for Fe(lll)/Fe(ll) cycling (Figure S2.6).
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Further evidence for accelerated iron cycling was obtained from adding three
consecutive spikes of DEET (50 uM each, 60 min apart) to the same 1 g L' biochar
suspension containing 50 uM Fe(lll) and 8 mM PDS (Figure S2.7). After three hours,
61% of the added 150 yM DEET was removed, exceeding the present Fe(lll)
concentration by a factor of 1.8. In another experiment, the degraded DEET (739 uM)
exceeded the Fe(lll) present (200 uM) by a factor of 3.7 (Figure S2.8). The here used
biochar thus enhanced Fe(lll) reduction and facilitated PDS activation, as suggested
by other studies’'3-''6, |leading to the generation of reactive species and DEET

degradation.
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Figure 2.1. (a) DEET removal in the biochar/Fe(ll)/PDS system and corresponding control
experiments with DEET only, DEET and PDS, DEET and biochar, DEET and Fe(lll), and
combinations thereof. [Biochar] = 1 g L, [Fe(lll)] = 0.2 mM, [PDS] = 8 mM, [DEET]o = ¢co ~
40 uM after sorption equilibrium, ¢ = measured DEET concentration over time, pH 2.5. (b)
DEET removal in the biochar/Fe(lll)/PDS system (grey, solid bars) and the Fe(ll)/PDS
reference system (blue, patterned bars) at different molar Fe to PDS ratios and corresponding
pseudo-first order rate constants (kobs). [Fe(lll)] = 0.05 - 0.2 mM for biochar/Fe(lll)/PDS system,
[Fe(ll)] = 0.05-0.5 mM for Fe(ll))PDS system, [PDS] = 8 mM, [DEET]o ~ 40 uM, pH 2.5,
reaction time = 2 h. Error bars indicate the standard deviation of triplicate experiments.
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2.3.2 Identification of reactive species in the biochar/Fe(lll)/PDS

system

Fe(lV) species

PMSO has been postulated as a specific probe compound to determine the presence
of Fe(lV), as it reacts with the latter via a 2-electron transfer step to form a
characteristic sulfone product, PMSO2"'%8, Figure 2.2a shows PMSO transformation to
PMSO: in the biochar/Fe(lll)/PDS system. Within two hours, PMSO was completely
oxidized following pseudo-first order kinetics with a reaction rate constant of (3.2 £ 0.2)
x 104 s (Figure S2.9). The yield of PMSO:2 (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(lll), and PDS'13.1"4 Both studies
concluded that Fe(IV) was present'31'4. However, there is increasing concern about
the selectivity of PMSO as a specific probe compound for Fe(lV)122123.151 | gj et al
(2023) reported that PMS itself can transform PMSO to PMS02'%2. Chen et al (2023)
revealed that oxidation products of PMSO, formed via the reaction with *OH, can
enhance PMSO:2 formation in the homogeneous Fenton reaction due to complexation
of the PMSO oxidation products with Fe(ll1)'23.

Originally, PMSO was used to distinguish *OH and Fe(lV)'%164. The PMSO
transformation products indicative for the presence of *OH were defined as
methanesulfinic acid and formaldehyde, whereas the reaction of PMSO with Fe(lV)
formed PMSQ021%8.164 \Whether PMSO can be used in a similar way to distinguish
between SO4*~ and Fe(lV) has not been well investigated. In a clean SO4*"-based
reaction system, in which PDS was activated by heat and *OH formation was
suppressed by addition of TBA, PMSO was also transformed to PMSO:2 with 21% yield
(Figures 2.2b and S2.10). No self-decomposition of PMSO was observed through heat
(Figure S2.11) and PDS alone did not convert PMSO to PMSO: (Figure S2.12). Thus,

in SO4*"-based oxidation systems, PMSO cannot serve as a unique indicator for Fe(lV).
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Yao et al (2022) found similar results for thermal activation of PMS at 60°C, which
resulted in a PMSO:2 yield of 100%'%". This much higher PMSO: yield might be due to
the ability of PMS itself to transform sulfoxide to sulfone with considerable rate
constants'?2. Contrary results were reported by Wang et al (2018), who found that
SO4*~ oxidized PMSO to biphenyl compounds rather than PMSO:2 during PDS
activation by UV'%2, However, the addition of HCI for pH adjustment likely shifted the
reactive species formed from SOs*~ to HO- or reactive chlorine species'43165-167 photh
of which do not transform PMSO into PMSO:2 as show in Figure S2.13 and other
studies'%8.164.168  Consequently, studies employing PMSO and PMSO:2 to distinguish
Fe(IV) from SO4*~ need to be carefully reassessed.

The higher PMSO2 formation in the biochar/Fe(lll)/PDS system (Figure 2.2a)
compared to the heat/PDS system (Figure 2.2b) is likely due to the continuous
reduction of Fe(lll) to Fe(ll), leading to PDS activation and formation of SO4*~. Although
we cannot strictly rule out the formation of Fe(lV), our results suggest that SO4*~ are

the predominant reactive species in the biochar/Fe(lIl)/PDS system.
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Figure 2.2. (a) PMSO transformation and PMSO; formation in the biochar/Fe(l11)/PDS system.
[Fe(lll)] = 0.2 mM, [Biochar] =1 g L, [PDS] = 8 mM, [PMSQ]o, after 30min sorption = 189 UM, pH 2.5.
(b) PMSO transformation and PMSO, formation in the heat/PDS control system. [PDS]
=8 mM, [PMSO] = 200 pM, [TBA] = 20 mM, pH 2.5, 60°C in a water bath.
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Radical species

To further elucidate which reactive species were present in the biochar/Fe(lll)/PDS
system, we investigated DEET removal in the presence of two scavengers, namely
methanol and TBA. Note that competition kinetics calculations, as discussed in
Section S2.12, 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 SO4*7), had no effect on DEET degradation. Methanol, which scavenged > 99% of
both SO4*~ and °*OH, completely stopped the reaction (Figure 2.3a). These
observations indicate that SOs*~ are the dominant reactive species in the
biochar/Fe(lll)/PDS system. The involvement of SOs*~ 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 SOa4*~
scavenged from 14% to 94% (for detailed calculations see Section S2.12). With
increasing TBA concentration, DEET degradation was increasingly inhibited (Figure
S2.14), suggesting a SO4+*"-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 SO4*~ as major reactive species in the
biochar/Fe(ll1)/PDS system, we employed pCBA and pNBA as probe compounds and
conducted competition kinetics experiments. From the sorption-corrected competition
kinetics plot in Figure 2.3b, 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 SO4°*~ are the major reactive species in the biochar/Fe(lll)/PDS
system, in agreement with the scavenger experiments. The steady-state concentration
of sulfate radicals [SO4*"]ss was determined to be 2.69 x 10-"" M using pCBA as probe
compound (Section S2.15 and Figure S2.17). It is noteworthy that pNBA and pCBA
will hardly be reactive towards Fe(IV)¢".

Previous studies on the biochar/Fe(lll)/PDS system collectively reported PDS

activation by accelerated Fe(lll) reduction to Fe(ll) but did not provide a coherent
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picture concerning the reactive species involved''3-'"_ Liang et al.'’® and Tang et
al."% reported an Fe(lV)-based non-radical pathway for the degradation of
sulfamethoxazole and phenanthrene, respectively. Wang et al.'’® and Zeng et al.''®
proposed radical pathways, involving SOs*~ and O2°*", respectively, for target
compound transformation. This could be due to different biochars giving rise to
different reactive species, or to inconclusive interpretation of results from scavenger
or probe compound experiments. Concentrations of scavengers and probe
compounds used to diagnose reactive species should be carefully chosen by
competition kinetics calculations taking into account all water matrix components with
their known reaction rate constants'?'1% as shown exemplarily in Section S2.12.
Caution should be advised if scavengers or probe compounds do not react selectively
or form secondary reactive species or unidentified products. Moreover, the addition of
chemicals (e.g. for pH adjustment) has to be carefully evaluated to avoid changes in

the reaction kinetics or shifts in reactive species.
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Figure 2.3. (a) DEET degradation over time in the biochar/Fe(lll))PDS system in the absence
(control) and presence of 300 mM methanol and 10 mM tert-butanol (TBA). [Biochar] = 1g L™,
[Fe(llD] = 0.2 mM, [PDS] = 8 mM, [DEET]o = co~ 40 uM, pH 2.5; (b) Sorption-corrected competition
plot In(c/co) of pCBA vs. pNBA in the biochar/Fe(ll1)/PDS system (slope -0.017 £ 0.031; intercept -
0.058 + 0.006). [Biochar] = 1 g L, [Fe(lll)] = 0.2 mM, [PDS] = 8 mM, [pCBAJoafter 30min sorption =
1.5 uM; [pNBA]o, after 30min sorption = 1.7 UM, pH 2.5. Red areas show the 95% confidence intervals of

the linear fit.
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2.3.3 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 with a low pH of 3.6 and a Fe(lll)
concentration of 0.05 mM. DEET was almost completely degraded after two hours
(Figure S2.18a). DEET disappearance in the acidic surface water followed pseudo-
first order kinetics (Figure S2.18b) with a kobs of (4.2 £0.1) x 10 s*'. This value is
approximately 1.5-times greater than the degradation rate constant obtained from
experiments in ultrapure water containing 0.2 mM Fe(lll) at pH 2.5 (Figure S2.4). The
water matrix thus did not inhibit DEET transformation, but rather enhanced the removal
of DEET, possibly due to the formation of reactive species 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 Figure 2.3b. The competition plot of In(c/co) (pCBA) vs. In(c/co) (PNBA)
shown in Figure 2.4a yielded a slope of 0.8 £ 0.01. This slope is neither indicative for
a SOs*"-based process (leading to hardly any correlation), nor for an *OH-based
process (leading to a slope of 0.52)'43. Water matrix constituents likely converted the
SO4*"-based process to an oxidation process governed by reactive species other than
S04~ or *OH. Table S2.3 shows that the mining-impacted surface water contained
approximately 1 mM of CI~ (31 mg L™"). CI- reacts rapidly with SO4*~ (k = 2.88 x 108 M-
1 s1) to form chlorine atoms (CI*), which can further react to other reactive species
such as dichlorine radical anions (Cl2*7)143.167,

To test the impact of CI- on the formation of reactive species in the
biochar/Fe(ll1)/PDS system, we conducted competition kinetics experiments with
pNBA and pCBA in a synthetic water matrix simulating the surface water
characteristics (pH 3.6, 0.05 mM Fe(lll), 4.3 mg L' DOC as Suwannee River humic
acid) in the presence of 1 mM CI~. The competition plot in the synthetic water matrix
(Figure 2.4b) showed the same slope as obtained from the real mining-impacted

surface water (Figure 2.4a). This observation suggests that CI~ caused the shift from
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SO4°~ to potentially chlorine radical species.

CI~ can react with SO4*~ to form CI* (reaction (1) in Table 2.1), which in turn can
react with H20 to form HOCI*~ and eventually *OH (see Lutze et al.'3 for all reactions
involved in the oxidation of CI). In fact, an additional experiment with pNBA and pCBA
in the same synthetic water matrix but low CI~ concentration of 0.1 mM suggested an
*OH-based oxidation process (Figure S2.19). At a low CI~ concentration of 0.1 mM, the
contribution of CI~ to the overall SO4*~ scavenging was calculated to be 44%, and the

remaining 56% is contributed by DOC (Section S2.18).
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Figure 2.4. (a) Sorption-corrected competition plot In(c/co) of pCBA vs. pNBA in mining-impacted
surface water (pH 3.6) containing 0.05 mM Fe(lll), 1mM CI~, and other constituents (Table S3)
(slope 0.8 + 0.01; intercept 0.11 £ 0.01). [Biochar] = 1g L™, [PDS] = 8 mM, [pCBA]o, after 30min sorption
=1.64 uM; [pNBAJo, after 30min sorption = 2.31 M. 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 CI~ (slope 0.8 £ 0.02; intercept
0.2 £ 0.03). [Biochar] =1 g L, Fe(lll) = 0.05 mM, [PDS] = 8 mM, [0CBA]o, after 30min sorption = 1.97 UM;
[OPNBA]o, after 30min sorption = 2.55 pM, pH 3.6 (adjusted with H.SO4). Red areas show the 95%
confidence intervals of the linear fit.
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At a higher CI~ concentration of 1 mM and low pH as present in the surface water,
a significant amount of CI* may react with ClI~to form Cl2*~ according to reaction (4) in
Table 2.1. The scavenging of SO4*~ and *OH was mainly driven by CI~ (= 90%,
reactions (1), (2), (3) in Table 2.1, for calculations see Section S2.18) to form CI*. With
excess CI~, the scavenging of ClI* by CI~ competes with the reaction forming *OH (see
Lutze et al.’*3), resulting in the formation of Cl2*~ (reaction (4)). At low pH values (< 4),
the formation of Cl*~ is favored compared to neutral conditions'43165.166 The rate
constant of Clz*~ formation (reaction (4)) depends on both the concentration of CI~ and
H* and can be calculated using the rate constants of reactions (2) and (3)'7°, 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. suggested Cl2*~ as predominant reactive species in a PDS-
based oxidation process in the presence of high CI~ concentrations (up to 100 mM)'44,
Although Cl2*~ is less reactive than SOas*7, it reacts preferentially with compounds

having electron-rich moieties such as tertiary amine moieties, as present in DEET'"".

Table 2.1 Reactions involved in the oxidation of CI~ with corresponding second order reaction rate

constants and references.

No. Reaction Second order reaction rate Ref.
constant (k/ M s)

(1) S03;~ + Cl~ - CI* + SO; 2.7 x 108 167

) ¢ OH + CI- - HOCI*~ 4.3 x10° 170

(3) HOCI®*~ + H* - CI* + H,0 2.1 x 10 170

4) Cl*+ ClI- - CI5~ 8 x 10° 172
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2.4 Implications for water treatment

Knowledge of the major reactive species is critical for assessing the applicability and
efficiency of any oxidation process used for water treatment. To analyze the types of
reactive species and their exposure in the water matrix, probe compounds are widely
employed'”3-175. However, inappropriate selection or use of probe compounds can
compromise mechanistic insights and lead to overlooking reactive species or
overestimating their contribution. In particular, studies on the use of PMSO as a
specific indicator for the presence of Fe(lV) in persulfate-based oxidation systems
need careful reassessment, as our study provides evidence that PMSO: is also formed
via the reaction of PMSO with SO4°~.

Based on a careful selection of probe compounds and scavengers and rigorous
competition kinetics calculations, our study shows for the first time that water matrix
components, especially chloride, shift the formation of reactive species in the
heterogeneous biochar/Fe(lll)/PDS system in both a synthetic and an actual water
matrix. While SO4*~ were the major reactive species at acidic conditions in ultra-pure
water, low chloride concentrations (0.1 mM) resulted in an *OH-based process, and
high chloride concentrations (1 mM) formed other reactive species, possibly Cl2*". In
order to tailor this oxidation process to specific applications at full-scale, the effects of
the water matrix on the formation of reactive species must be known. We demonstrate
that the biochar/Fe(ll1)/PDS system can be successfully applied in a real water matrix
to degrade the model compound DEET. However, the reactive species formed might
be very different depending on the pH and composition of the treated water. Future
studies should combine the evaluation of the degradation efficiency of the actual target
pollutants with studies of the major reactive species, which may also help to assess

the unintentional formation of by-products or transformation products.
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S2.1 Chemicals

All chemicals in this study were used as received. Sodium persulfate (PDS, Na2S20s,
> 99% for analysis EMSURE®), methanol (MeOH, HPLC grade = 99.9%), 2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, = 98.0%), formic
acid (eluent additive for LC/MS, Fluka®), tert-butanol (TBA, = 99.0%), 4-nitrobenzoic
acid (pNBA, = 98.0% for HPLC), and 4-chlorobenzoic acid (pCBA, 99% for HPLC)
were purchased from Sigma-Aldrich. Sulfuric acid (H2SO4, 95-97 % for analysis
EMSURE®), sodium hydroxide solution (NaOH, 1 M, TitriPUR®), potassium chloride
(KCl, for analysis EMSURE®), monopotassium phosphate (KH2PQ4, for analysis
EMSURE®), sodium chloride (NaCl, for analysis EMSURE®), and iron(ll) sulfate
heptahydrate (FeSO, - 7 H,0, 99.5-102.0% for analysis EMSURE®) were purchased
from Merck. 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p'-disulfonic acid, disodium salt
hydrate (ferrozine, 97+%, ACROS Organics™), ammonium acetate (98+%, ACROS
Organics™), methyl phenyl sulfoxide (PMSO, 98+%), and dimethyl sulfoxide
(DMSO, >99.5%) were purchased from Fisher Scientific. Iron(lll) sulfate hydrate
(Fe2(S04)s - H20, 21-23% Fe basis puriss. p.a.) was purchased from Fluka. N,N-
diethyl-m-toluamide (DEET, = 98%) was purchased from Tokyo Chemical Industry
(TCl). Methyl phenyl sulfone (PMSO2 98%) was purchased from Fluorochem.
Acetonitrile (= 99.9% for HPLC, Chemsolute™) was purchased from Th. Geyer. Mn?*
in ZnS (100% manganese isotope *°Mn with the nuclear spin of | = 5/2) was from
Magnettech GmbH, Berlin. Suwannee River humic acid and Suwannee River standard
fulvic acid were from the International Humic Substances Society (IHSS), St. Paul, MN,
USA. N,N-bis(3-sulfonatopropyl)-4-4’-bipyridinium (zwitterionic viologen, ZiV) was
synthesized in the lab and characterized by Fourier-transform infrared spectroscopy
(FTIR), for details see '76. Aqueous solutions were prepared with deionized water (18.1

MQ x cm, Arium® Pro Water Purification System).
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S2.2 Biochar characterization

S2.2.1 Size distribution

The biochar size distribution was determined by a Mastersizer 2000 (Malvern Inc., UK)
coupled with a sample dispersion unit (Hydro 2000S, Malvern Inc., UK) using the wet
sample mode. A 10 g biochar L' suspension was prepared and kept on the table
shaker overnight to obtain a fully dispersed suspension before measurement. The
sample was continuously stirred until measurement. A 15% obscuration bar was
applied to ensure identical sample amounts between biochar samples added. Data
quality was optimized by adjusting the stir speed to a residual of weight below 1%.

Results show in Figure S2.1.
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Figure S2.1. Biochar particle size distribution.
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S2.2.2 Electron exchange capacity (EEC)

The electron exchange capacity (EEC), which is the sum of the electron accepting
capacity (EAC) and electron donating capacity (EDC), was determined by mediated
electrochemical reduction (MER) and mediated electrochemical oxidation (MEO)
modified from the method reported by Klipfel et al., 2014%. All analyses were
conducted under anoxic conditions in a glovebox. A 10 g biochar L-' suspension was
prepared and stirred for at least 24 h before analysis. For the electrochemical setup,
the working electrodes as well as the reaction vessels were eight glassy carbon cells
(each 9 mL, Sigradur G, HTW, Germany) with copper wires attached (four for MER
and four for MEO). The counter electrodes were coiled platinum wires (0.5 mm, 99.9%,
Sigma-Aldrich Co., USA) connected to platinum gauzes (52 mesh, 99.9%, Sigma
Aldrich Co., USA) in glass tubes with porous glass frits filled with phosphate buffer (0.1
M KCI, 0.1 M KH2POs4, pH 7). The reference electrodes were Ag/AgCl electrodes
(Bioanalytical Systems Inc., USA) but redox potentials are reported with reference to
the standard hydrogen electrode. To start the measurement, 7 mL phosphate buffer
solution was added into the continuously stirred reaction vessels, and redox potentials
(En = -0.38 V for MER and +0.61 V for MEO) were applied using an eight-channel
potentiostat CHI1000 (CH Instruments, USA). Subsequently, 100 uL of a 10 mM
mediator stock solution, either zwitterionic viologen (ZiV) for reduction or 2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) for oxidation, was spiked to be
completely oxidized or reduced. Then, different amounts of biochar samples were
added consecutively into the vessels and caused sharp and clear current peaks. For
the data analysis, the current peaks were integrated by Matlab R2020Ra over an
analysis time of 4000 s. The electron accepting capacity (EAC) and electron donating
capacity (EDC) were calculated in uymol e (g biochar)! according to Kliipfel et al.,
2014%8. Furthermore, the obtained EAC and EDC values were normalized to the
carbon mass of the biochar in ymol e (g carbon)' according to the carbon content in

Table S2.1.
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S$2.2.3 Electrical conductivity (EC)

The electrical conductivity was determined using a “Black Gaul3” (Eurofins Umwelt Ost
GmbH, Freiberg, Germany), measurement and calculations are described in detail

elsewhere!’’,

S$2.2.4 Persistent free radicals (PFRs)

Continuous X-band electron spin resonance (ESR) spectra were recorded with an
ESR spectrometer (MiniScope MS 300, Magnettech GmbH, Berlin, Germany) for the
determination of persistent free radicals. For the estimation of spin concentrations, the
spectra of biochar were accumulated 3-fold over 90 s at a microwave power of 0.1
mW (sweep width 15 mT). Suwanne River standard fulvic acid (1S101F) was used as
a reference for the calculation of spin concentrations with a free radical content of
0.54 x 10" spins g (IHSS). The g-values were determined in separate scans by
measuring a certified internal manganese standard (Mn?* in ZnS) simultaneously with

the samples.

S$2.2.5 Specific surface area

The specific surface area of the biochar was determined using 5-point Brunauer—
Emmett—Teller (BET) measurements (TU Freiberg, Germany). The samples were
prepared in a gas adsorption sample preparation device Smart VacPrep (Micromeritics,
Germany) and measured in a surface area system ASAP 2460 (Micromeritics,

Germany).

S$2.2.6 Elemental composition

The elemental composition as well as the ash and water contents of the biochar were
analyzed by Eurofins Ost GmbH (Freiberg, Germany) according to the European

Biochar Certificate (EBC, 2023) (www.european-biochar.org).

35


http://www.european-biochar.org/

Supporting Information to Chapter 2

S2.2.7 Average carbon oxidation state (Cox), double bond equivalent

(DBE) and aromaticity index (Al)

The average carbon oxidation state (Cox), double bond equivalent (DBE), and
aromaticity index (Al) of the biochar were calculated from the elemental composition
(Table S2.1), where Cox Was derived from equations reported by Masiello et al., 200878,
and DBE and Al were obtained from the molecular formulas according to Koch and
Dittmar, 2006'7°. The average carbon oxidation state Cox was calculated using

Equation S2.1.

2[0] — [H] — k[N] — m[S§]
[C]

where [O], [H], [N], [S] and [C] is the content of the element O, H, N, S and C,

Cox = (S2.1)
respectively, and k and m are factors that describe the oxidation state of N and S,
respectively. k can vary between -3 (for ammonia) and +5 (for nitrate) and m between
-2 (for sulfide) and +6 (for sulfate)'’8. Because of the small sulfur content (Table S2.1),
the contribution of sulfur is negligible and m = 0 was used for the calculations. Varying
k between the extreme values of -3 and +5 for fully reduced and oxidized N did not
change the overall trend of the biochar, and the values reported in Table S2.1 were
calculated from k = +5 8,

The double bond equivalent normalized to the total number of carbons DBE/C
was calculated following Equation S2.2. As DBE/C = 0.67 for benzene, a threshold of

DBE/C 2 0.67 can be set for the presence of condensed aromatic ring structures’®.
1+05(2C—-—H+N)
C
The aromaticity index (Al) was calculated following Equation S2.3 and takes into

DBE/C = (S2.2)

account heteroatoms that contribute to aromatic structures. A threshold of Al = 0.67

was set for the presence of condensed aromatic ring structures™’®.
Al = DBEAI= 1+0-C—-S—=05(H+N)
Car C—0-S—N
where DBEai is the minimum number of C-C double bonds plus rings in a common

(S2.3)

molecular structure containing heteroatoms 7 and Cai is the number of C atoms

reduced by the number of potential double bonds contributed by heteroatoms'”®
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Table S2.1. BET surface area, persistent free radical (PFR) concentration, electrical
conductivity (EC), electron accepting and donating capacity (EAC, EDC), elemental
composition, as well as water and ash content of the biochar. Values in % are given on a dry
basis in mmol element (g char)™.

Characteristic Value Characteristic Value

BET surface area (m? g) 120+ 7 C (%) 65.4
PFRs (10" spins g) 3.50 £ 0.40 H (%) 27.9

g-value 2.0028 O (%) 6.2

EC? (mS cm™) (7.6 £0.3) x 10 N (%) 0.40

EAC (umol e (g biochar)™) 359 + 23 S (%) 0.02
EAC (umol e (g carbon)™) 549 + 35 H/C (mol H (mol C)") 0.43
EDC (umol e (g biochar)™) 413 + 22 O/C (mol O (mol C)™) 0.095
EDC (umol e (g carbon)™) 632 + 33 DBE/C" (mol DBE (mol C)™) 0.80
EEC (umol e (g biochar)™") 772 £ 45 Al° (mol DBEai (mol Ca))™) 0.78
EEC (umol e (g carbon)™) 1181 + 56 Cox® -0.27

2 Electrical conductivity measured at a pressure of 5 tons

® Double-bond equivalent normalized by total number of carbons
¢ Aromaticity index

4 Average carbon oxidation state
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S$2.3 Sorption of DEET on biochar
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Figure S2.2. Adsorption of DEET onto biochar with different biochar dosages (1 gL', 3g L™,
5gL™"). co=50 uM, pH 6 - 8 (no pH adjustment) in deionized water.
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S2.4 Experimental procedure of the batch experiments
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Figure S2.3. Experimental procedure of the batch experiments in presence of biochar, Fe(lll),
and persulfate. Figure generated with BioRender (https://biorender.com/).
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S2.5 DEET removal and degradation kinetics in pure water

in the biochar/Fe(lll)/PDS system
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Figure S2.4. (a) DEET removal in biochar/Fe(lll))PDS system. (b) DEET degradation in
biochar/Fe(ll)/PDS system followed pseudo-first order reaction kinetics with kos = (2.9 £ 0.1)
x 10 s1. [Biochar] = 1 g L™, [Fe(lll)] = 0.2 mM, [PDS] = 8 mM, [DEET]o = co ~ 40 uM, pH 2.5
in deionized water. Error bars represent standard deviations of triplicate experiments.
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S2.6 Fe(ll) formation from Fe(lll) in a biochar suspension

To assess the Fe(ll) formation potential of the biochar, a 1 g biochar L' suspension
was spiked with 0.2 mM Fe(lll). The dissolved Fe(ll) concentration was measured over
the time course of two hours using a modified Ferrozine assay Stookey et al., 1970780
as described by Amstaetter et al., 20128, Briefly, aliquots of aqueous samples were
filtered and spiked immediately into 1 M HCI in disposable cuvettes (1.5 mL,
BrandTech) to protect Fe(ll) from oxidation. Then, the Ferrozine reagent was added
to form a purple colored Fe?* complex, which was quantified spectrophotometrically at

562 nm after incubation in the dark for 5 min.
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Figure S2.5. Fe(ll) formation in biochar suspension spiked with Fe(lll). [Biochar] =1 g L™,
[Fe(llN] = 0.2 mM, pH 2.5 in deionized water.
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S2.7 Effect of biochar on DEET degradation in the Fe(ll)/PDS

system
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Figure $2.6. DEET removal in the Fe(ll)/PDS system in the absence of biochar and in the
presence of biochar. [Biochar] =1 g L™, [Fe(ll)] = 80 uM, [PDS] = 8 mM, [DEET]o = co ~ 40uM,
¢ = measured DEET concentration over time, pH 2.5 in deionized water.
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S2.8 Removal and degradation kinetics of three consecutive
spikes of DEET in pure water in the biochar/Fe(lll)/PDS

system
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Figure S2.7. Removal of three consecutive spikes of DEET in the biochar/Fe(lll)/PDS system
and corresponding pseudo-first order rate constants (kobs). [Biochar] =1 g L™, [Fe(lll)] =50 uM,
[PDS] = 8 mM, [DEET] = 50 yuM nominal for each spike, pH 2.5 in deionized water. ¢y is the
measured DEET concentration after each spike and c is the measured DEET concentration
over time. Error bars indicate the standard deviation of triplicate experiments.
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S2.9 DEET degradation in pure water in the biochar
/Fe(lll)/PDS system over time
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Figure S2.8. (a) DEET degradation over time in the biochar/Fe(lll))PDS system. (b)
Determination of the pseudo-first order rate constant (kobs = (7.1 £ 0.4) x 10* s') for DEET
degradation in the biochar/Fe(ll1)/PDS system. [Biochar] = 1 g L™, [Fe(lll)] = 0.2 mM, [PDS] =
8 mM, [DEET]o = 1 mM, pH 2.5 in deionized water.

S2.10 Degradation kinetics of PMSO in the biochar
[Fe(lll)/PDS system
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Figure S2.9. PMSO degradation in the biochar/Fe(lll)/PDS system followed pseudo-first order
reaction kinetics (kobs =(3.2 £ 0.2) x 10 s™"). [Biochar] = 1 g L, [Fe(lll)] = 0.2 mM, [PS] = 8 mM,
[PMSO] = 200 uM, pH 2.5 in deionized water.
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S2.11 PMSO transformation via SO4*" or reactive chlorine

species

S2.11.1 Reaction of PMSO with SO4*

To investigate the reaction of PMSO with SO4*~, PDS was thermally activated at 60°C
in a water bath. Batch experiments were performed in 100 mL Schott bottles
containing 50 mL deionized water with 200 yM PMSO. In order to ensure SO4*" is the
sole reactive species in the system, 20 mM TBA was added to suppress the formation
of *OH from the reaction of SO4*~ with ClI~ '3 (93% of *OH scavenged, see section
S12). Small concentrations of CI~ may be introduced by the use of incompletely
deionization water, impure chemicals, or from pH measurements. After heating up the
reaction solution, 8 mM PDS was added to initiate the reaction. At predefined time
points, 1 mL sample was withdrawn and immediately added into iced DMSO (2 M in
the sample, = 9% v/v) and chilled on an ice bath to quench the reaction. The pH was
maintained at 2.5 + 0.1 by addition of sulfuric acid or sodium hydroxide. A
corresponding control containing only PMSO was conducted simultaneously to study

the stability of PMSO at 60°C.

Degradation kinetics of PMSO in the heat/PDS system
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Figure $2.10. PMSO degradation in the heat/PDS control system without CI- addition followed
pseudo-first order reaction kinetics (kops = (3.7 = 0.2) x 10* s"). [PDS] = 8 mM, [PMSO] =
200 uM, [TBA] = 20 mM, pH 2.5 in deionized water, 60°C in a water bath.
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Stability of PMSO in water at 60°C
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Figure S2.11. Concentration of PMSO in water at 60°C over time. [PMSO] = 200 uM, pH 2.5 in
deionized water, 60°C in a water bath.

PMSO transformation and PMSO: formation in control systems
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Figure S$2.12. PMSO transformation and PMSO, formation in different control systems with only
PDS, only biochar, only Fe(lll), and combinations thereof. [Biochar] = 1 g L, [Fe(lll)] = 0.2 mM,
[PDS] = 8 mM, [PMSO] = 200 pyM, pH 2.5 in deionized water.
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$2.11.1 Reaction of PMSO with reactive chlorine species

To investigate PMSO2 formation from PMSO upon reaction with reactive chlorine
species, 1 mM CI~ from a 1 M NaCl aqueous stock solution was added into 50 uM
PMSO solution. 95% of the SO4*~ reacted with CI~ to form reactive chlorine species
(for calculation see Section S2.12). The sampling procedure and pH adjustment were

identical as described above.
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Figure $2.13. PMSO transformation and PMSO; formation in the heat/PDS system in presence
of 1 mM CI-. [PDS] = 8 mM, [PMSO] = 50 uM, [CI]=1 mM, pH 2.5 in deionized water, 60°C in a
water bath.
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S2.12 Calculations of fractions reacting with an oxidant or
reactive species

The fraction of a reactive species reacting with a certain compound in competition with
other substrates that can also react with the reactive species of interest can be
calculated with their corresponding known concentrations and reaction rate constants.
The following example gives the fraction of reactive species reacting with a scavenger

competing with DEET.

scavenger| X k
f (scavenger) = [scavenger] L (S2.4)
[scavenger| X k; + [DEET] X k,

where [scavenger] is the concentration of the scavenger, [DEET] is the concentration
of DEET, k1 is the second order reaction rate constant of the reaction of the reactive
species with the scavenger, and k2 is the second order reaction rate constant of the

reaction of the reactive species with DEET.

(a) PMSO as probe compound in the heat/PDS system
Reaction rate constants:

PMSO: k (*OH) = 3.61 x 10° M s'; k (SO4*") = 3.17 x 108 M" 5"
TBA: k (*OH) =6.0 x 108 M" s7"; k (SO47) = 8.0 x 10° M s

Cl: k("*OH)=4.3 x 10° M s"; k (SO4") = 2.8 x 108 M"! s°"

Experiment 1: PMSO transformation to PMSO:2 via SO4*~ in presence of 20 mM TBA
Concentrations: [PDS] = 8 mM, [PMSO] = 200 pM, [TBA] = 20 mM, [CIT] = 45 uM

(assumed based on IC measurement of CI)

The fraction of *OH reacting with TBA in the presence of PMSO and CI":

[TBA] X kOH., TBA

=93%
[TBA] X kOH., TBA + [PMSO] X kOH., PMSO + [Cl_] X kOH., cl-

f (TBA) =
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The fraction of SO4* ~reacting with TBA in the presence of PMSO and CI™:

[TBA] X kSO.zl._, TBA

f (TBA) =
[TBA] X kso"l’_' TBA + [PMSO] X kso"l’_’ PMSO + [Cl_] X kso'4_, cl-

=17%

Experiment 2: PMSO transformation to PMSO: via reactive chlorine species
Concentrations:

[PDS] = 8 mM, [PMSO] = 50 pM, [CI] = 1mM

The fraction of SO4°*~ reacting with CI” in the presence of PMSO:

[Cl_] sto;}_’ cl-

=95%
[CI7] X kso-, - + [PMSO] X kg0 pmso

f@r)=

(b) Scavenger experiments in the biochar/Fe(lll)/PDS system:
Reaction rate constants:

MeOH: k (*OH) = 9.7 x 108 M' s7'; k (SO4*") = 1.1 x 10" M"! s”"
TBA: k (*OH) =6.0 x 108 M s"; kK (SO4*") = 8.0 x 10° M s

DEET: k (*OH)=5.0 x 10° M" s1182; k (SO4*") = 1.9 x 10° M1 71183

Experiment 1: 1g L' biochar, 0.2 mM Fe(lll), 8 mM PDS, 50 uM DEET, 300 mM
MeOH

The fraction of *OH reacting with MeOH:

[MeOH] X k.oH, MeoH

f (MeOH) = =100%
[MeOH] X k.on, meon + [DEET] X Koo, pEET
The fraction of SO4* ~reacting with MeOH:
MeOH] X kgge-
f (MeOH) = [ ] SO%~, MeOH — 9994

[MeOH] X ksos-, meon + [DEET] X ksos-, peeT

Experiment 2: 1g L™ biochar, 0.2 mM Fe(lll), 8 mM PDS, 50 uM DEET, 10 mM TBA

The fraction of *OH reacting with TBA:

[TBA] X k.on, TBA
[TBA] X k.on, TBA + [DEET] X k.on pEET

f (TBA) = = 96%
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The fraction of SO4°* ~ reacting with TBA:

[TBA] X kso3-, TBA

f (TBA) =
[TBA] X ksos-, t8a + [DEET] X kso3-, TBA

= 14%

Experiment 3: 1g L' biochar, 0.2 mM Fe(lll), 8 mM PDS, 50 uM DEET, 10 — 1000 mM
TBA

Table S2.2. Fractions of SO4°~ and *OH reacting with TBA for different TBA concentrations present.

TBA concentration (mM) Fraction (%) Fraction_(%)
*OH SOy°
10 96 14
50 99 44
100 100 62
200 100 76
300 100 83
500 100 89
1000 100 94
1.0 % ; o0 o o ® ®
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Figure S2.14. DEET degradation in the biochar/Fe(lll)/PDS system in the absence (control)
and presence of different concentrations of tert-butanol (TBA). [Biochar] = 1 g L, [Fe(lll)] =
0.2 mM, [PDS] = 8 mM, [DEET]o = co ~ 40 uM, [TBA] = 10 - 1000 mM, pH 2.5 in deionized
water.
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$2.13 Sorption-corrected transformation rates of pCBA and

pNBA

Competition kinetics experiments with pCBA and pNBA were accompanied by sorption
controls with only pCBA, pNBA, and biochar. Sampling started after 30 minutes. The
transformation rates of pCBA and pNBA were corrected by sorption. The function of
sorption c/co vs. time followed a linear equation. Subtracting the sorption rate from the

degradation rate yielded the reactive transformation of pCBA and pNBA.
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Figure S2.15. Sorption and degradation kinetics of pCBA and pNBA in the biochar/Fe(ll1)/PDS
system. [Biochar] =1 g L, Fe(lll) = 0.2mM, [PDS] = 8 mM, [pCBA]spiked = [ONBA]spiked = 4 UM,
[PCBA]o, after 30min sorption = 1.5 UM, [PNBAJo, after 30min sorption = 1.7 UM, ¢ is the measured pCBA and
PNBA concentration over time, pH 2.5 in deionized water.
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S2.14 Stability of pCBA and pNBA in the presence of

persulfate
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Figure $2.16. Stability of pCBA and pNBA in the presence of PDS over time. [PDS] = 8 mM,
[PCBAJo = [pPNBA]o = 4 uM, pH 2.5 in deionized water.

52



Formation of Reactive Species in Biochar/Fe(lll)/PDS System

S2.15 Determination of steady-state concentration of sulfate
radicals in the biochar/Fe(lll)/PDS system
The steady-state concentration of sulfate radicals, [SO4*"]ss was calculated using

Equations S2.5 — S2.7. The pseudo-first order rate constant kobs for pPCBA degradation

was determined using Figure S2.17.

CBA .
n [[;CBA]]O = = ks, pepalS0i7lsst (S2.5)
[pCBA]
N ToCBA], | obst (S2.6)
k
[SO;I»_]SS = _obs (82.7)
kSOZ_, pCBA
-0.05 -
|
-0.10 -
<
8 -0.151 k,ps = 0.0097s"
Q
~ -0.20-
L
L .0.25-
£
-0.30
[ |
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Figure S2.17. Determination of the pseudo-first order rate constant kous for pPCBA degradation.
[Biochar] = 1g L, [Fe(lll)] = 0.2mM, [PDS] = 8mM, [pCBAJo ater 30min sorption = Co = 1.5 UM, ¢ is
the measured pCBA concentration over time, pH 2.5 in deionized water. After 30min sorption
of pCBA onto biochar, the reaction was initiated by adding Fe(lll) and PDS. In(c/co) values
were calculated from the sorption corrected data.
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S$2.16 Characterization of the mining-impacted surface
water

Electrical conductivity, pH, and dissolved O2 concentration were measured using a
multi-parameter probe (Multi 3430, WTW, Germany). The total organic carbon (TOC),
dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), total nitrogen (TN),
and total dissolved nitrogen (TDN) were analyzed by a TOC analyzer (TOC/TN,
Shimadzu, Japan). The total phosphorus (TP) and soluble reactive phosphorus (SRP)
were determined by a modified ammonium molybdate spectrophotometric method 84,
The concentration of major ions (CI~, SO42~, NH4*, NO2~, NO3~) was determined by ion
chromatography (930 Compact IC Flex, Metrohm, Germany). The detection of iron
species with different valence states, including total Fe (Fett), Fe(ll), and Fe(lll) was
performed by a UV-vis spectrophotometer (Varian Cary 1E, USA) using 1.10-
phenanthroline spectrometric method'8. Briefly, 1 ml sample was immediately spiked
into 500 pL acetate buffer to protect Fe(ll) from oxidizing to Fe(lll) in disposable
cuvettes (1.5 mL, BrandTech. GmbH). Then, 500 uL 1,10-phenanthroline was added
to form an orange-red complex. The complex was quantified spectrophotometrically
at 510 nm after incubation for 20 min in the dark. Fett was measured using the same
procedure as Fe(ll), but ascorbic acid was added in addition to reduce Fe(lll) to Fe(ll).
Subsequently, the Fe(lll) concentration was calculated as the difference between Fetot
and Fe(ll). Other metals list in Table S2.3 were determined by inductively coupled
plasma optical emission spectroscopy (iICAP 7000 series, Thermo Fisher Scientific Inc.

USA).
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Table S$2.3. Characteristics and composition of the mining-impacted surface water.

Parameter Value Parameter Value
pH 3.6 CI- (mg L™ 31b
Electrical conductivity (uS cm™) 1299 S04 (mg L™ 603
Oz (mg L") 10.77 Al (mg L™ 0.08
TOC (mg L) 4.2 B (mg L") 0.04
DOC (mg L™ 4.2 Ca (mg L") 1741
DIC (mg L") 2.8 Cu (mg L") 0.161
TN (mg L") 1.1 Fe (mg L") 8.06
TDN (mg L) 0.9 K (mg L) 7.77
TP (mg L") 0.04 Mg (mg L) 26.78
SRP (mg L") 0.009 Mn (mg L") 0.41
Few (Mg L) 8.75 Na (mg L") 20.4
Fe(ll) (mg L") 5.05 P (mgL™) <0.01
Fe(lll) (mg L) 2.86° S (mg L") 187.9
NH,*- N (mg L) 0.47 Si (mg L") 6.68
NO2 -N (mg L™ <0.005 Zn (mg L™ 0.21
NOs~- N (mg L") 0.27 - -

aFe(lll) concentration is approx. 0.05 mM
® CI~ concentration is approx. 1 mM

55



Supporting Information to Chapter 2

S2.17 DEET degradation in mining-impacted surface water

by biochar and PDS
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Figure S2.18. DEET degradation over time after application biochar and PDS to mining-
impacted surface water (pH 3.6, Table S3) containing 0.05 mM Fe(lll). (b) Determination of
the pseudo-first order rate constant (kors = (4.2 £ 0.05) x 10* s') for DEET degradation in
mining-impacted surface water with biochar and PDS. [Biochar] = 1 g L', [PDS] = 8 mM,
[DEET]o = co ~ 40 pM.
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S$2.18 Competition kinetics calculations and competition
plot In(c/co) of pCBA vs. pNBA in a synthetic water matrix in
the presence of 0.1 mM CI-

The prepared synthetic water matrix (4.3 mg L' DOC as Suwannee River humic acid
and 0.05 mM Fe(lll) as iron(lll) sulfate) contained 0.1 mM CI~ (measured by ion
chromatography). To simulate the mining-impacted surface water, 1 mM CI~ was
added to the synthetic water matrix. The fractions of reactive species (either SO4*~ or
*OH) reacting with certain reactants in competition with other present solutes are
calculated according to Equation S2.4 using the concentrations and reaction rate

constants in Table S2.4.

Table $2.4. Concentrations and reaction rate constants of the reactants used for competition
kinetics calculations.

Reactants Concentration  Rate constant (SO4°~) Rate constant ("OH)
CI- 0.1 mMor 1 mM 2.80 x 108 4.30 x 10°
DOC 42mgL" 6.80 x 10° 1.40 x 10*
PDS 8 mM 6.10 x 10° 1.00 x 10°
pCBA 2.08 uM 3.60 x 108 5.00 x 10°
pNBA 2.91 uM 1.00 x 10° 2.60 x 10°

Table $2.5. Calculated fractions of *OH and SO4°* ™ reacting with CI-, DOC, pCBA, or pNBA.

0.1 mM CI~ 1 mM CI
Reactants

Fraction (%) Fraction (%)
ClI" + SO~ 44 89
DOC + S04~ 47 9
pCBA + *OH 2 0
PCBA + SO4*~ 1 0
PNBA + *OH 2 0
PNBA + SO4° - 0 0
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Figure S2.19. Sorption-corrected competition plot In(c/co) of pCBA vs. pNBA in synthetic water
containing 0.1 mM CI- (slope 0.480 + 0.012; intercept 0.214 + 0.039). [Biochar] =1 g L™, Fe(lll)
=0.05 mM, [PDS] =8 mM, [DOC] = 4.3 mg L' (Suwannee River humic acid), [pCBAJo, after 30min
sorption = 2.08 UM; [PNBA]Jo, after 30min sorption = 2.91 UM, pH 3.6 (adjusted with H>SO4). Red bands
indicate the 95% confidence intervals of the linear fit. The slope is indicative of an *OH-based
process (theoretical slope of 0.52).
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Abstract

Redox-active biochars can enhance contaminant removal in persulfate-based Fenton-
like water treatment by facilitating Fe(lll) reduction to Fe(ll). Depending on the
feedstock and pyrolysis conditions, however, the biochar properties can vary greatly,
so that it remains unclear which biochars are best suited for Fe(lll) reduction and
persulfate activation. We investigated eight biochars for their extent to which they can
activate persulfate with Fe(lll) to remove N,N-diethyl-m-toluamide (DEET) from water.
Four of the biochars were produced from beech wood at different pyrolysis
temperatures of 450, 600, 750°C and four biochars were produced from softwood
sawdust to which 0 — 43 weight percent (Wt%) ash was amended during pyrolysis at
500°C. Beech wood biochar produced at 450°C removed DEET most efficiently with
a half-life time of 39 + 4 min, likely due to the high concentration of surface oxygen
functional groups and persistent free radicals that accelerated Fe(lll) reduction and
formation of reactive species. For the ash-amended biochars, biochar with 16 wt% ash
amendment showed the best DEET removal with a half-life time of 27 + 0.6 min, which
is 10-times faster compared to a non-ash-amended biochar. Ash amendment led to
the formation of crystalline iron minerals in biochars, which likely promoted Fe(lll)
reduction and persulfate activation. Our results can support the future production of
engineered biochars with fine-tuned redox-active properties that enable customized

performance tailored to specific applications in water treatment.
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3.1 Introduction

Fenton-like processes using peroxydisulfate (S20s?-, PDS) for oxidative water
treatment and contaminant removal have gained much attention for environmental
applications30:141.142. However, the oxidation efficiency of the Fe(ll)/PDS system is
limited by the sluggish Fe(lll)/Fe(ll) cycling and Fe(lll) precipitation®'". The PDS-
based Fenton-like system can be enhanced by the addition of redox-active
biochars'15.132186  Bjochars can enhance the reduction of Fe(lll) to Fe(ll), which
activates PDS to reactive species for the removal of organic contaminants'13-116.146,
However, the performance of different biochars for Fe(lll) reduction and PDS
activation can highly depend on its redox-active properties, especially the electron
donating capacity (EDC). The redox-active properties of biochar derive from the
presence of redox-active moieties, including certain functional groups, persistent free
radicals (PFRs), redox-active forms of metals like iron and manganese oxides, and
conjugated aromatic structures'®-18. The redox-active properties of biochars are
highly variable depending on the precursor materials and pyrolysis conditions
used?0.190

The pyrolysis temperature of biochar plays a crucial role for the formation of
redox-active moieties. Surface functional groups, such as quinone functional groups,
have been shown to be the major moieties contributing to EDC at low charring
pyrolysis temperature <600°C8869.124 At pyrolysis temperatures above 600°C,
conjugated aromatic structures, like conjugated Tr-electron systems, with bulk
electrical conductivity are formed and proposed to also have a contribution to
EDC?58125, The electrochemical properties associated with biochar surface functional
groups can promote electron transfer through charging-discharging cycles where
biochar acts as a “battery”'%. In contrast, biochars with high bulk electrical conductivity
may function as an “electrical conduit” that can undergo direct electron transfer
through carbon matrices'. The nature of redox-active moieties in biochars can thus
affect the mechanism and efficiency of Fe(lll) reduction and PDS activation in the

biochar/Fe(lll)/PDS system.
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So far, the impact of pyrolysis temperature on the biochar performance and
reactive species formation in the biochar/Fe(lll))PDS system has been
investigated'3114, Liang et al. 2021 suggested a fast Fe(lll)/Fe(ll) circulation and an
Fe(IV) dominated pathway when employing biochar produced at 400°C"'3. In contrast,
high-temperature biochars produced at 700 °C could not maintain the Fe(lll)/Fe(ll)
cycling, and the contaminant degradation was governed by a mediated electron
transfer from organics to persulfate by biochar'3. Tang et al. 2023 reported the
formation of radical species in the biochar/Fe(lll)/PDS system, where the yield of
radical species increased and then decreased, while the non-radical contribution of
Fe(lV) increased with decreasing pyrolysis temperature from 700°C to 350°C''4.
However, little is known about the role of biochar pyrolysis conditions and the resulting
redox-active moieties for the performance of biochars in PDS activation and organic
contaminant transformation in the biochar/Fe(lll)/PDS system.

To manipulate the redox-active properties of biochars, wood ash, a by-product of
biomass power plants with high mineral conetent and pH buffering capacity'?%:'27 has
been used as an amendment during biochar pyrolysis'?’-'2°. Ash-amended biochars
have shown an improved performance for the removal of inorganic contaminants such
as heavy metals from water'?’, and for agricultural crop production?®129 Ash-
amended biochars have also been reported to possess enhanced redox properties
with both higher electron donating and electron accepting capacity'?®, which bears
potential for application in the biochar/Fe(l11)/PDS system. However, to the best of our
knowledge, ash-amended biochars have not yet been tested for organic contaminant
removal in Fenton-like PDS-based oxidation processes.

The main objectives of this work were (i) to investigate the effects of the pyrolysis
conditions, specifically the pyrolysis temperature and ash amendments, on organic
contaminant removal in the biochar/Fe(l11)/PDS system and (ii) to gain insights into the
role of redox-active moieties for Fe(lll) reduction and PDS activation. To this end, we
performed laboratory batch experiments with biochars produced under different
pyrolysis conditions and studied the degradation kinetics of the insect repellent N,N-

diethyl-m-toluamide (DEET) as our model compound upon activation of PDS in the
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presence of Fe(lll) at pH 2.5. We evaluated the performance of the different biochars
for DEET removal in the biochar/Fe(lll)/PDS system with respect to the biochar

characteristics, particularly the redox properties and redox-active moieties.

3.2 Materials and methods

Alist of all chemicals including suppliers and purities is provided in Section S3.1 of the

Supporting Information.

3.2.1 Biochar preparation

The pyrolysis of the biochars was performed in a PYREKA (Pyreg GmbH, Daérth,
Germany) continuously operating screw reactor, which is described in Hagemann et
al®3. If not mentioned otherwise, the reactor was purged with N2 with a flow rate of 2 L
min-'and a residence time of 10 min. Four biochars were produced from beech wood
as feedstock at three different temperatures (450°C, 600°C, and 750°C). One biochar
was produced at 450°C with a higher N2 flow rate of 10 L min-'. In the following, the
four beech wood biochars are referred to as BC450, BC450HF (“high flow”), BC600,
and BC750. To study the impact of ash amendments, four biochars were produced at
500°C from softwood sawdust to which wood ash (bottom ash, dry matter basis) was
added. Different amounts of 0, 8.9, 16.4, and 42.6 weight percent (wt %) of ash were
amended in the pyrolysis process as described in Grafmdller et al'?®, resulting in
biochars with an actual ash content of 2.3%, 24.4%, 41.1%, and 69.0%, respectively.
The four softwood sawdust biochars are referred to as BC-ashO (“biochar-0 wt% ash
additive”), BC-ash9, BC-ash16, and BC-ash43. All biochars were ground using an
impact mill (Kinematica AG, Lucerne, Switzerland) to a particle size of <200 uym

(Figure S3.1) and kept in a desiccator until further use.
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3.2.2 Batch experiments with biochar, PDS and Fe(lll)

Batch experiments were conducted in 40 mL amber glass vials at room temperature
on an overhead shaker. 1 g L' biochar suspension was prepared with 30 mg biochar
in 30 mL deionized water and the initial pH was adjusted to 2.5 with 0.25 M H2SOa.
DEET was added to the biochar suspension from an aqueous 10 mM stock solution
to achieve a nominal initial concentration of 50 yM DEET. For experiments with BC750,
a nominal initial concentration of 100 yM was used due to the high adsorption capacity
of BC750. After 30 min contact time, an apparent sorption equilibrium was reached
(Figure S3.6). Subsequently, the reaction was initiated by adding 60 uL of Fe(lll) from
a 0.05 M aqueous Fe(lll) stock solution to reach an initial concentration of 0.2 mM
Fe(lll), followed by adding 240 pL of PDS from a 1 M aqueous stock solution to obtain
an initial nominal PDS concentration of 8 mM. At pre-defined time intervals, 1 mL
aliquots were sampled and immediately added into a mixture of 100 yL methanol (2 M
in the sample, = 9% v/v) and 5.5 yL NaOH (10 mM in the sample, =1% v/v, pH > 11)
to quench the reaction and precipitate iron. Samples were filtered through 0.22 pm
syringe filters (PES, BGB Analytik, Germany; 88.5+0.7% DEET recovery) and
collected into sample vials for DEET analysis. The pH was monitored and controlled
at 2.5 £ 0.1 by adding small amounts H2SO4 or NaOH during the reaction. Control
experiments including biochar only (as sorption control), Fe(lll) only, PDS only, and
combinations thereof in presence of DEET were investigated identically with the

procedure described above.

3.2.3 Fe(ll) formation experiment

To assess the Fe(ll) formation potential of the biochars, 1g biochar L-! suspensions
were spiked with 0.2 mM Fe(lll), and the dissolved Fe(ll) concentration was measured
over the course of two hours using a modified Ferrozine assay adopted from Stookey
et al.'® as described by Amstaetter et al.’®'. Briefly, aliquots of aqueous samples were
fitered and spiked immediately into 1 M HCI in disposable cuvettes (1.5 mL,

BrandTech) to protect Fe(ll) from oxidation. Then, the Ferrozine reagent was added
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to form a purple colored Fe?* complex, which was quantified spectrophotometrically at

562 nm after incubation in the dark for 5 min.

3.2.4 Biochar charaterization

Electron exchange capacity (EEC)

The electron exchange capacity (EEC) was determined using a mediated
electrochemical reduction (MER) and mediated electrochemical oxidation (MEO)
method adopted from Klipfel et al®®. All analyses were conducted in a glovebox under
anoxic conditions. The biochars were placed under vacuum in the antechamber
overnight to remove adsorbed Oz and then transferred into the glovebox to prepare a
10 g L-! biochar suspension in anoxic deionized water. The biochar suspensions were
stirred at least 24 hours to ensure complete dispersion before analysis. For the
electrochemical setup and measurement details see Section S3.2. The electron
accepting capacity (EAC) and electron donating capacity (EDC) were calculated in
umol e~ (g biochar)-! according to Kliipfel et al., 201458, Furthermore, the obtained EAC
and EDC values were normalized to the carbon mass of the biochar in ymol e (g

carbon)' according to the carbon content (Table S3.2 and S3.3).

Electrical conductivity

The electrical conductivity was determined using a “Black Gaul3” (Eurofins Umwelt Ost
GmbH, Freiberg, Germany), and measurements and calculations are described in

detail elsewhere!”’.

Persistent free radicals

The persistent free radicals (PFRs) were determined by continuous wave X-band
electron spin resonance (ESR) spectroscopy (MiniScope MS 300, Magnettech GmbH,
Berlin, Germany). The spectra were accumulated 3-fold over 90 s at a microwave
power of 0.1 mW (sweep width 15 mT) and Suwanne River standard fulvic acid

(1S101F, IHSS) was used as a reference with a free radical content of 0.54 x 10"
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spins g for the calculation of spin concentrations. The g-values were determined in
separate scans by measuring a certified internal manganese standard (Mn?* in ZnS)

simultaneously with the samples.

Size distribution, elemental composition, and surface area

The biochar size distribution was determined by a Mastersizer 2000 (Malvern Inc., UK).
The elemental composition as well as the ash and water contents of the beech wood
biochars were analyzed at Eurofins (Freiberg, Germany) according to the European

Biochar Certificate (www.european-biochar.org). For the ash-amended biochars see

Grafmuller et al'®. The specific surface area of the beech wood biochars was
determined using Brunauer—Emmett—Teller (BET) measurements, see Section S3.2

and for the determination of ash-amended biochars see Grafmuiller et al'2°.

Surface functional groups and metal content

The functional groups on the biochar surface were characterized by attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectroscopy. The spectra were
recorded using a Nicolet 670 FT-IR spectrometer (Thermo Fisher Scientific GmbH)
equipped with an EverGlo source, a KBr beam splitter, and a deuterated L-alanine-
doped triglycene sulphate (DLaTGS) detector. In situ X-ray diffraction analysis (XRD)
measurements were performed for the investigation of biochar surface structure
properties on a Bruker D2 PHASER X-ray diffractometer. The metal content of the
biochars was determined by inductively coupled plasma-optical emission
spectroscopy (ICP-OES, ICP iCAP7000series, Thermo Fisher Scientific Inc.) after
microwave acid digestion. For detailed information of the biochar characterization see

Section S3.2.
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3.2.5 DEET quantification

The concentration of DEET in aqueous solutions was quantified by high-performance
liquid chromatography equipped with a diode array detector (HPLC UV-vis, 1200
Series, Agilent, USA). The wavelength was set to 210 nm. 10 yL of sample was
injected and analyzed with a C18 column (150 mm x 4.6 mm, 5 ym, ZORBAX Eclipse
XDB-C18, Agilent). The eluent mixture consisted of 60% methanol and 40% water
(pH 3, 1 mM H2S04) at a flow rate of 0.5 mL min'. DEET concentrations were

quantified by external calibration from 2 to 200 yM.

3.2.6 Data analysis

Pseudo-first order rate constants (kobs) and half-life times (t12) were calculated

according to eq. (1) and eq. (2), respectively:

C
lnc—tz —kgps - t (1)
0
In2
t1/2 B kobs (2)

where ct is the concentration of DEET at time t and co is the measured initial DEET

concentration in the biochar suspension after 30 min sorption equilibrium.
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3.3 Results and discussion

3.3.1 Impact of biochar pyrolysis temperature on DEET removal in

the presence of PDS and Fe(lll)

Performance of beech wood biochars

As shown in Figure 3.1a, DEET was removed most efficiently with the two low-
temperature biochars BC450 and BC450HF in the biochar/Fe(lll)/PDS system. BC450
resulted in 88 £ 3% DEET removal within two hours following pseudo-first order
kinetics with a kobs of (2.9 £0.1) x 104 s (Figure S3.8) and a t12 of 39 £ 4 min. The
kobs for DEET degradation in the BC450HF/Fe(lI1)/PDS system was (2.2 £ 0.1) x 10
s' and only slightly lower than the one obtained in the BC450/Fe(lll)/PDS system
(Figure S3.8). The N2 flow rate during feedstock pyrolysis thus had a minor effect on
the performance of the biochars, which is reflected in similar biochar properties (Table
S3.2).

In contrast, the pyrolysis temperature had a significant effect on the biochar
properties and DEET degradation. When BC600 was employed together with Fe(lll)
and PDS, the t12 of DEET was 227 + 9 min with a kobs of (0.4 £ 0.1) x 10 s (Figure
S3.6). The latter is 7.3 times lower than the kobs in the BC450/Fe(lll)/PDS system.
Experiments with BC750 did not lead to DEET removal (Figure 3.1a). On the contrary,
we observed a sharp increase in aqueous DEET concentration after PDS addition,
indicating desorption of DEET from BC750 rather than transformation. Decreasing
DEET degradation rate constants with increasing pyrolysis temperatures suggest
distinctly different biochar properties affecting PDS activation or formation of reactive
species. In control batches with PDS only, biochar only, Fe(lll) only, and combinations
thereof, DEET removal was much less efficient (< 5.5 -29%, Figure S3.7). The
accelerated DEET degradation in the biochar/Fe(lll)/PDS system indicates biochar-
mediated Fe(lll) reduction leading to continuous PDS activation upon reaction with

Fe(ll) as shown in our previous study (Chapter 2) and reported elsewhere''3-116,
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Figure 3.1. (a) DEET removal in the biochar/Fe(lll)/PDS system with beech wood biochars
pyrolyzed at different conditions (BC450, BC450HF, BC600, and BC750). [Biochar] =1 g L™,
[Fe(llD] = 0.2 mM, [PDS] = 8 mM, [DEET]o = ¢co ~ 40 uM after sorption equilibrium, ¢ =
measured DEET concentration over time, pH 2.5. (b) Electron donating capacity (EDC, Ex
(MEO) = 0.61 V, black) and electrical conductivity (EC, pressure 5 tons, blue) of BC450,
BC450HF, BC600, and BC750, and corresponding Fe(ll) formation (red) in biochar
suspensions spiked with Fe(lll). [Biochar] = 1 g L™, [Fe(lll)] = 0.2 mM, pH 2.5. (c) ATR-FTIR
spectra of BC450, BC450HF, BC600, and BC750. (d) Persistent free radical (PFR)
concentrations and DEET removal rate constants (kos) of BC450, BC450HF, BC600, and
BC750. Error bars indicate the standard deviation of triplicate experiments.
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Fe(lll) reduction

In batch experiments containing suspensions of the individual biochars and 0.2 mM
Fe(lll), we monitored Fe(ll) formation for two hours (Figures 3.1b and S3.9). All
biochars successfully reduced Fe(lll) to Fe(ll) in aqueous solution, with BC750 leading
to the highest Fe(ll) formation (120 uM), followed by BC450 and BC450HF (60 pM),
and BC600 (40 pyM).

Redox-active properties of biochars

BC750 exhibited the highest EDC value (529 + 42 umol e (g biochar)™"), followed by
BC450 and BC450HF (413 + 22 ymol e (g biochar) ' and 413 + 23 umol e (g biochar)
1), and BC600 (384 + 16 ymol e (g biochar)") (Table S3.2). This observed effect of
pyrolysis temperature on biochar EDC values is consistent with other studies®® 188,

The EDC of biochars can originate from various redox-active moieties including
both organic and inorganic constituents®®. FTIR analyses of the biochars showed
peaks of C=0 conjugated ketones at 1692 cm!, -COOH at 1565 cm™' and phenolic-
OH at 1378 cm™ in each BC450, BC450HF, and BC600 (Figure 3.1c). The peak
intensities of those oxygen-containing functional groups, which may be involved in
electron transfer reactions, decreased with increasing pyrolysis temperature. No
redox-active functional groups were observed at a pyrolysis temperature of 750°C.

Persistent free radicals (PFRs), i.e. moieties with unpaired electrons, can also
contribute to the EDC of biochars®163, The g-values of all biochars were < 2.0030
indicating the presence of carbon-centered PFRs'®!, which can form during pyrolysis
from hemicellulose, cellulose, and lignin as organic radical precursors’®3. The PFR
concentrations decreased with increasing pyrolysis temperatures (Table S3.2), in
agreement with previous studies showing PFR elimination on biochar surfaces at high
pyrolysis temperatures (> 700°C)%8.116.192 BC450 and BC450HF displayed the highest
PFR concentrations in the range of (3.5 + 0.4) x 10'9 spin (g biochar), which is two
orders of magnitude higher than that of BC750 (1.9 + 0.1) x 10" spin (g biochar)™)
(Table S3.2).
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Inorganic redox-active metal species, mainly Fe and Mn, may also contribute to
the EDC of biochars. Both the Fe and Mn concentration increased with increasing
pyrolysis temperature (Table S3.1). BC750 contained the highest Fe and Mn contents
of 10.6 umol (g biochar)'and 9.6 umol (g biochar)’, respectively. However, when
calculating the molar ratios of Fe and Mn content to the EDC, all the biochars showed
similar ratios. For all biochars, the Fe and Mn contents could each only explain
between 1.3 — 2.0% of the measured EDCs (Table S3.1). Neither Fe nor Mn minerals
were found in XRD spectra, which further indicates that no redox-active minerals were
formed in beech wood biochars (Figure S3.4).

The EC of the biochars increased with increasing pyrolysis temperature (Figure
3.1b, Figure S3.5 and Table S3.2). BC450 showed the lowest EC of (7.6 + 0.3) x 10°°
mS cm-', while BC750 exhibited an 8 orders of magnitude higher EC of 1949 + 12mS
cm'. Such differences in EC are generally derived from formation of graphene-like
structures at high pyrolysis temperatures with conjugated Tr-electron systems that
facilitate direct electron transfer through the carbon matrix'%.193 These results are
consistent with the lowest H/C and O/C ratios of BC750 suggesting a high degree of
aromatic condensation (Table S3.2).

Altogether, our results indicate that for biochars produced at lower pyrolysis
temperature (< 600°C), oxygen-containing functional groups and PFRs were the main
moieties contributing to the EDC. In contrast, for biochars produced at high pyrolysis

temperature (750°C), the EDC was attributed to conductive graphene-like structures.

Impact of redox-active properties of biochars on Fe(lll) reduction and DEET

degradation

The pyrolysis of beech wood at different temperatures led to biochars with distinctive
electrochemical properties that impacted the reduction of Fe(lll) and DEET
degradation in the biochar/Fe(lll)/PDS system. Fe(lll) reduction increased with
increasing EDC values of the biochars (Figure 3.1b). However, while all biochars
possessed an EDC and were able to reduce Fe(lll), DEET was only degraded in the

presence of low pyrolysis temperature biochars (< 600°C) in the biochar/Fe(lll)/PDS
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system. These results indicate that oxygen-containing functional groups and PFRs in
the BC450, BC450HF, and BC600 might play a key role for DEET degradation in the
biochar/Fe(ll1)/PDS system. In fact, a positive correlation was obtained for PFR
concentration of the biochars and DEET removal (Figure 3.1d). BC750, in contrast,
contained conductive graphene-like structures that likely contributed to high EDCs and
Fe(lll) reduction, but did not support and rather inhibit DEET degradation in the
biochar/Fe(lll)/PDS system.

The addition of low temperature pyrolyzed biochar in the biochar/Fe(lll)/PDS
system appeared to initiate an efficient Fe(lll)/Fe(ll) cycling induced by the high
amount of oxygen-containing functional groups and PFRs that may form reactive
species leading to DEET transformation (Chapter 2). In contrast, the high-temperature
biochar with its high EC attributed to high content of conjugated aromatic structures,
may have favored a mediated electron transfer pathway'%, in which electron transfer
from organics (electron donor) to persulfate (electron acceptor) mediated by biochar.
This pathway may be specific for certain target reactants and thus less effective for
DEET degradation. Our results were consistent with the findings of Liang et al. 2021
who reported fast Fe(lll)/Fe(ll) circulation due to transformation between semiquinone
radicals and quinones in biochars produced at 400°C"'3. In case of high-temperature
biochars with high content of conjugated aromatic structures, contaminant degradation

by electron transfer pathway has been suggested’13.194.195,
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3.3.2 Impact of feedstock and ash amendments in biochar pyrolysis

for DEET degradation in the presence of PDS and Fe(lll)

Beech wood biochar versus softwood sawdust

A different type of biochar was produced from softwood sawdust at 500°C (BC-ashO).
This biochar had an EDC of 42 + 6 ymol e~ (g biochar)-!, which is almost 10 times lower
than the beech wood biochar produced at 450°C (BC450). The kobs for DEET
degradation in the BC-ash0/Fe(lII)/PDS system was (0.4 £ 0.1) x 10 s™! (Figure 3.2a
and Figure S3.10) and thus 7.25 times lower than in the BC450/Fe(lll)/PDS system
(kobs = (2.9 £0.1) x 10 s71) (Figure 3.1a). The BC-ash0 contained oxygen-containing
functional groups (C=0 and -COOH, see Figure S3.3), and a relative high
concentration of PFRs ((2.72 * 0.05) x 10" spin (g biochar)'). However, the
concentration of PFRs of BC-ashO was one order of magnitude lower than that of
BC450 ((3.5 + 0.4) x 10'® spin (g biochar) "), which might explain the lower EDC and
DEET degradation of BC-ashO compared to BC450. These findings indicate that
feedstock might play a role for the formation of redox-active properties of biochar. To
enhance the redox properties and performance of biochars, the feedstock pyrolysis
process might be modified e.g., through the amendment of ash, which has been shown

to lead to biochars with high EDC values'?®.

EDC and performance of ash-amended softwood sawdust biochars

To investigate the effects of ash amendments on the redox properties and
performance of the biochars in the biochar/Fe(lll)/PDS system, different amounts of
ash (9, 16, 43 wt%) were added to softwood sawdust during pyrolysis. All ash-
amended biochars possessed significantly higher EDCs compared to the non-ash
amended control biochar BC-ash0 (Figure 3.2b). Ash amendments of 9 wt%, 16 wt%,
and 43 wt% led to an 8-, 14-, and 5-fold increase in biochar EDC compared to BC-
ash0, respectively (Table S3.3). BC-ash16 possessed the highest EDC of 590 + 12
umol e (g biochar)! (Figure 3.2b and Table S3.3). Notably, the EDC did not increase
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linearly with ash amendment indicating that there is an optimum ash addition. Yet, the
here tested ash amendments all resulted in biochars with enhanced redox-active
properties. The raw ash itself has a low EDC value of 53 ymol e (g ash)")'?°, indicating
that the ash itself may not have caused the increase in EDC values of the ash-
amended biochars. Additional redox-active moieties may have been formed in the
biochars during pyrolysis in the presence of ash.

In biochar suspensions spiked with 0.2 mM of Fe(lll), all ash-amended biochars
produced more Fe(ll) than the biochar without ash amendment (Figure 3.2b). BC-
ash16 produced most Fe(ll) (68 uM), followed by BC-ash43 (53 yM) and BC-ash9 (42
uM). BC-ashO0 formed only little Fe(ll) (8 uM). The Fe(ll) formation was consistent with
the EDC values.

Due to the high EDC values and the Fe(lll) reduction potential, ash-amended
biochars might show good performance for pollutant removal in the
biochar/Fe(ll1)/PDS system. In fact, all ash-amended biochars outperformed the non-
ash amended control biochar in terms of DEET removal in the presence of Fe(lll) and
PDS (Figure 3.2a). The DEET degradation rate constants kobs of BC-ash9, BC-ash16
and BC-ash43 were 7.25 times, 10 times and 4.5 times higher than the kobs of the BC-
ashO (Figure 3.2a and Figure S3.10). BC-ash16, which possessed the highest EDC
value, showed the best performance for DEET removal with a kobs of (4.0 £ 0.1) x 10"
4 g1 (Figure S3.10). This kobs value was 1.4 times higher compared to the
BC450/Fe(lIl)/PDS system (Figure 3.1a and Figure S3.8). The amendment of ash
during pyrolysis thus seems to be a useful strategy to produce biochars with a high
EDC, which can be used for improved DEET transformation in the presence of Fe(lll)

and PDS.
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Figure 3.2. (a) DEET removal in the biochar/Fe(lll)/PDS system with ash-amended biochars
(BC-ash9, BC-ash16, and BC-ash43) and a non-ash amended control biochar (BC-ash0).
[Biochar] = 1 g L, [Fe(lll)] = 0.2 mM, [PDS] = 8 mM, [DEET]o = co ~ 40 uM after sorption
equilibrium, ¢ = measured DEET concentration over time, pH 2.5. Error bars indicate the
standard deviation of triplicate experiments. (b) Electron donating capacity (EDC, En (MEQO) =
0.61 V, black) and electrical conductivity (EC, pressure 5 tons, blue) of BC-ash0, BC-ash9,
BC-ash16, and BC-ash43, and corresponding Fe(ll) formation (red) in biochar suspensions
spiked with Fe(lll). [Biochar] = 1 g L™, [Fe(lll)] = 0.2 mM, pH 2.5. Error bars indicate the
standard deviation of triplicate experiments. (c) Linear correlation of persistent free radical
(PFR) concentrations and weight percent of amended ash to dry feedstock during biochar
pyrolysis (R? = 0.99). (d) X-ray diffraction (XRD) spectra of BC-ash0, BC-ash9, BC-ash16, and
BC-ash43 with indicated formation of B-tricalcium phosphate (Cas(POs)., dot), dolomite
(CaMgCOs, rhombus),Hematite (Fe2Os3, solid five-pointed star), potassium superoxide (KO-,
four-pointed star), magnetite (Fes;O., asterisk), calcium ferrites (CazFe220s33, hollow five-
pointed star).
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Linking redox-active properties of biochars with their performance

We further characterized the ash-amended biochars to gain a better understanding of
which properties govern their performance in the biochar/Fe(lll)/PDS system. The non-
ash amended as well as the ash-amended softwood sawdust biochars contained PFR
concentrations in the range of 10'8 spins (g bichar) (Figure 3.2c and Table S3.3). The
PFR concentration decreased linearly (R? = 0.99) but only slightly with increasing ash
amendment (Figure 3.2c). The BC-ash0 mainly contained carbon-centered PFRs as
indicated by a g-value of 2.0029'%'. This finding is consistent with beech wood
biochars, which had a similar final ash content (2.1 — 3.5%, Table S3.2) than the BC-
ashO0 (2.3 % ash) and g-values of 2.0028 — 2.0029 (Table S3.3). For the ash-amended
biochars, the g-values were in the range of 2.0030-2.0031 (Table S3.3) indicating
carbon-centered radicals with an adjacent oxygen atom'®'. These results hint at a
potential transition of redox-active PFRs from aryl radicals (carbon-centered) to
semiquinoid radicals (intermediate of the phenolic C-OH and quinoid C=0 groups)'.
The potential formation of semiquinoid radicals in ash-amended biochars may be
beneficial for Fe(lll) reduction and PDS activation.

Despite the similar PFR concentrations and types of the ash-amended biochars,
we observed differences in DEET removal performance (Figure 3.2a). These
differences may arise from differences in their redox-active moieties including oxygen
functional groups or metals. FTIR measurements showed that electron donating
oxygen functional groups, mainly C=0 and —COOH goups, decreased with increasing
ash amendment, and almost no peaks were observed for BC-ash43 (Figure S3.3).
The ash, which was added during biochar pyrolysis, contained metals that can form
redox-active crystalline minerals in the biochars during pyrolysis'?8.1%_ Indeed, the Fe
and Mn contents of the biochars increased with increasing ash amendment (Table
S3.1). The BC-ash43 had the highest Fe and Mn content of 178 umol (g biochar)-! and
22 umol (g biochar)’, respectively. These values are 28 times and 1.8 times higher
than the Fe and Mn content of BC-ashO0 (Table S3.1). When calculating the contribution
of the metal species to the EDCs in molar ratio, 64% of the EDC of the BC-ash43 could
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be attributed to Fe, while for BC-ash16, BC-ash-9, and BC-ash0 the contribution of Fe
was in a similar range of 16% (Table S3.1). Metals in biochars usually exist as metal-
based minerals'®’. XRD analysis showed pronounced differences in mineralogy of the
biochars with and without ash amendment (Figure 3.2d). BC-ashO showed an
amorphous profile with almost no peaks. In contrast, the ash-amended biochars
showed distinct peaks, indicating the formation of ash-derived crystalline minerals.
Hematite (Fe203) and magnetite (Fe3Oa4), two common redox-active iron minerals were
observed in all ash-amended biochars (Figure 3.2d). These results hint at that the
formation of redox-active Fe crystalline minerals in the ash-amended biochars, which
likely contributed to the higher EDCs and enhanced Fe(lll) reduction and PDS
activation compared to the non-ash amended control biochar. Although the highest
amount of Fe crystalline minerals was formed in BC-ash43, their beneficial effect might
be reduced by the combined lack of redox-active C=0 and —COOH functional groups
(Figure S3.3) and lower PFR concentration (Figure 3.2c). These results indicate a
complex interplay and potentially more pronounced role of redox-active oxygen
functional groups and FPRs in ash-amended biochars.

All softwood sawdust biochars showed low ECs as they were produced at
relatively low pyrolysis temperature (500°C) where conductive conjugated aromatic
structures were hardly formed, which is consistent with a relatively high H/C of the
biochars (Table S3.3). Altogether, the characterization of the softwood sawdust
biochars with and without ash amendment demonstrated the contribution of oxygen
functional groups and PFRs to their redox-active properties, which was consistent with
the conclusion for beech wood biochars. Particularly, ash amendment led to the
formation of redox-active Fe crystalline minerals and semiquinoid persistent free
radicals that promoted Fe(lll) reduction and PDS activation in biochar/Fe(lll)/PDS

system.
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3.4 Environmental implications

Biochar can facilitate electron transfer by surface redox-active moieties and/or inner
carbon matrices’®1%, which is greatly dependent on the biochar pyrolysis temperature.
We showed that biochar derived at low pyrolysis temperature (< 500°C) is generally
enriched with oxygen functional groups and PFRs that can reversibly accept and
donate electrons. Low temperature biochars exhibited the best performance for DEET
transformation in the presence of Fe(lll) and persulfate, due to efficient Fe(lll)
reduction to Fe(ll), which can activate persulfate. In contrast, high temperature
biochars possessed a high content of conjugated aromatic structures and did not lead
to DEET removal. Low temperature biochars containing high amounts of oxygen
functional groups and PFRs thus seem to be best suited for applications in the
biochar/Fe(ll1)/PDS system. We showed that the amendment of ash during pyrolysis
enhanced the redox-active properties of biochars, where biochars with high EDCs are
produced that can efficiently be employed for DEET removal in the biochar/Fe(lll)/PDS
system. Ash amendments of 16 wt% produced the best-performing biochar with high
content of redox-active functional groups and PFRs. Since the characteristics and
performance of the biochars have been shown to depend on the amount of ash added,

future research is needed to systematically identify the optimal conditions for biochar
pyrolysis.

Our study can inform the production of engineered biochars with optimal redox-
active properties tailored for different applications such as persulfate activation in the
presence of Fe(lll) for target contaminant removal from water. The production of
biochars with high amounts of oxygen functional groups, PFRs, and redox-active
minerals seems promising for enhancing the removal of organic contaminants in
heterogeneous persulfate-based oxidation processes. Future research is needed to
gain a better understanding of e.g., the impact of feedstock or post-pyrolysis
treatments on the redox properties of biochars and their performance also on longer

time scales. To use these highly complex materials for specific applications such as
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water treatment, we also need more standardized biochar production procedures as
well as performance monitoring strategies to ensure consistent biochar production as

well as consistent performance.
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S3.1 Chemicals

All chemicals in this study were used as received. Sodium persulfate (PDS, Na2S20s,
>99% for analysis EMSURE®), methanol (MeOH, HPLC grade 299.9%), 2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, 298.0%) were
purchased from Sigma-Aldrich. Sulfuric acid (H2S04, 95-97% for analysis EMSURE®),
sodium hydroxide solution (NaOH, 1 M, TitriPUR®), potassium chloride (KCI, for
analysis EMSURE®), monopotassium phosphate (KH2POs, for analysis EMSURE®)
were purchased from Merck. 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p'-disulfonic
acid, disodium salt hydrate (ferrozine, 97+%, ACROS Organics™), and ammonium
acetate (98+%, ACROS Organics™) were purchased from Fisher Scientific. Formic
acid, Iron(lll) sulfate hydrate (Fe2(SO4)s - H20, 21-23% Fe basis puriss. p.a.) was
purchased from Fluka. N,N-diethyl-m-toluamide (DEET, 298%) was purchased from
Tokyo Chemical Industry (TCI) GmbH. Mn?* in ZnS (100% manganese isotope *°Mn
with the nuclear spin of | = 5/2) was from Magnettech GmbH, Berlin. Suwannee River
standard fulvic acid was from the International Humic Substances Society, IHSS, St.
Paul, MN, USA. N,N-bis(3-sulfonatopropyl)-4-4’-bipyridinium (zwitterionic viologen,
ZiV) was synthesized in the lab and characterized by Fourier-Transform Infrared
Spectroscopy (FTIR), for details see Schldgl et al. 2022176, Aqueous solutions were

prepared with deionized water (18.1 MQ x cm, Arium® Pro Water Purification System).
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S3.2 Characterization of biochars

S$3.2.1 Specific surface area

The specific surface area of the beech wood biochars was determined using 5-point
Brunauer—-Emmett—Teller (BET) measurements (TU Freiberg, Germany). The
samples were prepared in a gas adsorption sample preparation device Smart VacPrep
(Micromeritics, Germany) and measured in a surface area system ASAP 2460
(Micromeritics, Germany). For the determination of ash biochars see Grafmuiller et al.,

2022 129,
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S3.2.2 Size distribution

The biochar size distribution was determined by a Mastersizer 2000 (Malvern Inc., UK)
coupled with a sample dispersion unit (Hydro 2000S, Malvern Inc., UK) using the wet
sample mode. 10 g biochar L' suspensions were prepared and kept on the table
shaker overnight to obtain a fully dispersed suspension before measurement. The
samples were continuously stirred directly until measurement. A 15% obscuration bar
was applied to ensure identical sample amounts between biochar samples added.

Data quality was optimized by adjusting the stir speed to a residual of weight below

1%.
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Figure S3.1. Particle size distribution of wood biochars (upper panel, BC450 (red line),
BC450HF (black line), BC600 (green line) and BC750 (blue line)), and BC-ash 43 measured
as representative for ash-amended biochars (bottom panel).
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S3.2.3 Electron exchange capacity (EEC)

The electron exchange capacity (EEC) was determined using a mediated
electrochemical reduction (MER) and mediated electrochemical oxidation (MEO)
method adopted from Kllpfel et al., 2014%8. All analyses were conducted in a glovebox
under anoxic conditions. The biochars were placed under vacuum in the antechamber
overnight to remove adsorbed O2 and then transferred into the glovebox to prepare a
10 g L biochar suspension in anoxic deionized water. The biochar suspensions were
stirred at least 24 hours to ensure complete dispersion before analysis. For the
electrochemical setup, eight 9 mL glassy carbon cells (Sigradur G, HTW, Germany)
with copper wires attached (four for MER and four for MEO) served as both working
electrodes and the reaction vessels. The counter electrodes were coiled platinum
wires (0.5 mm, 99.9%, Sigma-Aldrich Co., USA) connected to platinum gauzes (52
mesh, 99.9%, Sigma Aldrich Co., USA) in glass tubes with porous glass frits filled with
phosphate buffer (0.1 M KCI, 0.1 M KH2POs4, pH 7). The reference electrodes were
Ag/AgCI electrodes (Bioanalytical Systems Inc., USA) but redox potentials are
reported with reference to the standard hydrogen electrode. The reaction vessels were
filled with 7 mL phosphate buffer (0.1 M KCI, 0.1 M KH2PO4, pH 7) and equilibrated to
desired redox potentials (En = -0.38 V for MER and + 0.61 V for MEO) using an eight-
channel potentiostat CHI1000 (CH Instruments, USA). To start the measurement,
100 L of a 10 mM mediator stock solution, either zwitterionic viologen (ZiV) for
reduction or 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) for
oxidation, was spiked into the continuously stirred reaction vessels resulting in
reductive or oxidative current peaks. Then, different amounts of biochar samples were
added consecutively into the vessels and caused sharp and clear current peaks.

For the data analysis, the current peaks were integrated by Matlab R2020Ra over
an analysis time of 4000 s. The electron accepting capacity (EAC) and electron
donating capacity (EDC) were calculated in pmol e~ (g biochar)' according to Klipfel
et al., 20148, Furthermore, the obtained EAC and EDC values were normalized to the

carbon mass of the biochar in pmol e (g carbon)! according to the carbon content.
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Figure S$3.2. Electron accepting capacity (EAC, light color) and electron donating capacity
(EDC, dark color) of (a) BC450, BC450HF, BC600 and BC750, and (b) BC-ash0, BC-ash9,
BC-ash16, and BC-ash43. The electron exchange capacity (EEC) corresponds to the whole
bar (EEC = EAC + EDC). Er(MER) =-0.38 V and E», (MEO) = 0.61 V.
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S3.2.4 Fourier-transform infrared spectroscopy (FTIR)

The spectra were collected with a Nicolet 670 FT-IR spectrometer (Thermo Fisher
Scientific GmbH) equipped with an EverGlo source, a KBr beam splitter, and a
deuterated L-alanine doped Triglycine sulphate (DLaTGS) detector. The
measurements were performed in attenuated total reflection (ATR) mode in a “Golden
Gate” sample holder. The sample holder was cleaned with ethanol and acetone
between measurements. Four measurements were conducted with different portions
of the biochar sample over the range of 4000 — 600 cm™' at 4 cm™' and 32 co-added
scans. All spectra were captured in absorbance units and ATR correction was applied
in atmospheric conditions. Data were processed with standard normal variate (SNV)
scatter-correction, followed with an asymmetric least squares baseline correction and
a smoothing procedure with a Savitzky—Golay algorithm function (polynomial = 2 and

points = 27).
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Figure S3.3. ATR-FTIR spectra of ash-amended biochars (BC-ash0, BC-ash9, BC-ash16, and
BC-ash43).
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S3.2.5 X-ray diffraction analysis (XRD)

In situ XRD measurements were performed on a Bruker D2 PHASER X-ray
diffractometer coupled with a SSD160-2 detector. The spectra were collected with Co
Ka (A = 1.79026 A) source emitting radiation over the angular range 10° < 26 < 90°
with 0.015° step size and 0.6 s time steps. The tube was operated at 30 kV and 10 mA.
DIFFRAC.EVA software was used for data evaluation and a crystallography open

database was employed for phase identification.
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Figure S3.4. X-ray diffraction (XRD) spectra of wood biochars (BC450, BC450HF, BC600 and
BC750).
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S3.2.6 Electrical conductivity (EC) of the beech wood biochars
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Figure S$3.5. (a) Electrical conductivities of beech wood biochars (BC450, BC450HF, BC600,
and BC750) measured at different pressures; (b) The magnification plot of BC450, BC450HF,
and BCG600 in Figure a. (c) Electrical conductivities of ash-amended biochars (BC-ash9, BC-

ash16, and BC-ash43) and a non-ash amended control biochar (BC-ash0) measured at

different pressures.
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S3.2.7 Metal content

The metal content of the biochars was determined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES, ICP iCAP7000 Series, Thermo Fisher
Scientific Inc.) after microwave acid digestion. 50 mg sample was digested in a mixture
of 6 mL nitric acid and 2 mL hydrochloric acid. The digested solution was filled up to

50 mL for ICP-OES analysis.

Table S3.1. Concentrations of iron (Fe) and manganese (Mn) in the beech wood biochars
and ash-amended biochars expressed in absolute numbers in pmol (g biochar)' and as ratio
of the metal content to the electron accepting capacity (EAC), electron donation capacity
(EDC) and electron exchange capacity (EEC) of the biochars.

Metal content Metal content Metal content
Metal content
/EAC /EDC /EEC
umol (g biochar)! pmol metal/umol e-
Fe Mn Fe Mn Fe Mn Fe Mn

BC450 5.36 6.77 0.015 0.019 0.013 0.016 0.007  0.009
BC450HF  5.31 7.70 0.018 0.021 0.013 0.015 0.007  0.009
BC600 7.03 9.46 0.035 0.039 0.020 0.020 0.012  0.013
BC750 10.61 9.56 0.024 0.022 0.018 0.018 0.011 0.010

BC-ash0 6.44 12.09 0.047 0.088 0.155 0.291 0.036  0.068
BC-ash9  59.11 14.53 0.204 0.050 0.174 0.043 0.094  0.023
BC-ash16  98.28 17.27  0.279 0.049 0.167 0.029 0.104 0.018
BC-ash43 178.2 21.60 0.658 0.080 0.643 0.078 0.325  0.039
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S$3.2.8 Elemental composition

The elemental composition as well as the ash and water contents of the beech wood
biochars were analyzed by Eurofins Ost GmbH (Freiberg, Germany) according to the

European Biochar Certificate (EBC, 2023) (www.european-biochar.org). The values

are shown in Table S2. For the determination of ash biochars see Grafmiuiller et al.,

2022129,

S$3.2.9 Average carbon oxidation state (Cox), double bond equivalent

(DBE) and aromaticity index (Al)

The average carbon oxidation state (Cox), double bond equivalent (DBE), and
aromaticity index (Al) of the four biochars were calculated from the elemental
composition (Table S3.1), where Cox was derived from equations reported by Masiello
et al., 2008'78, and DBE and Al were obtained from the molecular formulas according
to Koch and Dittmar, 2006'7°. The average carbon oxidation state Cox was calculated

using Equation S3.1.

2[0] = [H] = k[N] — m([S]
= S3.1
COX [C] ( )

where [O], [H], [N], [S] and [C] is the content of the element O, H, N, S and C,

respectively, and k and m are factors that describe the oxidation state of N and S,
respectively. k can vary between -3 (for ammonia) and +5 (for nitrate) and m between
-2 (for sulfide) and +6 (for sulfate)'’8. Because of the small sulfur content (Table S3.1),
the contribution of sulfur is negligible and m = 0 was used for the calculations. Varying
k between the extreme values of -3 and +5 for fully reduced and oxidized N did not
change the overall trend of the four biochars, and the values reported in Table S2 were

calculated from k = +5 %8,
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The double bond equivalent normalized to the total number of carbons DBE/C
was calculated following equation S2. As DBE/C = 0.67 for benzene, a threshold of

DBE/C 2 0.67 can be set for the presence of condensed aromatic ring structures’®.
1+05(2C—-—H+N)
C
The aromaticity index (Al) was calculated following equation S3 and takes into

DBE/C = (S2)

account heteroatoms that contribute to aromatic structures. A threshold of Al = 0.67

was set for the presence of condensed aromatic ring structures '7°,

_ DBEy  1+0-C—-S—05(H+N)

Al
Car C—0—-S—N

(S3)

where DBEai is the minimum number of C-C double bonds plus rings in a common
molecular structure containing heteroatoms'”® and Cal is the number of C atoms

reduced by the number of potential double bonds contributed by heteroatoms'”°.
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Table S$3.2. BET surface areas, persistent free radical (PFR) concentrations, electrical
conductivity (EC), electron accepting and donating capacity (EAC, EDC), elemental
composition, as well as water and ash contents of BC450, BC450HF, BC600, and BC750.

Values in % are given on a dry basis in mmol element (g char)™.

Characteristic BC450 BC450HF BC600 BC750
BET surface area (m? g) 120+ 7 1315 354+06 435+0.3
PFRs (10" spins g") 350 + 40 370+ 40 61+5 1.9+0.1
g-value 2.0028 2.0028 2.0029 2.0029
EC? (mS cm™) (76+£0.3)x10°% (1.2+0.1)x10* 05+0.0 194912
EAC (umol e (g biochar)™) 359 + 23 302 +13 202 £ 12 433+ 8
EAC (umol e (g carbon)™) 549 + 35 460 + 20 257 + 15 5029
EDC (umol e (g biochar)™") 413 £ 22 413 £ 23 384+16  529+42
EDC (umol e (g carbon)™) 632 + 33 631 + 36 488+20 625+ 15
EEC (umol e (g biochar)™") 772 £ 45 715 + 36 586 + 28 962 + 50
EEC (umol e (g carbon)™) 1181 £ 56 1091 + 38 745+15 1127 £13
C (%) 83.7 84.4 90.7 91.1
H (%) 3.0 3.1 2.0 1.0
O (%) 10.6 9.0 3.1 25
N (%) 0.60 0.59 0.67 0.72
S (%) 0.07 0.06 0.07 0.06
H/C (mol H (mol C)™) 0.43 0.44 0.26 0.13
O/C (mol O (mol C)™") 0.095 0.080 0.026 0.021
DBE/C® (mol DBE (mol C)™) 0.80 0.80 0.89 0.95
Al° (mol DBEa (mol Cai)™) 0.78 0.78 0.88 0.95
Cox’ -0.27 -0.31 -0.24 -0.12
Water (%) 3.3 2.9 2.2 2.7
Ash (%) 2.1 2.9 3.5 2

@ Electrical conductivity measured at a pressure of 5 tons

® Double-bond equivalent normalized by total number of carbons
¢ Aromaticity index

4 Average carbon oxidation state
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Table $3.3. BET surface areas, persistent free radical (PFR) concentrations, electrical
conductivity (EC), electron accepting and donating capacity (EAC, EDC), elemental
composition, as well as water and ash contents of BC-ash0, BC-ash9, BC-ash16, and BC-
ash43. Values in % are given on a dry basis in mmol element (g char)™.

Characteristic
BET surface area® (m? g™')
PFRs (10" spins g™)

g-value
EC® (mS cm™)

EAC (umol e (g biochar)™)
EAC (umol e (g carbon)™)
EDC (umol e (g biochar)™)
EDC (umol e (g carbon)™)
EEC (umol e (g biochar)™)
EEC (umol e (g carbon)™)
C?(%)
H? (%)
N? (%)
S? (%)
H/C (mol H (mol C)™)
DBE/C® (mol DBE (mol C)™)
Ash? (%)

BC-ash0
420°
2.7+0.1
2.0029

(4.1+£0.3)
x 1074

137 £ 0.5
157 £ 0.5
42+ 6
48 + 7
1797
205+8
86.8
3.4
0.2
<01
0.47
0.99
2.3

BC-ash9
316°
2.3+0.1
2.0030

6.0 x 10°®

2905
407 £ 7
335+ 17
477 + 24
625 + 22
884 £ 32
711
1.5
0.2
0.1
0.25
1.00
24.4

BC-ash16
237°
1.9+0.1
2.0031

(1.9 £0.1)
x 10°8

352 £ 23
715 £ 47
590 £ 12
1200 + 24
942 + 35
1915 £ 71
49.2
1.9
0.1
<0.1
0.46
1.00
41.1

BC-ash43
121°
1.1+0.1
2.0031

5.5 x 10°°P

271°
1088°
227 5
112 + 18
498 + 5
2200 £ 18
24.9
0.9
0.1
<0.1
0.43
1.02
69.0

ayalues from Grafmdller et al., 2022'%°

®vaues only measured once due to the limited sample quantity

Electrical conductiivity measured at a pressure of 5 tons

® Double-bond equivalent normalized by total number of carbons
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S3.3 Sorption capacity of the beech wood and ash-amended

biochars

(a) (b)
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Figure S3.6. (a) Adsorption of DEET onto BC450, BC450HF, BC600, and BC750. [Biochar] =
1gL" co=50uM, c = measured DEET concentration over time, pH 6 - 8 (no pH adjustment).
(b) Adsorption of DEET onto BC-ash0, BC-ash9, BC-ash16, and BC-ash43. [Biochar] =1g L
', co=50 uM, pH 6 - 9 (no pH adjustment).
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S3.4 DEET removal in the BC450/Fe(lll)/PDS system and

control experiments
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Figure S3.7. DEET removal in the BC450/Fe(lll)/PDS system and corresponding control
experiments with DEET only, DEET and PDS, DEET and BC450, DEET and Fe(lll), and
combinations thereof. [BC450] = 1 g L™, [Fe(lll)] = 0.2 mM, [PDS] = 8 mM, [DEET]o = ¢co ~
40 uM after sorption equilibrium, ¢ = measured DEET concentration over time, pH 2.5.
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S3.5 DEET removal and degradation kinetics in the

biochar/Fe(lll)/PDS system with beech wood biochars

@ BC450/Fe(lll)PDS

10 | @ BosHETaRFDS ‘3 ﬁ > BC450HF/Fe(lll)/PDS

A BCE00/Fe(lll)/PDS
W BC750/Fe(lll)/PDS
Ll 1 1

-2.54 A Bceooreqnyros

(a) < 0 (b)
0.0-
i" 50 b 4 v v b 4 i v ) 4 _
[ 4
Sple y
o Y& ax 0 1.0
£ 30- ﬁﬁ o & s | =
o % © -1.54
S 20 $ A
lf . BC450/Fe(lll)/PDS % E '2.0'
Ll
1]
(m]

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

Figure S3.8. (a) DEET removal in the biochar/Fe(lll)/PDS system with BC450, BC450HF,

BC600, and BC750. (b) DEET degradation in the biochar/Fe(ll1)/PDS system followed (pseudo)

first-order reaction kinetics. BC450: kops = (2.9 + 0.1) x 10* s, BC450HF: kops = (2.2 + 0.1) x

10* s, BCB0O: kobs = (0.4 £ 0.1) x 10* s, [Biochar] = 1 g L™, [Fe(lll)] = 0.2 mM, [PDS] =

8 mM, [DEET]o = ¢co ~ 40 uM, pH 2.5. Error bars represent standard deviations of triplicate

experiments.

S3.6 Fe(ll) formation from Fe(lll) in beech wood biochar

suspensions
g 120 v v
=100+ v
c v
2 80 v
o
£ 60- . S 8
e A
& 401 A A
i g A @ BC450/Fe(lll)
= 204 <> BC450HF/Fe(lll)
it A\ BCBOO/Fe(lll))
0+ ‘ W BC750/Fe(lll)

0 20 40 60 80 100 120
Time (min)

Figure S3.9. Fe(ll) formation in beech wood biochar suspensions (BC450, BC450HF, BC600,
and BC750) spiked with Fe(lll). [Biochar] = 1 g L™, [Fe(lll)] = 0.2 mM, pH 2.5.
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S3.7 DEET removal and degradation Kkinetics

in the

biochar/Fe(lll)/PDS system with ash-amended biochars
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Figure S3.10. (a) DEET removal in the biochar/Fe(lIl)/PDS system with the four ash-amended
biochars (BC-ash0, BC-ash9, BC-ash16, and BC-ash43). (b) DEET degradation in the
biochar/Fe(lll)/PDS system followed (pseudo) first-order reaction kinetics. BC-ashO0: ks = (0.4
+0.1) x 10* s!, BC-ash9: Kops = (2.9 £ 0.4) x 10* ™!, BC-ash16: kobs = (4.0 £ 0.1) x 10* s,
BC-ash43: (1.8 £0.2) x 10* s™'. [Biochar] = 1 g L, [Fe(lll)] = 0.2 mM, [PDS] = 8 mM, [DEET]o
= co ~ 40 uM, pH 2.5. Error bars represent standard deviations of triplicate experiments.

S3.8 Fe(ll) formation from Fe(lll) in ash-amended biochar

suspensions
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Figure S3.11. Fe(ll) formation in ash amended biochar suspensions (BC-ash0, BC-ash9, BC-
ash16 and BC-ash43) spiked with Fe(lll). [Biochar] = 1 g L™, [Fe(lll)] = 0.2 mM, pH 2.5.
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Persulfate activation by biochar for trace
organic contaminant removal from urban
stormwater

Street runoff Q z): ,C( ﬂ ':I N

;-f.v.éi \00.9 A

Persulfate

Yiling Zhuang, Stefan B. Haderlein, Holger V. Lutze, Chen Sun, Friedrich Fink, Andrea

Paul, Stephanie Spahr. In preparation for submission to Environmental Science and

Technology.
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and revised the manuscript; S. B. Haderlein: supervised the project, contributed to the discussion of the
results, revised the manuscript; H. V. Lutze: contributed to the experimental design and the discussion
of results, revised the manuscript; C. Sun: produced the biochar sample; F. Fink: performed Fourier-
transform infrared spectroscopy (FTIR) spectroscopy and the corresponding data analysis, wrote the
experimental section on FTIR; A. Paul: performed the continuous X-band electron spin resonance (ESR)
measurements and corresponding data analysis; S. Spahr: supervised the project, contributed to the
experimental design and discussion of the results, revised the manuscript.
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Abstract

Numerous trace organic contaminants in urban stormwater are persistent and mobile
and difficult to eliminate by conventional sedimentation- or sorption-based stormwater
treatment, posing a risk to aquatic ecosystems and drinking water resources. We
demonstrate that the chemical oxidant persulfate can be activated by biochar at pH 7
to form reactive species that react with the widely detected stormwater contaminants
1,3-diphenylguanidine, 2-hydroxybenzothiazole, 1H-benzotriazole, and 5-methyl-
benzotriazole. Laboratory batch experiments conducted in actual street runoff and a
synthetic water matrix showed that the water matrix, particularly dissolved organic
carbon and chloride, had a minor effect on the formation of reactive species and
contaminant removal. Using a set of scavengers and probe compounds, we provide
evidence for singlet oxygen ('02) as dominant reactive species in the
biochar/persulfate system. Quantitative structure—activity relationship considerations
supported the experimentally observed selectivity of '0O2 towards anilines, aromatic
amines, and phenols via an electrophilic substitution reaction, but not alkoxy benzenes.
The results of our study inform new strategies for stormwater treatment using oxidation

processes.
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4.1 Introduction

In the face of global water scarcity, urban stormwater is increasingly being recognized
as an untapped freshwater resource'@®2% particularly in water-stressed urban
areas?’'. However, the capture and use of stormwater for water supply bears risks
because urban stormwater can be contaminated with potentially harmful organic
chemicals®'"199, Numerous trace organic contaminants (TrOCs) have been detected
in urban stormwater including herbicides (e.g., diuron, mecoprop)?%2-295 corrosion
inhibitors (e.g., benzotriazoles)?%6-2%9 tire wear chemicals (e.g., 1,3-diphenylguanidine,
benzothiazoles)?°7210-212 plasticizers (e.g., N-butylbenzenesulfonamide)??32%8  and
flame retardants (e.g., tris(2-chloroethyl)phosphate)?202:208209213  Many of these
compounds are persistent and mobile and, thus, difficult to remove from water through
conventional stormwater treatment, which is often based on sedimentation (e.g., in
stormwater ponds), sorption (e.g., in biofilters), or biodegradation (e.g., in constructed
wetlands)'36-138.214  \While hydrophobic, particle-associated contaminants can be
easily removed in urban blue-green infrastructure?'4, dissolved and mobile organic
contaminants are poorly eliminated'38215216 putting receiving streams, groundwater
or stormwater harvesting strategies at risk.

Recently, there have been increasing efforts to remove mobile TrOCs from urban
stormwater through the amendment of biofilters with carbonaceous adsorbents such
as biochar4®-%1.140.217 Bjochar is considered a cost-effective and sustainable material
produced from biomass pryrolysis?'82'®. Due to its high surface area, biochar can
adsorb a variety of organic contaminants and enhance their removal from urban
stormwater*®®'. However, carbonaceous adsorbents alone cannot fully remove poorly
adsorbing and persistent TrOCs from stormwater.

Oxidation processes have been successfully used to abate organic contaminants
in wastewater30:220.221 drinking water??2-224 and groundwater3'225226_However, only a
few attempts have been made to employ oxidation processes for the treatment of
stormwater??’-230_ Peroxydisulfate (PDS, here called persulfate), a chemical oxidant

commonly used for in situ chemical oxidation in the field3'?3!, bears great potential for
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stormwater purification, especially in decentralized treatment systems. Persulfate can
be activated by redox-active biochar forming highly reactive radical or non-radical
species that react with organic contaminants®9.88.97.232_ Bjochar can thus serve as an
adsorbent for TrOCs and as an electron donor for persulfate activation. The
combination of biochar and persulfate has, however, not yet been assessed for the
purification of urban stormwater.

In our study, we investigated the removal of selected TrOCs from urban
stormwater by biochar and persulfate. We studied (i) the treatment efficiency of the
biochar/persulfate system for the removal of TrOCs, (ii) the effects of the water matrix
on the treatment performance, (iii) the formation of reactive species from persulfate,
and (iv) the selectivity of the biochar/persulfate system with regard to different TrOCs.
To this end, laboratory batch experiments were conducted using a shrimp shell biochar
pyrolyzed at 750°C to activate peroxydisulfate for the removal 11 TrOCs from pure
water, a synthetic water matrix, and street runoff. Different radical scavengers and
probe compounds were employed to determine the major reactive species formed.
Quantitative structure—activity relationship (QSAR) analyses investigated the
relationship between the structures of aromatic TrOCs and their reactivity towards
reactive species. This work evaluates the potential of biochar-assisted persulfate-
based oxidation for urban stormwater purification and forms the basis for further

investigations of factors relevant to field-scale applications.
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4.2 Materials and methods

A list of all chemicals including suppliers and purities is provided in Section S4.1 of the

Supporting Information.

4.2.1 Biochar preparation

Shrimp shells were used as feedstock for biochar production and pyrolyzed in a tube
furnace at 750°C. The temperature gradient for pyrolysis was 10°C min-! under N,
atmosphere, with a N, flow rate of 10 L min' and a residence time of 2 hours. The
biochar was washed with 1 M HNO3 to remove ash and dried at 105°C. The sample
was stored in a desiccator until further use. For details on the biochar characterization

see Section S4.3.

4.2.2 TrOC degradation with biochar and PDS in different water

matrices

The degradation of 11 TrOCs (1,3-diphenylguanidine (DPG), 2-hydroxybenzothiazole
(OHBT), 1H-benzotriazole (BTA), 5-methyl-benzotriazole (MBTA), benzothiazole-2-
sulfonic acid (BTSA), diuron, 2,4-dichlorophenoxyacetic acid (2,4-D), 2-methyl-4-
chlorophenoxyacetic acid (MCPA), mecoprop, N-butylbenzenesulfonamide (NBBS),
and tris(2-chloroethyl)phosphate (TCEP), physicochemical properties see Table S4.1)
was investigated in batch reactors containing 15 mg of biochar in 15 mL of deionized
water corresponding to a 1 g L-! biochar suspension. The latter was stirred at 300 rpm
and the pH was adjusted to 7.0 with 1 M H2SO4. Subsequently, 1 mL of an aqueous
stock solution containing the 11 TrOCs (preparation see Section S4.2 in the
Supporting Information) was spiked to achieve an initial nominal concentration of ~
6 uM of each compound. After 30 min contact time, the measured TrOC concentration
was taken as initial aqueous concentration (co). Subsequently, 30 yL of PDS was
added from a 0.5 M aqueous stock solution to initiate the reaction and obtain an initial

nominal PDS concentration of 1 mM, which is a typical concentration used for in situ
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chemical oxidation in the field. The pH was controlled at 7.0 + 0.1 by continuous
titration with 0.25 M H2SO4 or 0.25M NaOH throughout the reaction (titration
procedure see Section S4.4). No any buffer was used to avoid reaction with potential
radicals formed. At predefined time points, 1 mL sample was withdrawn and mixed
with 100 L of pure methanol (2 M in the sample, = 9% v/v) to quench the reaction.
Samples were filtered through 0.22 um PES syringe filters (BGB Analytik, Germany;
recovery of TrOCs see Table S4.2) into 1.5 mL amber glass vials and stored in the
dark at 4°C until analysis. Two types of control experiments were set up identically to
assess the sorption of TrOCs onto biochar in the absence of PDS and the reaction of
TrOCs with PDS in the absence of biochar.

Four TrOCs, with the highest degradation rate (DPG, OHBT, BTA, MBTA) were
selected to study the effects of the water matrix, particularly dissolved organic carbon
(DOC) and chloride (CI), on contaminant degradation in the biochar/PDS system.
Degradation experiments were conducted as described above in a synthetic water
matrix containing 6.4 mg L' DOC from Suwannee River humic acid in the presence
and absence of 1 mM or 100 mM CI-. DPG, OHBT, BTA, and MBTA were added as a
mixture to the 1 g L-! biochar suspension at low concentrations of 3 uM, 6 uM, 3 uM,
and 5 pM, respectively. The TrOCs were equilibrated overnight with the biochar to
reach an apparent sorption equilibrium and a similar initial concentration prior to PDS
addition. This low concentration ensured that the contribution of TrOCs to the
scavenging of SO4*~ and *OH was below 10% compared to the water matrix
compounds, simulating the typical situation in oxidative treatment process. Identical
degradation experiments were also conducted in real street runoff water collected from
a main street in Berlin, Germany in October 2023. The water sample was analyzed for
pH, DOC, total dissolved nitrogen, major ions as well as metals (see Section S4.6 and

Table S4.5).
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4.2.3 Identification of reactive species

To investigate the major reactive species in the biochar/PDS system, SMX was
selected as a model compound with known reaction rate constants with SO4*~and *OH
(k (SMX + SO0s*7) = 1.25 x 10"0 M" 71233 k (SMX + *OH) = 5.5 x 10% M1 g1 234),
Different scavengers were added to a 1 g L™' biochar suspension containing 10 uM
SMX and 1 mM PDS: 1 M methanol was added to scavenge > 99% of both SO4*~
(k (S0s4*7)=1.1 x 10" M 571 199) and *OH (k (*OH) = 9.7 x 108 M-' s71 119), 5 mM tert-
butanol (TBA) was employed to scavenge a large fraction (98%) of *OH (k (*OH)= 6.0
x 108 M1 71 119) but only 3% of SO4*~ (k (SO4°) = 8.0 x 10° M- 571 1%9). Surface-bound
SO4*~ and *OH were completely scavenged by 10 mM dimethyl sulfoxide (DMSO)
through coating on the biochar surface (k (DMSO + SOs*") = 2.7 x 10° M" 1235 k
(DMSO + *OH) = 7.0 x 10° M s' 119). For calculations of the fractions by which
scavengers react with an oxidant see Section S4.11. Carbonate (CO3%), an efficient
superoxide radical (O2*") scavenger (5.0 x 108 M' s)?%¢ was added in different
concentrations of 1 — 50 mM with absence of SO4°~ and *OH.

To further identify the reactive species formed, different probe compounds were
employed according to a protocol of Lutze et al.3. 3 uM of 4-nitrobenzoic acid (PNBA)
and 4-chlorobenzoic acid (pCBA) were added to a 1g L' biochar suspension
containing 1 mM PDS to study the formation of radical species. pNBA reacts very slow
with SO4*~ but rapidly with *OH (k (bNBA + SO4*7) < 106 M's1 120, k (oONBA + *OH) =
2.6 x 10° M' 71 119). pCBA demonstrates high reactivity towards both SO4*~ and *OH
(k (oCBA + SO4*7) = 3.6 x 108 M 51120 k (pCBA + *OH) = 5 x 10° M-! s71119), The
ratio of the second order rate constants corresponds to the slope in a double
logarithmic plot of In(c/co) (PNBA) vs. In(c/co) (oCBA)'6° with a slope of 0.52 for *OH
based processes and close to 0 for SO4*~ 43, Analogously, two probe compounds, 3-
methoxyphenol (MOP) and 2,4,6-trichlorophenol (TCP) were chosen as indicators for
singlet oxygen ('0O2) in both pure water and actual street runoff. In case of a '02-based
process, leads to a theoretical slope of 0.76 in plot of In(c/co) (TCP) vs. In(c/co) (MOP)
(k (TCP + '02) = 1.7 x 10" M' s1, k (MOP + '0O2) = 1.3 x 107 M-! s-1237), All probe
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compounds were added at low concentration (3 uM for pNBA and pCBA, 5 uM for TCP
and MOP) resulting in < 10% scavenging of the reactive species. Two different types
of control experiments were conducted: (i) a sorption control containing only probe
compounds (pNBA + pCBA or TCP + MOP) and biochar, and (ii) a control containing
only the probe compounds and PDS.

To validate the formation of 02, a reference experiment was performed using the
reaction of H202 and NaClIO to degrade TCP and MOP. H202/NaClIO reaction is the
benchmark process for the production of '02 due to its well-established confirmation
of producing sole 102238239 and with no discernible intermediacy involving
radicals?*9241, Experimental details are described in Section S4.14.

Persulfate decomposition experiments were carried out in a 1g L' biochar
suspension containing 1 mM PDS in the presence and absence of SMX. Samples
were withdrawn over time and filtered through 0.22 ym PES syringe filters (101 £ 1.3%
recovery) for persulfate analyses. To investigate the involvement of dissolved oxygen
in the reaction, SMX degradation and persulfate decomposition experiments were also
conducted under anoxic conditions by purging the 1 g L' biochar suspension with N2

and conducting the experiment in a glovebox under N2 atmosphere.

4.2.4 Analytical methods

Biochar characterization

The electron exchange capacity (EEC), i.e., the sum of electron accepting capacity
(EAC) and the electron donating capacity (EDC), was determined using a mediated
electrochemical method modified from Klipfel et al.%8. Continuous wave X-band
electron spin resonance (ESR) spectroscopy was performed (MiniScope MS 300,
Magnettech GmbH, Germany) to determine persistent free radicals. The zeta potential
of the biochar was measured by a nanoparticle size analyzer (Zetasizer Nano ZSP,
Malvern Inc., UK). Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy was recorded using a Nicolet 670 FT-IR spectrometer (Thermo Fisher

Scientific GmbH) equipped with an EverGlo source, a KBr beam splitter, and a
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deuterated L-alanine-doped triglycene sulphate (DLaTGS) detector to characterize the
functional groups on the biochar surface. In situ X-ray diffraction analysis (XRD)
measurements were performed on a Bruker D2 PHASER X-ray diffractometer for
biochar surface structure properties study. The metal content of the biochar was
determined by inductively coupled plasma-optical emission spectrometry (ICP-OES,
ICP iCAP7000series, Thermo Fisher Scientific Inc.) after microwave acid digestion.

For detailed information of the biochar characterization see Section S4.3.

TrOC analysis

The concentrations of the TrOCs were quantified by liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS) in positive and negative electrospray
ionization mode (for details see Section S4.5). SMX and probe compounds pNBA,
pCBA, TCP, and MOP were quantified using high-performance liquid chromatography
equipped with a diode array detector (HPLC UV-vis, see Section S4.5).

Persulfate measurements

Persulfate decomposition was quantified using a modified Kl colorimetric method?42.
Briefly, 0.1 mL sample was added into a solution containing 4.9 mL of 0.55 M Kl and
0.76 mM NaHCOs. The samples were incubated for 25 minutes in the dark and

analyzed spectrophotometrically at 352 nm.

QSAR analysis

A quantitative structure-activity relationship (QSAR) model was employed to
investigate the relationship between the structures of aromatic TrOCs and their
reactivity towards singlet oxygen. Hammett o+ constants were calculated to represent
the electron-donating or electron-withdrawing properties of substituents on aromatic
compounds?#3-245  (details shown in Section S4.18). For structurally complex
substituents which no descriptor variables were available in literature, a structural

approximation was used.
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4.3 Results and discussion

4.3.1 Biochar and persulfate to degrade dissolved TrOCs

A preliminary batch screening experiment was conducted in which the degradation of
11 TrOCs was investigated in pure water containing 1 g L-! biochar and 1 mM PDS at
pH 7 (Figure 4.1a and Figure S4.4). Within one hour, none of the TrOCs reacted
directly with PDS. Only one compound (diuron) was adsorbed to a significant extent
(45%) on biochar, while all other compounds showed minor sorption (< 20%). In the
presence of biochar and persulfate, DPG and OHBT showed more than 95%
degradation (Figure 4.1a). BTSA, BTA, and MBTA exhibited moderate degradation (21
— 34%). DPG exhibited the highest degradation rate following pseudo-first order
kinetics with a kobs value of (10.4 = 0.5) x 10“ s'. BTSA showed the slowest
degradation with a kobs of (0.6 = 0.01) x 10 s™'. No degradation was observed for
TCEP, NBBS, 2,4-D, MPCA, and mecoprop. In actual street runoff, 1 g L-! biochar and
1 mM PDS also led to the degradation of DPG, OHBT, BTA, and MBTA at pH 7 (Figure
4.1b). DPG and OHBT was almost completely removed (> 90%) within one hour. BTA
and MBTA both were removed by around 30%. These results show that the
biochar/PDS system can be applied to actual street runoff to remove certain persistent
and mobile organic compounds, which cannot be removed through adsorption onto

biochar alone.
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Figure 4.1. (a) Removal of TrOCs (in mixture) in batch experiments containing (i) persulfate
only (striped bars), (ii) biochar only (solid bars), and (iii) persulfate and biochar (dotted bars).
[Biochar] = 1 g L, [persulfate] = 1 mM, [TrOCs]spikea ~ 6 UM, Co = concentration after 30 min
sorption, ¢ = measured TrOCs concentration after 1 h reaction, pH 7 (titrated with H.SO4 and
NaOH), in pure water without buffer. Error bars indicate the standard deviation of triplicates.
(b) Removal of DPG, BTA, MBTA, and OHBT (in mixture) in batch experiments with street
runoff containing (i) biochar only as sorption control, and (ii) persulfate and biochar over time.
[Biochar] =1 g L, [PDS] = 1 mM, [DPGJo = ¢o = 0.98 yM (206 pg L"), [OHBT]o = co = 1.26 yM
(190 pg L), [BTA]o = co = 1.46 uM (172 ug L"), [MBTA]o = co = 1.33 uM (177 ug L"), c =
measured TrOCs concentration over time, pH 7 (titrated with H.SO4 and NaOH), without buffer.
Error bars indicate the standard deviation of triplicates.
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4.3.2 Effect of the water matrix on TrOCs degradation by biochar

and PDS

The street runoff collected contained 7.5 mg L' DOC and a low concentration of CI~
(0.1 mM, Table S4.5). As the quality of runoff can vary significantly depending on the
land use and season'0-246:247 'knowledge about the effects of the water matrix on TrOC
degradation is crucial for the potential application of the biochar/PDS system for
stormwater treatment. In particular, the CI~ concentrations in runoff can vary strongly
due to de-icing activities in winter that can lead to very high concentrations of CI~ up
to hundreds of mM?48249 We investigated the degradation of DPG, OHBT, BTA, and
MBTA in a synthetic water matrix containing 6.4 mg L' DOC and two concentrations
of CI” (1 mM and 100 mM CI-, Figure 4.2 and Figure S4.7). Both CI~ concentrations
did not affect the degradation of the BTA and MBTA (Figure 4.2 and Figure S4.7). The
removal of DPG and OHBT was not impacted by CI~ (>95% removal). For OHBT, the
addition of 1mM CI~ led to a decrease in degradation rate from (10.0 + 0.2) x 104 s
to (8.5 £ 0.0) x 10 s™'. Increasing the concentration of Cl~ to 100 mM, did not lead to
a further decrease in reaction rate. That TrOCs could be degraded in the biochar /PDS
system in the presence of 100 mM CI” indicates its applicability also in winter during
deicing events of rods using salt. Also, dissolved organic carbon (DOC as Suwannee
River humic acid) did not impact the removal of the TrOCs in the biochar/PDS system
compared to pure water (Figure 4.2 and Figure S4.6). The absence of water matrix
effects on the reaction kinetics of the contaminants could be an indication of the

formation of reactive species that do not react strongly with water matrix components.
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Figure 4.2. Removal of DPG, OHBT, BTA, and MBTA (in mixture) in different water matrices
and corresponding pseudo-first order rate constants (kops) (i) in pure water (striped bars), (ii)
in synthetic water (containing DOC and CI) (solid bars), and (iii) in street runoff (checkered
bars). [Biochar] = 1 g L, [PDS] = 1 mM, [DPGJspiked = 3 UM (634 ug L"), [OHBT]spikes = 6 UM
(907 ug L), [BTAlspiked = 3 UM (357 ug L"), [MBTAlspikes = 5 UM (666 ug L"), ¢ = measured
TrOC concentration after 1h reaction, pH 7 (titrated with H.SO4 and NaOH), without buffer.
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4.3.3 Identification of reactive species in the biochar/persulfate
system

To elucidate which reactive species were formed in the biochar/PDS system, we
selected SMX as a model compound with known reaction rate constants with many
radical and non-radical species and investigated SMX transformation kinetics in the
presence of different scavengers. Methanol served as a scavenger for both SO4°*~ and
*OH, while TBA only scavenges °*OH. Neither methanol nor TBA affected SMX
degradation kinetics (Figure 4.3a), indicating that neither SO4*~ nor *OH were involved
to a significant extent in the biochar/PDS system. This conclusion was further verified
by employing pCBA and pNBA as probe compounds (see method section), where
hardly any pCBA and pNBA was degraded (Figure S4.8). DMSO, which served as a
scavenger for surface-bound radicals, did not cause changes in SMX degradation
neither (Figure 4.3a). These results point to the involvement of non-radical species in
the biochar/PDS system.

Competition kinetics experiments were conducted using MOP and TCP as probe
compounds to study the generation of singlet oxygen ('O2). The probe compounds
neither adsorbed to biochar, nor reacted with 1 mM persulfate during the course of our
experiments (Figure S4.9). A plot of In(c/co) (TCP) vs. In(c/co) (MOP) (Figure 4.3b)
yielded a slope of 0.776 £ 0.015 in pure water, in good agreement with the ratio of the
second order rate constant of 'O2 with MOP and TCP (k (TCP + '02) /k (MOP + 102)
=0.76)%%7. The same slope (0.766 + 0.030) was obtained in street runoff water (Figure
4.3b) demonstrating that 'Oz is likely the major reactive species in both pure water and
street runoff. The water matrix did not seem to affect (i) the type of reactive species
formed and (ii) the 'O2 exposure as can also be seen by the high contaminant
degradation kinetics in the street runoff (Figure 2). A direct electron transfer pathway
between biochar, persulfate and SMX was considered unlikely as discussed in Section

S4.15.
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Figure 3. (a) SMX degradation over time in the biochar/PDS system in the absence (control)
and presence of 1 M methanol, 5 mM tert-butanol (TBA), or 10 mM DMSO. [Biochar] =1 g L
' [PDS] = 1 mM, [SMX]o= co~ 7.5 uM, c is the measured SMX concentration over time, pH 7
(titrated with H,SO4 and NaOH), in pure water without buffer. Error bars indicate the standard
deviation of triplicates. (b) Competition plot In(c/co) of TCP vs. MOP in pure water (dashed line
and squares, slope 0.776 + 0.015; intercept 0.104 + 0.020) and in street runoff (7.5 mg L -’
DOC and 2.9 mg L' CI, other water constituents see Table S5) (full line and circles, slope
0.766 + 0.030; intercept 0.01 + 0.019). [Biochar] = 0.5 g L', [PDS] = 1 mM, [MOPlspiked =
[TCP]Jspikes = 5 UM, pure water: [MOP]o, atter 30min sorption = 3.29 UM; [TCPo, after 30min sorption = 2.59
MM, street runoff: [MOP]o, atter 30min sorption = 3.54 PM; [TCPo, after 30min sorption = 2.17 UM, ¢ is the
measured MOP and TCP concentration over time, pH 7 (titrated with H,.SO4 and NaOH), in

pure water without buffer. Orange areas show the 95% confidence intervals of the linear fit.

A known pathway to form 'Oz is the reaction of persulfate and ketonic groups of
carbonaceous materials®. ATR-FTIR spectra indicated the presence of C = O bonds
(C = O stretching vibrations with ketones, Figure S4.2), which might be crucial
functional groups for the generation of 'O2 from persulfate. A mechanism for the
generation of 02 is proposed in Scheme 1, according to the activation of persulfate
by carbon nanotubes®. First, one molecule of S20g?~ attacks the carbonyl groups on
the biochar to form a peroxide adduct (reaction 1). The peroxide adduct decomposes
to a dioxirane intermediate via intramolecular nucleophilic displacement of alkoxide

oxygen at the O-O bond and forms one molecule of SO4%>~ (reaction 2 and 3).
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Subsequently, another molecule of S20s?" reacts with the dioxirane adduct and
generates one molecule of 'O2 (reaction 4). Overall, two molecules of S20s?~ form four
molecules of SO4?~ and one molecule of 'Oz2. A stoichiometric ratio of SO42~ produced
per S208% lost in SMX degradation experiment was calculated to be approximately 2
(Figure S4.11), which was consistent with the proposed reactions.

Superoxide radicals (O2+7) are usually recognized as an intermediate product
involved in the generation of 'O2 by direct oxidation from dissolved oxygen'4’ or
recombination of two 0207250, To assess the possible involvement of Oz¢~, different
concentrations of carbonate (1 — 50 mM CO3?", k2 =5 x 108 M~" s71)236 were added as
selective scavenger of O2+~. No significant difference was observed in SMX
degradation even at high carbonate concentrations of 50 mM (Figure S4.12).
Dissolved oxygen as the source of 'O2 was ruled out in an experiment under anoxic
conditions, in which no differences in SMX degradation and persulfate decomposition
could be observed compared to the experiment under oxic conditions (Figure S4.13).

These results demonstrated the nonparticipation of dissolved oxygen and Oz~ in 02

generation.
OH
BC O + 52082- + OH —» BC o + 3042' )
\0\
S04
OH o
BC + OH —»»= BC + H,0 (2)
o) o)
No \0\
50, S0,
0= 0
BC ) —» BG | + S0, (3)
0ol o]
(LO
50,

0
BC~<:><0| + 5,057 + 20H —3m BC—<:>:0 + 280, + 10, + H,0 ()

Scheme 4.1. Proposed mechanism for the generation of 'O, from PDS activation by biochar

(Based on Chen et al., 2017)%.
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4.3.4 Reactivity and selectivity of TrOCs for future application

Singlet oxygen is known to selectively react with electron-rich organic
compounds?3'252_ |n fact, in our experiments only DPG, BTA, MBTA, OHBT, and BTSA
were degraded but not diuron, 2,4-D, MCPA, mecropop, NBBS, and TCEP (Figure
4.1a). Understanding the reactivity between TrOCs and singlet oxygen in the
biochar/PDS system is essential for a good process design and future applications.
The 11 investigated TrOCs were grouped into anilines (DPG, diuron), aromatic amines
(BTA, MBTA, OHBT, BTSA,), alkoxy benzenes (2,4-D, MCPA, mecropop) and other
compounds (NBBS, TCEP). No degradation was observed for 2,4-D, MCPA, and
mecoprop, indicating that singlet oxygen shows low reactivity towards alkoxy
benzenes (Figure 4.4a and Figure S4.4). Anilines were well degraded in the
biochar/PDS system, except for diuron where degradation could not be distinguished
from adsorption onto biochar (Figure 4.4a and Figure S4.4). Aromatic amines including
benzotriazoles and benzothiazoles showed high reactivity with singlet oxygen. The
degradation rate constants (kobs) of TrOCs obtained in the competition experiments
described above were used to quantitatively describe the effect of substitution (Figure
S4.5). The Hammett constants o* as the TrOCs substituent descriptors were
estimated?43-245 (Section S4.18 and Table S4.6). A quantitative structure—activity
relationship (QSAR) was developed for the reaction activity of the TrOCs that reacted
with singlet oxygen and the Hammett ¢* constants, where a good correlation with
linear regression was obtained (R? = 0.94) (Figure 4.4b). The decrease in the oxidation
rates of TrOCs with the increase of 0" suggests a typical electrophilic substitution
reaction between singlet oxygen and the TrOCs. All highly reactived TrOCs have
negative o* values with electron-donating properties, consistent with the fact that
singlet oxygen favors to react with electron-rich moieties?>3. A linear relationship
between the reaction of singlet oxygen and 14 substituted phenols and Hammett o*
constants was also proposed by Jawad et al., 2020 where kobs decreased with the
increased 0*?%'. Consistent results were obtained in our study where a faster

degradation was observed for TCP (kobs = (26.4 + 0.5) x 10 s') with a larger o*
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(0.2552) than MOP (kobs = (21.1 £ 0.4) x 10* s”', o* = 0.05). QSAR analyses could
serve as a useful tool to evaluate the degradation of certain substituted compounds in

the reaction with singlet oxygen.
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Figure 4.4. Correlation between the pseudo-first order rate constant (kos) for the reactions of

singlet oxygen with aniline TrOCs vs. YG%o,m,p.

4.4 Implications for stormwater treatment

In light of increasing global efforts to capture and use stormwater for water supply, it
is critical to remove persistent, mobile, and potentially toxic chemicals from
stormwater® 11199 Our study demonstrates that biochar can activate peroxydisulfate to
eliminate organic contaminants from urban stormwater. The oxidation process with
biochar and PDS can, thus, be a complementary approach to conventional stormwater
treatment systems. Moreover, the degradation of organic contaminants in the
biochar/persulfate system through a non-radical singlet oxygen pathway has practical
benefits as the water matrix did not strongly impact contaminant removal.

The biochar/persulfate system is selective towards oxidizing trace organic
contaminants in urban stormwater, especially electrophilic compounds like anilines,

aromatic amines, and phenols. For the TrOCs that are not reactive in the
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biochar/persulfate system, alternative treatments need to be considered to broaden
the spectrum of mobile organic contaminants that can be removed.

Our laboratory-scale tests form the basis for further investigations of factors
relevant to field-scale applications of oxidation processes for stormwater treatment.
Further research is needed to assess the feasibility and applicability of the
biochar/PDS-based oxidation process for stormwater treatment in the field. For
example, laboratory-scale column studies need to be conducted to simulate the
application of biochar and persulfate in biofilter systems. Moreover, operational
parameters have to be tested to ensure a constant persulfate supply, control the large
amount of sulfate ion emit from the decomposition of persulfate, and assess potential
effects of variable flow rates and accumulation of high DOC through filter systems on
the treatment efficacy of organic contaminants. Lastly, pilot-scale field studies are
needed to test the actual implementation and performance of this biochar-assisted

persulfate-based oxidation for urban stormwater treatment.
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S4.1 Chemicals

All chemicals in this study were used as received. Benzotriazole (BTA, 99%), 5-
methyl-benzotriazole (MBTA, 98%), 2-hydroxybenzothiazole (OHBT, 98%), 2-methyl-
4-chlorophenoxyacetic acid (MCPA, analytical standard), mecoprop (analytical
standard), diuron (= 99.0%), tris(2-chloroethyl)phosphate (TCEP, 97%), 2,4-
dichlorophenoxyacetic acid (2,4-D, analytical standard), sulfamethoxazole (SMX,
analytical standard), sodium peroxydisulfate (PDS, Na2S20s, =99% for analysis
EMSURE®), methanol (MeOH, HPLC grade = 99.9%), tert-butanol (TBA, = 99.0%),
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS,
> 98.0%), formic acid (LC/MS, Fluka®), potassium iodide (Kl, 99%, ReagentPlus®), 4-
nitrobenzoic acid (pNBA, = 98.0% for HPLC), 4-chlorobenzoic acid (pCBA, 99% for
HPLC), 3-methoxyphenol (MOP, 96%), 2,4,6- trichlorophenol (TCP, 98%) and
ascorbic acid (for analysis EMSURE®) were purchased from Sigma-Aldrich. 1,3-
diphenylguanidine (DPG, 99.2%), and N-butylbenzenesulfonamide (NBBS, 99.94%)
were purchased from HPC standards GmbH. Benzothiazole-2-sulfonic acid (BTSA,
99.99%) was from BLD Pharma Ltd. Sulfuric acid (H2SOs4, 95-97%), sodium hydroxide
solution (NaOH, 1 M, TitriPUR®), acetic acid (100%), potassium chloride (KCI),
monopotassium phosphate (KH2PO4), sodium chloride (NaCl), sodium hydrogen
carbonate (NaHCO3), and sodium carbonate (Na2COs3s) were purchased from Merck
and were with for analysis EMSURE® purity except mentioned otherwise. Dimethyl
sulfoxide (DMSO, >99.5%) was purchased from Fisher Scientific. Sodium hypochlorite
(12% CI, technical grade) was purchased from Carl Roth. Suwannee River humic acid
and Suwannee River standard fulvic acid were from the International Humic
Substances Society (IHSS), St. Paul, MN, USA. N,N-bis(3-sulfonatopropyl)-4-4’-
bipyridinium (zwitterionic viologen, ZiV) was synthesized in the lab and characterized
by Fourier-transform infrared spectroscopy (FTIR), for details see Schlogl et al.,
202276, Aqueous solutions were prepared with deionized water (18.1 MQ x cm,

Arium® Pro Water Purification System).
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Table S4.1. The molecular structure, molecular weight (MW), pKa, log Dow, solubility in water, and use class of the 11 studied TrOCs.

Solubility
MW log Dow ) Source in
No. Name Molecular structure pKa in water Use class
(g mol") (pH 7.4)2 stormwater
gL
NH Vulcanization
1 1,3-Diphenylguanidine (DPG) @N N 211.26 10.12 246 1 210-212
H H accelerator
N
2 Benzotriazole (BTA) @:N'N 119.13 8.2 1.50 20 Corrosion inhibitor | 206.208.209
H
5-Methyl-benzotriazole H\
3 /@: N 133.15 8.74 1.69 6 Corrosion inhibitor 202,208
(MBTA) HaC N
2-Hydroxybenzothiazole N Vulcanization
4 \>70H 151.19 8.9 -1.33 1.7 207,254,255
(OHBT) S accelerator
Benzothiazole-2-sulfonic acid ] 3
5 D=?—<\ ]@ 215.3 2.4-1.0 -3.01 0.7 Corrosion inhibitor | 207.2%6.257
(BTSA) oH N
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0
6 2.4-D /@io\)kOH 221.04 2.64 -0.83 0.9 Herbicide 202,204,205
cl cl
0
7 MCPA /©/O\)J\OH 200.62 3.1 -1.09 0.825 Herbicide 205
cl
CH,
8 Mecoprop /@/OICH3 21464 | 3.78 -0.65 07 Herbicide 206,209
Cl O OH
BOW
9 Diuron N (e CHs | 23300 | 132 0.13 0.04 Herbicide 202-205
H |
CHa
N-Butylbenzenesulfonamide Q. ~
10 @/5_H CHa | 2133 11.62 1.85 0.46 Plasticizer 208
(NBBS)
Q
Tris(2-chloroethyl)phosphate | Ch ~q-F~q-~Cl Organophosphate
11 0 2855 | 9.75 142 7.8 202,208,209,213
(TCEP) j flame retardant
cl

@log Dow at pH 7.4 predicted by ACD labs

122




Persulfate Activation by Biochar for Stormwater Treatment

S4.2 TrOC stock solution preparation

Solid or liquid raw chemicals were dissolved in deionized water to prepare a stock
solution containing the 12 TrOCs investigated as a mixture (100 pM, each). The
prepared stock solution was analyzed by LC-MS/MS to obtain the actual

concentrations of the TrOCs in the aqueous stock solution.

Table S4.2. Concentrations of TrOCs in the stock solution and recoveries of TrOCs after
filtration with PES syringe filters.

Concentration in stock 0.2 ym PES
No. Name
(MM) filter recovery (%)

1 Sulfamethoxazole (SMX) -1 87 +0.3

2 1,3-diphenylguanidine 73 82+0.8

3 Benzotriazole 83 97 +1.0

4 5-methyl-benzotriazole 81 93101

5 2-hydroxybenzothiazole 85 88 +0.7

6 Benzothiazole-2-sulfonic acid 165 9+04

7 24-D 81 97 £0.9

8 MCPA 83 99+1.6
9 Mecoprop 78 95+1.6
10 Diuron 85 38+0.82
11 N-Butylbenzenesulfonamide 75 60 + 1.42
12 Tris(2-chloroethyl)phosphate 76 87+1.5

! not detected as SMX was not included in TrOC stock solution.
2 for compounds with recovery below 80%, the recovery was taken into account for concentration and
removal calculations
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S4.3 Biochar characterization

S$4.3.1 Electron exchange capacity (EEC)

The electron exchange capacity (EEC), which is the sum of the electron accepting
capacity (EAC) and electron donating capacity (EDC), was determined by mediated
electrochemical reduction (MER) and mediated electrochemical oxidation (MEO)
modified from the method reported by Klipfel et al., 2014%. All analyses were
conducted under anoxic conditions in a glovebox. A 10 g biochar L-' suspension was
prepared and stirred for at least 24 h before analysis. For the electrochemical setup,
the working electrodes as well as the reaction vessels were eight glassy carbon cells
(each 9 mL, Sigradur G, HTW, Germany) with copper wires attached (four for MER
and four for MEO). The counter electrodes were coiled platinum wires (0.5 mm, 99.9%,
Sigma-Aldrich Co., USA) connected to platinum gauzes (52 mesh, 99.9%, Sigma
Aldrich Co., USA) in glass tubes with porous glass frits filled with phosphate buffer (0.1
M KCI, 0.1 M KH2POg4, pH 7). The reference electrodes were Ag/AgCl electrodes
(Bioanalytical Systems Inc., USA) but redox potentials are reported with reference to
the standard hydrogen electrode. To start the measurement, 7 mL phosphate buffer
solution was added into the continuously stirred reaction vessels, and redox potentials
(En = -0.38 V for MER and +0.61 V for MEO) were applied using an eight-channel
potentiostat CHI1000 (CH Instruments, USA). Subsequently, 100 yL of a 10 mM
mediator stock solution, either zwitterionic viologen (ZiV) for reduction or 2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) for oxidation, was spiked to be
completely oxidized or reduced. Then, 10 pyL of the biochar sample was added
consecutively into the vessels and sharp and clear current peaks were recorded. For
the data analysis, the current peaks were integrated over an analysis time of 4000 s
using Matlab R2020Ra. The electron accepting capacity (EAC) and electron donating
capacity (EDC) were calculated in ymol e (g biochar)! according to Kliipfel et al.,

20158,
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$4.3.2 Zeta potential

The zeta potential of the biochar was measured by a nanoparticle size analyzer
(Zetasizer Nano ZSP, Malvern Inc., UK). 40 mg biochar was suspended in 80 mL of
10 mM NaCl solution to prepare a 0.5 g L™ biochar suspension, which was measured
in the pH range of 6 — 12 by adjusting with HCI or NaOH. The measurements were

performed in triplicate.

10

Zeta potential (mV)

Figure S4.1. Zeta potential of the biochar at different pH values. Error bars indicate the
standard deviation of triplicates.

S4.3.3 Persistent free radicals (PFRs)

Continuous X-band electron spin resonance (ESR) spectra were recorded with an
ESR spectrometer (MiniScope MS 300, Magnettech GmbH, Berlin, Germany) for the
determination of persistent free radicals. For the estimation of spin concentrations, the
spectra were accumulated 3-fold over 90 s at a microwave power of 0.1 mW (sweep
width 15 mT). Suwannee River standard fulvic acid (1S101F, IHSS) was used as a
reference for the calculation of spin concentrations with a free radical content of
0.54 x 10" spins g'. The g-values were determined in separate scans by measuring

a certified internal manganese standard (Mn?* in ZnS) simultaneously with the sample.
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S$4.3.4 Fourier-transform infrared spectroscopy (FTIR)

The spectra were collected with a Nicolet 670 FT-IR spectrometer (Thermo Fisher
Scientific GmbH) equipped with an EverGlo source, a KBr beam splitter, and a
deuterated L-alanine doped triglycene sulphate (DLaTGS) detector. The
measurements were performed in attenuated total reflection (ATR) mode in a “Golden
Gate” sample holder. The sample holder was cleaned with ethanol and acetone
between measurements. Four measurements were conducted with different portions
of the biochar sample over the range of 4000 — 600 cm™' at 4 cm™' and 32 co-added
scans. All spectra were captured in absorbance units and ATR correction was applied
in atmospheric conditions. Data were processed with standard normal variate (SNV)
scatter-correction, followed with an asymmetric least squares baseline correction and
a smoothing procedure with a Savitzky—Golay algorithm function (polynomial = 2 and

points = 27).
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1087 711
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Figure S4.2. Fourier-transform infrared spectroscopy (FTIR) spectra of the biochar sample.
Data are presented in quadruplicate measurements.
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$4.3.5 X-ray diffraction analysis (XRD)

In situ XRD measurements were performed on a Bruker D2 PHASER X-ray
diffractometer coupled with a SSD160-2 detector. The spectra were collected with Co
Ka (A = 1.79026 A) source emitting radiation over the angular range 10° < 26 < 90°
with 0.015° step size and 0.6 s time steps. The tube was operated at 30 kV and 10 mA.
DIFFRAC.EVA software was used for data evaluation and a crystallography open

database was employed for phase identification.

) COD 8006éss CCal Calcite

1| COD 9008678 CiNa Halte

| COD 2002855 C0 22Ca%013.514P2 823 Carbonate-hydroxylapatie
|_COD 4124055 025

T b T 4 T T T ' T T T
20 30 40 50 60 70

2
8

2Theta (Coupled TwoTheta/Theta) WL=1.78897

Figure S4.3. X-ray diffraction (XRD) pattern of biochar sample.
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S4.3.6 Metal content

The metal content of the biochar was determined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES, ICP iCAP7000 Series, Thermo Fisher
Scientific Inc.) after microwave acid digestion. 50 mg sample was digested in 6 mL
nitric acid and 2 mL hydrochloric acid mixture. The digested solution was make up to

50 mL for ICP-OES analysis.

Table S4.3. Electron accepting and donating capacity (EAC, EDC), persistent free radical
(PFR) concentration, and metal content of the biochar.

Characteristic Value Characteristic Value
EAC (umol e (g biochar)™) 244 + 8 PFRs (10'®spins g™) 5.07 + 0.30
EDC (umol e (g biochar)™) 244 + 37 Cu (mg kg™") 206
K (mg kg™) 16100 Al (mg kg™) 1090
Ca (mg kg™") 268500 Ti (mg kg™) 72
Mg (mg kg™") 19500 Zn (mg kg™) 106
Mn (mg kg™") 54 Cd (mg kg™") <10
P (mg kg™) 31500 Co (mg kg™") <10
S (mg kg™") 5910 Cr (mg kg™") <10
Fe (mg kg™) 1000 Ni (mg kg™) <10
Na (mg kg™') 65460 Pb (mg kg™) <10
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S4.4 Titration procedure in batch experiments

Before adding the PDS, the pH of the biochar suspension was adjusted to 7 and it
stayed in constant during sorption time. One sample was withdrawn and the measured
TrOC concentration was taken as initial aqueous concentration. After adding the PDS
to initial the reaction, the solution slowly acidify because protons could be released
due to the reaction of reactive species and the compounds. Therefore, during the
reaction, 4 yL of 0.25 M NaOH was added every 10 minutes to the solution to keep
the pH stay at 7 + 0.1. In total 24 yL of NaOH in a reaction time of 1 hour was added
at the end and no significant effect on compound determined concentration was

caused by the titration.
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S$4.5 Analyses of TrOCs and probe compounds

S4.5.1 LC-MS/MS method

TrOCs were quantified using an Agilent 1290 Infinityll Ultra-High-Performance Liquid
chromatography (UPLC) coupled to an Agilent 6470 triple-quadrupole mass
spectrometer with an Agilent Jet Stream source in electrospray ionization (ESI) mode
(Agilent, USA). 1,3-diphenylguanidine (DPG), 2-hydroxybenzothiazole (OHBT), 1H-
benzotriazole (BTA), 5-methyl-benzotriazole (MBTA), benzothiazole-2-sulfonic acid
(BTSA), N-butylbenzenesulfonamide (NBBS), tris(2-chloroethyl)phosphate (TCEP),
and diuron were quantified in positive ionization mode and 2,4-dichlorophenoxyacetic
acid (2,4-D), 2-methyl-4-chlorophenoxyacetic acid (MCPA), and mecoprop in negative
ionization mode (Table S4.4). Aqueous samples were analyzed using a XBridge BEH
C18 column (5 cm x 2.1 mm, 3.5 ym, Waters) equipped with a XBridge BEH C18
VanGuard cartridge (5 mm x 2.1 mm, 3.5 um, Waters). The mobile phase consisted of
LC-MS grade water (solvent A, LiChrosolv®, Sigma) and LC MS grade methanol
(solvent B, ROTISOLV®, > 99.95%, Roth) each acidified with 0.1 vol% formic acid
(Fluka). The eluent gradient increased linearly from 10% B to 95% B in 15 min and
was kept constant at 95% B for 1 min at a flow rate of 200 L min~'. Quantification of
analytes was carried out using external calibration standards ranging from 1 yg L™ to
100 pg L™'. The limit of quantification was defined as the lowest concentration standard
with a signal to noise ratio 210. Data analyses were performed with MassHunter

Workstation Software (Version Build9.0.647.0).
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Table S4.4. Substance-specific MS/MS settings for quantification of trace organic
contaminants

m/z m/z ESI Fragmentor Collision

Precursor mass  Product mass mode voltage (V) energy (V)
DPG 2121 119 + 105 24
2121 77 + 105 40
BTA 120.0 92 + 75 16
120.0 65 + 75 24
MBTA 134.0 79 + 90 20
134.0 77 + 90 28
OHBT 152.0 80 + 110 32
152.0 65 + 110 36
BTSA 215.9 134 + 110 24
215.9 89.9 + 110 40
221.0 163 - 65 12
MCPA 199.0 155 - 60 4
199.0 141 - 60 12
Mecoprop 213.0 141 - 70 8
213.0 71 - 70 8
Diuron 235.0 72 + 85 24
233.0 72 + 75 20
2141 158 + 84 8
NBBS 214.1 141 + 84 12
2141 77 + 84 28
284.9 223 + 75 12
TCEP 284.9 99 + 75 24
284.9 62.9 + 75 28
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S4.5.2 HPLC UV-vis method

The concentrations of SMX, pCBA, pNBA, MOP, and TCP were quantified by HPLC
(1200 Series, Agilent) equipped with a UV-vis detector. Aqueous samples were
analyzed using an Agilent ZORBAX Eclipse XDB-C18 column (4.6 mm x 150 mm, 5
pum) and a ZORBAX Eclipse XDB-C18 guard cartridge. For SMX analysis, 20 uL of
sample was injected and the eluent mixture consisted of 35% methanol and 65% water
(pH 3, 1 mM H2S04) at a flow rate of 0.5 mL min-'. The wavelength was set to 270 nm.
The concentration of SMX was quantified by external calibration from 0.25 yM to
20 uM. Analysis of pCBA and pNBA was carried out by injecting 50 pL of sample with
an eluent mixture of 70% methanol and 30% water (pH 3, 1 mM H2SO4) at a flow rate
of 0.5 mL min-'. pCBA and pNBA were analyzed at 234 nm and 262 nm, respectively,
and concentrations were quantified by external calibration from 0.025 yM to 5 uM. For
MOP and TCP analysis, 50 pL of sample was injected and the mobile phase consisted
of 60% methanol and 40% water with 1% acetic acid, and 80% methanol and 20%
water with 1% acetic acid , respectively with a flow rate of 0.5 mL min'. The
wavelength was 210 nm for MOP and 280 nm for TCP. Concentrations of MOP and
TCP were quantified by external calibration from 0.5 uM to 10 uM.
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S4.6 Characterization of street runoff

The pH of

(Multi 340i,

the collected street runoff was measured using a multi-parameter probe

WTW, Germany). The dissolved organic carbon (DOC) and total dissolved

nitrogen (TDN) concentration were analyzed by a TOC analyzer (TOC/TN, Shimadzu,

Japan). The soluble reactive phosphorus (SRP) concentration was determined by a

modified ammonium molybdate spectrophotometric method'84. The concentration of

major ions

(CI7, S04, NH4*, NO2~, NO3~) was determined by ion chromatography

(930 Compact IC Flex, Metrohm, Germany). Metals were quantified by ICP-OES
(iCAP 7000 Series, Thermo Fisher Scientific).

Table S4.5. Characteristics and composition of street runoff collected in Berlin.

Parameter Value Parameter Value
pH 6.55 Ca (mg L") 5.23

DOC (mg L™ 7.5 Cu (mg L") 0.01
TDN (mg L") 1 Fe (mg L") 0.05
SRP (mg L") 186 K (mg L") 2.99
NHs*- N (mg L) 0.36 Mg (mg L") 0.54
NO; - N (mg L) <0.005 Mn (mg L") <0.01
NOs - N (mg L") 0.29 Na (mg L) 1.52
CI- (mg L™ 2.9 P (mg L") 0.21
S04 (mg L™ 0.6 S (mg L") <1.0
Al (mg L") 0.03 Si(mgL™") 0.36

B (mg L") 0.02 Zn (mg L™ 0.03
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S4.7 Degradation of TrOCs by biochar and PDS in pure

water
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Figure S4.4-1. Removal of (a) 1,3-diphenylguanidine (DPG), (b) 2-hydroxybenzothiazole
(OHBT), (c) benzotriazole (BTA), and (d) 5-methyl-benzotriazole (MBTA) (in mixture) over time
in batch experiments containing (i) persulfate only, (ii) biochar only, and (iii) persulfate and
biochar. [Biochar] = 1 g L™, [persulfate] = 1 mM, [TrOCs]spikea ~ 6 UM, Co = concentration after
30 min sorption, ¢ = measured TrOCs concentration overtime, pH 7 (titrated with H,SO4 and
NaOH), in pure water without buffer. Error bars indicate the standard deviation of duplicates.
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Figure S4.4-2. Removal of (e) benzothiazole-2-sulfonic acid (BTSA), (f) 2,4-
dichlorophenoxyacetic acid (2,4-D), (g) 2-methyl-4-chlorophenoxyacetic acid (MCPA), and (h)
mecoprop (in mixture) over time in batch experiments containing (i) persulfate only, (ii) biochar
only, and (iii) persulfate and biochar. [Biochar] = 1 g L, [persulfate] = 1 mM, [TrOCS]spiked ~ 6
MM, co = concentration after 30 min sorption, ¢ = measured TrOCs concentration overtime, pH
7 (titrated with H,SO4 and NaOH), in pure water without buffer. Error bars indicate the
standard deviation of duplicates.
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Figure S4.4-3. Removal of (i) diuron (j) N-Butylbenzenesulfonamide (NBBS) (k) tris(2-
chloroethyl)phosphate (TCEP) (in mixture) over time in batch experiments containing (i)
persulfate only, (ii) biochar only, and (iii) persulfate and biochar. [Biochar] =1 g L, [persulfate]
= 1 mM, [TrOCs]spiked ~ 6 MM, Co = concentration after 30 min sorption, ¢ = measured TrOCs
concentration overtime, pH 7 (titrated with H,SO4 and NaOH), in pure water without buffer.
Error bars indicate the standard deviation of duplicates.
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S4.8 Degradation kinetics of degraded TrOCs by biochar

and PDS in pure water
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Figure $4.5. Degradation kinetics of 1,3-diphenylguanidine (DPG), 2-hydroxybenzothiazole
(OHBT), benzotriazole (BTA), 5-methyl-benzotriazole (MBTA), and benzothiazole-2-sulfonic
acid (BTSA) in the biochar/PDS system. [Biochar] = 1 g L™, [persulfate] = 1 mM, [TrOCS]spiked
~ 6 uM, co = concentration after 30 min sorption, ¢ = measured TrOCs concentration overtime,
pH 7 (titrated with H.SO4 and NaOH), in pure water without buffer. Error bars indicate the

standard deviation of duplicates.
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S4.9 Effect of humic acid on TrOCs degradation by biochar
and PDS
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Figure S4.6. Removal of (a) 1,3-diphenylguanidine (DPG), (b) 2-hydroxybenzothiazole
(OHBT), (c) benzotriazole (BTA), and (d) 5-methyl-benzotriazole (MBTA) (in mixture) over time
in pure water and in the presence of Suwannee River humic acid. [Biochar] =1 g L™, [PDS] =
1 mM, [DOC] = 6.4 mg L, [DPGlo, after overight sorption = Co = 0.8 UM,,  [OHBT]o, after overnight sorption
= Co = 0.8 uyM, [BTAlo, after ovemignt sorption = Co = 1.2 UM,  [MBTAlo, after ovemignt sorption = Co = 0.95
MM, ¢ = measured TrOCs concentration over time, pH 7 (titrated with H.SO4 and NaOH), in
synthetic water without buffer. Error bars indicate the standard deviation of duplicates.

138



Persulfate Activation by Biochar for Stormwater Treatment

S4.10 Effect of chloride on TrOCs degradation by biochar
and PDS
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Figure S4.7. Removal of (a) 1,3-diphenylguanidine (DPG), (b) 2-hydroxybenzothiazole
(OHBT), (c) benzotriazole (BTA), and (d) 5-methyl-benzotriazole (MBTA) (in mixture) in
synthetic water containing 6.4 mg/L DOC (Suwannee River humic acid) in absence and
presence of different concentrations of chloride over time. [Biochar] =1 g L™, [PDS] = 1 mM,
[DOC] = 6.4 mg L™, [DPGlo, after overight sorption = Co = 0.7 UM, [OHBT]o, after overnight sorption = Co = 0.96
MM, [BTA]o, after overnight sorption = Co = 1.3 UM, [MBTA]o, after overnight sorption = Co = 1.0 yM, ¢ = measured
TrOCs concentration over time, pH 7(titrated with H.SO4 and NaOH), in synthetic water
without buffer. Error bars indicate the standard deviation of duplicates
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S$4.11 Competition kinetics calculations

The fraction of a reactive species, f, reacting with a certain compound in competition
with other substrates can be calculated with the corresponding known concentrations
and reaction rate constants'43. 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 (c1, c2 to cn) times the reaction rate constants (k1, k2 to kn)

of all substrates that can react with the reactive species according to Equation S4.1:

f = Ccompound * kcompound (S4.1)

Ccompound * kcompound +citky ekt tontky

Reaction rate constants for different scavengers and SMX with *OH and SO4*":
MeOH: k (*OH) = 9.7 x 108 M' s1; k (SO4*") = 1.1 x 10" M1 s

TBA: k (*OH) = 6.0 x 108 M s7'; k (SO4*") = 8.0 x 105 M" ™"

DMSO: k (*OH) =7.0 x 10° M s; k (SO4*7) = 2.7x 10° M s

SMX: k (*OH) = 5.5 x 10° M s71; k (SO4*") = 1.25 x 10" M-" s

Experiment 1: 1 g L' biochar, 1 mM PDS, 10 yM SMX, 1 M MeOH

The fraction of *OH reacting with MeOH:

[MeOH] X k.on, meon

f (MeOH) = = 100%
[MeOH] X k.on,meon + [SMX] X k.on,smx
The fraction of SO4°* ~ reacting with MeOH:
MeOH] X kgqe-
f (MeOH) = [ ] SO3~, MeOH — 999

[MeOH] X ksos-meon + [SMX] X ksos - smx
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Experiment 2: 1 g L' biochar, 1 mM PDS, 10 uM SMX, 5 mM TBA

The fraction of *OH reacting with TBA:

[TBA] X k.on, TBA

f (TBA) = = 98%
[TBA] X k.ou1Ba *+ [SMX] X k.on smx
The fraction of SO4* ~reacting with TBA:
TBA] X kege -
£ (TBA) = [ ] S03~, TBA 3%

[TBA] X ksos-Ba + [SMX] X ksos-smx

Experiment 3: 1 g L' biochar, 1 mM PDS, 10 yM SMX, 10 mM DMSO

The fraction of *OH reacting with DMSO:

[DMSO] X k.on, pmso

f (DMSO) = =100%
[DMSO] X k.on,pmso + [SMX] X k.on smx
The fraction of SO4* ~ reacting with DMSO:
DMSO] X kgge-
£ (DMS0) = [ ] S0,~, DMSO — 304

[DMSO] X ksos-pmso + [SMX] X ksos - smx
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S4.12 Removal of pCBA and pNBA by biochar and PDS
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Figure S4.8. pCBA and pNBA removal over time in batch experiments containing (i) only
biochar (sorption control), (ii) only PDS (PDS control), and (iii) biochar and PDS (degradation).
[Biochar] =1 g L', [PDS] = 1 mM, [pCBA]spiked = [PNBA]spikea = 3 UM, [0CBAJo, after 30min sorption =
2.2 UM; [PNBA]Jo, after 30min sorption = 1.8 UM, ¢ is the measured pCBA and pNBA concentration
over time, pH 7 (titrated with H.SO4 and NaOH), in pure water without buffer.

S4.13 Stability of MOP and TCP in control systems

containing only biochar or PDS
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Figure S4.9. Stability of MOP and TCP in batch experiments containing (i) only biochar
(sorption control) and (ii) only persulfate (PDS control) over time. [Biochar] = 0.5 g L', [PDS]
= 1 mM, [MOP]spiked = [TCPlspikea = 5 UM, c is the measured pCBA and pNBA concentration
over time, pH 7 (titrated with H,SO4 and NaOH), in pure water without buffer.
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S$4.14 Degradation of MOP and TCP in the H202/NaClO

reference system

The reaction of hydrogen peroxide (H202) with hypochlorite (CIO") is known to

exclusively produce '02 according to Equation S4.2 238-240,
H202 + CIO~ = 102 + H20 + CI- k=3.4x103M" g~ (S4.2)

Therefore, the H202/CIO- system was employed as a 'Oz reference system to
study the degradation of the probe compounds MOP and TCP in competition kinetics
experiments. As the H202/CIO reaction happens in microseconds, samples could not
be collected over time. Therefore, the competition kinetics experiments followed the
reaction rate constants determination method with the measurement of only a single
endpoint'®®. Experiments were conducted by adding a fixed dosage of H202 (10 mM
from an aqueous stock solution of 0.5 M) to twenty well-mixed solutions containing
5 uM MOP and 5 pyM TCP. Subsequently, the reaction was immediately initiated by
adding different amounts of NaClO solution to obtain a CIO- concentration of
1 — 20 mM. The pH of the reaction solutions was 10 * 1, which is reported to produce
the highest 'Oz yield?®®. No buffer was used in the experiments to avoid any effects of
the buffer on the reaction kinetics. 1 mL sample was withdrawn after 30s reaction and
immediately mixed with 100 pyL of 0.1 M ascorbic acid to scavenge any residual
reactive species or oxidant. Samples were analyzed immediately on the same day to
determine the final concentration, ¢, of MOP and TCP. Initial concentrations, co, of
MOP and TCP were determined in a simultaneously conducted control experiment

containing MOP, TCP, and 10 mM H20:2 only.
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Figure S4.10. Competition plot In(c/co) of MOP vs. TCP in the H202/NaClO system (slope 0.60
+ 0.04; intercept -0.26 £ 0.03). [H202] = 10 mM, [CIO] = 1 - 20 mM, [MOP]spiked = [TCP]spiked =
5 uM; co is the measured MOP and TCP concentration of a control containing only 10 mM
H203, c is the measured MOP and TCP concentration after 30s reaction, pH 10 = 1 without
buffer. Red areas show the 95% confidence intervals of the linear fit.

As shown in Figure S4.10, the competition plot of In(c/co) (MOP) vs. In(c/co) (TCP)
yielded a slope of 0.60 + 0.04, which is the same as the ratio of the second order
rate constant of 'O2 with MOP and TCP (k (TCP + '02) /k (MOP + '02) = 0.59)
calculated by the rate constants reported by Tratnyek and Hoigne, 199123, The rate
constants used here in the H202/NaCIO system refer to the reaction of 'O2 with MOP
and TCP in their phenolate forms (k (MOP + '02) = 2.85 x 108 M~' s™" and k (TCP +
102) = 1.67 x 108 M~" 571237 because the reaction pH was above the pKa of MOP (pKa
=9.65) and TCP (pKa = 6.23). The rate constants of MOP and TCP in its phenol forms
determined in the same study?3” were used for the biochar/PDS system at pH 7. MOP

and TCP can serve as sensitive indicators for singlet oxygen.
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S$4.15 Electron transfer process

Direct electron transfer pathway might involve in the biochar/PDS system, where
biochar acts as catalyst and mediator between organic contaminants (electron donor)
and PDS (electron acceptor)'®. In a case of electron transfer process, an
enhancement of persulfate decomposition should be observed with the addition of
organics'92%°  The decrease of PDS decomposition after SMX addition (Figure S4.11)
ruled out the contribution of direct electron transfer pathway in the biochar/PDS system.
Moreover, the biochar has relatively low electron donating capacity (EDC, 244 + 8
(umol e (g biochar))) and low concentration of persistent free radicals (waiting for the
data from Andrea) (Table S4.3). Additionally, the biochar shows negative charge at pH
7 (Figure S4.1). S208? ion is hard to adsorb onto biochar surface to form biochar-

persulfate complex, which is necessary for an electron transfer process’%.
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Figure S4.11. (a) Persulfate decomposition over time in batch experiments containing biochar
and PDS without and with SMX. [Biochar] = 1 g L, [PDS] = 1 mM, [SMX]spikea= 10 UM, Co
(PDS) =1 mM, cis the measured persulfate concentration over time, pH 7 (titrated with H.SO4
and NaOH), in pure water without buffer. Error bars indicate the standard deviation of
triplicates.

Note: The loss of PDS in presence of SMX was 0.33 mM and sulfate ion formed was measured
to be 0.70 mM.
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S4.16 SMX degradation by biochar and PDS in the presence

of carbonate
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Figure S4.12. SMX degradation over time in the biochar/PDS system in the absence (control)
and presence of different concentrations of carbonate (CO3%) employed as superoxide radical
scavenger. [Biochar] = 1 g L™, [PDS] = 1 mM, [SMX]o = co~ 7.5 uM, ¢ is the measured SMX
concentration over time, pH 7 (titrated by H>SO4 and NaOH), in pure water without buffer.
Error bars indicate the standard deviation of triplicates.
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S4.17 SMX degradation by biochar and PDS in the presence

and absence of dissolved oxygen
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Figure S13. (a) SMX degradation and (b) S20s> decomposition over time in the biochar/PDS
system in the absence (control) and presence (oxygen free) of dissolved oxygen. [Biochar] =
1g L7, [PDS] =1 mM, (a): [SMX]o= co~ 7.5 UM, c is the measured SMX concentration over
time; (b) : co = 1mM, c is the measured S;0s* concentration over time, pH 7 (titrated by H2SO4
and NaOH), in pure water without buffer. Error bars indicate the standard deviation of
triplicates.
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S4.18 Calculations of Hammett o* constants

Hammett (0, 0%,07) constants are the most common substituent descriptors in physical
organic chemistry and are relatively easily accessible and applicable?*3-245, Hammett
constants in 0" scale was used in the study as the o scale fails to characterize
reactions where resonance effects are expected to have a major impact. Moreover, it
gives a better correlation when dealing with electron-donating substituents (e.g., —OH,
—OCHs3, and —NH2 groups) compared to o~ scale. Hammett o* constants quantitatively
express the electron-donating (large negative value) or electron-withdrawing (large
positive value) properties of substituents on aromatic compounds, including the
inductive and resonance effects of substituents. Hammett o* constants have
corresponding op*, om* and oo* values representing the substituents in the ortho-,
meta-, and para-positions, respectively in the parent structure. For a compound with
many substituents, the summed Zoo, m, p* Was used to account for the effects of all
substituents on the aromatic ring?*3. The op* values of a compound were obtained from
literature?*3-245 while the ortho-, meta-effects (0o*, and om*) were calculated from
relationships of 00" = 0.660p", and om™ = 0p*. Also, a structural approximation was used
to simplify the complex structures of the organic compounds at study, in which only
one or two neighboring atoms from an aromatic ring determined the

inductive/resonance effects of whole substituents?43.
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Table S4.6. Structural approximation, descriptors and their corresponding ) o+ values of the studied aromatic organic contaminants.

No. Name Original structure Approximated structure descriptors >o+
NH N=c _
1 1,3-Diphenylguanidine (DPG) @NJLN ©/ @ -N=CHC¢Hs -0.55
H H NH, op* =-0.55
N
2 Benzotriazole (BTA) @iN,N @ - 0
4 NH,
H
N -CH
3 5-Methyl-benzotriazole (MBTA) N 3 -0.17
HsC N 0p+ =-0.17
2-Hydroxybenzothiazole N
4 C[: S—0H @ -OH -0.37
(OHBT) S =-0.37
. _9_ . . D S
; Benzothiazole-2-sulfonic acid o=g—<\ :I@ \ Q -SO%- 005
(BTSA) on N / o,* = -0.05
X
6 Diuron o Ay CHs @ Cl 0.51
Ho &y 0p,"=0.11,0n" =04
3
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~
7 2.4-D o M on @ -Cl 0.1826
o . al - o," = 0.11, 00" = 0.0726
O CH3 ‘CI
8 MCPA O\)I\OH /@/0\ 0p* = 0.11 -0.0924
-CHs;
c “ o = -0.2046
CH, CH, Cl
9 Mecoprop @/OICHS /@/0\ op" =0.11 -0.0924
-CH
Cl O OH Cl C 3
oo, =-0.2046
0
N-Butylbenzenesulfonamide i
10 y S H/\/\CHS @_" _NH, -SO,NH, 0.57
(NBBS) ©/O ﬂ 00" =0.57
OH OH
11 3-methoxyphenol (MOP) @ ©\ -OCHjs 0.05
+*=0.05
OCHs OCH, Om
OH OH
cl cl cl cl
12 | 2,4 6-trichlorophenol (TCP) -Cl 0.2552
0,* = 0.1, 05" = 0.0726
Cl
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5.1 Identification of major reactive species in persulfate-
based oxidation processes

The formation of reactive species such as SOs*~, *OH, and 'Oz in persulfate-based as
well as other oxidation processes is of great interest in both natural and engineered
water treatment systems because reactive species can oxidize a wide range of
contaminants48.260.261 - An accurate and easy-to-achieve identification of the major
reactive species is crucial for the assessment of established oxidation processes as
well as for the development of new oxidation processes to identify suitable applications
in terms of target contaminants and water matrix'?'. The qualitative and quantitative
analysis of reactive species utilizing probe compounds is widely employed to unravel
the underlying mechanisms in oxidation processes'’3-175,

However, inappropriate usage of probe compounds can result in misleading
mechanistic interpretations, for instance, overlooking or overestimating the
contribution of reactive species in oxidation processes. This dissertation showcases
the importance of a careful selection of probe compounds to study reactive species,
particularly in persulfate-based oxidation processes. As discussed in Chapter 2, the
use of PMSO as a probe compound to diagnose the presence of ferryl ion (Fe(lV))
species in persulfate-based oxidation processes needs careful re-evaluation as
evidence was provided that SO4*~ also play a role in the transformation of sulfoxides
to sulfones.

The selection of suitable probe compounds should be based on the following
criteria’'-122: 1) probe compounds should not physically interact with the system under
investigation, e.g., the compounds should not adsorb onto solid material, which is of
particular importance for heterogeneous advanced oxidation processes, 2) probe
compounds should react rapidly with the reactive species of interest with known
second order reaction rate constants, and 3) probe compounds should selectively
react with the reactive species of interest in a well-defined reaction, preferably with a
clear defined reaction mechanism'?'.122, However, it is difficult to always find suitable

probe compounds for the system of interest, especially in complex heterogeneous
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oxidation systems, such as the biochar/persulfate system, because selected probe
compounds might react with components involved in the oxidation system or might
directly consume persulfate3%122.123 Therefore, it is of crucial importance to conduct
control experiments to check for the suitability of probe compounds and avoid
misinterpretation of results.

While in this thesis, the focus was on the use of probe compounds for the
identification of reactive species in the biochar/Fe(lll)/persulfate system, it may be
useful to search for and identify transformation products of selected model compounds
(in this dissertation: DEET). The search for suspected or unknown transformation
products using high-resolution mass spectrometry may provide additional evidence for
the suggested presence or absence of reactive species and, in addition, can help to
reveal transformation mechanisms of specific contaminants of interest.

When focusing more on the transformation mechanism of selected organic
contaminants, compound-specific isotope analysis (CSIA) using gas or liquid
chromatography coupled to isotope ratio mass spectrometry (GC/IRMS or LC/IRMS)
can be a powerful tool to elucidate reaction mechanisms of organic compounds
involving reactive species?%22%3_ |n addition to the presented data in this dissertation,
a CSIA method was developed for stable carbon isotope analysis of DEET (Figure
5.1). This method can be expanded to nitrogen isotope analysis of DEET and then
employed in future studies to further elucidate the transformation pathways of DEET
in biochar-assisted persulfate-based oxidation processes. To this end, laboratory
experiments should be conducted to determine kinetic isotope effects associated with
the reaction of DEET upon radical and non-radical pathways induced by different

reactive species.
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Figure 5.1. Chromatogram of C isotope analysis of 1 mM DEET using GC/IRMS.

The data presented in Chapter 2 also demonstrate that the water matrix,
specifically natural organic matter and chloride, can shift reactive species from sulfate
radicals to hydroxyl radicals and reactive chlorine species in both synthetic and actual
water matrices. Such shifts in reactive species might be easily overlooked when
conducting laboratory or pilot-scale experiments in only one water matrix. The effects
of the water matrix on the formation of reactive species should be studied and well
understood for the intended specific applications as the composition of water can vary
considerably among different raw and treated waters. Future studies should combine
the evaluation of the degradation efficiency of the actual target pollutants with studies
of the major reactive species, which may also help to assess the reactivity of organic

contaminants and the formation of by-products or transformation intermediates'?’.
5.2 Production of redox-active biochars for persulfate

activation and water treatment

Biochar engineering is attracting increasing interest as it allows to harness and
optimize favorable features of biochar and to enhance its efficiency through tailoring
specific biochar properties for target applications8%.188.264.265  Ag highlighted in Chapter

3, the redox-active properties of biochars, governed by surface oxygen functional
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groups and persistent free radicals (PFRs), are particularly important for biochar-
mediated persulfate activation in the presence of Fe(lll) at low pH. Biochars produced
at low pyrolysis temperature were most suitable for Fe(lll) reduction and persulfate
activation in the biochar/Fe(lll)/PDS system due to high amounts of surface oxygen
functional groups and PFRs. Chapter 3 also shows that ash amendments during the
pyrolysis of feedstock material can increase the electron donating capacity of the
biochars, resulting in improved performance of the biochar/Fe(lll)/persulfate system.
Future systematic research is needed to determine the optimal amount of ash that
should be added to different feedstocks under specific pyrolysis conditions to produce
biochars with optimized performance for the targeted applications.

Apart from ash amendments, there are also other opportunities for improving and
tailoring the redox properties of biochars. For instance, to manipulate the persistent
free radicals in biochar, Fang et al., 2015 reported that loading biomass with metals
(Fe3*, Cu?*, Ni?*, or Zn?*) and phenolic compounds (hydroquinone, catechol, and
phenol) not only increased the concentrations of PFRs in biochar, but also changed
the types of PFRs formed in biochar, which improved the persulfate activation for the
elimination of pollutants®®. Many in-situ and ex-situ oxidation treatments (e.g. air
oxidation, plasma oxidation) in the pyrolysis and post pyrolysis procedure have also
been applied successfully to tune biochar oxygen functional groups?66-270, However,
there is a lack of standard procedures for the production of engineered biochars,
particularly for application in oxidative water treatment. Additional research is needed
to comprehensively understand the critical parameters in biochar production, which
will facilitate the refinement and implementation of standardized procedures.

Future studies should also focus on the interrelation of the biochar properties and
the formation of reactive species in persulfate-based oxidation processes. Chapter 2
provides an in-depth discussion on the formation of reactive species in the
biochar/Fe(lll)/persulfate system by using one biochar produced from beech wood at
450°C. Chapter 3 investigates the impact of biochar pyrolysis temperature as well as
ash amendments during pyrolysis on the biochar performance in terms of DEET

removal in the biochar/Fe(lll)/persulfate system. Future experiments are needed to
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assess the impact of biochar pyrolysis conditions and the resulting biochar properties
on the formation of reactive species in biochar-mediated persulfate-based oxidation
processes.

The majority of the biochars used in this dissertation (i.e., all beech wood biochars
and all softwood sawdust biochars) were only able to activate persulfate in the
presence of Fe(lll), which limits the applicability of the oxidation process to low pH
values (Chapter 2 and 3). In contrast, one biochar produced from shrimp shells could
directly activate persulfate without Fe(lll) at circumneutral pH (Chapter 4). While
radical species were the major reactive species when employing beech wood in the
biochar/Fe(lll)/persulfate system at pH 2.5, non-radical species (likely singlet oxygen)
were formed from persulfate in the presence of the shrimp shell biochar. The
controlling factors that determine whether or not a particular biochar can activate
persulfate in the absence or presence of Fe(lll) remain to be studied together with the
impact of the biochar characteristics on reactive species formation. Once these
controlling factors are identified and understood, certain biochar characteristics may
serve as indicator to explain and potentially predict the performance of biochars for

persulfate activation and organic contaminant removal from water.

5.3 Roadmap for field application of the biochar/persulfate
system for organic contaminant removal from water

Biochars that can activate persulfate in the presence of iron under acidic conditions
may be applied to improve the performance of so called persulfate-based Fenton-like
oxidation processes. Persulfate-based Fenton-like processes have attracted much
attention for the treatment of industrial wastewaters containing a mixture of pollutants
in a wide range of concentrations'®-1%° However, the reduction of Fe(lll) to Fe(ll) is
the limiting step for persulfate activation. In this case, Fe(lll) has to be dissolved, which
results in the operation of the biochar/Fe(lll)/persulfate system being limited to low pH
values (Chapter 2 and 3). Efforts have been made to use chelated Fe(lll) as a possible

solution for operation at neutral pH values, by using chelating agents such as
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ethylenediaminetetraacetic acid (EDTA)?’!, nitrilotriacetic acid®’?, or citrate?’3.
However, especially the addition of EDTA or nitrilotriacetic acid is undesirable in water
treatment operations because it might induce secondary pollution causing risks to the
water resouces?’4.

For in situ chemical oxidation, it was found that persulfate can also be activated
by subsurface minerals at environmentally relevant pH values?”5-2"7. However, the rate
of persulfate decomposition by naturally occurring minerals such as iron or
manganese oxides is slow?’>2’7, Here, redox-active biochar might be a suitable
addition to promote the reduction of Fe(lll) or Mn minerals to their reduced form of
Fe(ll) or Mn(ll) minerals®3, which can efficiently activate persulfate for contaminant
degradation?’®27°, Future research should test different minerals, especially Fe(lll)-
containing minerals such as ferrihydrite or hematite, for the activation of persulfate in
the presence of biochar.

For biochars that can directly activate persulfate such as the shrimp shell biochar
used in Chapter 4, this dissertation demonstrates that the combination of biochar and
persulfate can enhance the removal of dissolved organic contaminants from urban
stormwater. However, the oxidation process was selective towards electrophilic
compounds like anilines, aromatic amines, and phenols, which is likely due to the
formation of singlet oxygen as major reactive species. Yet, the combination of biochar
and persulfate bears promise to enhance the removal of a variety of persistent and
mobile organic contaminants from water through adsorption and oxidation. The use of
biochar and persulfate seems particularly suited for upgrading conventional,
decentralized stormwater treatment systems such as biofilters, which can otherwise
not remove many dissolved organic contaminants from urban stormwater®1°. Future
studies should investigate the transformation of a broader range of organic
contaminants during water treatment with biochar and persulfate under different
treatment conditions using e.g., column experiments to mimic biochar and persulfate-
amended biofilters with different flow rates. For organic compounds that are not
reactive in the biochar/persulfate system, alternative adsorbent/oxidant systems

should be investigated using e.g., hydrogen peroxide, which can also be activated by
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biochars, whereby non-selective *OH may lead to a wider spectrum of compounds
being removed280-283,

While this dissertation is based on laboratory bench-scale experiments to gain
insights into fundamentals such as formation of reactive species and effects of water
matrix in the biochar/persulfate system with and without iron, future research is needed
to assess the feasibility and applicability of these oxidation processes at full-scale and
in the field. One factor relevant to field-scale applications of persulfate-based oxidation
processes is the formation of large amounts of sulfate (SO427), which may cause
changes in water composition and pH of the treated water3®. Such effects of the
oxidation process on the overall water quality should be monitored and controlled. In
the biochar/Fe(lll)/persulfate system, one mole SO4?" is formed with one mole of
decomposed S20s8%" (Equation 5.1, chapter 2 and 3), while in the biochar/persulfate
system, one mole of S20s?~ forms two moles of SO42~ (Equation 5.2, chapter 4). The
concentrations of S20g?~ applied in the batch experiments in this dissertation were in
the millimolar range, which, depending on the targeted application, might be rather
high. Future experiments should focus on optimizing the persulfate concentrations
employed to achieve optimal treatment performance, while at the same time

controlling and minimizing SO4?~ concentrations released.

Fe(ll) + S2082~ > SO + Fe(lll) + SO42- (5.1)
2 S208%"+ 4 OH™ = '02 + 4 SO4%~ + 2 H20 (mediated by biochar) (5.2)

Furthermore, it is crucial to investigate the effects of real water matrices on the
formation of reactive species, given that different types of reactive species react
differently with water constituents and target contaminants. Certain water matrix
components in water may induce a transformation and shift of reactive species (for
example chloride as described in Chapter 3), while others may hamper the treatment
efficiency by reacting with and consuming reactive species (such as natural organic
matter)3%3!. Building on such detailed process understanding, oxidation processes
combining biochar and persulfate could be employed to treat a wide range of water

types.
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