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ABSTRACT: Chars are ubiquitous in the environment and release significant
amounts of redox-active pyrogenic dissolved organic matter (pyDOM). Yet, the
redox properties of pyDOM remain poorly characterized. This work provides a
systematic assessment of the quantity and redox properties of pyDOM released at
circumneutral pH from a total of 14 chars pyrolyzed from wood and grass
feedstocks from 200 to 700 °C. The amount of released pyDOM decreased with
increasing pyrolysis temperature of chars, reflecting the increasing degree of
condensation and decreasing char polarity. Using flow-injection analysis coupled to
electrochemical detection, we demonstrated that electron-donating capacities
(EDCpyDOM; up to 6.5 mmole−·gC−1) were higher than electron-accepting
capacities (EACpyDOM; up to 1.2 mmole−·gC−1) for all pyDOM specimens. The optical properties and low metal contents of the
pyDOM implicate phenols and quinones as the major redox-active moieties. Oxidation of a selected pyDOM by the oxidative
enzyme laccase resulted in a 1.57 mmole−·gC−1 decrease in EDCpyDOM and a 0.25 mmole−·gC−1 increase in EACpyDOM, demonstrating
a largely irreversible oxidation of presumably phenolic moieties. Non-mediated electrochemical reduction of the same pyDOM
resulted in a 0.17 mmole−·gC−1 increase in EDCpyDOM and a 0.24 mmole−·gC−1 decrease in EACpyDOM, consistent with the largely
reversible reduction of quinone moieties. Our results imply that pyDOM is an important dissolved redox-active phase in the
environment and requires consideration in assessing and modeling biogeochemical redox processes and pollutant redox
transformations, particularly in char-rich environments.
KEYWORDS: electron-accepting and -donating capacities, electron transfer, flow-injection analysis, electrochemistry, phenols, quinones

■ INTRODUCTION
Thermally altered plant biomass (char) is ubiquitous in the
environment and has long been recognized as an important
geosorbent for organic compounds and inorganic species,
including pollutants.1−5 More recent work has revealed that
chars are also redox-active by accepting and donating electrons
and, thereby, participate in biogeochemical electron transfer
processes and pollutant redox transformations.6−31 Chars
accept electrons from anaerobic microbial respiration or from
inorganic reductants in the environment (e.g., hydrogen
sulfide).10,11,13,14,19−22,24,29,30,32 Following reduction, chars
may then transfer electrons to both organic and inorganic
pollutants, thereby facilitating their reductive transforma-
tion.10,11,20−22,24,29,30,32 Chars are also involved in electron
transfer between microbial cells8,16 or from metal-reducing
bacteria to hematite or ferrihydrite.13,19 In addition, electron
transfer to and from chars was shown to mitigate emissions of
the radiatively active trace gas N2O from agricultural soils.7,28

The important role of chars in redox reactions has led to
considerable interest in characterizing the redox chemistry and
reactivity of chars. However, chars also release dissolved
organic carbon (DOC), which herein we refer to as pyrogenic
dissolved organic matter (pyDOM) (operationally defined as
DOC from bulk chars that passes through 0.45 μm

filters).33−35 The released amounts of pyDOM are considered
significant in the global carbon cycle: for instance, pyDOM is
estimated to contribute ∼10% of the riverine flux of DOC to
the oceans.36,37 Yet, compared to bulk chars and non-
pyrogenic DOM, only a few studies have characterized the
redox properties of pyDOM and have attempted to link these
characteristics to the physicochemical properties of the
corresponding chars from which the pyDOM originated.
Two recent studies quantified the electron-donating and

-accepting capacities of various pyDOM specimens
(EDCpyDOM and EACpyDOM) using a mediated electrochemical
approach, thereby demonstrating that pyDOM, alike chars, are
redox-active.33,34 We herein define EDCpyDOM and EACpyDOM
as method-dependent (i.e., operationally defined) and carbon-
normalized number of electrons that pyDOM donate to a
specific oxidant or accept from a specific reductant,
respectively. One of the two studies reported that pyDOM
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specimens from straw-derived chars formed at 400 °C showed
much higher EDCpyDOM (from 2.42 to 7.10 mmole−·gC−1) than
EACpyDOM (from 0.40 to 0.81 mmole−·gC−1).

34 The second
study, however, reported much smaller EDCpyDOM than
EACpyDOM for pyDOM derived from wheat-straw biochar
formed over pyrolysis temperatures of 300−700 °C.33 Both
EDCpyDOM and EACpyDOM exhibited maxima in this temper-
ature series at 500 °C with values of 0.14 and 0.31 mmole−·
gC−1, respectively.

33

However, several central aspects of pyDOM redox proper-
ties remain unaddressed by previous work. To date, a
systematic appraisal of the relationship between char
provenance, pyrolysis temperatures, and redox capacities of
pyDOM remains missing. Such characterizations are essential
to link the quantity and redox properties of pyDOM to the
physicochemical properties of the respective chars. This aspect
is critical to better understand and predict the role of pyDOM
in electron transfer reactions in char-rich systems. Second, a
comparative analysis of the redox properties of a diverse set of
pyDOM to the redox properties of the corresponding chars has
not yet been conducted. Comparing the EAC and EDC values
of pyDOM to those of chars will inform whether pyDOM may
act as a significant redox buffer or whether its primary role is as
an electron transfer mediator between other redox-active
geochemical phases and species. Third, past work focused on
quantifying the EDC and EAC values of a given pyDOM
specimen, whereas studies following changes in pyDOM redox
states during oxidation and reduction reactions involving
pyDOM are missing. Such studies are important because they
provide critical information on the reversibility of electron
transfer to and from pyDOM.
Accordingly, the goal of this work was to provide a

systematic assessment of pyDOM quantity, redox property,
and reactivity, addressing the above-listed critical aspects.
More specifically, we aimed at (1) understanding how
feedstock materials and pyrolysis temperature of chars affect
the amounts and redox properties of char-derived pyDOM, (2)
comparing the redox capacities of pyDOM to those of the
corresponding chars, and (3) elucidating changes in the redox
states of pyDOM and assessing electron transfer reversibility to
and from the pyDOM when undergoing oxidation and
reduction reactions. We addressed the first two aims by
quantifying the amounts of pyDOM and characterizing the
optical and redox properties of pyDOM released from a total
of 14 suspended chars that were prepared from grass or wood
feedstocks over pyrolysis temperatures from 200 to 700 °C.
Compared to the previous two studies on pyDOM redox
properties, the set of pyDOM studied herein is considerably
larger and more diverse in terms of both feedstock materials
and range of char pyrolysis temperatures (i.e., 200−700 °C).
Furthermore, we extracted the 14 pyDOM from chars of which
we previously characterized the physicochemical properties38

and redox characteristics.15 This experimental design allowed
us to compare the EAC and EDC of the pyDOM to those of
the original source chars, a comparison that was missing from
previous studies. To accomplish the third aim, we followed
changes in EDC and EAC of a selected pyDOM during its
enzymatic oxidation and non-mediated electrochemical reduc-
tion. All EAC and EDC analyses of pyDOM were conducted
using a novel flow-injection analysis (FIA) system coupled to
electrochemical detection.39,40 The exceptionally high sensi-
tivity of this analytical approach allowed us to analyze pyDOM
directly without the need to concentrate pyDOM prior to

redox analysis, as required in past studies which used mediated
electrochemical reduction and oxidation (MER and
MEO).33,34

■ MATERIALS AND METHODS
Chemicals. Detailed information for all chemicals used is

provided in Text S1.
Extracting pyDOM from Chars. We obtained pyDOM

from a total of 14 different chars. Twelve of the 14 chars were
from two series of six chars, each prepared from either grass
(Festuca arundinacea) or wood (Pinus ponderosa) feedstock
over a range of pyrolysis temperatures (i.e., charring for 1 h
under oxygen-limited conditions at 200, 300, 400, 500, 600, or
700 °C).38 The chars are herein abbreviated as WX and GX,
where W and G refer to wood and grass feedstock, and X
corresponds to the pyrolysis temperature. We additionally
extracted pyDOM from two reference chars from rice (Oryza
sativa Arborio) straw and chestnut (Castanea sativa) wood
produced by pyrolysis under an N2-atmosphere at 450 °C for 5
h (abbreviated as RS450 and CW450, respectively).41 The
physicochemical properties of all chars, including their redox
properties, have been extensively characterized in previous
studies.15,38 Key properties, including elemental composition,
H/C and O/C ratios, and double-bond equivalence (DBE) are
provided in Table S1.
To obtain pyDOM, we suspended chars at 15 g·L−1 in a pH

7 buffered solution (10 mM phosphate) in batch reactors,
followed by agitating the suspensions at 25 °C for 24 h in the
dark on an end-to-end rotator (Heidolph Reax, Germany) at
100 rpm. We chose to extract pyDOM in pH 7 buffered
solutions because pH 7 is environmentally relevant and
because pH is expected to affect both the amount and
chemical composition of DOM extracted from chars.42,43 The
samples were subsequently centrifuged at 4500 rpm for 10 min
(Eppendorf 5804R, Germany) to remove chars from the
aqueous phase. We collected the supernatant and passed it
through syringe filters (polypropylene, 0.45 μm, Pall, Switzer-
land; all pre-rinsed with deionized water) to obtain the final
pyDOM solutions. We confirmed stable solution pH over the
course of the extraction (i.e., pH 7.0 ± 0.1 of the final
solutions). The filtered pyDOM solutions were used in all
subsequent experiments without any additional treatment
except for solution pH adjustments for specific experiments.
We acknowledge that the obtained pyDOM may contain
structurally diverse components, such as organic (macro-
)molecules that dissolved either from the bulk char or from
condensates on the char that formed during the pyrolysis
process. In addition, pyDOM as defined herein may contain
char nanoparticles that detached from the bulk chars and
passed through the 0.45 μm cutoff filters. Such nanoparticles
may have been released preferentially from high-temperature
chars given that such chars contain abundant microcrystallite
structures.38,44 We herein did not direct efforts toward
identifying whether pyDOM contained these different
components nor toward separately assessing their redox
properties. Such detailed studies were beyond the scope of
this work and would have required substantially more pyDOM
(and hence bulk char material) than was available to us.
Instead, we report and discuss EAC and EDC values of the
pyDOM in its entirety as it was obtained but highlight
interpretational challenges that result from the heterogeneity of
pyDOM.
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Properties of pyDOM. We collected UV−visible light-
absorption spectra of the filtered pyDOM solutions from 190
to 800 nm on a Varian Cary 100 Bio (Agilent). We further
determined the nonpurgeable organic carbon (NPOC)
concentrations of the pyDOM solutions using a total organic
carbon analyzer (TOC-L, Shimadzu). The specific ultraviolet
absorbance (SUVA254, L·mg−1·m−1) of each pyDOM was
calculated by dividing its ultraviolet absorbance at 254 nm
(A254, cm−1) by its NPOC (mg·L−1).45 Finally, we determined
the total Fe and Mn concentrations in the pyDOM specimens
using inductively coupled plasma optical emission spectrom-
etry (ICP-OES, Vista MPX, Varian, Australia).
Redox Characterization of pyDOM. The EDCpyDOM and

EACpyDOM values were determined on a recently introduced
FIA system coupled to electrochemical flow-through detectors,
as previously described.39,40 Briefly, the FIA system contained
an oxidative and a reductive solution flow path operated in
parallel for EDC and EAC determination, respectively. Each
flow path consisted of a reagent stream (containing either the
oxidant diammonium 2,2′-azino-bis(3-ethyl-6-benzothiazoline-
sufonate) radical (ABTS•+) or the reductant N,N′-bis(3-
sulfonatopropyl)-4,4′-bipyridinium radical (ZiV•−) and a
carrier stream (0.1 M phosphate buffer and 0.1 M KCl at
pH 7)). We used ABTS•+ and ZiV•− as the oxidant and
reductant of electron-donating and -accepting moieties in the
pyDOM, respectively, because these chemicals have high and
low standard reduction potentials (EH

0 = +0.70 V for the
ABTS•+/ABTS and EH

0 = −0.41V for ZiV/ZiV•− redox
couples) and were previously shown to undergo fast one-
electron transfer with redox-active moieties in DOM.39,40

Reduction potentials (E) were measured against Ag/AgCl
reference electrodes but were reported herein relative to the
standard hydrogen electrode (EH). All electrochemical
measurements were conducted using two potentiostats
(models 630C and 630D, CH Instruments, Austin, TX).
All FIA measurements were performed in an anoxic

glovebox (N2 atmosphere, pO2
< 1 ppm). We first adjusted

both the pH and the ionic composition of pyDOM samples to
match that of the carrier stream in the FIA system prior to the
analysis. We then loaded each sample into two injection loops
of identical volumes (100 μL) on a 10-port/2-position injector
valve (Qmix V, Cetoni, Germany). The carrier streams were
diverted through the injection loops to deliver the sample into
the two flow paths of the FIA system. The carrier streams were
subsequently mixed with the reagent streams containing
ABTS•+ or ZiV•−. The mixed solutions were passed through
10-m Teflon knitted reaction coils (Biotech, Sweden) to result
in a reaction time of 25 min between the pyDOM and the
oxidant or reductant. Reduction of ABTS•+ and oxidation of
ZiV•− by electron transfer from electron-donating and to
electron-accepting moieties in pyDOM resulted in the
formation of ABTS and ZiV. Following the reaction coils,
each stream passed through an electrochemical flow-cell
containing glassy carbon working electrodes (ALS, Japan)
operated in chronoamperometry mode with constant applied
EH (i.e., EH = +0.71 and −0.43 V for the oxidative and
reductive streams, respectively). In the electrochemical
detectors, the ABTS and ZiV formed by reaction with
pyDOM, resulting in oxidative and reductive current peak
responses, respectively. We integrated these current peak
responses over time and converted peak areas to the number of
electrons transferred from and to pyDOM (i.e., EDCpyDOM and

EACpyDOM (μmole−·L−1)) by calibrating the current peak
responses using the EDC and EAC standards ascorbate and
9,10-anthraquinone-2,6-disulfonate (2,6-AQDS) (i.e., ED-
Cascorbate = 2.00 mole−·molascorbate−1 and EACAQDS = 2.00
mole−·molAQDS−1) (Figure S4). We also compared the obtained
EDCpyDOM and EACpyDOM to the respective EDCchar and
EACchar values (mmole−·gchar−1) of the bulk chars previously
determined using mediated electrochemical reduction (MER)
and oxidation (MEO)15 under comparable redox conditions
(pH 7 and EH of +0.61 and −0.49 V using ABTS and ZiV as
electron transfer mediators in MEO and MER, respectively).

Redox Transformations of pyDOM. For the pyDOM
obtained from the grass char formed at 400 °C (i.e., G400), we
followed changes in its redox states while it underwent two
types of redox reactions, namely, its oxidation by phenol
oxidase laccase and its non-mediated electrochemical reduction
in a bulk electrochemical reduction cell. We chose the pyDOM
from G400 because it had comparatively high EDCpyDOM and
EACpyDOM values and low redox-active metal contents (see
below).

Enzymatic Oxidation of pyDOM. We incubated the
pyDOM solution with laccase from Trametes versicolor (activity
22.4 U/mg, product number 53793 from Fluka), which
catalyzes the oxidation of phenolic and hydroquinone moieties
in the presence of oxygen as the co-substrate.46 Experiments
were run in duplicates. We first lowered the pH of the pyDOM
solution from pH 7.0 to 4.6 (using a 100 mM acetate buffer at
pH 4.6), at which the laccase had high activity.46 We then
added laccase from a freshly prepared stock solution. The
calculated initial activity of laccase in the batch reactors was
0.99 U/mL, based on the information provided by the vendor,
and the ratio of enzyme activity to NPOC was 9.69 U/mgC. All
samples were subsequently incubated on a horizontal shaker
(Kühner, Switzerland) at 300 rpm and 25 °C for 2 days.
Laccase-free controls containing only pyDOM were set up at
the same time and handled identically. Over the course of the
incubation period, we repeatedly withdrew 800-μL aliquots
and immediately purged them with N2 to remove O2 and
thereby quench laccase activity. For quantifying changes in the
redox state of the pyDOMG400 in the aliquots on the FIA
system, we subsequently adjusted their pH and ionic
composition to that of the carrier solution in the FIA system
using a concentrated phosphate buffer solution (200 mM, pH
7) prior to the analysis.

Non-mediated Electrochemical Reduction of pyDOM. We
also followed changes in the redox state of pyDOMG400 during
non-mediated electrochemical reduction.39 These reductions
were carried out in an anoxic glovebox (N2 atmosphere, pO2

<
1 ppm). We first diluted pyDOMG400 to a concentration of
43.2 gC·L−1 in a pH 7 buffer (10 mM phosphate) and
transferred 10 mL of the solution into a 25 mL glassy carbon
working electrode (WE) cylinder (Sigradur G, HTW,
Germany) with an Ag/AgCl reference electrode (ALS,
Japan). A platinum wire served as the counter electrode and
was separated from the WE compartment by a porous glass frit.
The electrochemical reduction of pyDOMG400 was carried out
at an applied reduction potential of EH = −0.47 V while
continuously monitoring the reductive current. The reduction
was terminated after 24 h when the reductive current had
returned to a background current value of around 1.5 × 10−8

A, which was independently determined for pyDOMG400-free
solutions with otherwise the same composition and pH. At
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different time intervals during the electrochemical reduction of
the pyDOMG400 solutions, we withdrew 800-μL aliquots from
the cell. The pH and ionic composition of these aliquots were
adjusted following the protocol described above. We
subsequently analyzed the pyDOMG400 solution aliquots on
the FIA system.

■ RESULTS AND DISCUSSION
NPOC and SUVA254 Values of pyDOM from Chars.

Figure 1 shows the NPOC (panel A) and SUVA254 (panel B)
values for all pyDOM specimens. The NPOC range of
pyDOM spanned ∼1.5 and 2 orders of magnitude from the
highest to lowest values for the G and W series, respectively
(note the logarithmic ordinate scale in Figure 1A). As alluded
to above, the NPOC is herein considered a sum parameter for
pyDOM, acknowledging that the pyDOM may contain
structurally diverse components, including char nanoparticles.
Based on NPOC values, the grass chars released more pyDOM
than the wood chars at any given pyrolysis temperature. The
NPOC values of pyDOM released from both wood and grass
chars decreased with increasing pyrolysis temperature (with
the exception of an increase in NPOC from W600 to W700
pyDOM, as detailed below). For both series, the most
pronounced decrease in NPOC values occurred between
chars formed at low (200−300 °C) and intermediate (500 °C)
temperatures. For the two additional reference chars, the
pyDOM released from the grass char RS450 also showed a
higher NPOC value than the one from the wood char CW450.
We estimated the percentage of the respective char carbon
dissolved as pyDOM by the ratio of the pyDOM NPOC over
the amount of carbon in the bulk char at the specific
suspension concentration (details of the calculation are
provided in Text S2) and plotted the data in Figure S1. The
fraction of char carbon dissolved as pyDOM decreased with
increasing pyrolysis temperature, with an estimated 15.9%

from the low-temperature char and 0.3% from the high-
temperature char, consistent with the trends reported in
previous studies.42,43

For the grass char series, the SUVA254 values of pyDOM
samples increased with increasing pyrolysis temperature from
G200 to G400 and subsequently decreased from G400 to
G700. By comparison, the SUVA254 values of pyDOM
obtained from wood chars continuously decreased with
increasing pyrolysis temperature from W200 to W700. We
note that past work reported positive correlations between
SUVA254 values and aromaticity, as determined by 13C NMR,
for DOM isolates from aquatic and terrestrial environments.47

Assuming that this correlation also applies to pyDOM (which
likely is the case for pyDOM dominated by truly dissolved
organic (macro-)molecules but may not hold true for char
nanoparticles), the aromaticity was estimated to range from 4
to 19% for pyDOM from both grass and wood chars (details
provided in Text S3). We also calculated the absorbance ratios
at 250 nm over 365 nm (i.e., E2·E3

−1) for all pyDOM
specimens. We chose E2·E3

−1 because this ratio was previously
shown to decrease with increasing DOM molecular size (i.e.,
DOM absorption shifts to higher wavelengths with increasing
DOM molecular weight).48 In lieu of direct determinations of
pyDOM molecular weight (e.g., by size exclusion chromatog-
raphy or sequential centrifugal filtration of pyDOM solutions),
we expect that the E2·E3

−1 is also indicative of the molecular
weight of “dissolved” pyDOM (but unlikely for char
nanoparticles, if present in pyDOM from high-temperature
chars). As shown in Figure S2, the E2·E3

−1 ratios of pyDOM
obtained from grass chars increased from G200 to G700,
suggesting that the average molecular weight of pyDOM
decreased with increasing pyrolysis temperature. By compar-
ison, no apparent trend was observed for E2·E3

−1 of pyDOM
from wood chars with respect to pyrolysis temperatures.

Figure 1. (A) Nonpurgeable organic carbon (NPOC, mgC·L−1) concentrations and (B) the specific ultraviolet absorbance (SUVA254, L·mgC
−1·

m−1) of pyDOM obtained from two temperature-series chars prepared from grass (G) and wood (W) feedstock as well as from two reference char
materials RS450 and CW450. GX and WX represent temperature-series grass and wood chars prepared at different pyrolysis temperatures X (in
°C), respectively. The reference chars were prepared by pyrolyzing rice straw (Oryza sativa Arborio) and chestnut wood (Castanea sativa) at 450
°C. Error bars represent the standard deviation from experimental duplicates.
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We rationalize the above trends in NPOC and SUVA254
values of pyDOM specimens with pyrolysis temperature on the
basis of differences in the physicochemical properties of the
corresponding bulk chars. Compared to wood, grass generally
has higher contents of polar and non-aromatic cellulose and
hemicellulose components and lower content of aromatic
lignin components.49,50 Therefore, the comparatively higher
NPOC and lower SUVA254 values of pyDOM from the low-
temperature grass than wood char (G200 vs. W200) likely
reflected the higher polarity and lower aromaticity of the grass
feedstock. We note that differences in the NPOC and SUVA254
values of grass- and wood-derived pyDOM may also reflect
differences in the responses of these materials to temperature:
while pyrolysis of hemicellulose and cellulose was reported to
primarily occur between 200 and 400 °C, pyrolysis of lignin
seems to occur over a wider temperature range (from 160 to
900 °C).51 As pyrolysis temperature increased from 200 to 400
°C, the polarity of grass chars decreased while aromaticity
increased, as evidenced by decreasing H/C and O/C ratios and
increasing double-bond equivalents (DBE) of the chars (Table
S138). This decrease in polarity and increase in aromaticity
likely lowered the fraction of the char that was water-soluble as
pyDOM but increased pyDOM aromaticity, consistent with
the measured decreases in NPOC values and the increases in
SUVA254 values for pyDOM obtained from grass chars (G200
to G400). The highest pyrolysis temperatures of 600 and 700
°C led to polycondensation reactions in the grass chars and
further decreased their oxygen contents (G600 and G700).38

The decrease in SUVA254 values of pyDOM from G400 to
G700 is inversely correlated to the increases in DBE of these
chars (Figure S3). These findings suggest that the pyDOM,
released in low amounts from high-temperature chars, was
primarily of aliphatic character. Alternatively, it is possible that
the pyDOM from G600 and G700 contained char nano-
particles. The latter could have contributed to the slight
increase in NPOC from G400 to G700 pyDOM (we note that

lower molar absorbance values of aromatic groups in char
nanoparticles would explain the decrease in SUVA254 values
despite the fact that char nanoparticles from high-temperature
chars are expected to have a high aromatic carbon content).
Similarly, we ascribe the general decrease in the NPOC

values of pyDOM from W200 to W600 to the decreases in
oxygen contents and increases in aromaticity of the bulk wood
chars (Table S138). The increase in NPOC of pyDOM from
W600 to W700 may indicate increased release of char
nanoparticles from highly condensed, graphitic W700.
SUVA254 values of pyDOM from wood chars also decreased
as the DBE of bulk materials increased from W200 to W600
(Figure S3). These findings suggest that the pyDOM released
in low amounts from high-temperature chars either contained
low aromaticity or that it had a higher contribution of char
nanoparticles with comparatively low molar absorbance
coefficient at 254 nm (and hence low SUVA254 values).

Redox Properties of pyDOM. Figure 2A shows the
EDCpyDOM and EACpyDOM values that were normalized to their
NPOC values. This normalization allows for the comparison of
redox properties of different pyDOM on the basis of their
carbon concentrations. All pyDOM had quantifiable EDC
values and thus contained DOM moieties or inorganic species
that donated electrons to the chemical oxidant ABTS•+. All
pyDOM specimens, except those released from G600 and
G700, accepted electrons from the chemical reductant ZiV•−

and thus contained reducible organic moieties or inorganic
species. While the pyDOM from G600 and G700 also showed
reductive current responses in the FIA system, these responses
were too small to be accurately quantified. This finding
suggests that these pyDOM specimens contained only low
concentrations of char nanoparticles because the latter would
be expected to accept electrons given the EAC values of the
bulk chars from which these particles originate.15 We summed
the EDCpyDOM and EACpyDOM values to determine the

Figure 2. (A) Nonpurgeable organic carbon (NPOC)-normalized EDC and EAC (mmole−·gc−1) and (B) specific ultraviolet absorbance-
normalized EDC and EAC values (μmole−·m·L−1) of pyDOM obtained from 14 chars as a function of the pyrolysis temperature of chars and source
materials. ** indicates that the obtained values were below the limits of quantification. Error bars represent the standard deviation from
experimental duplicates.
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electron-exchange capacity (EEC) of the pyDOM samples
(Table 1).
To assess contributions from redox-active inorganic species

to the measured EDCpyDOM and EACpyDOM, we quantified
concentrations of iron (Fe) and manganese (Mn) (Table 1),
which were presumably the two major redox-active elements
present.52 Total Mn and Fe concentrations were low in all
pyDOM from the grass chars. By comparison, Mn and Fe
concentrations were higher in pyDOM from all wood chars
and reference chars (RS450 and CW450). For quantitative
considerations, we assumed an exchange of 1 mole− per molFe
(i.e., redox couple Fe3+/Fe2+) and either 2 or 1 mole− per
molMn (i.e., redox couples Mn4+/Mn2+, Mn4+/Mn3+, or Mn3+/
Mn2+). Table 1 shows that the contribution of Fe to EECpyDOM
was negligible for all pyDOM (<5%). Likewise, Mn had
insignificant contributions to the EECpyDOM obtained from all
grass chars, low-temperature wood chars (W200, W300, and
W400), and both reference chars (<5%). For pyDOM
obtained from high-temperature wood chars (W500, W600,
and W700), we estimated that Mn may have had larger
contributions to the EECpyDOM, ca. 10−20% for pyDOM from
W500, 33−66% for pyDOM from W600, and 26−53% for
pyDOM from W700. This finding implies that NPOC-
normalized EDCpyDOM and EACpyDOM values from high-
temperature chars (W500 to W700) need to be carefully
interpreted given their elevated Mn contents. However, even
for these pyDOM specimens, the data supports that organic
moieties largely contribute to the electron-accepting and
-donating capacities, either in the form of truly dissolved
organic (macro-)molecules and/or of char nanoparticles.
Figure 2A shows that pyDOM released from grass chars

donated and accepted up to 2.86 and 0.62 mmole−·gC−1,
respectively. By comparison, the pyDOM from wood chars
exhibited even higher EDCpyDOM and EACpyDOM, donating and
accepting up to 6.5 and 1.2 mmole−·gC−1, respectively.
Regardless of the source material and the pyrolysis temperature
of the chars, the EDCpyDOM of the corresponding pyDOM was

consistently higher than its EACpyDOM, suggesting that pyDOM
contained more oxidizable (presumably phenolic) moieties
than reducible (presumably quinone) moieties. These findings
are consistent with a previous study reporting EDC values
from 2.42 to 7.10 mmole−·gC−1 for pyDOM from crop-derived
chars formed at 400 °C, while their corresponding EAC were
smaller and varied between 0.4 and 0.8 mmole−·gC−1.

34

However, another study reported much smaller EDC (up to
0.14 mmole−·gC−1) and EAC values (up to 0.31 mmole−·gC−1)
for pyDOM derived from wheat-straw biochar.33 These
differences may result from a range of factors, including
feedstocks, pyrolysis conditions, extraction protocols, and the
analytical method used to determine EAC and EDC values
(e.g., pH, EH, and the choice of redox mediators). Our work
largely extends on past studies on pyDOM redox properties in
that we herein demonstrate the presence of electron-donating
and -accepting organic moieties in a very large and diverse set
of pyDOM specimens that we obtained from source chars
formed from different feedstocks and over a broad range of
pyrolysis temperatures. As such, we conclude that pyDOM are
generally redox-active, akin to terrestrial and aquatic
DOM.39,53

For pyDOM obtained from grass chars, both EDCpyDOM and
EACpyDOM increased with increasing pyrolysis temperature of
chars from 200 to 300−400 °C but, above these temperatures,
decreased with increasing temperature. By comparison,
EDCpyDOM and, in a less pronounced manner, EACpyDOM of
pyDOM from wood chars decreased from the largest values for
W200 to much smaller values for W400 and W500. While
EDCpyDOM and EACpyDOM values for pyDOM from W500 to
W600 increased, these increases possibly reflect the elevated
concentrations of Mn in these samples (Table 1).
We postulate that the differences in the redox properties of

pyDOM collected from low-temperature grass and wood chars
primarily reflected the differences in chemical compositions of
the feedstock, modulated by pyrolysis temperature: as
discussed above, the higher EDCpyDOM of pyDOM from

Table 1. Total Concentrations of Iron (Fe) and Manganese (Mn) in pyDOM Obtained from 14 Char Specimens and the
Estimated Contribution from Metals to the Overall Electron-Exchange Capacity (EEC) of pyDOM (%)

metal content
(μg/L)a EECMn (μmol·e−/L)

b EECFe (μmol·e−/L)
b metal contribution to EECpyDOM (%)

samples Mn Fe Mn2+/Mn3+ Mn2+/Mn4+ Fe2+/Fe3+ EECpyDOM (μmol·e−/L)
c Mn2+/Mn3+ Mn2+/Mn4+ Fe2+/Fe3+

G-700 0.07 0.07 0.00 0.00 0.00 17.99 0.01 0.01 0.01
G-600 0.01 NA 0.00 0.00 NA 13.44 0.00 0.00 NA
G-500 0.01 NA 0.00 0.00 NA 47.73 0.00 0.00 NA
G-400 0.01 NA 0.00 0.00 NA 390.88 0.00 0.00 NA
G-300 0.86 1.47 0.02 0.03 0.03 1170.39 0.00 0.00 0.00
G-200 10.60 15.30 0.19 0.39 0.27 1907.54 0.01 0.02 0.01
W-700 93.87 9.87 1.71 3.41 0.18 6.49 26.29 52.58 2.72
W-600 119.58 10.52 2.17 4.35 0.19 6.61 32.89 65.78 2.84
W-500 34.79 12.09 0.63 1.27 0.22 6.50 9.74 19.47 3.32
W-400 23.99 14.41 0.44 0.87 0.26 26.48 1.65 3.29 0.97
W-300 45.10 17.38 0.82 1.64 0.31 808.23 0.10 0.20 0.04
W-200 65.59 19.86 1.19 2.39 0.35 1216.06 0.10 0.20 0.03
RR450 102.41 40.13 1.86 3.72 0.72 562.23 0.33 0.66 0.13
CW450 3.42 19.85 0.06 0.12 0.35 43.99 0.14 0.28 0.81

aConcentrations were obtained from ICP-OES measurements; the limits of quantification (LoQ) for Mn and Fe were 0.02 and 0.1 μg·L−1,
respectively. bEEC values originated from Fe (EECFe) were calculated by assuming an exchange of 1 mol e− per mole Fe (i.e., redox couple Fe3+/
Fe2+), while EEC values originated from Mn (EECMn) were calculated by assuming and the exchange of either 2 or 1 mol e− per mole Mn (i.e., for
redox couples Mn4+/Mn2+, Mn4+/Mn3+, or Mn3+/Mn2+). cEECpyDOM (μmole−·L−1) = EDCpyDOM + EACpyDOM, which were measured using an FIA
system coupled to electrochemical detection.
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W200 than G200 is consistent with the higher lignin contents
in wood than grass and thus higher concentrations of electron-
donating phenols in pyDOM from wood than those from
grass.49 As the pyrolysis temperatures increased, thermally
induced chemical changes in the chars, such as the
decomposition of lignin phenols,51 could explain the overall
decrease in the EDCpyDOM values in both pyDOM sets with
increasing pyrolysis temperature of the chars.
While all pyDOM samples were redox-active, there were

considerable variations in EDCpyDOM and EACpyDOM values
among different pyDOM specimens (Figure 2A). These

variations are not unexpected, given that normalization to
the total carbon content of the pyDOM does not adequately
account for the fact that only a fraction of the total carbon is
associated with redox-active moieties and that this fraction
likely varies among pyDOM specimens. Given that phenol and
quinone moieties are generally considered to dominate the
redox capacity of DOM and given that the carbon in these
moieties has aromatic character, we renormalized the
EDCpyDOM and EACpyDOM to their respective SUVA254 values.
As shown in Figure 2B, EDCpyDOM/SUVA254 and EACpyDOM/
SUVA254 values showed smaller overall variations among the

Figure 3. Ratios of the (A) EDCpyDOM/EDCchar and (B) EACpyDOM/EACchar based on mmole electrons exchanged per gram of carbon; ratios of
(C) EDCpyDOM/EDCchar and (D) EACpyDOM/EACchar based on mmole electrons exchanged per gram of char with respect to source materials and
pyrolysis temperatures. Detailed calculations are provided in Text S4. Note that the EDCpyDOM and EACpyDOM shown here are the same as in Figure
2 but renormalized and plotted differently. The EDCchar and EACchar of chars were previously quantified by Klüpfel et al. using the same electron
transfer mediators (i.e., ABTS•+ and ZiV•−) under similar analysis conditions than used herein (i.e., pH 7); EDC and EAC quantification at EH =
+0.61 and −0.49 V for chars15 and EH = +0.71 and −0.43 V for pyDOM. Error bars represent the standard deviation from experimental duplicates.
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different pyDOM specimens. This is particularly evident for
the pyDOM from the temperature series of wood chars: while
the NPOC-normalized EDCpyDOM varied by a factor of up to
20 (i.e., from 0.3 to 6.5 mmole−·gC−1), the EDCpyDOM/
SUVA254 varied by only a factor of three (i.e., from 2 to 6
mmole−·m·L−1). The smaller variations of EDCpyDOM/SUVA254
and EACpyDOM/SUVA254 support the assessment that the
capacities of pyDOM to donate and accept electrons were
linked to their contents of aromatic moieties. Thus, based on
our findings and in line with results of previous studies on the
redox properties of DOM in aquatic and terrestrial
systems,39,40,53 we propose that EDCpyDOM and EACpyDOM
are dominated by electron-donating phenolic and electron-
accepting quinone moieties, respectively. At the same time, we
acknowledge that the EDCpyDOM and EACpyDOM of pyDOM
from high-temperature wood chars may have significant
contributions from Mn. Furthermore, it is possible that char
nanoparticles contributed to EDCpyDOM and EACpyDOM values,
particularly for the pyDOM derived from high-temperature
chars. Future work is needed to assess the relative
contributions of truly dissolved organic (macro-)molecules
and of char nanoparticles to overall pyDOM and, if
contributions change considerably with the pyrolysis temper-
ature of the chars, to determine the redox properties of
individual pyDOM components.
Comparison of the Redox Properties of pyDOM and

Corresponding Chars. We obtained pyDOM from a set of
chars for which we previously determined EACchar and EDCchar
values using the same electron transfer mediators and under
similar analysis conditions used herein (i.e., pH 7; EDC and
EAC quantification at EH = +0.61 and −0.49 V for chars15 and
EH = +0.71 and −0.43 V for pyDOM). We, therefore, could
compare trends in EAC and EDC values of pyDOM to their
corresponding chars (Table S2). We first compared the EAC
and EDC values of pyDOM with the chars based on mmole
electrons exchanged per gram of carbon. Specifically, we

normalized the previously reported EDCchar and EACchar values
(mmole−·gchar−1) of the chars15 to their carbon contents to
obtain the same units as used herein for NPOC-normalized
EDCpyDOM and EACpyDOM of pyDOM (mmole−·gC−1) as
described in Text S4. This comparison revealed much larger
EDCpyDOM and EACpyDOM than EDCchar and EACchar (Figure
3A,B). Thus, pyDOM contained a larger number of redox-
active moieties on a per gram carbon basis than the chars from
which pyDOM was obtained.
We also estimated the potential contributions of pyDOM to

EDCchar and EACchar if pyDOM was not extracted from the
chars prior to their redox analyses. Notably, we used our
experimental char mass to solution volume ratio (i.e., 15 gchar·
L−1) and the measured NPOC values of pyDOM. Details are
provided in Text S4. Figure 3C,D shows that pyDOM may
largely contribute to the EDCchar and EACchar values of low-
temperature chars (200 and 300 °C) of both wood and grass.
It is hence important to consider contributions from pyDOM
to total redox capacities of chars, especially when analyzing
low-temperature chars. As the pyrolysis temperature increased
from 200 to 700 °C, the ratios of both EDCpyDOM/EDCchar and
EACpyDOM/EACchar decreased and leveled off at low values
(ratio of ∼0.01−0.001). This comparison highlights that
pyDOM made only small contributions to the redox capacities
of bulk chars formed at higher temperatures. While this finding
suggests that redox buffering by pyDOM in systems containing
high-temperature chars may be small, the pyDOM may still act
as a diffusive electron transfer shuttle that accelerates electron
transfer to and from high-temperature chars.

Redox Transformation of Organic Moieties in
pyDOM. We selected pyDOM collected from grass char
G400 (pyDOMG400) as a model pyDOM for additional
experiments that aimed at monitoring electron transfer from
and to its redox-active moieties during biogeochemically
relevant redox reactions. We chose pyDOMG400 because of
its intermediate EDCpyDOM and EACpyDOM values in combina-

Figure 4. (A) Changes in the EDC and EAC values of pyDOM obtained from grass char G400 during the enzymatic oxidation at pH 4.6 with
(filled circles) or without (circles) laccase from T. versicolor over 48 h. The activity of laccase in the batch reactors and the initial ratio of enzyme
activity to the nonpurgeable organic carbon (NPOC) were 0.99 U/mL and 9.69 U/mg C, respectively. (B) Changes in the EDC and EAC values of
pyDOM obtained from grass char G400 during the non-mediated electrochemical reduction (EH = −0.59 V, pH 7) over 24 h. The measured
current of the reaction system returned to the background current of 1.5 × 10−8 A after 24 h. Error bars represent the standard deviation from
experimental duplicates.
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tion with its low metal contents (Table 1). We note that past
studies on pyDOM redox properties exclusively reported EAC
and EDC values and did not assess active participation of
pyDOM in redox reactions through monitoring changes in the
redox state of pyDOM during the reactions.
Enzymatic Oxidation of pyDOM. We treated pyDOMG400

by a laccase from T. versicolor. Laccases are important phenol
oxidases that largely contribute to the oxidative degradation of
(dissolved) organic matter in oxic environments.40,46,53,54 We
herein aimed to directly demonstrate that the laccase was
capable of oxidizing phenolic moieties in pyDOM. Incubation
of pyDOMG400 with laccase indeed resulted in a pronounced
decrease in EDCpyDOM values within the first hour of laccase
incubation (from 2.3 to 1.2 mmole−·gC−1) (Figure 4A).
Because NPOC values remained constant, decreases in
EDCpyDOM solely reflect decreases in EDCpyDOM. The
EDCpyDOM continued to decrease over the remaining
incubation time and leveled off at a value of 0.73 mmole−·
gC−1 after 48 h. No decrease in the EDCpyDOM was observed in
laccase-free controls (Figure 4A) over the same incubation
time. As the EDCpyDOM decreased over the course of the
incubation, the EACpyDOM increased (i.e., from 0.68 to 0.93
mmole−·gC−1). However, this increase was much smaller (i.e.,
0.26 mmole−·gC−1) than the corresponding decrease in
EDCpyDOM (i.e., 1.60 mmole−·gC−1), implying that the majority
of electron-donating moieties in the pyDOM accessible to
laccase were irreversibly oxidized (i.e., oxidation did not result
in an equimolar conversion of electron-donating to electron-
accepting moieties). These findings are consistent with the
irreversible oxidation of mono-hydroxylated (i.e., “phenolic”)
and meta-dihydroxylated aromatic moieties in the pyDOM,
while the small increase in EACpyDOM may suggest the
reversible oxidation of hydroquinone to the corresponding
electron-accepting quinone moieties. This data demonstrates
the enzymatic oxidizability of electron-donating moieties in
pyDOM, suggesting that pyDOM is susceptible to enzymatic
oxidation in the environment. We note that we did not test the
solution for dissolved H2O2 (nor other partially reduced
oxygen species) because laccases are known to completely
reduce the co-substrate oxygen to water in a four-electron
transfer reaction.
Reduction of pyDOM. In the second experiment, we

assessed the reducibility of electron-accepting moieties in
pyDOMG400. To this end, we used non-mediated electro-
chemical reduction in an electrochemical cell at Eh = −0.47 V
and pH 7 for 24 h (see the Materials and Methods section).
We previously showed for DOM that such electrochemical
reduction transfers electrons to the same electron-accepting
moieties that are used by anaerobic microorganisms that use
DOM as terminal electron acceptor.55 The reduction of
pyDOM at the working electrode would therefore strongly
support that pyDOM may also act as a terminal electron
acceptor in anaerobic microbial respiration. Over the course of
the experiment (Figure 4B), the EACpyDOM of pyDOMG400
decreased from 0.62 to 0.38 mmole−·gC−1 while the EDCpyDOM
increased from 2.53 to 2.70 mmole−·gC−1. These findings
demonstrate that pyDOMG400 was reducible and that its
reduction was largely reversible (i.e., the increase in EDCpyDOM
of 0.17 mmole−·gC−1 corresponded to 84% of the EACpyDOM
decrease of 0.24 mmole−·gC−1). This finding is fully consistent
with electron transfer to quinones in pyDOMG400 under the
formation of the corresponding hydroquinones that contribute
to EDC. We note that both Fe and Mn concentrations were

negligible relative to the EECpyDOM of this sample (Table 1),
and thus did not contribute to the observed reversible
reduction. Overall, our data suggest that pyDOM will be an
environmentally relevant electron acceptor under reducing
conditions.

Implications. All pyDOM specimens evaluated herein are
redox-active regardless of the pyrolysis temperature and
feedstock. Furthermore, pyDOM contain a larger number of
redox-active moieties on a per gram carbon basis than the bulk
chars from which they are derived. These findings suggest that
pyDOM is an important redox-active phase in the environment
and needs to be considered in biogeochemical redox cycles and
pollutant redox transformations, particularly in environments
impacted by pyrogenic organic matter. The importance of
pyDOM in such redox reactions is expected to increase in the
future, given that the frequency, extent, and severity of wildfires
have largely increased globally over the last years.56,57 We note
that pyDOM entering the aquatic environment may not only
alter redox equilibria in these systems but also cause new
challenges if these systems serve as drinking water sources.
Increasing concentrations of pyDOM in such water sources
may demand increasing chemical oxidant doses for water
disinfection while, at the same time, increasing the risk of toxic
disinfection byproducts formation upon reaction between the
chemical oxidants and pyDOM. While we demonstrated that
pyDOM is redox-active and participates in biogeochemically
important redox reactions, future work is needed to elucidate
the release dynamics of pyDOM from chars formed in the
open environment and how the chemical composition of the
released pyDOM and its redox properties may change over
time.
Consistent with previous work on non-pyrogenic DOM, the

redox properties of the pyDOM are consistent with phenols
and quinones as major electron-donating and -accepting
organic moieties. Yet, for pyDOM from high-temperature
wood chars, contributions of Mn and possibly char nano-
particles to redox capacities need careful consideration. Our
findings suggest that both the quantity and redox properties of
pyDOM reflect the physicochemical properties of the
corresponding chars. While the importance of chars in
mediating redox reactions relevant to pollutant dynamics and
biogeochemical processes has been demonstrated, our work
paves the way for systematic assessments of the role of
pyDOM in these reactions. Our work supports that pyDOM
acts both as an electron transfer mediator and hence redox
catalyst and as a redox buffer that reversibly accepts electrons
under reducing conditions and is irreversibly oxidized under
oxidizing conditions.
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