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Persistent and mobile trace organic contaminants (TrOCs) in urban stormwater are difficult to remove through
sedimentation- or sorption-based treatment and pose a risk to aquatic ecosystems and drinking water supplies.
We demonstrate that the chemical oxidant peroxydisulfate (PDS) can be activated by shrimp shell biochar at pH
7 to form reactive species that selectively react with widespread stormwater contaminants. Of 11 TrOCs tested,
oxidative transformation was observed for 1,3-diphenylguanidine, 2-hydroxybenzothiazole, 1H-benzotriazole, 5-
methyl-benzotriazole, and diuron during water treatment with biochar and PDS. Laboratory batch experiments
conducted with street runoff and a synthetic water showed that the water matrix, containing up to 7.5 mg L
dissolved organic carbon and 100 mM chloride, had a minor effect on the formation of reactive species and
contaminant transformation. Using a set of scavengers and probe compounds, we provide evidence for singlet
oxygen (10,) as the predominant reactive species in the biochar/PDS system, which is in agreement with the
selectivity of the process to oxidize electron-rich organic contaminants. The results of our study inform new
strategies for stormwater treatment using heterogeneous oxidation processes for the abatement of persistent and
mobile organic contaminants.

Pyrogenic carbon
Singlet oxygen

1. Introduction 2016), tire wear chemicals (Hou et al., 2019; Johannessen et al., 2022;

Kloepfer et al., 2005; Zhang et al., 2023), plasticizers (Gasperi et al.,

In the face of global water scarcity, urban stormwater is increasingly
valued as an untapped freshwater resource (Bradshaw et al., 2019;
Luthy et al, 2019; Luthy and Sedlak, 2015), particularly in
water-stressed urban areas (Liu et al., 2017). However, the capture and
use of stormwater for water supply bears risks because urban storm-
water is often contaminated with synthetic organic chemicals (LeFevre
et al., 2015; Luthy et al., 2019; Mutzner et al., 2023). Numerous trace
organic contaminants (TrOCs) have been detected in urban stormwater
including herbicides (Ensminger et al., 2013; Fairbairn et al., 2018;
Gasperi et al., 2014; Rippy et al., 2017), corrosion inhibitors (Beckers
et al., 2018; Burant et al., 2018; Kloepfer et al., 2005; Launay et al.,
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2014; Launay et al., 2016), and flame retardants (Burant et al., 2018;
Fairbairn et al., 2018; Launay et al., 2016; Regnery and Piittmann,
2010). Many of these compounds are persistent and mobile and, thus,
difficult to remove from water (Knepper et al., 2020; Mutzner et al.,
2023; Rodgers et al., 2022). In fact, persistent and mobile TrOCs have
been shown to pass through conventional stormwater treatment systems
such as ponds, sand- or soil-based biofilters, or constructed wetlands
(Pritchard et al., 2023; Spahr et al., 2022, 2020; Zhang et al., 2014),
which are based on sedimentation, sorption, or biodegradation (Blecken
et al., 2009; McFarland et al., 2019; Tanmoy and LeFevre, 2024; Wiest
et al., 2018). While hydrophobic, particle-associated contaminants can

1 School of Environmental Science & Engineering, Xiamen University of Technology, Xiamen, 361024, China.

https://doi.org/10.1016/j.watres.2025.123921

Received 1 February 2025; Received in revised form 23 May 2025; Accepted 27 May 2025

Available online 28 May 2025

0043-1354/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-9309-8523
https://orcid.org/0000-0002-9309-8523
https://orcid.org/0000-0002-9439-2871
https://orcid.org/0000-0002-9439-2871
https://orcid.org/0000-0002-3004-3162
https://orcid.org/0000-0002-3004-3162
mailto:stephanie.spahr@igb-berlin.de
www.sciencedirect.com/science/journal/00431354
https://www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2025.123921
https://doi.org/10.1016/j.watres.2025.123921
http://creativecommons.org/licenses/by/4.0/

Y. Zhuang et al.

be well removed in urban blue-green infrastructure (Barron et al., 2019;
Beryani et al., 2023; Blecken et al., 2009; Halaburka et al., 2017), dis-
solved and mobile organic contaminants are often poorly eliminated
(Becouze-Lareure et al., 2019; Rodgers et al., 2022; Sébastian et al.,
2014; Spahr et al., 2020), putting receiving streams or groundwater at
risk.

Recently, there have been increasing efforts to remove persistent and
mobile TrOCs from urban stormwater, for instance through the
amendment of biofilters with different materials especially carbona-
ceous adsorbents such as biochar (Ashoori et al., 2019; Boehm et al.,
2020; Lu and Chen, 2018; Premarathna et al., 2023; Pritchard et al.,
2024; Ulrich et al., 2015). Biochar, which can be produced through
pyrolysis of different types of biomass (Gwenzi et al., 2017; Qambrani
et al., 2017), has received particular attention as a cost-effective and
sustainable alternative to activated carbon for the adsorption of organic
contaminants from stormwater (Pignatello et al., 2017; Spahr et al.,
2022; Tong et al., 2019). However, persistent and mobile organic sub-
stances with low sorption tendency cannot be fully removed through
biochar or other carbonaceous adsorbents (Aumeier et al., 2023; Beryani
et al., 2025; Mutzner et al., 2023; Sigmund et al., 2022; Spahr et al.,
2022), highlighting the need for additional stormwater treatment.

Oxidation processes have been successfully used to abate TrOCs in
wastewater (Hiibner et al., 2024; Lee et al., 2020; Miklos et al., 2018;
Oturan and Aaron, 2014), drinking water (Afitiri et al., 2024; Sillanpaa
et al., 2018), and groundwater (Liu et al., 2022; McGachy and Sedlak,
2023; Zappi et al., 2016). However, few attempts have been made to
employ oxidation processes for the treatment of stormwater
(Charbonnet et al., 2018; Duan and Sedlak, 2021; Feng et al., 2018;
Grebel et al., 2016; Li et al., 2025; Zheng et al., 2023, 2021). Perox-
ydisulfate (PDS, here called persulfate), a chemical oxidant often used
for in situ chemical oxidation of contaminated groundwater (McGachy
and Sedlak, 2023; Tsitonaki et al., 2010), bears potential for decen-
tralized stormwater purification. Persulfate can be activated by
redox-active biochars, producing highly reactive radical or non-radical
species that react with organic contaminants (Cui et al., 2022; Fang
et al., 2015; Wang et al., 2016; Yin et al., 2019; Zhuang et al., 2024).
Biochar may therefore serve both as an adsorbent for organic contami-
nants and as an electron donor for persulfate activation to enable
oxidation of persistent and mobile substances. So far, however, there
have been no attempts to study the combination of biochar and per-
sulfate for urban stormwater treatment.

Our study is the first to investigate the removal of persistent and
mobile TrOCs from urban stormwater by biochar and persulfate. In
laboratory batch experiments, a shrimp shell biochar was employed
together with persulfate to provide insights into (i) the sorption versus
transformation of 11 different TrOCs in street runoff, (ii) the effects of
the water matrix on the treatment performance, (iii) the formation of
reactive species, and (iv) the selectivity of the biochar/persulfate system
with regard to the chemical structure of organic contaminants. Lastly,
we discuss future steps towards the practical application of this oxida-
tion process in the field.

2. Materials and methods

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

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 N2 atmosphere, with a Nz flow rate of 10
L min™! and a residence time of 2 h. 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. Details on the biochar characterization can
be found in Section S5.
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2.2. Transformation of TrOCs with biochar and PDS in different water
matrices

The transformation of 11 TrOCs (1,3-diphenylguanidine (DPG), 2-
hydroxybenzothiazole (OHBT), 1H-benzotriazole (BTA), 5-methyl-ben-
zotriazole (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), see Table S1) was investigated in
laboratory batch reactors using biochar and PDS in different water
matrices. The compounds were selected based on their (1) frequent and
potential detection in stormwater (Gasperi et al., 2014; Spahr et al.,
2020; Mutzner et al., 2023), (2) environmental relevance (especially
mobility, persistence, potential toxicity), and (3) molecular structure to
assess their reactivity (Table S1). Street runoff was collected in Berlin,
Germany (52°26'57.08'N, 13°37'28.64'E) in October 2023, stored at 4
°C in the dark and analyzed within 48 h for pH, dissolved organic carbon
(DOCQ), total dissolved nitrogen, major ions, metals, and TrOCs (see
Section S7 and Table S5). For experiments in street runoff, 15 mg of
biochar was added to 15 mL of the water sample, correspondingtoal g
L! biochar suspension. The biochar suspension was stirred at 300 rpm
and the pH was adjusted to 7.0 with 1 M H3SO4. Subsequently, the
TrOCs were spiked as a mixture of three or four compounds, each at a
low concentration of 3 — 7 uM: (i) DPG, OHBT, BTA, and MBTA, (ii)
diuron, 2,4-D, MCPA, and mecoprop, (iii) BTSA, TCEP, and NBBS. This
approach ensured that the contribution of the TrOCs to the scavenging of
reactive species was below 10 % compared to the contributions from the
water matrix, thereby simulating a typical situation in oxidative water
treatment. For preparation of the spike solutions, see Section S2. The
TrOC-containing biochar suspension was then equilibrated overnight to
reach an apparent sorption equilibrium, and the initial aqueous con-
centrations (cg) of the TrOCs were determined prior to PDS addition.
Subsequently, 30 uL of PDS was spiked from a 0.5 M aqueous stock so-
lution to initiate the reaction and obtain an initial nominal PDS con-
centration of 1 mM, which is a typical concentration used for in situ
chemical oxidation in the field. No buffer was used to avoid consump-
tion of reactive species formed from PDS activation. The pH was
controlled at 7.0 + 0.1 by continuous titration with 0.25 M H3SO4 or
0.25 M NaOH throughout the reaction. 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) to quench the reaction. Samples were filtered
through 0.22 pym PES syringe filters (BGB Analytik, Germany) 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 (i) the
sorption of TrOCs onto biochar in the absence of PDS and (ii) the reac-
tion of TrOCs with PDS in the absence of biochar. An additional
experiment was performed in ultrapure water using the same procedure
as described above, except that the 11 TrOCs were spiked at the same
time. The experimental procedure is illustrated in Figure S1.

We selected the four most reactive TrOCs in the biochar/PDS system
(i.e., DPG, OHBT, BTA, MBTA) to study the effects of the water matrix,
particularly DOC and chloride, on the reaction kinetics and trans-
formation efficiency. Experiments were conducted as described above in
a synthetic water matrix containing 6.4 mg L™ DOC in the presence and
absence of 1 mM or 100 mM Cl~. Suwannee River humic acid, a standard
reference material for dissolved organic matter, was used to simulate
stormwater DOC and diluted from a 36 mg L' DOC stock solution
(determined by TOC analyzer) to achieve the target DOC concentration.
Cl~ was added via a 1 M Nacl stock solution. 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.

2.3. Identification of reactive species

To investigate the major reactive species in the biochar/PDS system,
sulfamethoxazole (SMX) was selected as a model compound with known
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reaction rate constants with SO3 and *OH (k (SMX + SO57) = 1.25 x
10'° M s (Ahmed et al., 2012), k (SMX + *OH) = 5.5 x 10° M s
(Mandal, 2018)). Different scavengers were addedtoal g L1 biochar
suspension containing 10 pM SMX and 1 mM PDS in pure water: 1 M
methanol was added to scavenge > 99 % of both SO3~ (k (methanol +
S057) =1.1 x 10’ Mt s (Neta et al., 1988)) and *OH (k (methanol +
*OH) =9.7 x 108 M'! 5! (Buxton et al., 1988)). 5 mM tert-butanol (TBA)
was employed to scavenge a large fraction (98 %) of *OH (k (TBA +
*OH)= 6.0 x 108 M'! s (Buxton et al., 1988)) but only 3 % of SO3 (k
(TBA + SO37) = 8.0 x 10° M s (Neta et al., 1988)). Surface-bound
SO%~ and *OH were completely scavenged by 10 mM dimethyl sulf-
oxide (DMSO) (k (DMSO + SO37) = 2.7 x 10° M s (Kishore and
Asmus, 1989), k (DMSO + *OH) = 7.0 x 10° M! s (Buxton et al.,
1988)) (Liu et al., 2021). For calculations of the fractions by which
scavengers react with an oxidant see Section S14.

To further identify the reactive species formed, different probe
compounds were employed (Lutze et al., 2015) following the same
procedure as described above for the TrOC transformation experiment. 3
uM of 4-nitrobenzoic acid (pNBA) and 4-chlorobenzoic acid (pCBA) were
added to a 1 g L! biochar suspension containing 1 mM PDS in pure
water. pNBA reacts very slowly with SO3~ but rapidly with *OH (k (p)NBA
+8057) <10° M1t st (Neta et al., 1977), k (pNBA + "OH) = 2.6 x 10°
M1t (Buxton et al., 1988)). pCBA demonstrates moderate reactivity
towards both SO3 and *OH (k (pCBA + SO5") = 3.6 x 108 M s (Neta
et al., 1977), k (pCBA + *OH) = 5 x 10° M'! s (Buxton et al., 1988)).
The ratio of the second order rate constants corresponds to the slope in a
double logarithmic plot of In(c/cg) (pPNBA) vs. In(c/cp) (pCBA) (Dodd
et al., 2006) with a slope of 0.52 for *OH-based processes and close to
zero for SO3 (Lutze et al., 2015). Analogously, two probe compounds
namely 3-methoxyphenol (MOP) and 4-tert-butylphenol (TBP) were
chosen as indicators for singlet oxygen (102) in both pure water and
actual street runoff. In a '0,-based process, the theoretical slope in a In
(¢/co) (MOP) vs. In(c/co) (TBP) plot is 0.92 (k (MOP + 105) =1.3 x 107
M1st k(TBP 4 105) = 1.2 x 107 M s (Tratnyek and Hoigne, 1991)).
All probe compounds were added at low concentration (3 pM for pNBA
and pCBA, 5 pM for TBP and MOP) to ensure < 10 % scavenging of the
reactive species. Two different types of control experiments were con-
ducted: a sorption control containing only probe compounds (pNBA +
PpCBA or TBP + MOP) and biochar, and a control containing only the
probe compounds and PDS.

Persulfate decomposition experiments were carried outinal g L!
biochar suspension containing 1 mM PDS in the presence and absence of
SMX in pure water. Samples were withdrawn over time and filtered
through 0.22 pm PES syringe filters for persulfate analyses (101 + 1.3 %
PDS recovery). To investigate the role of dissolved oxygen in the reac-
tion, SMX transformation and persulfate decomposition experiments
were conducted under anoxic conditions by purging the 1 g L' biochar
suspension with Ny and conducting the experiment in a glovebox under
Ny atmosphere.

Unless otherwise stated, all batch experiments were conducted in
triplicate. Pseudo-first-order rate constants, kops, and half-life times, t; /2,
were calculated as shown in Section S4.

2.4. Analytical methods

2.4.1. Biochar characterization

For detailed information on the biochar analyses see Section S5.
Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy was performed to characterize the functional groups on the
biochar surface. In situ X-ray diffraction (XRD) analysis was conducted
to study the phase composition and crystalline structure of biochar. The
metal content of the biochar was determined by inductively coupled
plasma-optical emission spectrometry (ICP-OES) after microwave acid
digestion. The electron exchange capacity was determined using a
mediated electrochemical method modified from Kliipfel et al., 2014.
Continuous wave X-band electron spin resonance (ESR) spectroscopy
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was performed to determine the persistent free radical concentration.

2.4.2. Analysis of TrOCs and probe compounds

The concentrations of the TrOCs were quantified by liquid chroma-
tography coupled with tandem mass spectrometry (LC-MS/MS) in pos-
itive and negative electrospray ionization mode (for details see Section
S6). SMX, pNBA, pCBA, TBP, and MOP were quantified using high-
performance liquid chromatography equipped with a diode array de-
tector (HPLC UV-vis, see Section S6).

2.4.3. Persulfate measurements

Persulfate decomposition was quantified using a modified potassium
iodide (KI) colorimetric method (Kim and Sedlak, 2023). Briefly, 0.1 mL
sample was added into a solution containing 4.9 mL of 0.55 M KI and
0.76 mM NaHCOs. The samples were incubated for 25 min in the dark
and analyzed spectrophotometrically at 352 nm.

3. Results and discussion

3.1. Abatement of trace organic contaminants in street runoff during
treatment with biochar and persulfate (PDS)

Street runoff was treated with (i) biochar only, (ii) PDS only, and (iii)
biochar and PDS at pH 7 to investigate the sorption versus trans-
formation of 11 selected TrOCs. In batch reactors containing biochar
only, an apparent sorption equilibrium was reached for all TrOCs within
12 h. After this time, seven TrOCs showed minor sorption onto biochar
(< 20 %), three TrOCs exhibited 30-40 % sorption, and one compound
(diuron) was adsorbed by 73 % (Figure S5). In systems containing PDS
only, none of the TrOCs reacted directly with PDS (< 10 %, Fig. 1a).
These results indicate that neither biochar nor PDS alone are effective
for the removal of persistent and mobile TrOCs from stormwater. When
PDS was added to a 12-hour pre-equilibrated biochar suspension con-
taining the TrOCs, DPG and OHBT were transformed by more than 90 %,
and BTA, MBTA, and diuron by 30-40 % (Fig. 1a). While we observed
oxidative transformation of diuron by biochar and PDS, diuron was
predominantly removed through sorption onto biochar (Figure S5 and
S6). No transformation was observed for BTSA, TCEP, NBBS, 2,4-D,
MPCA, and mecoprop (Fig. 1a and S6). These results show that the
combined application of biochar and PDS leads to the oxidative trans-
formation of a subset of persistent and mobile organic compounds in
street runoff that cannot be effectively removed by adsorption onto
biochar.

In the biochar/PDS system, DPG was transformed most efficiently
with a half-life time, t; /5, 0of 9.0 & 0.1 min, followed by OHBT with a t; /2
of 18 &+ 1.3 min (Fig. 1b). MBTA and BTA had similar t; 5 of 111 + 11
min and 116 + 9 min, respectively (Fig. 1b). Corresponding pseudo-first
order rate constants for TrOC transformation can be found in Figure S7.
DPG, OHBT, BTA, and MBTA were chosen for further experiments to
assess the effects of the water matrix on oxidative contaminant trans-
formation in the biochar/PDS system.

3.2. Effect of the water matrix on trace organic contaminant
transformation by biochar and persulfate (PDS)

The street runoff used in our experiments contained 7.5 mg L'! DOC
and a low concentration of 0.1 mM Cl~ (Table S5). As the quality of
runoff can vary significantly depending on the land use and season
(Fiener et al., 2011; Helmreich et al., 2010; Spahr et al., 2020),
knowledge about the effects of the water matrix on TrOC abatement is
crucial for the application of the biochar/PDS system for stormwater
treatment. In particular, the Cl” concentrations in runoff can vary
strongly due to de-icing activities in winter that can lead to high con-
centrations of Cl™ up to hundreds of mM (Huber et al., 2016; Rommel
and Helmreich, 2018). We investigated the transformation of DPG,
OHBT, BTA, and MBTA in a synthetic water matrix containing 6.4 mg L'}
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Fig. 1. (a) Removal of 11 TrOCs in street runoff using biochar only, PDS only, and biochar + PDS. [Biochar] =1 g L, [PDS] = 1 mM, for biochar only and biochar +
PDS: ¢ = [TrOCJo ~ 1.65 pM after sorption equilibrium (except diuron ~ 0.33 uM), for PDS only: ¢g = [TrOCs]spied = 1 uM; ¢ = measured concentration after 1 h
reaction time. (b) Oxidative transformation of BTA, MBTA, OHBT, and DPG over time in street runoff containing biochar only and biochar + PDS. [Biochar] =1 g L'l,
[PDS] = 1 mM, ¢o = [TrOCly after sorption equilibrium ([DPG]o = 0.98 uM, [OHBT], = 1.26 uM, [BTA]o, = 1.46 pM, [MBTA]p = 1.33 uM), ¢ = measured con-
centration over time, pH 7 + 0.1 was adjusted with H,SO4 and NaOH over the course of the experiment. Error bars indicate the standard deviation of triplicate

experiments.

DOCandno Cl7, 1 mM Cl™ and 100 mM Cl™. The addition of C1™~ had no
effect on the transformation efficiency of DPG, OHBT, BTA, and MBTA
within 1 h reaction time in the biochar/PDS system, even at the highest
Cl™ concentration (Fig. 2 and Figure S9). The transformation of TrOCs in
the presence of high Cl™ concentrations can be beneficial for the
application of biochar and PDS for actual stormwater runoff treatment
in the field.

Also DOC present in urban runoff could strongly affect the oxidation
of TrOCs during stormwater treatment (Kalev and Toor, 2020; Lin et al.,
2022; Yang et al., 2022). Experiments conducted in both street runoff
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Fig. 2. Effect of chloride (Cl7) and dissolved organic carbon (DOC) on the
transformation of DPG, OHBT, BTA, and MBTA present as a mixture during
treatment of pure water (striped bars), synthetic water containing 6.4 mg L
DOC and 0 mM, 1 mM, or 100 mM CI™ (solid blue bars), and street runoff
(checkered red bars) by biochar and PDS after 1 h reaction time. Corresponding
pseudo-first order rate constants (kops) are shown as diamond markers. [Bio-
char]=1g¢g L'l, [PDS] = 1 mM, ¢ = [TrOCly after sorption equilibrium ([DPG],
~ 0.84 uM, [OHBT]o ~ 1.07 pM, [BTAly ~ 1.06 pM, [MBTA]o ~1.16 uM), ¢ =
measured TrOC concentration after 1 h reaction, pH 7 + 0.1 (adjusted with
H,S04 and NaOH over the course of the experiment). Error bars indicate the
standard deviation of triplicate experiments.

and the synthetic water matrix containing 6.4 mg L' DOC showed
complete transformation of DPG and OHBT with high reaction rate
constants, along with moderate transformation efficiency for BTA and
MBTA. These results were consistent with those observed in ultrapure
water (Fig. 2). The DOC present in the respective water matrix did, thus,
only have a minor impact on the transformation of TrOCs in the bio-
char/PDS system (Fig. 2 and Figure S8). The lack of water matrix effects
on the reaction kinetics and transformation efficiencies of the TrOCs
suggests the formation of reactive species that exhibit limited reactivity
with water matrix components, allowing for effective TrOC removal in
complex environmental matrices such as stormwater runoff.

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 sulfamethoxazole (SMX) as a model compound. In
contrast to several TrOCs studied above in street runoff, the reaction rate
constants of SMX with many radical and non-radical species are well
known (Boreen et al., 2004; Buxton et al., 1988; Neta et al., 1977),
which allows to calculate potential fractions of SMX that should react
with reactive species. With 1 g L'! biochar and 1 mM PDS, SMX was
completely transformed within 1 h with a high pseudo-first order rate
constant of (11.6 + 2.0) x 107* ! (Figure S10). To investigate the
formation of radical species in the biochar/PDS system, we added
different scavengers so that SO3~ and *OH were almost completely
scavenged (> 99 %) by 1 M methanol or 10 mM DMSO, and 98 % of *OH
but only 3 % of SO~ were scavenged by 5 mM TBA (for details see
Section S14). None of the employed scavengers affected the kinetics of
SMX transformation (Fig. 3a), indicating that neither SO3~ nor *OH were
present in the biochar/PDS system. This conclusion was further verified
by employing pCBA and pNBA as probe compounds, where hardly any
PCBA and pNBA disappeared in the biochar/PDS system (Figure S11).
The results from scavenger and probe compound experiments are in
agreement with findings in Fig. 1a, where several organic contaminants
such as 2,4-D or MCPA, which rapidly react with radical species
(Table S6) were not transformed in the biochar/PDS system. Altogether
our results indicate the formation of non-radical species.

Competition kinetics experiments were conducted using MOP and
TBP as probe compounds to investigate the formation of singlet oxygen
(102). The probe compounds neither adsorbed to biochar, nor reacted
with 1 mM persulfate during the course of our experiments (Figure S12).
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Fig. 3. (a) SMX transformation over time in pure water containing biochar and PDS in the absence and presence of 1 M methanol, 5 mM tert-butanol (TBA), 10 mM
DMSO. [Biochar] = 1 g L}, [PDS] = 1 mM, co = [SMX], ~ 7.5 uM after sorption equilibrium, c is the measured SMX concentration over time, pH 7 + 0.1 (adjusted
with H,SO4 and NaOH over the course of the experiment). Error bars indicate the standard deviation of triplicate experiments. (b) Competition plot In(c/c() of MOP
vs. TBP in pure water (slope 0.98 + 0.01; intercept 0.045 + 0.011) and in street runoff (slope 0.95 + 0.03; intercept 0.060 + 0.022). [Biochar] = 0.5 g L'l, [PDS] =1
mM, [MOPIgpikea = [TBPIspikea = 5 UM, cp is the aqueous concentration after sorption equilibrium, in pure water: [MOP], = 2.75 uM; [TBP], = 2.30 uM, in street
runoff: [MOP], = 2.68 uM; [TBP], = 3.42 pM, ¢ = measured concentration over time, pH 7 + 0.1 (adjusted with H,SO, and NaOH over the course of the experiment).

Orange areas show the 95 % confidence intervals of the linear fit.

A plot of In(c/cp) (MOP) vs. In(c/co) (TBP) (Fig. 3b) yielded a slope of
0.98 + 0.01 in pure water, which is in good agreement with the ratio of
the second order rate constants of l02 with MOP and TBP (k (TBP + 102)
/ k (MOP + 102) =0.92) (Tratnyek and Hoigne, 1991). A similar slope of
0.95 + 0.03 was obtained in street runoff (Fig. 3b), demonstrating that
10, is likely the major reactive species in both pure water and street
runoff. This finding aligns with the selective reactivity of 10, toward
TrOCs (Fig. 1a and Table S6). The water matrix did not affect the type of
reactive species formed and the !0, exposure leading to the trans-
formation of organic contaminants in street runoff (Fig. 1b and
Figure S7).

A known pathway of 10, formation is the reaction of persulfate and
ketonic groups of carbonaceous materials (Cheng et al., 2017). In the
pyrolysis process, the organic components of shrimp shells, mainly
chitin and protein, can form a large amount of ketonic group-containing
pyrolysis products (Nikahd et al., 2020; Wang and Shen, 2022; Zhang
et al., 2019). For the here used biochar, ATR-FTIR spectra indicated the
presence of C—O bonds (C=O stretching vibrations with ketones,
Figure S3), which might be crucial functional groups for the generation
of 10, from persulfate (Cheng et al., 2017). Cheng et al., 2017 proposed
a mechanism for the generation of 10 from the activation of persulfate
by carbon nanotubes, which is also based on activation of PDS by
carbonyl groups (Scheme 1). A similar mechanism might apply for
shrimp shell-based biochar, where two molecules of S,0%~ form four
molecules of SO?;_ and one molecule of 102 (Scheme 1, Section S18). The
stoichiometric ratio of the SO3~ molecules produced per S,03~ molecule

OH

BC‘<:>:O + 8,042 + OH —J= Bc—<:><
o
\

OH
BC:
(0]
\O

350,

consumed in our SMX transformation experiment was approximately
two after 1 h reaction (Figure S14), which is consistent with the pro-
posed reaction mechanism.

Our experimental evidence does not point to the formation of su-
peroxide radicals (O37) as intermediate product involved in the gener-
ation of 105 (Nosaka and Nosaka, 2017; Hayyan et al., 2016). The
presence of methanol, which has a reaction rate constant with O3~ in the
order of 107 M~! s7! (Hayyan et al., 2016), had no effect on SMX
transformation (Fig. 3a), suggesting that O3~ is not involved. Moreover,
our results indicate that dissolved oxygen was likely not involved in the
formation of '0,, because no difference in SMX transformation and
persulfate decomposition could be observed under oxic versus anoxic
conditions (Figure S15). Yet, dissolved oxygen formation from PDS
cannot be ruled out. The ATR-FTIR and XRD spectra of our biochar
revealed the presence of calcite (Figure S3 and Figure S4), which is
known to activate persulfate to form 102 under alkaline conditions (Chu
etal., 2024, 2021). However, this PDS activation pathway is unlikely in
the biochar/PDS system investigated in this study.

3.4. Reactivity of singlet oxygen in the biochar/persulfate system with
trace organic contaminants

Understanding the reactivity between TrOCs and singlet oxygen in
the biochar/PDS system is essential for future applications of the
oxidation process. The reported reactivity of 10, with many organic
contaminants is typically low and generally considered insufficient for
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Scheme 1. Proposed mechanism for the generation of 10, from PDS activation by biochar modified from Cheng et al., 2017.
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contaminant abatement in water treatment (Janssen et al., 2015). For
instance, the reaction rate constants of BTA and MBTA are 2.0 x 10° m!
st (Janssen et al., 2015) and 6.2 x 10* M7 s (Janssen et al., 2015),
respectively (Table S6). However, these findings primarily pertain to
aquatic photochemistry, where the steady-state concentration of 10y is
low (10'12 ~ 1018 M) (Larson and Marley, 1999; Mostafa and
Rosario-Ortiz, 2013; Zepp et al., 1977). The oxidation of DPG, BTA,
MBTA, and OHBT by biochar/PDS shown in our study (Fig. 1) was likely
due to relatively high steady-state concentrations of 105 in both pure
water and street runoff, which were determined to be 1.38 x 10°® M and
4.73 x 107° M, respectively (see Section S17 and Figure S13). These
concentrations are 4 — 5 orders of magnitude higher than those typically
reported in photooxidation processes (Larson and Marley, 1999; Mostafa
and Rosario-Ortiz, 2013; Zepp et al., 1977). Recent studies have further
demonstrated that 10, can efficiently degrade organic contaminants
previously considered recalcitrant to 102 attack (Chen et al., 2023;
Wang et al., 2023; Yu et al., 2022; Zhao et al., 2020). For example, SMX
is reported to have a low reaction rate constant with 102 (k (102 + SMX)
= 2.0 x 10* M! 51, yet it was efficiently degraded in electrocatalytic
systems with high 10, production efficiency (Chen et al., 2023; Yu et al.,
2022; Zhao et al., 2020). The abatement of organic contaminants in a
10,-based oxidation process, thus, strongly depends on the 'O
exposure.

10, is known to selectively target electron-rich organic compounds,
such as DPG and OHBT, primarily through electrophilic substitution
reactions (Jawad et al., 2020; Zong et al., 2023). Common reaction
mechanisms of 10, include ene reactions, cycloaddition reactions, and
reactions at heteroatom centers (Clennan, 2016). DPG likely interacts
with 0, through its amine groups, while OHBT is expected to undergo
oxidation at its sulfur atom (Janssen et al., 2015). BTA and MBTA,
although reactive to some extent, exhibit lower transformation rates
compared to structurally similar compounds like indole, which reacts
rapidly at the 2,3-C=C bond (k (10 + indole) = 4.34 x 10’ M' s1)
(Janssen et al., 2015, Table S6). 2,4-D, MCPA, mecoprop, NBBS, and
TCEP do not react with 102 (Fig. la and S6) because they lack
electron-rich reactive sites required for electrophilic attack (Clennan,
2016). These findings emphasize that the reactivity of 'O, is highly
dependent on the electronic structure and functional groups of organic
compounds.

3.5. Future steps towards practical application of the biochar/persulfate
system

Our laboratory-scale tests form the basis for further necessary in-
vestigations of factors relevant to field-scale applications of the biochar/
PDS process for stormwater treatment. Future research is needed to
evaluate the performance of different types of biochars for persulfate
activation and to establish criteria for biochar selection. In addition, the
formation of undesired transformation products and oxidation byprod-
ucts such as halogenated organic compounds, chlorate, and bromate
must be investigated in different water matrices and counter-strategies
developed to prevent their formation. Laboratory-scale column studies
should be conducted to simulate the application of biochar/PDS in flow-
through biofilter systems with an actual stormwater matrix. Parameters
that should be tested are the dosing of persulfate to ensure sufficient
supply of reactive species, the long-term performance of biochars to
activate persulfate, the effects of variable flow rates on contact time and
treatment efficiency, and the impact of changing stormwater matrix
composition on organic contaminant abatement.

Beyond laboratory-based feasibility studies, optimized design and
operational parameters for the application of biochar/PDS in the field
should be investigated. While conventional blue green infrastructure
elements are passive flood control systems, strategic control of opera-
tional conditions has proven to be critical for organic contaminant
removal (Sharior et al., 2019; Zhang et al., 2024). Future studies should
investigate the benefits of adaptive real-time control strategies for
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oxidative stormwater treatment, e.g. to control persulfate dosing and
contact time. Process optimization must also include control of sulfate
emissions, and criteria are required to determine the need for biochar
replacement. Finally, the biochar/PDS-based oxidation process should
be tested for stormwater treatment in the field at contamination hotspots
that require advanced removal of persistent and mobile contaminants,
with a focus on evaluating maintenance needs.

4. Conclusions

In light of increasing global efforts to capture and use stormwater for
water supply, it is critical to remove persistent and mobile organic
chemicals from stormwater runoff. Our study demonstrates that biochar
can activate peroxydisulfate (PDS) to eliminate trace organic contami-
nants from urban stormwater. The transformation of electron-rich
organic contaminants through a non-radical singlet oxygen pathway in
the biochar/PDS system can offer practical advantages over radical-
based oxidation processes, as the water matrix did not strongly influ-
ence contaminant removal efficiencies and reaction rate constants. The
heterogeneous oxidation process with biochar and PDS might thus be a
complementary approach to conventional stormwater treatment sys-
tems for enhanced removal of persistent and mobile compounds. Our
laboratory-scale batch experiments provide the basis for future studies
towards the practical implementation of the biochar/PDS system for
stormwater treatment in the field.
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