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Pyrogenic dissolved organic matter (pyDOM) is derived from black carbon, which is important in the global

carbon cycle and other biogeochemical redox processes. The electron-exchange capacity (EEC) of

pyDOM has been characterized in water using mediated chronoamperometry (MCA), which gives precise

results under specific operational conditions, but the broader significance of these EECs is less clear. In this

study, we described a novel but complementary electrochemical approach to quantify EECs of pyDOM

without mediation using square-wave voltammetry (SWV) in dimethyl sulfoxide (DMSO). Using both the

SWV and MCA methods, we determined EECs for 10 pyDOMs, 6 natural organic matter (NOM) samples,

and 2 model quinones. The two methods gave similar EECs for model quinones, but SWV gave larger EECs

than MCA for NOM and pyDOM (by several-fold and 1–2 orders of magnitude, respectively). The

differences in the EECs obtained by SWV and MCA likely are due to multiple factors, including the potential

range of electrons sampled, kinetics of electron transfer from (macro)molecular structures, and coupling

of electron and proton transfer steps. Comparison of the results obtained by these two methods should

provide new insights into important environmental processes such as carbon-cycling, wildfire recovery,

and contaminant mitigation using carbon-based amendments.

Environmental signicance

Pyrogenic dissolved organic matter (pyDOM) is a critical component of natural organicmatter (NOM) and plays an important role in environmental biotic and abiotic

processes. Characterizing the redox properties of pyDOM is an emerging challenge due to the increasing frequency of wildres and their impact on water and soil

quality. Mediated chronoamperometry (MCA) has been widely applied to quantify the electron-exchange capacities (EECs) of NOM/pyDOMunder specic operational

conditions, but the broader signicance of these values is less clear. The complementary SWV method presented in this study enables qualitative redox charac-

terization of NOM/pyDOM and quantitation of more general EECs. Our study provides insight into how EECs are inuenced by operational parameters. The method

also is versatile and may eventually be applied to characterization of other complex materials (e.g., microplastics and biological membranes).

Introduction

Natural organic matter (NOM) plays an essential role in the

biogeochemistry of natural waters, including the global carbon

cycle.1–3 Pyrogenic carbonaceous matter (PCM) is the solid

residue produced by pyrolysis of biomass or fossil fuels under

oxygen-limited conditions,4,5 and includes naturally existing

black carbon and its engineering analogs, such as activated

carbon and biochar. Recently, studies have found that dissolved

organic matter (DOM) can be released from PCM and subse-

quently enter the aquatic environment.6,7 This type of organic

matter is referred to as pyrogenic dissolved organic matter, or

pyDOM, hereaer.

For this and most prior work, pyDOM is operationally

dened as the fraction of organic carbon derived from PCM that

passes through 0.45 mm lters.8,9 It is a heterogeneous mixture

of diverse (macro)molecules with more oxygen content and

polar functional groups, but lower aromaticity than unfractio-

nated bulk char.10 Several studies suggest that pyDOM is highly

mobile,9,11 thereby contributing approximately 10% of dissolved

organic carbon in the riverine ux on a global scale.12 Given the

large amount of PCM in nature (up to 45% of the total organic

carbon in soil or sediment),13–15 the increased frequency of

wildres,16–18 and growing application of PCM in groundwater
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remediation,19–21 the occurrence of pyDOM in the environment

is likely to become more signicant.

Like NOM, pyDOM is redox-active and can participate in

environmentally-relevant redox reactions.8,22–27 Past studies have

employed a diverse set of methods to characterize various redox

properties of PCM, pyDOM, and other NOM, including their

redox potentials,28–31 electron transfer kinetics,32–35 and electron-

exchange or -storage capacity (EEC or ESC).33,36–38 Most recent

studies have focused on the EECs for NOM, which usually are

obtained by combining measured values of electron-donating

and -accepting capacities (EDC and EAC).39–42 To measure EDC

and EAC, the most commonly used method involves mediated

chronoamperometry (MCA; elsewhere called mediated electro-

chemical analysis, MEA33,36,37,39,43,44), which employs electron

transfer mediators (ETMs) to facilitate the reversible shuttling of

electrons between relatively less accessible redox-active sites of

NOM (macro)molecules and the working electrode, and quan-

ties the resulting current by amperometry.

Prior to popularization of the MCA method, the determina-

tion of EECs of PCM and NOM in most work involved chemical

redox titration (CRT) using various oxidants (e.g., O2 and I2) or

reductants (e.g., H2S and TiIIIcitrate), while assuming a balanced

stoichiometry of the overall half-reaction to nal products.37,45–48

A recent example is the study by Prévoteau et al.,49 which exposed

biochar samples to ferricyanide and reduced neutral red (NR),

respectively, and determined EDC and EAC from the extent of

ferricyanide oxidation or NR reduction quantied by cyclic vol-

tammetry with a rotating disk electrode. The method used in

their study is classied here as mediated hydrodynamic vol-

tammetry (MHV). A major conclusion from the results they ob-

tained by MHV was that the EDC values from previous MCA

studies may be underestimated because the typical contact time

between ETMs and chars is insufficient for complete equilib-

rium.49 More recently, Xin et al.37 compared CRT and MCA

methods and also concluded that redox equilibrium between

mediators (or titrants) and PCM can be difficult to achieve, which

they ascribed to mass transfer limitations caused by the small

pore size and high surface charge of the material. However, less

equilibrium time was used by Xin et al. (72 hours) than Prévoteau

et al. (60 days) and yet the EECs obtained by the former were

signicantly greater than values obtained by others using MCA,

which suggests additional sources of variation in EEC measure-

ments obtained by different methods.

The above methods are essentially potentiostatic in that they

quantify electron exchange to/from mediators with a discrete

potential to accept or donate electrons. These methods may

approach equilibrium with sufficiently long contact time to

overcome kinetic limitations, but they do not directly charac-

terize the potential dependence of the process. In contrast,

potentiodynamic methods measure current while sweeping

across a range of applied potentials, which provides potential-

resolved characterization of electron exchange, with varying

degrees of kinetic vs. thermodynamic control depending on the

scan rate. Sun et al.50 used potentiodynamic methods to

measure electron transfer kinetics as well as EECs of PCMs

coated onto working electrodes by cyclic voltammetry over

a substantial potential window (1.5 V). However, despite direct

contact between the PCM and the electrode, EEC values ob-

tained with this method were signicantly lower (by several

orders of magnitude) than typical values obtained by MCA,

which Sun et al. attributed to limited contact between the redox-

active moieties in PCM and the working electrode surface.50

A signicantly different approach for characterizing the

redox properties of complex organic materials involves vol-

tammetry performed in dimethyl sulfoxide (DMSO), which has

been shown to provide well-dened voltammograms of NOM

without ETMs.28,29,31 The improved voltammetric results ob-

tained using DMSO as the medium have been attributed to its

unique solvency, which favors unfolding of the tertiary structure

of NOM (macro)molecules, thereby allowing more direct

contact between redox-active moieties within the primary

structure of the (macro)molecule and the electrode. Addition-

ally, the aprotic character of DMSO should help to resolve

individual electron transfer steps by stabilizing radical inter-

mediates, which usually are not discernible in protic solvents

like water.28,31,51,52 The net result of these factors is that both

staircase cyclic voltammetry (SCV)28,29,53 and square-wave vol-

tammetry (SWV) can produce well-resolved peaks for NOM.29,53

To date, however, studies using this approach have focused only

on peak identication and potential quantication, so little

analysis has been performed on the current data and there has

been no attempt to use it for analysis of EECs.

In this study, we developed a method of using the current

data obtained by SWV in DMSO to quantify EECs of pyDOM and

NOM samples without mediation. The EEC values obtained by

SWV in DMSO are compared with values quantied by MCA in

water on the same samples. We also compared our results with

data obtained from previous work on pyDOM, NOM, and chars

where MCA, CRT, or MHV were employed. We explored whether

these approaches of measuring EECs can be complementary in

ways that could provide a more complete understanding of the

redox activity of all forms of NOM. For example, the SWV

method provides current resolved over the time course of the

potential scan, which is limited by the kinetics of interfacial

electron transfer and therefore might favor relatively labile (or

fast) electrons over much larger potential scan range.46,54 By

contrast, the MCA method represents equilibrium redox

conditions between the mediator and the working electrode,33

and may capture both the labile and slow electrons, albeit over

a narrower potential range. While the scope of this study is

focused mainly on the development and validation of the SWV

method for EEC measurement to compare with the MCA

method, we also discussed some broader implications of this

work to natural biogeochemical processes such as carbon-

cycling, anthropogenically impacted processes such as wildre

recovery, and engineering processes such as contaminant

mitigation by carbon-based amendments.

Methods
Chemicals

Sigma Aldrich (Milwaukee, MI): 2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS,

98%), diquat dibromide monohydrate (DQ, analytical
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standard), dimethyl sulfoxide (DMSO, 99.9%), tetrabuty-

lammonium hexauorophosphate (TBAFP, ACS reagent grade),

potassium chloride (KCl, 99%), potassium phosphate mono-

basic (KH2PO4, 99%), potassium phosphate dibasic (K2HPO4,

99%), 5-hydroxy-1,4-naphthoquinone (juglone, 97%), 1,2-

naphthoquinone-4-sulfonic acid (o-NQS, 97%). VWR chemicals

(Radnor, PA): L-ascorbic acid (ACS grade). Tokyo Chemical

Industry (TCI, Tokyo, Japan): disodium anthraquinone-2,6-

disulfonate (AQDS, 98%). All NOM samples used in this study,

including each sample's source, elemental composition, and

class are provided in Table S1.†Deionized (DI) water was further

puried using a Milli-Q Biocel pure water system ($18.2 MU cm

at 25 °C; Millipore Sigma, St. Louis, MO, USA). All reagents were

used without additional purication.

Char preparation and characterization

Ten chars from two feedstocks (i.e., oak wood—Quercus; and

switchgrass—Panicum vigartum) were pyrolyzed from 300 to

700 °C under oxygen-limited condition in a muffle furnace

(Model 550–58, Fisher Scientic, USA) for 2 h. The chars were

subsequently cooled, ground, and passed through a sieve (mesh

no. 70, ASTM Standard Test Sieve, E-11 Specication) to obtain

the desired neness. The resulting chars were labelled WX and

GX, where W and G represents wood or grass feedstock,

respectively, and X indicates the pyrolysis temperature. The

elemental analysis of chars was carried out by Galbraith Labo-

ratories (Knoxville, TN) using a Flash 2000 Elemental Analyzer.

The surface area of chars was characterized by N2 sorption

(Autosorb-3B, Quantachrome Instruments). The pH of chars

was determined in a homogeneous suspension by equilibrating

the respective char with DI water at a solid-to-liquid ratio of 100

gchar L
−1 following the American Society for Testing and Mate-

rials (ASTM) D3838-05 (Standard Test Method for pH of Acti-

vated Carbon; 2017). Key properties of chars, including

elemental composition, atomic ratios, surface areas, and pH

values were provided in Table S2.†

PyDOM and NOM sample preparation and characterization

PyDOM samples were prepared similarly as our previous study

with minor adjustment for consistency with the extraction

method used to obtain pyDOM.27 Briey, bulk char was sus-

pended in 10 mM phosphate buffer solution (PBS; pH 7) at

a solid-to-liquid ratio of 20 gchar L
−1 in amber glass vials, fol-

lowed by sonication for 5 minutes and placed on a horizontal

rotator at 30 rpm in the dark at 25 °C. Aer 24 h, samples were

centrifuged at 3500 rpm for 10 min. The supernatant was

ltered through 0.45 mm PTFE lters (VWR, Radnor, PA) and

abbreviated as pyDOMWX or pyDOMGX, respectively. For high

temperature chars (i.e., W700 and G700), pyDOM samples were

prepared at a solid-to-liquid ratio of 160 gchar L−1 to obtain

sufficient mass of pyDOM for MCA analyses.

The NOM samples were prepared similarly by dissolving

NOM solid powder into 10 mM PBS. The chosen quantity of

NOM for dissolution was based on availability of our inventory.

The NOMs are abbreviated as ESHA for Elliott Soil humic acid,

LHA for Leonardite humic acid, PPHA for Pahokee Peat fulvic

acid, PPFA for Pahokee Peat humic acid, SRFA for Suwannee

River fulvic acid, and SRNOM for Suwannee River natural

organic matter, respectively. The non-purgeable organic carbon

(NPOC) of all samples were determined using a TOC analyzer

(TOC-L, Shimadzu, Japan).

The specic UV absorbance at 254 nm (SUVA254) and the ratio

of absorbances at 254 and 365 nm (E2$E3
−1) were calculated with

the UV-vis spectra obtained from a UV-vis spectrophotometer

(Hach, DR6000, Germany). Manganese (Mn) and iron (Fe) were

analyzed with an inductively coupled plasma mass spectrometer

(ICP-MS, Agilent 7900, USA). The results of NPOC, SUVA254, and

E2$E3
−1, and of total concentrations of Mn and Fe for pyDOM

and NOM are summarized in Tables S3 and S4.†

SCV and SWV methods and calculations

All SCV and SWV measurements were made using a three-

electrode setup as previously described,29 which included an

assembled non-aqueous Ag/Ag+ reference electrode and coiled

platinum wire counter electrode (BASi).55 All potentials

measured in DMSO are reported vs. Ag/Ag+, as we have done in

our previous work on NOM in DMSO.29 When necessary for

comparisons, these values are converted to SHE using the

calibration method we have developed and validated in

previous work.29 Before each set of electrochemical measure-

ments, the working electrode was polished using 0.5, 0.3, and

0.05 mm MicroPolish Alumina (Buehler) for 1 min, rinsed with

DI water in between the three polishing steps, sonicated for

5 min aer each polishing steps, and rinsed again with DI

water.

The electrochemical cell was prepared by adding 5 mL of

0.1 M TBAFP in DMSO and purging for 15 min with ultra-pure

N2. The cell headspace was continuously purging during the

experiments. Aer deaeration, a background scan was per-

formed, and then 0.5 mL of the analyte stock solution was

added (so the water to DMSO ratio was constant for all experi-

ments). This resulted in a medium that was 10% water in

DMSO, which could affect our results due to availability of

protons to couple with electron transfer, diffusion of the analyte

through the medium to the electrode surface, or dielectric

properties of the solvent; however, our previous work has shown

that modest changes in the water/DMSO ratio has little to no

effect on current response from electrochemical measure-

ments.29 The nal concentration of the sample in the cell was

1.5 mM for model quinones and 1.0 g L−1 for the pyDOM or

NOM samples.

All staircase cyclic voltammograms and square-wave vol-

tammograms were obtained with a Metrohm Autolab

PGSTAT30. The nal selections included an amplitude of 25 mV

(SWV), a step size of 2 mV (SWV and SCV), and a scan rate of

25 mV s−1 (SWV and SCV). The potential window used (−1.75 to

+0.75 V) was chosen to be within the potential limits that caused

steep current inclines due to non-faradaic processes.

Raw data were transferred to Igor Pro (Wavemetrics, Lake

Oswego, OR), where the background scan (just DMSO electro-

lyte, without analyte) was subtracted from the sample data. Igor

Pro's Multipeak t tools were used to identify and t Gaussian

This journal is © The Royal Society of Chemistry 2023 Environ. Sci.: Processes Impacts
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peaks with a constant baseline of zero current, using default

parameters when possible. In some cases, individual peaks were

dened and t manually. Fitted peaks that extended outside the

scanned potential range (−1.75 to +0.75 V) were excluded from

subsequent analyses. Most of the analysis presented below was

performed using the areas of the 1–2 major peaks only. Alter-

natively, we considered using the sum of areas for all the peaks

fully enclosed within the scan range, but found that this

approach gave less consistent calibration curves.

The peak areas (PAs) from the anodic and cathodic peaks

(PASWVa and PASWVc) were calibrated using AQDS as a redox

standard to obtain the measured Q (QSWVa and QSWVc) in moles

of e− L−1. Then, normalizing QSWVa and QSWVc to non-purgeable

organic carbon (NPOC, g L−1) of the sample gave EDC and EAC

of SWV (denoted as EDCSWV and EACSWV hereinaer). In earlier

experiments, EECs of samples were obtained from the sums of

integrated PAs and were divided by the scan rate and Faraday

constant (F = 96 485 s A mole−
−1) to obtain Q, which we refer to

as the “Faraday method” (Text S1†). However, because our disk

electrode only reacts with a small fraction of the redox-active

species in the bulk solution, EEC values initially obtained

were greatly underestimated compared to previous results.27,39

Therefore, we selected AQDS as redox standard due to its

common use in electrochemical studies,28,56 while we recognize

that its redox potential is not representative of the full range of

redox moieties in NOM. All values of PA, Q, and EECs obtained

by SWV are tabulated in Tables S5 or S6,† while the calculation,

calibration, and validation details are provided in the ESI† (Text

S1, Fig. S1, and Text S3, respectively).

MCA methods and calculations

All MCA measurements were conducted in a glovebox (Coy

Labs.) under anaerobic condition (N2 atmosphere; O2 < 1 ppm).

Experiments were carried out in a 50 mL glassy carbon working

electrode cylinder (Sigradur G, HTW, Germany), with a Ag/AgCl

reference electrode containing 3 M KCl (BASi) and a counter

electrode of a coiled platinum wire (BASi) in a compartment

separated by a porous glass frit. A magnetic stir bar was used to

ensure proper mixing during mediated electrochemical oxida-

tion and reduction (MEO and MER) measurements. Unless

otherwise stated, all potentials measured in aqueous solution

are reported vs. standard hydrogen electrode (SHE).

A buffer (0.1 M KCl and 0.1 M phosphate at pH 7) sufficiently

purged with N2 was used for the preparation of all solutions

used in MCA measurements, including mediators and redox

standards. A CH Instruments 630C potentiostat (Austin, TX)

was used to measure currents I (A) and control potentials E (V).

We adopted the previously established MCA method39 to

quantify the EDC and EAC, respectively. Specically, the

cylinder was lled with 20 mL of buffer. The potentiostat was

operated in chronoamperometry mode with xed reduction

potentials measured against Ag/AgCl reference electrode but

were reported relative to the standard hydrogen electrode (EH)

(i.e., EH = +0.61 V and −0.49 V for MEO and MER, respec-

tively).39 Subsequently, 5 mL of mediator (1 mM ABTS or DQ)

was added into the cylinder, resulting in oxidative or reductive

current peaks that correspond to one-electron oxidation of ABTS

to ABTSc+, or one-electron reduction of DQ2+ to DQc+, respec-

tively.39 Aer the current peak returned to background currents

(∼10−6 A; presumably reached redox equilibrium for ABTS/

ABTSc+ or DQ2+/DQc+), 100 mL of pyDOM or NOM was added to

the cylinder and current response was measured by chro-

noamperometry. All samples were measured with duplicate

injections.

The PA of each sample was integrated along the baseline

using the built-in peak integration tool of the electrochemical

station (CHI601e, version 18.04), and abbreviated as PAMEO and

PAMER. Calibration curves with redox standards (ascorbate or

AQDS) were implemented to allow for cross comparisons

between MCA and SWV methods. Typically, the electron

collection efficiency in a glassy carbon cylinder is close to 100%,

so calibration usually is not needed. One notable exception is

when MCA is performed with a ow-through injection system,

which gives much lower (15%) collection efficiency due to the

hydrodynamics of the electrochemical cell. In this case, a series

of redox standard was required to calibrate the electrochemical

detection of the DOM.27,44 Quantication by dividing values of

PA by the Faraday constant (F = 96 485 s A mole−
−1) to obtain

electrons transferred Q (in mole−) was also performed to vali-

date the calibration approach. Our results suggest that the

directly calculated Q values agreed well (<5% difference) with

the Q values obtained from the calibration curves (Table S8†).

Finally, values of Q (QMEO and QMER) were normalized by the

quantity of NPOC that was added to the cell, which were

abbreviated as EDCMCA and EACMCA, respectively. The details

for calculations, method validation, calibration curves, and the

values of PA, Q, and EECs obtained by MCA are provided in the

ESI† (Texts S2, S3, Fig. S2, and Table S7).

Results
Qualitative analysis of pyDOM by SCV and SWV in DMSO

The voltammetric method for measuring EECs developed in

this study was an extension of our previous work for charac-

terizing redox potentials of NOM.28,29 Herein, we applied similar

initial medium conditions with minor adjustments to optimize

the compatibility with extracted pyDOM from chars based on

preliminary results. Performing SWV on cathodic and anodic

scans resulted in a combined dataset that is analogous to, yet

more informative than, cyclic voltammetry. Examples of the

results are summarized in Fig. 1, with the SCV at the top, SWV

anodic scan (SWVa) in the middle, and SWV cathodic scan

(SWVc) at the bottom of each panel (raw data from all samples is

shown in Fig. S3–S5†). Comparing the data across the three

panels in Fig. 1 shows that the results are qualitatively similar

among LHA, pyDOMW400, and pyDOMG400.

The new results in this study are also qualitatively similar

compared to those reported previously for a much wider variety

of NOM (but not including pyDOM).29 Both SCV and SWV peaks

generated by NOM and lower-temperature pyDOM samples

were similar in character (i.e., located at potentials and/or

electrochemically reversible) to current responses generated

by model quinone compounds in our study,29 suggesting these
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moieties are primarily responsible for EEC in our samples (see

below). Applying the scoring rubric we developed in that study

for classifying the overall “featurefullness” of SCVs of NOM (see

Fig. 4 , S5 and Table S6† in ref. 29) to the SCV data in this study

for pyDOM shows a consistent trend of high scores (∼15) for

pyDOM from lower temperature chars to low scores (∼5) for

pyDOM samples from higher temperature chars. This trend

toward less well-dened voltammetry with greater carboniza-

tion (or diagenesis, in the case of NOMs) of the source material

is consistent with the meta-analysis of data from multiple

methods and sources,29,57,58 and also illustrates the nger-

printing of overall electrochemical response that is possible

with data from direct scanning (potentiodynamic) methods, but

not with mediated (potentiostat) methods.39

The SCV data contains one continuous current response,

where the SCV anodic scan corresponds to the SWVa, and the

SCV cathodic scan corresponds to the SWVc. SCV was scanned

for multiple cycles (usually three) to verify the stability of the

electrode response (in some control experiments, we varied the

order of the scans). Deviations among the cycles in SCV would

arise if there were irreversible or other side reactions,59 but the

three scans were quite consistent with only slightly higher

current response at the beginning of the rst pass with a few

samples. The SCV data usually showed two well-resolved anodic

peaks and three cathodic peaks, which are labeled in the top

portion of each panel. The peaks labeled Epa1 and Epc2 form

a pair consistent with a reversible redox couple, but the other

three peaks (Epa2, Epc1, Epc3) are not paired, which suggests

electrochemically irreversible reactions.

As we noted in previous work characterizing NOM,29 the

additional resolution obtained by SWV can reveal characteristics

of the electrode response that are not evident from SCV data. For

example, in Fig. 1A, the SWVc shows a peak at −0.883 V (Epc2)

that has forward and reverse components with almost identical

potentials and a ratio of currents close to 1, thus conrming the

reversibility suggested by the pairing of SCV anodic and cathodic

peaks around −1 V. In contrast to the SWVc, the SWVa usually

gave forward and reverse components that are both oxidative

currents, which are not balanced by corresponding reductive

currents (middle, red curves in Fig. 1A). This indicates that the

anodic electrode reaction is not reversible, which would be

difficult to discern from SCV data alone.

Quantitative analysis of SCV and SWV in DMSO vs. MCA in

water

The peak potentials obtained in this study using SCV and SWV

(in DMSO) are similar between pyDOM and NOM samples, and

the peak potentials for all NOM measured in this study agree

fairly well with those reported in our previous work.29 More

important in the context of this study, however, is the current

corresponding to individual peaks. These peaks were better

dened in the data from SWV, compared with SCV, largely

because SWV minimizes the contribution of non-faradaic

processes to the electrode response.60 Three types of current

were obtained from the SWV data: forward, reverse, and net

current. Using the net currents (inet,a, inet,c) from SWVa and

SWVc measured with the pyDOM samples, the background

current (obtained without sample present) was subtracted,

which resulted in peaks with nearly at baselines. Then, these

Fig. 1 SCV (top), SWVa (middle), SWVc (bottom) of (A) pyDOMW400, (B) pyDOMG400 and (C) ESHA. SCV (3 scans) color change denotes passage of

time (lightest to darkest). SWV components include forward, reverse, and net current. All data is background subtracted. Experiments performed

in 0.1 m TBAFP in DMSO (5mL DMSO and 0.5mL spike of analyte in phosphate buffer at pH 7). Pt working electrode, Ag/Ag+ reference electrode,

and Pt wire counter electrode were used for analysis. PyDOM concecntrations varied and are normalized to NPOC. Scan rate was 25mV s−1, step

size was 2 mV, and amplitude was 25 mV (SWV).

This journal is © The Royal Society of Chemistry 2023 Environ. Sci.: Processes Impacts
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data were t to obtain peak areas (PAs)—details on the tting

are in the methods section and ESI†—and examples of the

tting results are in Fig. S6 and S7.† We considered only peaks

that are fully enclosed in our potential window (the multipeak

tting algorithm sometimes assigned peaks that were truncated

at these boundaries). In some cases, we chose to treat closely

overlapping Gaussian ts as part of a single electrochemical

response, so they were combined manually. The resulting

values of PASWVa and PASWVc that were used in further analysis

were summarized in Table S6 and Fig. S8A.†

In contrast to the SWV method, the data obtained by MCA

include only one peak per analyte injection, but multiple

injections were added to the glassy carbon working electrode

cylinder, resulting in a series of peaks. Examples of the unpro-

cessed data by MEO and MER with redox standards (i.e.,

ascorbate or AQDS), pyDOMW300, and LHA are shown in Fig. S2A

and S2B.† All peak shapes are well-dened although some peak

tailing was observed, which was greater in pyDOM and NOM

samples than redox standards. This could arise if redox medi-

ators require more time to access the more structurally complex

(macro)molecules such as pyDOM and NOM than ascorbate or

AQDS. Each peak was integrated (details provided in the

method section and ESI†), and the obtained PAMEO and PAMER

values are summarized in Table S7 and Fig. S8B.†

Calculation of EECs from SWV and MCA peak areas

The PAs obtained by SWV and MCA are not directly comparable

for multiple reasons, including that they are in different units

(A$V vs. A$s). Therefore, the PAs were directly applied to cali-

bration curves to obtain the charge transferred (Q) (Texts S1 and

S2†) and normalized by their NPOC to obtain EDC and EAC. The

resulting EEC values for SWV and MCA are recorded in Tables

S6 and S7,† respectively. The NPOC values used in these

calculations are based on those of raw samples—which are

given in Table S3† (together with other sample properties such

as SUVA254)—and are summarized in Fig. S9.† Inspection of

Fig. S9† conrms that the NPOC of pyDOM shows consistent

values and trends with prior work (e.g., decreasing NPOC with

increasing pyrolysis temperature61–64).

The nal values of all EECs obtained from 16 samples with

both SWV and MCA are summarized in Fig. 2, with SWV in

panel A and MCA in panel B. In contrast to the PA data (cf.

Fig. S8†), the units on the EECs obtained by the two methods

are equivalent (mmole− gC
−1). However, the EECs obtain by

SWV (EECSWV) are consistently greater than those obtained by

MCA (EECMCA), so much so that the EECSWV data are presented

on a log scale—to accommodate the wide range (∼3 orders of

magnitude) of these values—whereas the EECMCA data could be

plotted on a linear scale.

Closer inspection of Fig. 2A shows that both EDCSWV and

EACSWV are generally greater for pyDOM compared to NOM

samples, with the possible exceptions of ESHA and LHA, which

gave intermediate values. Among the SWV results, pyDOMW700

gave greater EDCSWV and EACSWV values than other pyDOM

samples. The MCA results in Fig. 2B show that EACMCA is

consistently greater than EDCMCA for pyDOM, with a tendency

toward even greater differences for the materials derived from

intermediate temperatures. For NOM, individual values of

EDCMCA and EACMCA vary, but the relative values of EDCMCA to

EACMCA are greater for fulvic acids (i.e., PPFA, SRFA) and SRNOM,

while less for humic acids (i.e., ESHA, LHA, and PPHA). Overall,

our results are in line with a previous study showing higher EDC

than EAC values for aquatic DOM (which the authors attributed to

the relative abundance of phenolic moieties in fulvic acids), while

terrestrial DOM typically showed lower EDC than EAC values,

perhaps due to enrichment of aromaticity and quinones.43

Comparison of EECs for pyDOM and NOM across multiple

studies

To provide a broader perspective on the EECs measured in this

study, we compiled previously reported values for relevant

materials and conditions24,25,27,43 and compared them with our

data in Fig. 3 (in a format that is analogous but complementary

to Fig. 2). All of the prior MCA studies were done using similar

Fig. 2 The electron-donating and -accepting capacity (EDC and EAC) measured by (A) square-wave voltammetry (SWV) method and (B)

mediated chronoamperometry (MCA) method. The lines and symbols in blue represent EDC, while the ones in red represent EAC. the error bars

of EACMCA and EDCMCA were derived from duplicate injections of each sample. The pyDOM were derived from wood (Quercus) and grass

(Panicum vigartum) biomass at different temperatures (300 to 700 °C), which were denoted as pyDOMWX and pyDOMGX, respectively. TheW and

G represents wood or grass feedstock, respectively, whereas X corresponds to the pyrolysis temperature. All the abbreviations for NOM are

ESHA: Elliott Soil Humic Acid; LHA: Leonardite Humic Acid; PPHA: Pahokee Peat Humic Acid; PPFA: Pahokee Peat Fulvic acid; SRFA: Suwannee

River Fulvic Acid; SRNOM: Suwannee River Natural Organic Matter.
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experimental conditions with minor variations in the method,39

therefore, those results should be quantitatively comparable to

our MCA results in terms of their EDCs (Fig. 3A) and EACs

(Fig. 3B). As observed between studies, the difference in EDC

and EAC values is more signicant in pyDOM (2–3 orders of

magnitude) than in NOM samples. The overall EECMCA values of

pyDOM in our study are comparable to two previous studies,

where reported EEC values range from 1.2 to 7.9 mmole−
gC

−1,24,27 but are much higher than another study with values

only up to 0.45 mmole− gC
−1.25

Generally consistent trends between EDC and EAC values

and pyrolysis temperatures were observed between studies,

where the maximum values appeared at mid temperatures (i.e.

400–600 °C) for both EDCs and EACs. One exception was the

EDC obtained from a study using MCA with a ow-injection cell

(rather than the batch cell used in this in most other studies),

where the highest values appeared at 300 °C.27 In contrast to

pyDOM, the values of NOM samples are relatively consistent

between this and previous studies.24,43 The difference in values

for pyDOM could be attributed to the difference in source

materials, pyrolysis temperature, and extraction proto-

cols,10,61,62,64 which may inuence the redox-active oxygenated

moieties (e.g. phenol and quinones) in pyDOM samples.25,27 In

contrast, the relatively consistent NOM values are likely due to

the use of standardized materials from the same vendor (i.e.,

International Humic Substance Society (IHSS)) across studies.

Compared with the EECs obtained by MCA in Fig. 3, the

values by SWV are consistently larger, but the discrepancy is less

for NOM samples than pyDOM samples. For pyDOM samples,

EDCSWV and EACSWV are greater than EDCMCA and EACMCA,

respectively, by a factor up to ∼103, while the NOM samples

showed much smaller variation (up to ∼50×). Discussion of the

effect of DMSO, and other factors, on the SWV results is pre-

sented below.

Fig. 3 Comparison of (A) electron-donating capacity (EDC) and (B) electron-accepting capacity (EAC) of pyDOMW, pyDOMG, and NOM between

this study and prior work. The sample source and abbreviations are explained in the caption of Fig. 2. Data was adopted from Xu et al.,27 Zhang

et al.,25 Zheng et al.,24 and Aeschbacher et al.43

Fig. 4 Correlation analysis between (A) EDCSWV and EACSWV and (B) EDCMCA and EACMCA. The blue circles ( ), red squares ( ), and purple

triangles ( ) represent pyDOMW, pyDOMG, and NOM samples, respectively. The dashed line represents the ratio of 1 : 1. The error bars of EACMCA

and EDCMCA were derived from duplicate injections of each sample. The sample source and abbreviations are explained in the caption of Fig. 2.

This journal is © The Royal Society of Chemistry 2023 Environ. Sci.: Processes Impacts
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Correlation analysis of EECs and other sample characteristics

Trends in EEC values shown in Fig. 2 and 3 can be further

interpreted by plotting the data as correlations between paired

independent variables (e.g., EDC vs. EAC) or dependent vari-

ables vs. a putative descriptor variable (e.g., EEC vs. SUVA254 or

metal content). Fig. 4 shows the former, with EECs by SWV in

panel A and MCA in panel B. The SWV data appear to give

a strong linear correlation (r2 = 0.87) with a 1 : 1 slope, whereas

the MCA data do not correlate. The lack of correlation among

EECs by MCA is unsurprising given the nature and method of

MEO andMERmeasurement, with one notable exception where

a strong correlation was reported aer controlled electro-

chemical (pre)oxidation/reduction of a sample (Fig. 4C in

Walpen et al.).65 We propose that the strong correlation in

Fig. 4A might suggest a similar effect, presumably because the

SWV method involved multiple anodic and cathodic scans over

a range of 2.5 V, which could result in electrochemical (pre)

conditioning of the sample that is analogous to what was per-

formed by Walpen et al.65 Closer inspection of the correlation in

the SWV data also suggests that it is largely driven by the data

from NOM, which highlights that the NOM samples likely

contain an abundance of redox moieties that are more revers-

ible than those in pyDOM samples. This hypothesis is further

supported by our results from the multiple SCV and SWV scans

that show reversible characteristics from peaks within all NOM

samples (Fig. S5†), whereas the pyDOM samples, particularly

those from higher pyrolysis temperatures, exhibit less featureful

voltammograms (i.e., fewer and atter peaks), indicating less

reversible characteristics (Fig. S3 and S4†). Correlation analysis

of EECs vs. other dependent variables is included in the ESI†

(Text S4, and Fig. S10).

Comparison of EECs of pyDOM vs. NOM vs. char

The correlation analysis in Fig. 4 is further extended to include

literature data for char in Fig. 5. All EECs for char in previous

publications were reported with units of mmole− gchar
−1, which

were converted to mmole− gC
−1 using the elemental analysis

results of chars to account for the carbon percentage (details are

provided in Text S5†). To categorize the values and facilitate

discussion, ve regions were dened based on a combination of

methodological considerations (i.e., method of measurement

and type of material) and visual identication of clusters.

Overall, the range of EECs for pyDOM, NOM, and char is almost

9 orders of magnitude (10−5 to 104 mmole− gC
−1), although

most of this range is due to a cluster of data with low EECs

(Region 1) from one source50 and a cluster with high EECs

(Region 5) from our SWV method. The data in Region 1 were

obtained by integration of baseline-corrected cathodic peaks

obtained by SCV performed without mediators over a potential

range of approximately −0.2 to 0.8 V vs. SHE in pH 7 aqueous

phosphate buffer.50 With respect to the electrochemical meth-

odology and data tting, this method is similar to the SWV

method developed in this study, but without the benets of

DMSO. The authors of that study attributed their low values of

EEC to limited interaction between the redox-active groups on

the char surfaces and the electrode.50

Interestingly, preliminary results with our SWV method in

DMSO without the use of a calibration curve (i.e., Faraday

method, detailed in method section) also gave small EEC values

for both pyDOM and NOM samples (Region 2) presumably also

due to limited interaction between redox-active groups of these

(macro)molecules and the electrode. The Faraday method

showed mostly 1–3 orders of magnitude higher values (Table

S5†) than those in Region 1, indicating that pyDOM might

exhibit higher redox activity in DMSO than char in water. The

EEC data obtained with methods utilizing ETMs (MCA)

distribute in the middle of Fig. 5, with the data for chars (red

markers) clustering at slightly lower EECs (Region 3) and the

pyDOM data (blue markers) grouped at slightly higher values

(Region 4). Despite the uniformity in the MCA method used for

most of these measurements, the resulting EECs span about

two orders of magnitude for each region, and about three orders

of magnitude for Regions 3 and 4 combined. The data obtained

with chars using MHV49 and CRT37 methods gave EECs that plot

on the high end of Region 4, which is similar to values we ob-

tained from pyDOM by MCA. The variations among results

obtained from chars by MCA and those previously reported

using MHV and CRT suggests that there is a different degree of

access to redox-active sites across these methods.

Beyond the considerations given above, there still is consid-

erable unexplained variability in the results shown in Fig. 5

(between and within the highlighted regions). Some of this is

undoubtably due to method-independent factors, such as

Fig. 5 Comparison of EDC and EAC values of chars and pyDOM

samples between this study and prior work. The red enclosed symbols

(i.e. , , and ) are the values derived from chars in previous

studies,37,41,49,50,86–90 while the blue unenclosed symbols (i.e. , and )

are the values derived from pyDOM samples in previous studies24,25,27

and this study. Regions 2 and 5 are the SWV results from the same

samples using faradaic and calibrated quantifications, respectively. Five

regions were highlighted (i.e., Region 1 to 5) for categorization of the

values.
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variation in sample composition (e.g., quinone content).43,65

However, other factors—such as the apparent effect of char

source material,66 pyrolysis temperature,41 and particle size67—

likely reect a combination of sample and method factors that

are difficult to resolve. In particular, the effectiveness of media-

tors will vary with physiochemical properties of sample (e.g.,

particle size, surface area, porosity, etc.), and these effects will

further depend on mediator contact time, diffusivity, mixing

rate, etc.67 For example, the relative high EDCs for chars obtained

with MHV49 (red squares) and CRT37 (red triangles) compared

with those by MCA (red circles) most likely reects both the

longer contact times used in the former studies (>24 h in CRT

and >60 days in MHV) and the relatively slow kinetics of electron

transfer with these relatively-complex materials. In the section

below, a similar interpretation is given regarding the EECs by

SWV, which occupy Region 5 in the upper-right corner of Fig. 5.

Discussion
Interpretation of the SWV method results

The SWV method described in this study differs from other

methods in several ways that could give rise to fundamentally

different EEC results.28,29 First, the higher solvency of DMSO

(compared with water) should give better contact between the

redox-active moieties of pyDOM (or NOM) and electrode

surfaces by unfolding their tertiary structures. The magnitude

of enhancement is expected to be greater for (macro)molecular

samples (e.g., NOM) with more complex tertiary structures,

while less signicant with samples that are predominantly low-

molecular weight materials and colloids that are not necessarily

prone to “unfolding”. However, the ability of DMSO to solubi-

lize materials such as char nano-particles (NPs) from bulk

pyDOM could make them more electrode active in our SWV

method. NPs make up 15% of bulk char mass,68 can be as small

as 4 nm69 (resulting in high surface area and, therefore, reac-

tivity70), and have been invoked to explain some aspects of EECs

of pyDOM obtained by MCA in prior studies.71,72

To investigate whether NPs associated with pyDOM

contributed to the results we obtained with the SWV method,

a set of experiments was performed using 0.02, 0.2, and 0.45 mm

lters to obtain the pyDOMW700 fraction, followed by SWV

analysis under the same conditions as prior experiments. No

signicant difference among the measured EECSWV values for

different fractions of pyDOMW700 was observed; however,

a possible role for NPs smaller than 20 nm cannot be ruled out

from these experiments. We hypothesize that the smaller size of

pyDOM compared to NOM—as evidenced by the higher E2$E3
−1

values of pyDOM than NOM (Table S3†)—could facilitate more

effective interaction between pyDOM and the working elec-

trode, possibly contributing to the larger EECSWV values of

pyDOM compared with NOM. Char NPs (presumably more

abundant in pyDOM from high temperature chars such as

pyDOMW700) could also deposit onto the working electrode and

form a thin-layer of surface-complexes or surface coatings,

which presumably would result in enhanced electrode response

and thus contribute to the observed high EECSWV values of

pyDOM than those of NOM and model quinones. Previously, we

observed effects of spontaneously-deposited coatings of iron

nanoparticles using chronopotentiometry.73

Another possible reason for the relatively large values of

EECSWV involves stabilization of radical intermediates associ-

ated with the redox-active moieties of pyDOM in aprotic

solvents like DMSO. It is known that pyDOM can contain

persistent free radicals (PFRs), which can be detected over

months.72,74 These radicals might be stabilized by DMSO,75 and

then could be detected by the SWV method, which would result

in higher EECSWV. While this effect is well known in organic

electrochemistry for relatively-small and well-dened

species,51,52,76 it is not yet clear what the overall effect of

DMSO might be on EEC measurements by SWV for (macro)

molecules like pyDOM and NOM. For example, a direct effect of

DMSO stabilizing the radical intermediates might be to facili-

tate electron transfer processes that otherwise would be

kinetically-controlled, which would result in higher EECSWV. If

this effect is signicant, it might contribute to the lower EECs

obtained by methods that are less sensitive to PFRs (e.g., Boehm

titration).66 Also, insofar as the EEC of NOMs involves proton-

coupled electron transfer (PCET), this should be inhibited in

aprotic solvents,77–79 although it is likely this effect is largely

alleviated by 10% water present in this study. Furthermore, it is

possible that the exceptionally high EECSWV of pyDOMW700 may

arise from radicals associated with so-called “metal-mediated

PFRs”,66 because that sample had a relatively high Mn

content. However, this coupling between effects of PFRs and

metal content on EECs is speculative and will require further

study.

Environmental implications

The quantity and breadth of recent research on the redox

properties of NOM reects its importance in the transfer and

storage of electrons in a variety of environmental

processes,24–27,43,65 including natural biogeochemical processes

such as the effects of wildres—and (more generally) the effects

of climate change on carbon cycling—as well as the fate or

remediation of contaminants. With respect to the electron

exchange and storage capacity of NOM, most analyses have

been performed using MCA, but as the variety of MCA appli-

cations has grown, it has become increasingly clear that EECs

are operationally dened properties that can vary with a wide

range of factors, some of which are easily appreciated (e.g.,

variation in the chemical composition of NOMdue it source and

extraction method) while others are more subtle and more

difficult to take into account (e.g., charge/discharge of the

material's electron transfer capacity due to natural or articial

redox conditioning processes).

In parallel with the growing use of MCA methods, there has

been diversication in the range of alternative or complemen-

tary methods for characterization of EEC and related properties

of environmental materials, including the MHV and CRT

methods reviewed in this study, and the new SWV method re-

ported here. Since EECs determined by all of these methods are

operationally dened, a fundamental challenge facing this eld

is to reconcile the results obtained by the various methods, and

This journal is © The Royal Society of Chemistry 2023 Environ. Sci.: Processes Impacts
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to understand how the similarities and differences between

them can be used to advance our understanding of biogeo-

chemical processes involving redox active elements, NOM, and

pyDOM. For example, the mediators used in methods of

measuring EEC have specic redox potentials, which limits the

spectrum of sensitivity to the full range of redox-active moieties

in NOM (or NOM model compounds). To illustrate this, the

redox ladder in Fig. S11† was constructed to show the potential

ranges accessed by various methods against the formal poten-

tials reported for various NOMs, model quinones (juglone,

AQDS), metals (Fe, Mn), and mediators. Although the potentials

covered by different mediator methods largely overlap, the

sensitivities of the EECmeasurement methods are likely to vary,

and some environmentally-relevant redox-active moieties may

be outside the range shown in Fig. S11† (e.g., the formal redox

potentials for microbial respiration involving metals vary from

−0.5 to +0.9 V,36 and redox potentials measured on similar soils

can vary from −0.4 to +0.8 V depending on many factors.80,81).

Given that SWV measurements in DMSO are fast, sensitive,

have high resolution, and cover a large potential range, the

method can be a useful complement to other methods for

characterizing EECs, such as MCA. The observation that both

pyDOM and NOM exhibit signicant EECs over the relatively

wide range of potentials in SWV measurements is similar to

conclusions from previous studies done with MCA36 and

suggests that there is even more diversity in the redox chemistry

of NOM than has been recognized to date. The strong correla-

tion between EAC and EDC obtained with SWV (Fig. 4A)

suggests that these values are “intrinsic” in that differences in

the samples' initial conditions have been conditioned-out by

the repeated potential scans. While neither method fully

represents all of the relevant complexities of environmental

conditions (e.g., micro- and macro-scopic redox gradients,

oscillations in oxic–anoxic redox boundaries, heterogeneity in

the composition and structure of aggregates, etc.), combina-

tions of such methods should help provide a more complete

understanding of the overall role of organic matter in environ-

mental redox processes.

Finally, SWV in DMSO has some unique characteristics that

might prove useful in characterization of EEC values in more

diverse contexts. The method described in this work could be

applied as a model system to understand the fundamental

redox processes of pyDOM, NOM, and other complex organic

materials such as natural products that are valued as antioxi-

dants (e.g., green tea), microplastics, or their weathering prod-

ucts (which have very recently been shown to be redox-active

with EEC).82 Also, for example, DMSO is widely used to mimic

physiological lipophilic environments in biochemical and

medical studies,83–85 so results from SWV measurements in

DMSO could provide new insights into the role of EEC in bio-

logical systems or at interfaces between biological systems and

the environment (e.g., biolms).
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