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Table S1. Samples of natural organic matter (NOM) used in this study.

.\ Atomic ratio
Elemental composition (wt%) °

NOM @ Cat. No. (mol/mol) Class ©
C H o) N H/C  0O/C
ESHA 1S102H  58.13  3.68  34.08 4.14 0.76  0.44 T
LHA 1S104H  63.81  3.70  31.27 1.23 0.70  0.37 T
PPFA 2S103F  51.31  3.53  43.32 2.34 0.83  0.63 T
PPHA 1S103H 5637  3.82  37.34 3.69 0.81  0.50 T
SRFA 2S101F 5234 436  42.98 0.67 099  0.62 A
SRNOM IRIOIN 5247 419  42.69 1.10 0.95  0.61 A

# All NOMs are acquired from International Humic Substance Society (IHSS). The abbreviations are
ESHA: Elliott Soil humic acid; LHA: Leonardite humic acid; PPHA: Pahokee Peat fulvic acid;
PPFA: Pahokee Peat humic acid; SRFA: Suwannee River fulvic acid; SRNOM: Suwannee River
natural organic matter.

® Elemental composition were obtained from THSS website: https://humic-substances.org/elemental-
compositions-and-stable-isotopic-ratios-of-ihss-samples/.

¢ Class refers to terrestrial (T) or aquatic (A) NOM.




Table S2. Material characterization of the chars used in this study.

Elemental composition (wt%) Atomic ratio Surface
Char &b (mol/mol) Area pH ¢

C H O N Ash H/C  O/C (m*-g")°
W300 50.1 3.8 384 <05 22 0.91 0.57 260.0 3.02
W400 64.1 34 254 0.6 1.5 0.64 0.30 496.5 3.45
W500 75.8 3.0 148 0.5 2.9 0.47 0.15 574.8 8.91
W600 81.2 2.1 103 0.6 2.9 0.31 0.10 528.8 9.13
W700 86.6 23 5.5 0.5 3.2 0.32 0.05 725.4 10.35
G300 40.0 55 364 0.7 93 1.65 0.68 282.5 4.64
G400 599 42 209 08 104 0.84 0.26 4437 7.57
G500 659 3.0 173 0.8 9.6 0.55 0.20 497.7 9.23
G600 746 34 64 0.7 11.0 0.55 0.06 595.6 9.48
G700 76.3 2.1 6.8 0.6 11.7 0.33 0.07 547.7 9.96

*W or G represents wood (Quercus) or grass (Panicum vigartum) feedstock, respectively, whereas the
number corresponds to pyrolysis temperature.

® Pyrolyzed under oxygen-limited conditions in a muffle furnace for 2 h.

¢ Characterized by BET N sorption.

4 Determined in a homogeneous suspension by equilibrating the respective char with DI water at a solid-
to-liquid ratio of 100 genar'L ™" following American Society for Testing and Materials (ASTM)
D3838-05 (Standard Test Method for pH of Activated Carbon; 2017).



Table S3. Non-purgeable organic carbon (NPOC) concentrations, specific UV absorbance at 254
nm (SUVAxss), and the ratio of absorbances at 254 and 365 nm (Ez-E3™!) from raw pyDOM

and NOM samples.
Sample NPOC b SUVAs4? Ey-Es!a
(mge-L™) (L'mgc''m )
pyDOMws300 113.3+1.4 4.7+0.0 5.5+0.1
pyDOMwaoo 59.3+7.3 2.2+0.1 9.1+0.1
pyDOMwso0 30.0+1.8 5.3+0.0 8.5+0.0
pyDOMuweo0 34.5+6.3 6.2+0.0 13.4+0.6
pyDOMw700 5.8+1.2°¢ 11.0£0.1 6.1£0.5
pyDOMa3o0 97.1+9.7 2.6+0.0 5.940.1
pyDOMaaoo 30.2+0.3 2.1£0.0 6.9+0.6
pyDOMasoo 24.2+1.1 2.6+0.4 9.2+1.1
pyDOMaeoo 26.7+1.2 4.240.2 12.1+0.6
pyDOMar00 12.1+0.8 ¢ 3.6+0.1 6.7+0.7
ESHA 220.443.6 4.8+0.0 3.1+0.0
LHA 98.3+6.7 8.3+0.0 3.2+0.0
PPFA 5218.9+78.1 8.2+0.0 4.2+0.0
PPHA 690.1+14.2 9.3+0.0 3.10.0
SRFA 5039.7+6.8 6.00.0 4.3+0.0
SRNOM 4422.1+18.0 1.0£0.0 5.10.0

#+values are the standard errors from duplicate measurements on independently prepared samples.

® NPOC values are not representative values in SWV or MCA experiments.

¢ The extracted NPOC of pyDOMuw~0 and pyDOMagroo from 160 genar'L ™" are 33.04+1.71 and
134.86+17.12 mgc-L™', respectively.



Table S4. Total concentrations of manganese (Mn) and iron (Fe), and the estimated contribution
to the overall electron exchange capacity (EEC) in pyDOM and NOM.

Sample Metal concentration EEC of metal Metal contribution to
(ng'L™h® (umole L") ® EECpypom (%)
Mn Fe Mn*/Mn?*  Fe**/Fe** Mn*/Mn?*" Fe*'/Fe*
pyDOMws300 180.36 <LoQ 6.56 -- 3.67 -
pyDOMuwa00 252.25 <LoQ 9.17 -- 5.97 --
pyDOMuws00 136.51 <LoQ 4.96 -- 4.20 --
pyDOMuwso0 248.45 <LoQ 9.03 -- 7.60 -
pyDOMw700 1379.67 <LoQ 50.17 -- 426.32 -
pyDOMa300 662.82 <LoQ 24.10 -- 12.05 -
pyDOMaao0 1105.64 <LoQ 40.20 -- 39.01 -
pyDOMasoo 1266.93 <LoQ 46.07 -- 45.35 -
pyDOMaeoo 1605.19 <LoQ 58.37 -- 47.03 -
pyDOMa700 965.21 <LoQ 35.10 -- 81.35 -
ESHA <LoQ <LoQ - -- - -
LHA <LoQ 331.57 - 5.92 - 0.53
PPFA <LoQ 3005.18 -- 53.67 -- 0.27
PPHA <LoQ 1914.82 -- 34.19 -- 1.26
SRFA 20.80 3691.28 0.76 65.92 0.0027 0.23
SRNOM <LoQ 169.45 - 3.03 - 0.43

*Metal concentration was measured by ICP-MS; the limit of quantification (LoQ) was 0.03 pg-L™" and
0.1 pg-L™" for Mn and Fe, respectively.

®EEC contributed by Mn and Fe were calculated based on the assumption that 2 mole ¢ was transferred
by per mole Mn (Mn*/Mn*"), and 1 mole e~ was transferred by per mole Fe (Fe**/Fe*").

°EEC,ypom = EDCpypom + EAC,ypom.

4The metal contribution was calculated by dividing the EEC of pyDOM or NOM (converted from the unit
of pmole--gc ™' to pmole--L ™" by multiplying the NPOC concentration in mgc-L™") by EEC of metal.

¢ The metal contribution is for reference purpose, while the actual valence states of the metals are
unknown.



Text S1. Quantification and calibration details of SWV method.

The calibration method for SWV analysis was validated with two well-studied model quinones as
redox standards (RS), detail of which is recorded in Text S3. Peak area (PA) for the SWV method
is defined by equation (eq) S1:

PA(A-V) = ['1+dE (S1)

where Ei and E; are the start and end potentials for the peak, respectively. The SWV output results
of PA are in the units of A-V. Anodic peaks were used to obtain PAswva and cathodic peaks were
used to obtain PAswve.

The resulting values of PA were divided by the scan rate (v; V-s™") with eq S2 to obtain charge
transferred (Q) in Coulombs (C), which could then be divided by the Faraday constant (¥’ = 96,485
C-mol.") to give Q in moles of electrons with eq S3.

Q(inC) = PA/v (S2)
Q (molesof e”) = Q (inC)/F (S3)

From here, Q can be normalized to the mass of organic carbon (NPOC; gc) present in the
sample, providing a method of EEC calculation we hereby refer to as the Faraday method, the
values of which were provided in Table S5. This method has been used in a previous study to
obtain EEC values of pyrogenic carbon samples, where cyclic voltammetry was performed on
immobilized pyrogenic carbon samples bound to the surface of a small working electrode by
nafion.!

However, most data obtained by voltammetry do not represent complete reaction between the
electrode and bulk analyte in the cell. This inefficiency is determined by operational factors that
usually are best corrected using an experimentally determined response factor or calibration curve
obtained with model compounds that have relatively ideal electrode response. To enable
comparison between SWV and MCA, we used calibration with both methods.

Calibration curves were obtained by SWV with varying concentrations of well-characterized
electron-transfer mediators (ETMs), using the same electrochemical cell and methods used for the
analyte measurements (detailed in the methods section). Previous work with chronoamperometry
in microfluidic cells used ascorbic acid for MEO, and AQDS for MER.2 For SWV, we used only
AQDS, as AQDS displays suitable electrochemically reversible behavior and is commonly used
as an analog for redox-active moieties in NOM.

For the dependent variable (y) in the calibration curve (Figure S1), the directly measured
electrode response (i.e., PA) was used. While AQDS in SWV exhibited multiple peaks during both
the anodic and cathodic scans, we decided to use only the largest, main peak for calculation of PA



in our regression analysis. For the independent variable (x), the concentration of the ETM was
expressed as X (mole—+ L") and calculated using the experimentally prepared molar concentration
of ETM multiplied by the theoretical stoichiometry of the AQDS redox couple (i.e., n = 2).

The resulting regression equations (Figure S1) were used to back-calculate the X values of
the experimental samples with their PA values. Subsequently, the electron donating or accepting
capacities for SWV (EDCswv or EACswv, respectively) for each experimental sample was
obtained from eq S4:

EDCgyy or EACsyy (mole- - g¢') = X (mol,- - L~1)/NPOC (g¢ - L) (S4)

where the NPOC is determined from the sample analyzed in the electrochemical cell. The resulting
values of PA, Q, and EECs for all samples are reported in Tables S5 and S6. We also reported
their sum (i.e., EDCswv + EACswv), which we labelled as EECswy, to be consistent with
nomenclature developed for use with the MCA method. However, we note that EECswyv may not

be fully analogous to EECwmca, as discussed in the MT.



7x107 -
A O
6 —]
5 O
S Intercept = (0.56 + 2.07) x 10~
< 47 Slope=(202+0.19)x107*
g R?=0.92 Q.-
£ 37 ~ 0
<
2 8’
1- 0.~
0 — d
T T T T T
0.0 0.5 1.0 1.5 20 X 10'3
[AQDS] (mol e7/L)
°70
QQ B
oo O
?A \\\\\
< 8
g '4 - \\\
; \\\
<
Q
6 Intecept = —(1.69 +1.12) x 10°° Y O
Slope = —(3.49 £ 0.10) x 107 O N
2 ~. O
R®=0.99 Y
-8x 107 :
| T | T |
0.0 0.5 1.0 15 20x10°

[AQDS] (mol e7/L)
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capacity (EEC) calculations.
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Table SS. Non-purgeable organic carbon (NPOC), peak area (PA), charge transferred (Q) and EECs obtained by SWVa and SWVc¢
for pyDOM and NOM samples via the Faraday method.

e NGttt 0 g MO B
pyDOMwsoo  5.72E-05 2.18E—07 4.14E-07 8.72E-06 1.66E—05 1.60E—-03 3.03E-03 4.63E—-03
pyDOMwaoo  3.02E-05 1.25E-07 3.66E-07 4.99E-06 1.47E—-05 1.74E-03 5.12E-03 6.87E—03
pyDOMwsoo  1.56E—05 1.95E-07 1.16E-07 7.81E-06 4.65E—06 5.39E-03 3.21E-03 8.60E—-03
pyDOMwesoo 1.78E—05 1.06E-07 1.49E-07 4.25E-06 5.96E—06 2.55E-03 3.58E-03 6.14E-03
pyDOMw700 3.45E-06 2.80E—07 1.11E-07 1.12E-05 4.45E-06 4.03E—02 1.60E—-02 5.64E—02
pyDOMagzoo 4.91E-05 1.48E-07 3.77E-07 5.92E-06 1.51E—05 1.26E—-03 3.22E-03 4.49E-03
pyDOMagaoo  1.57E-05 1.91E-07 2.20E-07 7.63E—06 8.80E—06 5.24E-03 6.05E-03 1.13E-02
pyDOMasoo  1.27E-05 1.39E-07 1.38E-07 5.56E—06 5.53E—06 4.77E—-03 4.74E-03 9.51E-03
pyDOMagsoo  1.39E-05 1.51E-07 1.61E-07 6.03E-06 6.43E—-06 4.67E—03 4.99E-03 9.66E—03
pyDOMag700 6.61E-06 7.55E—08 1.57E-07 3.02E-06 6.28E—06 5.19E-03 1.08E—02 1.60E—02
ESHA 1.13E-04 2.12E-07 2.28E—07 8.47E-06 9.12E—06 7.97E-04 8.58E—04 1.65E—-03
LHA 5.20E-05 8.62E-08 4.11E-07 3.45E-06 1.64E—05 7.27TE-04 3.47E-03 4.19E-03
PPFA 2.62E-03 5.38E-07 9.75E—07 2.15E-05 3.90E—05 8.55E—-05 1.55E-04 2.40E—04
PPHA 3.48E-04 1.52E-07 5.25E—07 6.08E—-06 2.10E—05 1.83E-04 6.31E-04 8.13E-04
SRFA 2.53E-03 4.71E-07 6.31E-07 1.89E-05 2.52E—05 7.75E-05 1.04E-04 1.81E-04
SRNOM 2.22E-03 6.20E-07 9.17E—07 2.48E-05 3.67E—05 1.16E-04 1.72E-04 2.88E—04

#NPOC in the electrochemical cell (g).

® PA is main peak areas (inner area only, excluding one outermost peak on each side) (A-V) for both anodic and cathodic scans.

° Qs charge (C, A-s) measured for each sample during anodic (0x) and cathodic (red) scans.

4 All values are obtained from the integrated area of the main peaks of SWV and divided by the scan rate and Faraday constant.
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Table S6. Non-purgeable organic carbon (NPOC), peak area (PA), and EECs obtained by SWVa
and SWVc¢ for pyDOM and NOM samples using the calibration method.

Sample NPOC?* PAswva® PAswve® (mn]?i)lfsggl) c (mn]iﬁecsgcvl) c (mnliifsvgvcvl) c
pyDOMw3oo 1.04E—02 2.18E—-07 4.14E-07 1.02E+02 1.11E+02 2.13E+02
pyDOMwaoo  5.49E—03 1.25E-07 3.66E—-07 1.10E+02 1.86E+02 2.95E+02
pyDOMwsoo  2.83E—03 1.95E-07 1.16E—-07 3.44E+02 1.04E+02 4.49E+02
pyDOMwsoo 3.24E—03 1.06E-07 1.49E—-07 1.59E+02 1.21E+02 2.80E+02
pyDOMw700 6.28E—04 2.80E—07 1.11E-07 2.60E+03 5.17E+02 3.11E+03
pyDOMaso0  8.94E—03 1.48E—-07 3.77E—-07 7.99E+01 1.17E+02 1.97E+02
pyDOMaaoo  2.85E—03 1.91E-07 2.20E-07 3.34E+02 2.12E+02 5.47E+02
pyDOMasoo  2.30E—03 1.39E-07 1.38E—07 3.01E+02 1.58E+02 4.59E+02
pyDOMaeoo  2.54E—03 1.51E-07 1.61E-07 2.96E+02 1.70E+02 4.65E+02
pyDOMag700 1.20E—03 7.55E—-08 1.57E—-07 3.16E+02 3.66E+02 6.82E+02
ESHA 2.06E-02 2.12E—-07 2.28E—07 5.10E+01 3.02E+01 8.12E+01
LHA 9.45E—03 8.62E—08 4.11E-07 4 47E+01 1.26E+02 1.71E+02
PPFA 4.76E—01 5.38E—07 9.75E—07 5.56E+00 5.79E+00 1.13E+01
PPHA 6.33E-02 1.52E—07 5.25E—07 1.16E+01 2.32E+01 3.48E+01
SRFA 4.59E-01 4.71E-07 6.31E-07 5.04E+00 3.84E+00 8.88E+00
SRNOM 4.03E-01 6.20E-07 9.17E-07 7.57E+00 6.42E+00 1.40E+01

*NPOC in the electrochemical cell (g-L™").

® PA is main peak areas (inner area only, excluding one outermost peak on each side) (A-V) for both
anodic and cathodic scans.

¢ All the values are obtained from main peaks of SWV then calibrated with 9,10-Anthraquinone-2,6-
disulfonic acid disodium salt (AQDS) as a redox standard.
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Text S2. Quantification and calibration details of MCA method.

The calibration method for MCA analysis was also validated with two well-studied model
quinones as redox standards (RS), the details of which is recorded in Text S3. Peak Area (PA) for
the MCA method is defined by eq S5:

PA(A-s) = [ 1dt (S5)

where I is the current (A) response, t is time (s), t1 and t; are the start and end times of the identified
peak, respectively. The MCA output results of PA that are in the units of A-s. Peaks from mediated
electrochemical oxidation (MEO) were used to obtain PAwmgo, while those from mediated
electrochemical reduction (MER) were used to obtain PAwmer.

The calibration curve used to calculate the electron transfer (Q) was obtained by adding
known concentrations of well-behaved RS and measuring the electrode response with the same
electrochemical cell that used for the analyte measurements (detailed in the methods section). We
selected the same RS for calibration as previous studies using MCA with FIA: ascorbate for EDC
and AQDS for EAC.?

Assuming both RS fully react with ideal stoichiometry (i.e., EDCascorbae= 2.00
mole—molascorbate '; EACaqps = 2.00 mole--molagps ™), the calibration curves for EDC and EAC
(panels C and D in Figure S2) were constructed by plotting PA vs. Q (in umol.-), which was
calculated with eq S6.

pmole_

Q (umol,_) = 2- * Crs " Vs (S6)

pmolgg

where Crs is in umol-L™'; Vgs is the injected volume (L) of the stock solution of RS. The
calibration equation was then obtained by linear regression on the data in Figure S2.

Next, the calibration equations of MEO (Figure S2C) and MER (Figure S2D) were applied
to PAmeo and PAwmer of each injected sample to obtain their Qumeo and Qmer. Finally, EDC or EAC
(mmole—gc ") were obtained by normalizing Q (in pmolc-) with the amount of NPOC (mgc-L™")
injected following eq S7:

EDC or EAC = Q/(NPOC-V) (S7)

where NPOC is in mgc-L™!, V is the injection volume (L) of the sample. The resulting values of
PA, Q, and EECs for all samples are reported in Table S7.

13



A B
1
< <
S 2
3 3
€ c
o o
5 5
O 1 T T T T T O
0 2 4 6 8 10 10
time (x103 S) time (x103 s)
C D *
-3 | PA=0.1002*Q - 5E-06 0 |PA=0.1016"Q - 2E-05 o
2x10 712 999 ’ 0.0292_ 5 909 ‘
/UT ’, /UT v
< Jol < 0014 9
Q . Q .
) o
o
O_éy T T O‘OO—Q T T
0.00 0.01 0.02 0.0 0.1 0.2
Q (umolg.) Q (umolg.)

Figure S2. Example peaks for (A) MEO and (B) MER analysis for redox standards (RS),
pyDOMuw300, and Leonardite humic acid (LHA). The electrochemical cell was maintained at
En =-0.49 and +0.61 V vs. standard hydrogen electrode (SHE) at pH 7 (0.1M KCl, 0.1M
phosphate buffer). Peak 1 of panels (A) and (B) are the injections of mediator (ABTS for
MEO and DQ for MER); peaks 2-6 are serial injections of ascorbate (0 — 0.02 pmole-) or
AQDS (0 — 0.2 umole-); peaks 7 and 8 are duplicate injections of pyDOMws300; peaks 9 and
10 are duplicate injections of LHA. Each injection was conducted after the background
current returned to plateau. Panel (C) is electron donating capacity (EDC) calibration curve
applied in mediated electrochemical oxidation (MEO) analysis, and panel (D) is electron
accepting capacity (EAC) calibration curve applied in mediated electrochemical reduction
(MER) analysis. Each mole of redox standard (ascorbate or AQDS) was assumed to transfer
2 moles of electron (i.e., EDCascorbate = 2.00 mole- molascorbate ', EACagps = 2.00 mole-
mOlAQDsfl).2
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Text S3. Validation of SWV and MCA method using model quinones.

Two model quinones, 5-Hydroxy-1,4-naphthoquinone (juglone) and 1,2-Naphthoquinone-4-
sulfonic acid (0-NQS), were used as RS to verify the accuracy of the SWV and MCA methods.
For the SWV method, the two RS were dissolved in DMSO to obtain concentrated stock solutions,
from which 0.5 ml of the analyte was added into an electrochemical cell consisting of 5 ml 0.1M
TBAFP dissolved in DMSO to obtain final concentrations within the cell of approximately 1.5
mM. The SWV measurements were made using the same protocols as for the pyDOM or NOM
samples, described in method section. For both RS, all of the major SWV peaks (typically 2,
Figure S12A and 12D) were integrated and summed to obtain total area (Figure S13), but we
only report data for the largest “main” peak to be consistent with the calibration obtained using
AQDS (Text S1 and Figure S1). The main PAs obtained by integration with Igor were compared
to those obtained using other software (e.g., Origin Lab), and the results were similar. Finally, the
main PAs from anodic and cathodic SWV data were converted to values of EDC and EAC,
respectively, using the calibration curved obtained with AQDS (as described in Text S1).

For validation of the MCA method, the two RS were prepared with the same experimental
conditions used for the measurements on pyDOM or NOM samples, described in method section.
RS solutions were prepared in 10 mM phosphate buffer solution (PBS; pH 7) then passed through
0.45 um PTFE filters. NPOC was measured in a TOC analyzer and MCA measurements were
performed at fixed potentials of +0.61 V and —0.49 V (vs. SHE) for MEO and MER, respectively.
The peaks obtained with the RS were integrated to obtain PAs, and converted to EECs as described
in Text S2.

The EDCs and EACs obtained for juglone and 0o-NQS are given in Tables S9 and S10 for
SWYV and MCA, respectively. In all cases, the measured values were slightly higher than the
theoretical value of 2.0, with the medium difference being about 1.5-fold. This modest deviation
from ideal response could easily result from inaccuracy in the calibration curves, due to
operational factors with ad hoc effects on electrode response. In MCA analysis, the NPOC
normalized EAC results of two RS showed significantly higher values than pyDOM or NOM
samples. Once normalized to the unit of mmole--mmolgs~', they fall in a reasonable range and
match the expected stoichiometry. Both juglone and 0o-NQS have negligible EDC compared to
their EAC, due to both quinones being in their oxidized states at the onset of experiments and the
limitation of MCA operating at fixed potentials in comparison to the large redox range and
reversible nature of SWV experiments. Both SWV and MCA showed higher EAC in juglone
than 0-NQS, indicating that juglone is more redox active in both methods. While the exact
reason behind this difference is unclear, one possibility could be the steric effects among
different quinones and their interactions with the electrode surface led to the elevated redox
reactivity observed here and in other studies.>* As with the pyDOM and NOM data, EECswyv
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values obtained with the model quinones are nearly twice as those obtained by EECwmca. The
significance of this comparison is discussed in the main text.
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Table S7. Non-purgeable organic carbon (NPOC), peak area (PA), charge transferred (Q) and EECs obtained by MEO and MER for

pyDOM and NOM samples.
D O i3m0 e e i epns 034008 1.680.10 2.0240.18
PYBOM s 03m-06 O e e 0545013 2.610.63 3.1520.76
YO 5 00e-06 e o s 070009 5.5240.42 6.22+0.51
D O s asE06 2 Llon by aa e 0172005 421035 4.38+0.40
POON gy SN AT MEDSOEE  mon  Liess  1soen
PYOM g gie-0s e e s on s 046012 1.5840.23 204035
P DO s 06 e ok anaony 073001 2.75+0.14 3.4840.15
PYOOM mam-06 [ o L s s e 0334008 4.70+0.20 5.0340.28
PO 6rE-06 [ S on b ey 0312005 4934036 5.24+0.41
P DO asE0s s iy Ly 018%005 1.63£0.07 1.8120.12
ESHA 2.20E—05 523;1%__003 4 ;7(?11:1;_0033 523;(55_—0056 f96;7FiE_—OO56 1.04+0.13 2.1140.45 3.15+0.58
LHA 9.83E-06 5136731315_—0035 i364499FiE_—0()34 5136721:15_—0057 3643591315_—0056 2.41+0.02 3.51£0.65 5.92+40.67
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1.08E-01

6.98E—-02

1.07E-03

6.87E—04

PPFA 5.22E-04 16.36E-03 4841E-03 4635E-05 +878F—05 2.06+0.12 1.32+0.16 3.38+0.28
PPHA 6.90E-05 112 1763];—_002 3 ill 4;5;_002 4 112 1763];—_0: 5 ill 432 9]:15__0(;‘ 6 1.69+0.40 2.06+0.02 3.75+0.42
SRFA 5.04E-04 i224659FiE_—0013 59791 ;;_OOZ 5 5246455__003 5 3967545;_0:7 4.84+0.05 0.72+0.00 5.56+0.05
SRNOM 4.42E-04 ilg 1: 6FIE_—OO1 4 f58362]:i;_002 3 ilg 10345;_003 6 f5728 3]:15__0(;‘ 5 2.56+0.02 1.08+0.12 3.64+0.14

#NPOC in the electrochemical cell (g).
® PA (A-s) is peak areas derived from integration of each peak generated from sample injections.
¢ Q (mmol.-) is charge transferred calculated with calibration curve.
4 +values are the standard errors derived from duplicate sample injections.
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Table S8. Comparison of EDC and EAC between values obtained by direct calculation using Faraday constant and calibration curve
using redox standard in MCA analysis for pyDOM and NOM samples.

EDC by EDC by direct EACby EAC by direct
Sample calibration calculation Difference calibration calculation Difference
(mmole—-gc ) *  (mmole—-gc ') 2P (mmole—gc)?  (mmole—gc!) &P
pyDOMw300 0.34+0.08 0.35+0.08 3% 1.68+0.10 1.74+0.10 4%
pyDOMwa00 0.54+0.13 0.56+0.13 3% 2.61+0.63 2.71+0.67 4%
pyDOMws00 0.70+0.09 0.71+0.10 3% 5.52+0.42 5.75+0.44 4%
pyDOMwi00 0.17+0.05 0.16+0.05 2% 4.21+0.35 4.38+0.37 4%
pyDOMw700 0.29+0.04 0.28+0.04 3% 1.46+0.05 1.48+0.05 1%
pyDOMa3o0 0.46+0.12 0.47+0.12 4% 1.58+0.23 1.64+0.24 4%
pyDOMaaoo 0.73+0.01 0.74+0.01 3% 2.75+0.14 2.82+0.15 3%
pyDOMasoo 0.33+0.08 0.32+0.09 2% 4.70+0.20 4.88+0.21 3%
pyDOMas0o 0.31+0.05 0.30+0.05 2% 4.93+0.36 5.11+0.38 4%
pyDOMa700 0.18+0.05 0.18+0.06 3% 1.63+0.07 1.70+0.07 4%
ESHA 1.04+0.13 1.08+0.13 3% 2.11+0.45 2.21+0.48 5%
LHA 2.4140.02 2.50+0.02 3% 3.51+0.65 3.68+0.68 5%
PPFA 2.06£0.12 2.14+0.13 4% 1.324+0.16 1.39+0.17 5%
PPHA 1.6940.40 1.75+0.41 4% 2.06+0.02 2.17+0.02 5%
SRFA 4.84+0.05 5.03+0.06 4% 0.72+0.00 0.76+0.00 5%
SRNOM 2.56+0.02 2.66+0.02 4% 1.08+0.12 1.14+0.12 5%

# +values are the standard errors derived from duplicate sample injections.

® Values were calculated using the peak area (PA) (Table S7) divided by the injected non-purgeable organic carbon (NPOC) and Faraday constant

(F=96,485 s*A-mol. ).
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Figure S3. SCV (top), SWVa (middle), SWVc (bottom) of pyDOM derived from Wood 300 to
700 (panel A to E). SCV (3 scans) color change is denoted by 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 (5 mL DMSO and 0.5 mL
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 concentrations
varied and are normalized to NPOC. Scan rate was 25 mV s, step size was 2 mV, and
amplitude was 25 mV (SWV).
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Figure S4. SCV (top), SWVa (middle), SWVc (bottom) of pyDOM derived from Grass 300 to
700 (panel A to E). SCV (3 scans) color change is denoted by 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 (5 mL DMSO and 0.5 mL
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 concentrations
varied and are normalized to NPOC. Scan rate was 25 mV s

amplitude was 25 mV (SWV).

, step size was 2 mV, and
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Figure S5. SCV (top), SWVa (middle), SWVc (bottom) of NOMs. SCV (3 scans) color change
is denoted by 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 (5 mL DMSO and 0.5 mL 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. Scan rate was 25 mV s~!, step size was 2 mV, and amplitude was 25 mV

(SWV).
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Figure S6. Representative pyDOM and NOM multipeak fit results for SWVa net current using
Igor v9. The middle blue solid line is the net current response, the purple dotted line on top
denotes the fit, the green line is the constant baseline (y = 0). The red lines at the top are the
residuals and the chi-square statistic is listed underneath (right) in purple. The bottom red
lines show the individual fitted gaussian peaks. All data is background subtracted.
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Figure S7. Representative pyDOM and NOM multipeak fit results for SWVc¢ net current using
Igor v9. The middle blue solid line is the net current response, the purple dotted line on top
denotes the fit, the green line is the constant baseline (y = 0). The red lines at the top are the
residuals and the chi-square statistic is listed underneath (right) in purple. The bottom red
lines show the individual fitted gaussian peaks. All data is background subtracted.
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Figure S8. (A) Anodic peak area (PAswva) and cathodic peak area (PAswvc) measured by
square-wave voltammetry (SWV), and (B) oxidative peak area (PAwmeo) and reductive peak
area (PAmer) measured by mediated chronoamperometry (MCA). The error bars of MCA
values were derived from duplicate injections of each sample. The lines and symbols in blue
represent PAswva and PAwmeo, while the ones in red represent PAswve and PAwmer,
respectively. 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 pyDOMGggx, respectively. The W and G represents wood or grass feedstock,
respectively, whereas X corresponds to the pyrolysis temperature. Abbreviations for NOMs
are given in Table S1.
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Figure S9. Non-purgeable organic carbon (NPOC), the specific UV absorbance at 254 nm
(SUVAxss) values and E;-E;™! ratios (top, middle and bottom, respectively) of pyDOM and
NOM samples.The NPOC of pyDOM were extracted from respective chars at 20 gepar'L 7"
The error bars of NPOC were based on duplicate measurements of individually prepared
samples. The pyDOM were derived from wood (Quercus) and grass (Panicum vigartum)
biomass pyrolyzed at different temperatures (300 to 700 °C), which were denoted as
pyDOMwx and pyDOMggx, respectively. The W or G represents wood or grass feedstock,
respectively, followed by the pyrolysis temperature. Abbreviations for NOMs are given with
Table S1.
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Text S4. Correlation analysis of EECs vs. SUVAjs4, E2-Es7!, iron (Fe), manganese (Mn), H/C
ratio, and O/C ratio.

Correlation analysis of the EEC data vs. independently measured properties of the samples might
provide explanatory (or predictive) relationships. To this end, we plot EECs by both SWV and
MCA vs. SUVA2s4 and E2-E3™! (from Table S3), iron (Fe) and manganese (Mn) content (from
Table S4), and H/C and O/C ratio (from Tables S1 and S2) in Figure S10. Neither MCA nor
SWYV values correlate well to the independent factors from panels A to F , although the SUV A»s4
and E,-Es ! are typical indicators of aromaticity and molecular size for dissolved organic species,>®
while Fe and Mn are common redox metals present in NOM that can affect the redox activity of
NOM samples. We took similar approach as our previous study’ to calculate metal contributions
to the EECmca of pyDOM (Table S4). Similar results as our previous study were observed, which
showed the contribution of Fe is negligible, but Mn be more significant (assuming the Mn*"/Mn?*
redox pair undergoes 2 mole ¢~ per mole Mn). Nonetheless, the individual contribution of the
metals should be evaluated with caution, since the valence states of the metals were unknown.
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Figure S10. Correlations of EEC derived from SWV and MCA versus various independent
factors of NOM and pyDOM, including (A) SUVAxs4, (B) E2-E;~!, (C) Fe, (D) Mn, (E) H/C
ratio, and (F) O/C ratio. The SUV Azs4 and E>-E3™! values were adopted from NOM and
pyDOM in Table S3. The Fe and Mn contents were adopted from NOM and pyDOM in
Table S4. The H/C and O/C ratios were adopted from NOM in Tables S1, and from char in
Table S2. The labels in cyan and green represent SWV values, while those in blue and

purple represent MCA values.
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Figure S11. Redox ladder of redox potential ranges from different studies of mediator methods,
including mediated chronoamperometry (MCA), mediated hydrodynamic voltammetry
(MHV) and chemical redox titration (CRT). The redox potential range of NOM
representative quinones were adopted from other studies.®® The NR in MHV method

represents neutral red, while the DO in CRT method represents dissolved oxygen. The

reduction potentials of common redox couples are listed for reference purpose. The entire

potential range covers the applied SWV sweeping potential, which ranges from —1.75 V vs.
Ag/Ag" in DMSO (—1.25 V vs. standard electron potential (SHE)) to +0.75 V vs. Ag/Ag" in
DMSO (+1.25 V vs. SHE).
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Figure S12. SCV of (A) juglone and (D) 0-NQS, along with representative anodic and cathodic
SWYV voltammograms of juglone (B and C) and o-NQS (E and F). Color schemes and

annotations are defined in Figures S3-S5.
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Figure S13. Fitting analysis of SWVa peak responses (A and B) and SWVc¢ peak responses (C
and D) in experiments with juglone (A and C) and o-NQS (B and D) performed in Igor Pro.
Arrangement of figure parts is defined in Figures S6 and S7.
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Table S9. Method validation of SWV using RS (model quinones).

Model EDCswv EACswv

- PAswva?® PAswvc? (mmole- (mmol--
Quinone i .
mmolrs ™) mmolrs ™)

Juglone 1.00E-06 9.97E—-07 3.15E+00 1.86E+00
0-NQS 6.93E-07 6.81E-07 2.29E+00 1.35E+00

# PA is peak area (inner area only, excluding one outermost peak on each side) (A-V).

Table S10. Method validation of MCA using RS (model quinones).

Model ~ NPOC EDCuca EACwca EDCuica EACwica

Quinone (mgC'Lil) a (mmol 7-gC*1) a (mm01 B gcfl) a (mmOICf. (mmOIef'
) : mmolrs") * mmolrs ') 2

Juglone ~ 47.2+0.38 0.46+0.01 19.41+1.83 0.06+0.00 2.340.00

0-NQS  514.02.40  0.24+0.00 16.55+1.23 0.03+0.00 1.9940 15

# +values are the standard errors from duplicate injections of each sample.
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Text S5. Unit conversion for EECs of char.

All EECs of char that we adopted from previous studies were reported in the unit of mmole—* gehar ',
while those of pyDOM were reported in the unit of mmole—-gc™'. Therefore, extra steps were
carried out in reconciling the units so that direct comparison of EECs could be made between char
and pyDOM. In Figure 5, units of all char EECs were converted to mmol.—-gc™' by dividing the
reported weight percentage (wt%) of carbon from their corresponding elemental analyses. Some
of these studies reported the carbon content in the unit of mmolc:genar ','%!! while other studies
directly reported the weight percentage (wt%) of carbon.!'?!7 For the former studies, wt% of
carbon was calculated by multiplying the molecular weight of carbon (i.e. 12 mgc-mmolc™") with
eq S8 before unit conversion.

carbon content (mmolc~gc_hlar)~MW
1000

wt% of carbon =
(S8)

where wt% represents weight percentage (gc*gehar '), and My, represents molecular weight of
carbon (i.e., 12 mgc-mmolc ).

Then, all reported EEC values of char were divided by their respective wt% of carbon to obtain
the values after conversion, showed in eq S9.

EECs of char (mmol_-g5L,) (S9)

EECs of char (mmol,_ - g¢t) =

wt% of carbon
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Table S11. The EDC and EAC values of char and pyDOM adopted from literatures for compiling Figure S.

Source  Pyrolysis EDC? EAC? EEC? Method Potential pH Mediator/redox Ref
material T (°C) (mmol—-gC™") (mmol.-gC™') (mmol.-gC™) b used/range species
(vs. SHE)
Pine 400 8.95 0.26 9.21 MHV  +051V 65  Fe(lll)Fe(l) 1
wood 500 4.42 0.48 4.9 -027V NRrep/NR
(char) 600 1.55 0.11 1.66
Soil reef 550 2.70 3.37 6.07 CRT  +043V 7 Fe (Ill)/Fe (I) 1
(char) —036V  (EDC)  Ti(Ill)/Ti (IV)
6.4 Dithionite
(EAC)
Walnut 400 0.00026 0.00026 0.00052 Y 1.5V 7 N/A !
(char) 450 0.00029 0.00029 0.00058
500 0.00049 0.00049 0.00098
550 0.00052 0.00052 0.00104
600 0.00022 0.00022 0.00044
650 2.25E-05 2.25E-05 0.000045
Pine 200 0.29 0.0098 0.2998 MCA  +0.61V 7 ABTS'"/ABTS !l
wood 300 0.37 0.037 0.407 ~0.49 V ZiV/ZiV
(char) 400 0.27 0.35 0.62
500 0.037 0.66 0.697
600 0.034 0.169 0.203
700 0.033 0.24 0.273
Switch 200 0.25 0.04 0.29
grass 300 0.57 0.10 0.67
(char) 400 0.91 1.16 2.07
500 0.29 0.97 1.26
600 0.11 0.69 0.8
700 0.12 0.80 0.92
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Hazelnut 400 0.28 1.26 1.54
(char) 550 0.16 0.46 0.62
700 0.14 0.40 0.54
Douglas 400 0.062 0.45 0.512
fir (char) 700 0.20 0.57 0.77
Rice 450 0.69 1.51 2.2
straw
(char)
Chestnut 450 0.53 1.88 2.41
(char)
Olive tree 400 0.30 0.21 0.51 MCA  +0.61V 7 ABTS*/ABTS 13
(char) 600 0.19 0.25 0.44 —-0.28 V Neutral Red
800 0.05 0.091 0.141
1000 0.039 0.039 0.078
Almond 400 0.31 0.12 0.43
tree
(char)
Orange 400 0.37 0.61 0.98
tree
(char)
Rice 250 0.063 0.047 0.11 MCA  +0.61V 7 ABTS"/ABTS '
straw 350 0.054 0.054 0.108 —-0.49V ZiV'/ZiV
(char) 450 0.037 0.098 0.135
550 0.012 0.12 0.132
650 0.024 0.12 0.144
750 0.012 0.093 0.105
850 0.011 0.080 0.091
950 0.011 0.057 0.068
Cellulose 300 0.20 0.045 0.245 MCA  +0.61V 7 ABTS*/ABTS 'S
(char) 500 0.14 0.21 0.35 —-0.49 V DQ**/DQ?*
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700 0.1 0.3 0.4
Lignin 300 0.35 0.015 0.365
(char) 500 0.54 0.38 0.92
700 0.43 0.85 1.28
Barley 200 2.70 0.46 3.16 MCA  +0.61V 7  ABTS"/ABTS 16
grass 350 2.70 0.66 3.36 049V ZiV/ZiVv
(char) 400 1.27 0.83 2.1
450 1.09 0.66 1.75
500 0.37 0.68 1.05
650 0.61 0.80 1.41
700 0.35 0.68 1.03
800 0.83 1.09 1.92
Pine 200 6.54 0.45 6.99 FIA +0.70 V 7  ABTS"/ABTS 7
wood 300 2.92 0.28 32 041V ZiV/Ziv
(pyDOM) 400 1.46 0.31 1.77
500 0.74 0.50 1.24
600 2.01 1.19 3.2
700 0.34 0.24 0.58
Switch 200 1.53 0.16 1.69
grass 300 2.86 0.24 3.1
(pyDOM) 400 2.40 0.62 3.02
500 0.97 0.46 1.43
600 0.33 0 0.33
700 0.40 0 0.4
Rice 450 2.01 0.62 2.63
straw
(pyDOM)
Chestnut 450 2.3 0.53 2.83
(pyDOM)
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Soybean 400 3.38 0.4 3.78 MCA  +0.61V 7 ABTS'*/ABTS '8
““““ (pyDOM) —049V DQ™/DQ*
Wheat 2.42 0.41 2.83
4444444 (pyDOM)
Rice 7.1 0.8 7.9
4444444 (pyDOM) |
Sorghum 4.2 1.3 5.5
4444444 (pyDOM)
Peanut 5.51 0.7 6.21
4444444 (pyDOM) |
Corn 3.24 0.81 4.05
(pyDOM)
Wheat 300 0.05 0.01 0.06 MCA  +0.61V 7 ABTS*/ABTS 1
straw 400 0.1 0.19 0.29 —0.49V DQ"/DQ*
(pyDOM) 500 0.14 0.31 0.45
600 0.06 0.12 0.18
700 0.02 0.05 0.07

# Some of the values differ from origincated study due to the unit difference, which the conversion of unit was provided in Text S5.
® MHYV refers to mediated hydrodynamic voltammetry, CRT refers to chemical redox titration, CV refers to cyclic voltammetry, MCA refers to
mediated chronoamperometry, and FIA refers to flow-injection analysis.
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