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Redox-active biochars can enhance contaminant transformation in persulfate-based Fenton-like water treatment
by facilitating Fe(III) reduction to Fe(I). However, biochar properties vary greatly depending on both feedstock
selection and pyrolysis conditions. Best suited biochars for Fe(IIl) reduction and persulfate activation have yet to
be identified. Here, we investigated eight biochars for their ability to activate persulfate with Fe(III) to transform
N,N-diethyl-m-toluamide (DEET) in water. Four of the biochars were produced from beech wood under different
pyrolysis conditions (450-750 °C, high and low nitrogen flow rate in the reactor) and four biochars were pro-
duced from softwood amended with 0 — 43 weight percent (wt%) wood ash prior to pyrolysis at 500 °C. Beech
wood biochar produced at 450 °C transformed 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
(III) reduction and formation of reactive species. Among the ash-amended biochars, biochar with 16 wt% ash
amendment showed the most efficient DEET transformation with a half-life time of 27 + 0.6 min, which is 10-
times faster compared to a non-ash-amended biochar produced from the same biomass under similar pyrolysis
conditions. Ash amendment led to the formation of crystalline iron minerals in biochars, which likely promoted
Fe(III) reduction and persulfate activation. Our results highlight the potential for fine-tuning the redox properties
of biochar, e.g., by ash amendment to a woody feedstock, enabling tailored performance for specific water
treatment applications.

1. Introduction activation highly depends on its redox-active properties, especially the

electron donating capacity (EDC) [15,16]. Redox-active moieties in

Fenton-like processes using peroxydisulfate (5,03, PDS) for oxida-
tive water treatment and contaminant removal have gained much
attention for environmental applications [1-3]. However, the oxidation
efficiency of the Fe(II)/PDS system is limited by the sluggish Fe(III)/Fe
(ID) cycling and Fe(III) precipitation [4-6]. The PDS-based Fenton-like
system can be enhanced by the addition of redox-active biochars [7-9].
Biochars can enhance the reduction of Fe(III) to Fe(Il), which activates
PDS to reactive species for the removal of organic contaminants [9-14].
The performance of different biochars for Fe(IlI) reduction and PDS

* Corresponding author.
E-mail address: stephanie.spahr@igb-berlin.de (S. Spahr).

biochar include surface functional groups, persistent free radicals
(PFRs), metals like iron and manganese oxides embedded in the carbo-
naceous matrix, and conjugated aromatic structures [17-19]. Surface
functional groups, e.g. quinone and phenolic groups, are abundant and
are the major moieties contributing to EDC [20-22]. They promote
electron transfer through charging-discharging cycles where biochar
acts as a “battery” [23]. Polycyclic aromatic compounds with conju-
gated m-electron systems make biochar electrically conductive and were
proposed to also have a contribution to EDC [24,25]. Biochars with high
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bulk electrical conductivity may function as an “electrical conduit” that
can undergo direct electron transfer through carbon matrices [23]. The
nature and abundance of redox-active moieties in biochars can thus
affect the mechanism and efficiency of Fe(IlI) reduction and PDS acti-
vation in the biochar/Fe(III)/PDS system.

The nature and abundance of the redox-active moieties in biochars is
influenced by both the selection of feedstock and the pyrolysis condi-
tions applied [26,27]. While functional groups on biochar tend to
diminish with increasing pyrolysis temperature, the degree of aromatic
compound conjugation (the “aromaticity”) simultaneously increases
[28,29]. This complex interplay makes it difficult to predict the optimal
pyrolysis conditions that would provide a biochar with the greatest
potential to activate PDS. Furthermore, the term pyrolysis conditions
encompasses a variety of factors beyond temperature, such as residence
time and gas flow in the reactor, all of which can significantly affect the
biochar properties [30].

The impact of pyrolysis temperature on the biochar performance and
reactive species formation in the biochar/Fe(III)/PDS system has been
investigated [10,14]. Liang et al. 2021 found a fast Fe(III)/Fe(II) cycling
and an Fe(IV)-dominated pathway when using biochar produced at
400 °C [14]. In contrast, high-temperature biochars produced at 700 °C
could not maintain the Fe(Ill)/Fe(Il) cycling and the contaminant
transformation was governed by a mediated electron transfer from or-
ganics to persulfate by biochar [14]. Tang et al. 2023 reported that the
biochar/Fe(Ill)/PDS system exhibited the greatest performance in
organic contaminant transformation at 500 °C (range tested: 350 —
700 °C), accompanied by the highest contribution of radical species
[10]. Meanwhile, the nonradical contribution of Fe(IV) increased with
decreasing pyrolysis temperature from 700 °C to 350 °C [10]. However,
little is known about the role of other 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(III)/PDS system.

Feedstock treatments prior to pyrolysis may include mixing additives
such as wood ash with biomass to manipulate the redox-active proper-
ties of the resulting biochar [31-33]. Wood ash, a by-product of biomass
power plants, is particularly beneficial for modifying the redox-active
properties of biochar due to its high mineral content and pH buffering
capacity [31,34]. Ash-amended biochars have shown improved perfor-
mance for agricultural crop production [32,33] and the removal of
inorganic contaminants such as heavy metals from water [31]. Ash-
amended biochars have also been reported to possess enhanced redox
properties with both higher electron donating and electron accepting
capacity [33], which bears potential for application in the biochar/Fe
(II1)/PDS system. However, to the best of our knowledge, ash-amended
biochars have not yet been tested for organic contaminant trans-
formation in Fenton-like PDS-based oxidation processes for water
treatment.

Therefore, the objectives of this work were (i) to investigate the ef-
fects of pyrolysis conditions, specifically pyrolysis temperature, gas
flow, and feedstock treatment (ash amendment to woody feedstock) on
organic contaminant transformation in the biochar/Fe(III)/PDS system
and (ii) to gain insights into the role of redox-active moieties of biochar
for Fe(IIl) reduction and PDS activation. To this end, we performed
laboratory batch experiments with biochars produced under different
pyrolysis conditions and studied the transformation kinetics of the insect
repellent N,N-diethyl-m-toluamide (DEET) as our model compound, for
which we recently demonstrated transformation upon activation of PDS
in the presence of Fe(Ill) at pH 2.5 [11]. We evaluated the performance
of the different biochars for DEET removal in the biochar/Fe(III)/PDS
system with respect to the biochar characteristics, particularly the redox
properties and redox-active moieties.

2. Materials and methods

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

The pyrolysis of the biochars was performed in a continuously
operating auger reactor on pilot-plant scale (PYREKA, Pyreg GmbH,
Dorth, Germany), as described in Hagemann et al., 2020 [35]. If not
mentioned otherwise, the reactor was purged with N at a flow rate of 2
L min ! and biochars were produced with a residence time of the solids
in the reactor of 10 min. Four biochars were produced from beech wood
(milled and sieved to 2 — 6 mm, Verora AG, Edlibach, Switzerland) at
three different temperatures (450°C, 600°C, and 750°C). One biochar
was produced at 450 °C with a higher Ny, flow rate of 10 L min . In the
following, these 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 (Allspan Spanverarbeitung GmbH, Karlsruhe, Germany) to
which wood ash (bottom ash sampled in a combustion plant in Sissach,
Switzerland provided by Holz & Forst Consulting GmbH, Binningen,
Switzerland, dry matter basis) was added prior to pelleting and subse-
quent pyrolysis. For the elemental composition of the wood ash see
Table S3. Wood ash has been reported to be rich in Ca, Si, K, Mg, P, Mn
and Fe, with Fe content ranging from 2 — 5 % depending on the feedstock
and combustion conditions [36,37]. Different amounts of ash (0, 8.9,
16.4, and 42.6 weight percent (wt %)) were amended prior to pelleting
and subsequent pyrolysis as described in Grafmiiller et al., 2022 [33],
resulting in biochars with an actual ash content of 2.3 %, 24.4 %, 41.1 %,
and 69.0 %, respectively. The four softwood sawdust ash-amended
biochars are referred to as BC-ashO (“biochar with 0 wt% ash addi-
tive”), 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 pym (Fig. S1) and kept in a desiccator until further use.

2.2. Batch experiments with biochar, Fe(Ill), and PDS

Batch experiments were conducted in 40 mL amber glass vials at
room temperature on an overhead shaker. A 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 HySO4. N,N-diethyl-m-tol-
uamide (DEET) was added to the biochar suspension from an aqueous
10 mM stock solution to achieve a nominal initial concentration of 50
uM DEET. For experiments with BC750, a nominal initial concentration
of 100 uM was used due to the high adsorption capacity of BC750
(Fig. S4). After 30 min contact time, an apparent sorption equilibrium
was reached (Fig. S4). Subsequently, the reaction was initiated by
adding 60 uL of Fe(Ill) from a 0.05 M aqueous Fe(III) sulfate stock so-
lution to reach an initial concentration of 0.2 mM Fe(III), 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 points,
1 mL aliquots were sampled and immediately added into a mixture of
100 pL methanol (2 M in the sample, ~ 9 % v/v) and 5.5 pL. 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 kept in
glass vials for DEET analysis, which was not affected by methanol nor by
NaOH addition. The pH was monitored and controlled at 2.5 + 0.1 by
adding small amounts HySO4 or NaOH during the reaction. Control ex-
periments containing DEET and either biochar, Fe(IIl), or PDS only, and
combinations thereof were performed as described above.

2.3. Quantification of biochar-induced Fe(III) reduction

To evaluate the Fe(IIl) reduction potential of the biochars, 1 g Lt
biochar suspensions were spiked with 0.1 mM Fe(III) sulfate to reach 0.2
mM Fe(III) and the dissolved Fe(II) concentrations were determined
over a two-hour period using a modified Ferrozine assay, adapted from
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the protocols of Stookey et al., 1970 [38] and Amstaetter et al., 2012
[39]. In this procedure, filtered aliquots of each sample were immedi-
ately added to 1 M HCI in disposable 1.5 mL cuvettes (BrandTech) to
stabilize Fe(II) and prevent oxidation. The Ferrozine reagent was added,
forming a purple Fe?>* complex, which was quantified spectrophoto-
metrically at 562 nm after 5-minute incubation in the dark.

2.4. Biochar characterization

2.4.1. Electron exchange capacity (EEC)

The electron exchange capacity (EEC) was determined using a
mediated electrochemical reduction (MER) and mediated electro-
chemical oxidation (MEO) method adopted from Kliipfel et al., 2014
[24]. All analyses were conducted in a glovebox under N, atmosphere to
maintain anoxic conditions. The biochars were placed under vacuum in
the antechamber overnight to remove adsorbed O, and then transferred
into the glovebox to prepare a 10 g L' biochar suspension in anoxic
deionized water. The biochar suspensions were stirred for at least 24 h to
ensure complete dispersion before analysis. For the electrochemical
setup and measurement details see Section S2. The electron accepting
capacity (EAC) and electron donating capacity (EDC) were calculated in
umol e (g biochar)! according to Kliipfel et al., 2014 [24].

2.4.2. Solid-state electrical conductivity

The solid-state electrical conductivity (here called: SEC) of the bio-
chars was determined using a “Black GauB” electrical cell (Eurofins
Umwelt Ost GmbH, Freiberg, Germany) and a hydraulic press (Perkin
Elmer GmbH, Uberlingen, Germany) according to the manufacture’s
manual [40]. Biochar samples were sequentially compressed with a
pressure of 30, 60, 90, 130 and 160 MPa in the measurement cell.

2.4.3. Persistent free radicals

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 Suwannee River standard fulvic acid (1S101F, IHSS) was used as a
reference with a free radical content of 0.54 x 107 spins g~ for the
calculation of spin concentrations. The g-values were determined in
separate scans by measuring a certified internal manganese standard
(Mn2* in ZnS) simultaneously with the samples. Both PFRs and g-values
were determined in duplicate.

2.4.4. 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 analytical guidelines of the Eu-
ropean Biochar Certificate (EBC 2012-2023) [41]. The specific surface
area of the beech wood biochars was determined in Ny physisorption
experiments at 77 K and sorption isotherms were modelled using the
Brunauer-Emmett-Teller (BET) method (Section S2). For the analysis of
ash-amended biochars, see Table S3 and Grafmiiller et al., 2022 [33].

2.4.5. 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 Ever-
Glo source, a KBr beam splitter, and a deuterated L-alanine-doped tri-
glycene 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 diffractom-
eter. The metal content of the biochars was determined by inductively
coupled plasma-optical emission spectroscopy (ICP-OES, ICP iCAP 7000
series, Thermo Fisher Scientific Inc.) after microwave acid digestion. For
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detailed information of the biochar characterization see Section S2.
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 uL of sample was injected and analyzed with a C18
column (150 mm x 4.6 mm, 5 pm, ZORBAX Eclipse XDB-C18, Agilent).
The eluent mixture consisted of 60 % methanol and 40 % water (pH 3, 1
mM H3SOy4) at a flow rate of 0.5 mL min~'. DEET concentrations were
quantified by external calibration from 2 to 200 pM.

2.6. Data analysis

Pseudo-first order rate constants (kops) and half-life times (t; /2) were
calculated according to eq. (1) and eq. (2), respectively:

IS = ket 6))
Co
In2
tiz = kon (2

where c; is the concentration of DEET at time t and ¢ is the measured
initial DEET concentration in the biochar suspension after 30 min
sorption equilibrium.

3. Results and discussion

3.1. Impact of biochar pyrolysis temperature on DEET transformation in
the presence of Fe(IIl) and persulfate (PDS)

3.1.1. Performance of beech wood biochars

As shown in Fig. 1a, DEET was transformed most efficiently with the
two low-temperature biochars BC450 and BC450HF in the biochar/Fe
(II1)/PDS system. BC450 resulted in 88 + 3 % DEET transformation
within two hours following pseudo-first order kinetics with a kops of (2.9
+0.1) x 104571 (Fig. S6) and a t; 2 of 39 + 4 min. The kops for DEET
transformation in the BC450HF/Fe(III)/PDS system was (2.2 + 0.1) x
10 s~! and only slightly lower than the one obtained with BC450,/Fe
(II1)/PDS (Fig. S6). The N» flow rate during feedstock pyrolysis thus had
a minor effect on the performance of the biochars, which is reflected in
similar biochar properties (Table S2).

In contrast, the pyrolysis temperature had a significant effect on the
biochar properties and DEET transformation. When BC600 was
employed together with Fe(Ill) and PDS, 31 + 1 % of DEET was trans-
formed and the t; 5 of DEET was 227 + 9 min with a kops of (0.4 £ 0.1)
x 10571 (Fig. S6). The latter is 7.3 times lower than the kgps in the
BC450/Fe(III)/PDS system. Experiments with BC750 did not lead to
DEET transformation (Fig. 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 (Fig. S6).
Decreasing DEET reaction rate constants with increasing pyrolysis
temperatures suggest distinctly different biochar properties affecting
PDS activation. In control batches with PDS only, biochar only, Fe(III)
only, and combinations thereof, DEET removal was much less efficient
(< 5.5-29 %, Fig. S5). The accelerated DEET transformation in the low-
temperature biochar/Fe(III)/PDS systems indicates biochar-mediated Fe
(III) reduction leading to continuous PDS activation upon reaction with
Fe(II) as shown in our previous and other studies [9-12,14].

3.1.2. Redox-active properties of beech wood biochars

All beech wood biochars possessed an electron donating capacity
(EDC, Fig. 1b) and were able to reduce Fe(III) to Fe(II) (Fig. 1c). EDC was
highest for BC750 (529 + 42 pmol e (g biochar)'l), followed by BC450
and BC450HF (413 + 22 and 413 + 23 pmol e (g biochar)'l,
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Fig. 1. (a) Kinetics of DEET transformation in the biochar/Fe(III)/PDS system with beech wood biochars pyrolyzed at different conditions (BC450, BC450HF, BC600,
and BC750). [Biochar] =1g L'l, [Fe(IID)] = 0.2 mM, [PDS] = 8 mM, ¢, = measured DEET concentration after sorption equilibrium (~ 40 pM), ¢ = measured DEET
concentration over time, pH 2.5. (b) Electron donating capacity (EDC, E, (MEO) = 0.61 V) and solid-state electrical conductivity (SEC, pressure 160 MPa) of the
biochars, and corresponding Fe(II) formation after 120 min in biochar suspensions spiked with Fe(II). [Biochar] =1 g L1, [Fe(IID] = 0.2 mM, pH 2.5. (c) Fe(Il)
formation in biochar suspensions spiked with Fe(IIl). [Biochar] =1 g L, [Fe(IID] = 0.2 mM, pH 2.5. (d) ATR-FTIR spectra (similar water contents, see Table 52). (e)
Persistent free radical (PFR) concentrations of the biochars and DEET transformation rate constants (kops) derived from (a). (f) X-ray diffraction (XRD) spectra of the
beech wood biochars BC450, BC450HF, BC600 and BC750. Error bars indicate the standard deviation of triplicate experiments.

respectively), and BC600 (384 + 16 pmol e (g biochar)™) (Fig. 1b,
Table S2). These values are consistent with findings from previous
studies [18,24] and highlight the strong influence of pyrolysis temper-
ature on the EDC of biochars. Yet, the EDC values cannot explain the
observed differences in DEET transformation in the biochar/Fe(III)/PDS
system, suggesting that specific biochar characteristics, particularly the
type of redox-active functional groups and structural properties, govern
PDS activation and DEET transformation. In fact, we observed major
differences in the redox-active moieties of the biochars, where biochars
produced at pyrolysis temperatures < 600 °C contained oxygen func-
tional groups and persistent free radicals (PFRs), which likely promote
PDS activation and DEET transformation. In contrast, biochar produced

at 750 °C consisted of conductive graphene-like structures resulting in a
high EDC value but no DEET transformation in the presence of Fe(III)
and PDS.

The contribution of oxygen-containing functional groups to the EDC
of BC450, BC450HF, and BC600 is supported by FTIR analyses, which
revealed peaks corresponding to C=0 conjugated ketones (1692 cm™1),
—COOH (1565 cm™!), and phenolic-OH (1378 ecm™!) [42] (Fig. 1d).
These functional groups, which can participate in electron transfer re-
actions, decreased in intensity with increasing pyrolysis temperature.
Notably, no redox-active functional groups were detected in biochar
produced at 750 °C (Fig. 1d).

PFRs, which are organic moieties with unpaired electrons, also
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contribute to the EDC of biochars [20,43]. The g-values of all biochars
were < 2.0030 indicating the presence of carbon-centered PFRs [44],
which can form during pyrolysis from hemicellulose, cellulose, and
lignin precursors [43]. The PFR concentrations decreased as the pyrol-
ysis temperature increased (Table S2), in agreement with previous
studies showing PFR elimination on biochar surfaces at pyrolysis tem-
peratures > 700 °C [12,20,45]. BC450 and BC450HF displayed the
highest PFR concentrations in the range of (3.5 + 0.4) x 10'° spins (g
biochar)™?, which is two orders of magnitude higher than that of BC750
((1.94+0.1) x 107 spins (g biochar)™) (Fig. 1e, Table S2). These results
suggest that lower temperature biochars derive their EDC primarily from
oxygenated functional groups and PFRs.

Inorganic redox-active metal species, mainly Fe and Mn, also
contribute to the EDC [24], though their role is minor in the biochars
produced from beech wood with low mineral content. The concentra-
tions of Fe and Mn increased with increasing pyrolysis temperature due
to greater mass loss from volatilization of organic compounds
(Table S1). However, the contribution of these metals to the total EDC
was low and explained only 1.3 - 2.0 % of the measured EDCs
(Table S1). XRD analysis confirmed the absence of redox-active minerals
in beech wood biochars (Fig. 1f), indicating that Fe and Mn played a
minor role in the redox activity.

Solid-state electrical conductivity (SEC) of the biochars showed a
strong correlation with pyrolysis temperature (Fig. 1b, Fig. S3 and
Table S2). BC750 demonstrated a nearly eight orders of magnitude
greater SEC (1949 + 12 mS cm’l) than BC450 with an SEC of (7.6 +
0.3) x 10° mS cm . Differences in SEC are derived from formation of
graphene-like structures at high pyrolysis temperatures with conjugated
n-electron systems that facilitate direct electron transfer through the
carbon matrix [23,46]. These results, along with the lowest H/C and O/
C ratios in BC750 (Table S2), show a high degree of aromatic conden-
sation in BC750 and indicate that the EDC of high-temperature biochars
is governed by conductive carbon structures rather than redox-active
functional groups.

3.1.3. Impact of redox-active properties of biochars on Fe(III) reduction
and DEET transformation

The pyrolysis of beech wood at different temperatures led to biochars
with distinctive electrochemical properties that governed the reduction
of Fe(II) and DEET transformation in the biochar/Fe(III)/PDS system.
All biochars successfully reduced Fe(III) to Fe(Il) in aqueous solution,
with Fe(Il) formation increasing with increasing EDC values of the
biochars (Fig. 1b). BC750 led to the highest Fe(II) formation, followed
by BC450 and BC450HF, and BC600 (Fig. 1b and Fig. 1c). However,
while all biochars possessed an EDC and were able to reduce Fe(III) to Fe
(II), DEET was only transformed when employing low pyrolysis tem-
perature biochars (<600 °C) together with Fe(III) and PDS. These results
indicate that oxygen-containing functional groups and PFRs in the
BC450, BC450HF, and BC600 play a key role for DEET transformation in
the biochar/Fe(III)/PDS system. In fact, a positive correlation was ob-
tained for PFR concentration of the biochars and DEET transformation
rate constants (Fig. le). BC750, in contrast, contained conductive
graphene-like structures that contributed to high EDCs and Fe(III)
reduction, but did not support and rather inhibited DEET
transformation.

Low-temperature biochars in the biochar/Fe(III)/PDS system initi-
ated an efficient Fe(IIl)/Fe(Il) cycling induced by the high amount of
oxygen-containing functional groups and PFRs that may form reactive
species leading to DEET transformation. These findings align with our
previous study, which demonstrated that sulfate radicals are the domi-
nant reactive species involved in DEET transformation in the BC450/Fe
(II1)/PDS system [11]. Our results are also consistent with findings of
Liang et al., 2021, who reported rapid Fe(IlI)/Fe(I) cycling due to the
conversion between semiquinone radicals and quinones in biochars
produced at 400 °C [14]. In contrast, for high-temperature biochars with
its high content of conjugated aromatic structures and high SEC,
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contaminant transformation has been suggested via a nonradical elec-
tron transfer pathway [14,23,47,48], in which electron transfer from
organics (electron donor) to persulfate (electron acceptor) is mediated
by biochar [23]. Nonradical electron transfer processes exhibit high
selectivity towards electron-rich organic substances [49], and are
therefore not favorable for our model compound DEET.

3.2. Impact of ash amendments in biochar production on DEET
transformation in the presence of Fe(IlI) and PDS

3.2.1. Performance and redox properties 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(IlI)/PDS system,
different amounts of ash (0, 9, 16, 43 wt%) were added to softwood
sawdust prior to pelleting and pyrolysis at 500 °C. All ash-amended
biochars significantly outperformed the non-ash amended control bio-
char (BC-ash0) in facilitating DEET transformation in the presence of Fe
(II1) and PDS (Fig. 2a). The observed DEET transformation rate con-
stants, kqps, of BC-ash9, BC-ash16, and BC-ash43 were 7.25, 10, and 4.5
times higher than the kops of the BC-ashO, respectively (Fig. 2a and
Fig. S7). BC-ash16 led to the most efficient DEET transformation with a
kops of (4.0 £ 0.1) x 10* s7! (Fig. 7). The addition of ash prior to
pyrolysis thus seemed to produce biochars with beneficial properties for
enhanced PDS activation and contaminant transformation in the pres-
ence of Fe(IID).

We investigated the ash-amended biochars for their ability to reduce
Fe(IIl) in relation to their EDC values. In biochar suspensions spiked
with 0.2 mM of Fe(III), all ash-amended biochars produced significantly
higher concentrations of Fe(II) compared to the non-ash amended con-
trol biochar (BC-ash0) (Fig. 2b and Fig. 2c). BC-ash16 yielded the
highest Fe(II) concentration of 68 pM, followed by BC-ash43 (53 uM),
and BC-ash9 (42 uM). The BC-ashO generated only 8 uM of Fe(II) after
120 min. The higher Fe(II) formation potential of the ash-amended
biochars is in line with their higher EDC values (Fig. 2b and Table 54).
Ash amendments of 9 wt%, 16 wt%, and 43 wt% led to an 8-, 14-, and 5-
fold increase in the EDC values of the biochars compared to BC-ashO
(Table S4). BC-ash16 possessed the highest EDC of 590 + 12 umol e
(g biochar)™! (Fig. 2b and Table S4). The increase in EDC was not linear
with the amount of ash added, suggesting that there is an optimal
amount of ash amendment to maximize the EDC of the biochar produced
at 500 °C. The raw ash itself had a low EDC value of 53 umol e (g ash)’!
[33], indicating that the ash alone was not responsible for the elevated
EDC values of the ash-amended biochars. Additional redox-active moi-
eties might have formed during pyrolysis in the presence of ash by
catalyzing secondary charring reactions [50], contributing to the
improved redox properties of these biochars.

3.2.2. Redox-active moieties governing the performance of ash-amended
biochars

We further characterized the ash-amended biochars to gain a better
understanding of which properties govern their performance in the
biochar/Fe(Il)/PDS system (Fig. 2d — f). The non-ash amended as well
as the ash-amended softwood sawdust biochars showed PFR concen-
trations in the range of 1018 spins (g biochar)™® (Fig. 2e and Table S4).
The PFR concentration decreased linearly (R? = 0.99) but only slightly
with increasing ash amendment (Fig. 2e). The BC-ash0O mainly contained
carbon-centered PFRs as indicated by a g-value of 2.0029 [44]. This
finding is consistent with beech wood biochars, which had a similar final
ash content (2.1 — 3.5 %, Table S2) than the BC-ashO (2.3 % ash) and g-
values of 2.0028 — 2.0029 (Table S4). For the ash-amended biochars, the
g-values were in the range of 2.0030 — 2.0031 (Fig. 2e and Table 54)
indicating carbon-centered radicals with an adjacent oxygen atom [44].
These results hint at a potential shift of redox-active PFRs from aryl
radicals (carbon-centered) in non-ash amended biochars to semiquinone
radicals (intermediate of the phenolic C-OH and quinoid C=0 groups) in
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Fig. 2. (a) Kinetics of DEET transformation in the biochar/Fe(IlI)/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 L1, [Fe(I)] = 0.2 mM, [PDS] = 8 mM, [DEET]y = 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, E;, (MEO) = 0.61 V)
and electrical conductivity (SEC, pressure 160 MPa) of BC-ash0, BC-ash9, BC-ash16, and BC-ash43, and corresponding Fe(II) formation after 120 min in biochar
suspensions spiked with Fe(IIl). [Biochar] =1 g L'l, [Fe(IID)] = 0.2 mM, pH 2.5. Error bars indicate the standard deviation of triplicate experiments. (c) Fe(Il)
formation in suspensions spiked with Fe(IIl). [Biochar] =1 g L'l, [Fe(II)] = 0.2 mM, pH 2.5. (d) ATR-FTIR spectra. (e) Correlation of persistent free radical (PFR)
concentrations with weight percent of amended ash to dry feedstock during biochar pyrolysis (R% = 0.99). () X-ray diffraction (XRD) spectra of BC-ash0, BC-ash9,
BC-ash16, and BC-ash43 with indicated formation of p-tricalcium phosphate (Ca3(PO4),), dolomite (CaMgCOs3), hematite (Fe;O3), potassium superoxide (KO,),

magnetite (Fe30,4), and calcium ferrites (CazFe2033).

ash-amended biochars [18]. Such formation of semiquinone type radi-
cals in ash-amended biochars may enhance Fe(III) reduction and PDS
activation.

Even though all ash-amended biochars contained similar PFR con-
centrations and types, we observed differences in DEET transformation
kinetics (Fig. 2a), which may be caused by different redox-active moi-
eties such as oxygen functional groups or metals. FTIR measurements
showed that electron donating oxygen functional groups, mainly -C=0
and -COOH groups, decreased with increasing ash amendment, and
were almost absent in BC-ash43 (Fig. 2d). The ash, which was added
prior to pyrolysis, contained metals that can form redox-active crystal-
line minerals in the biochars during pyrolysis [32,51]. Indeed, the Fe

and Mn contents of the biochars increased with increasing ash amend-
ment (Table S1). 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-ashO, respectively (Table S1). When calculating the contribution of
these metal species to the EDCs in molar ratio, 64 % of the EDC of the BC-
ash43 could be attributed to Fe, while for BC-ash16, BC-ash-9, and BC-
ashO the contribution of Fe was in a similar range of 16 % (Table S1).
Metals in biochars usually occur as minerals [52]. XRD analysis showed
pronounced differences in mineralogy of the biochars with and without
ash amendment (Fig. 2f). BC-ashO showed an amorphous profile with
almost no peaks. In contrast, the ash-amended biochars showed distinct
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signals, indicating the presence of ash-derived crystalline minerals.
Hematite (Fe3O3) and magnetite (Fe3O4), two common redox-active iron
minerals were observed in all ash-amended biochars (Fig. 2f). Magne-
tite, a mixed-valent iron [Fe(II)/Fe(II)] mineral, may exhibit higher Fe
(IT) reduction activity than hematite, an Fe(Ill)-bearing mineral, due to
its ability to donate electrons via the Fe(I) sites [53,54]. The formation
of redox-active Fe crystalline minerals in the ash-amended biochars
likely contributed to the higher EDCs and enhanced Fe(IIl) reduction
and PDS activation compared to the non-ash amended control biochar.
Although the highest amount of crystalline iron minerals was formed in
BC-ash43, their beneficial effect might be constrained by the low
abundance of redox-active -C=0 and -COOH functional groups
(Fig. 2d) and lower PFR concentration (Fig. 2e), both mainly due to the
lower carbon content of BC-ash43. We hypothesize that the good per-
formance of BC-ash16 is due to the beneficial co-occurrence of redox-
active moieties including crystalline Fe minerals (Fig. 2f), semi-
quinone radicals (Fig. 2e), and oxygen functional groups (e.g. -C=0 and
—COOH groups, Fig. 2d), which together lead to a high Fe(III) reduction
(Fig. 2b and 2c) and subsequent PDS activation. These results indicate a
complex interplay and potentially more pronounced role of redox-active
oxygen functional groups and PFRs in ash-amended biochars.

All softwood sawdust biochars (BC-ash0, BC-ash9, BC-ash16, and BC-
ash43) showed low SECs as they were produced at low pyrolysis tem-
perature (500 °C), where conductive conjugated aromatic structures
that can induce electron transfer were hardly formed, which is consis-
tent with a relatively high H/C ratio of the biochars (0.25 — 0.47,
Table S4). Altogether, the characterization of the softwood sawdust
biochars with and without ash amendment demonstrated the contribu-
tion of oxygen functional groups and PFRs to their redox-active prop-
erties, which is consistent with the findings for beech wood biochars.
Particularly, ash amendment led to the formation of redox-active crys-
talline iron minerals and semiquinoid persistent free radicals that pro-
moted Fe(III) reduction and PDS activation in the biochar/Fe(IIl)/PDS
system.

4. Conclusion

Biochar can facilitate electron transfer by redox-active surface moi-
eties and/or bulk carbon matrices, which is greatly dependent on the
biochar pyrolysis temperature. We showed that biochar derived at low
pyrolysis temperature < 600 °C is enriched with oxygen functional
groups and PFRs that can reversibly accept and donate electrons. Low
temperature biochars containing high amounts of oxygen functional
groups and PFRs exhibited the best performance for DEET trans-
formation in the presence of Fe(Ill) and persulfate. In contrast, high
temperature biochars possessed a high content of conjugated aromatic
structures and did not lead to DEET transformation, despite their ability
to reduce Fe(IIl). Moreover, we showed that co-pyrolysis of biomass
with wood ash, a widely available by-product of many bioenergy ap-
plications, enhanced the redox-active properties of biochars. This
resulted in biochars with high EDCs that can efficiently be employed for
DEET transformation in the biochar/Fe(IlI)/PDS system. Ash amend-
ments of 16 wt% produced the best-performing biochar with high con-
tent of redox-active functional groups, PFRs, and ash-derived crystalline
minerals. While our study showed that the characteristics and perfor-
mance of the biochars depend on the amount of ash added, future work
is needed to systematically investigate the combined effects of ash type
and pyrolysis temperature. Future research should also look into the use
of iron and/or earth alkali metal salts as defined mineral additives in
biochar production to achieve similar effects.

Our study can inform the production of engineered biochars with
redox-active properties tailored for different applications such as per-
sulfate activation in the presence of Fe(Ill) 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 transformation of organic contaminants in

Separation and Purification Technology 374 (2025) 133634

heterogeneous persulfate-based oxidation processes, while high-
temperature biochars were shown to be of lower relevance. Further
research is needed to better understand the effects of feedstock treat-
ments on the redox properties of biochars and their performance to
degrade various organic contaminants. To use these highly complex
carbonaceous materials for specific applications such as water treat-
ment, future studies should investigate the long-term stability and per-
formance as well as the reusability of biochars. Standardized biochar
production procedures need to be continuously refined to ensure
consistent biochar production with minimal risk of secondary pollution
(i.e., biochar must not leach potentially toxic compounds). In addition,
performance monitoring strategies are required to optimize the removal
of target contaminants while minimizing the risk of potential trans-
formation product formation. To tailor the application of the biochar/Fe
(II1)/PDS system in water treatment, future studies should also focus on
elucidating the formation of reactive radical or nonradical species in
different water matrices.
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