Old Dominion University

ODU Digital Commons

Chemistry & Biochemistry Faculty Publications Chemistry & Biochemistry

2024

Potentially Massive and Global Non-Pyrogenic Production of
Condensed "Black" Carbon through Biomass Oxidation

Aleksandar I. Goranov
Old Dominion University, agoranov@odu.edu

Hongmei Chen
Old Dominion University, hxchen@odu.edu

Jianshu Duan
Princeton University

Satish C. B. Myneni
Princeton University

Patrick G. Hatcher
Old Dominion University, phatcher@odu.edu

Follow this and additional works at: https://digitalcommons.odu.edu/chemistry_fac_pubs

6‘ Part of the Environmental Chemistry Commons, and the Geochemistry Commons

Original Publication Citation

Goranov, A. I, Chen, H., Duan, J., Myneni, S. C. B., & Hatcher, P. G. (2024). Potentially massive and global
non-pyrogenic production of condensed "black" carbon through biomass oxidation. Environmental
Science & Technology, 58(6), 2750-2761. https://doi.org/10.1021/acs.est.3c05448

This Article is brought to you for free and open access by the Chemistry & Biochemistry at ODU Digital Commons. It
has been accepted for inclusion in Chemistry & Biochemistry Faculty Publications by an authorized administrator of
ODU Digital Commons. For more information, please contact digitalcommons@odu.edu.


https://digitalcommons.odu.edu/
https://digitalcommons.odu.edu/chemistry_fac_pubs
https://digitalcommons.odu.edu/chemistry
https://digitalcommons.odu.edu/chemistry_fac_pubs?utm_source=digitalcommons.odu.edu%2Fchemistry_fac_pubs%2F289&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/134?utm_source=digitalcommons.odu.edu%2Fchemistry_fac_pubs%2F289&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/157?utm_source=digitalcommons.odu.edu%2Fchemistry_fac_pubs%2F289&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1021/acs.est.3c05448
mailto:digitalcommons@odu.edu

Downloaded viaOLD DOMINION UNIV on March 5, 2024 at 20:59:34 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

QRO
IeNce & lecnnoiogy i n s cersed undr 021 40 © @

pubs.acs.org/est

Potentially Massive and Global Non-Pyrogenic Production of
Condensed “Black” Carbon through Biomass Oxidation

Aleksandar I. Goranov,* Hongmei Chen, Jianshu Duan, Satish C. B. Myneni, and Patrick G. Hatcher*

Cite This: Environ. Sci. Technol. 2024, 58, 2750-2761 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
ABSTRACT: With the increased occurrences of wildfires worldwide, there has been an Fed+ T “

increase in scientific interest surrounding the chemistry of fire-derived “black” carbon “e

(BC). Traditionally, wildfire research has assumed that condensed aromatic carbon «OH Fake BC
(ConAC) is exclusively produced via combustion, and thus, ConAC is equated to BC. eOH O - .
However, the lack of correlations between ConAC in soils or rivers and wildfire history Ho /©
suggests that ConAC may be produced non-pyrogenically. Here, we show quantitative Fe?* © oo
evidence that this occurs during the oxidation of biomass with environmentally + O; o —
ubiquitous hydroxyl radicals. Pine wood boards exposed to iron nails and natural * H,0 g o.. Ligninj

weather conditions for 12 years yielded a charcoal-like ConAC-rich material. ConAC

was also produced during laboratory oxidations of pine, maple, and brown-rotted oak woods, as well as algae, corn root, and tree
bark. Back-of-the-envelope calculations suggest that biomass oxidation could be producing massive non-pyrogenic ConAC fluxes to
terrestrial and aquatic environments. These estimates (e.g,, 163—182 Tg-ConAC/year to soils) are much higher than the estimated
pyrogenic “BC” fluxes (e.g,, 128 Tg-ConAC/year to soils) implying that environmental ConAC is primarily non-pyrogenic. This
novel perspective suggests that wildfire research trajectories should shift to assessing non-pyrogenic ConAC sources and fluxes,
developing new methods for quantifying true BC, and establishing a new view of ConAC as an intermediate species in the
biogeochemical processing of biomass during soil humification, aquatic photochemistry, microbial degradation, or mineral—organic
matter interactions. We also advise against using BC or pyrogenic carbon (pyC) terminologies for ConAC measured in
environmental matrices, unless a pyrogenic source can be confidently assigned.

KEYWORDS: black carbon, condensed aromatic carbon (ConAC), global carbon cycle

Bl INTRODUCTION fire events and ConAC in soils'® or dissolved ConAC
(dConAC) in freshwaters.'”'” Interestingly, strong correla-
tions have been observed between ConAC and soil organic
carbon (SOC) in terrestrial systems,g’lg_22 as well as between
dConAC and dissolved organic carbon (DOC) in aquatic

Black carbon (BC) is commonly defined as the residue left

after the incomplete combustion of biomass during wildfires or

other pyrolytic processes (e.g., fossil fuel combustion, biochar
duction)." Chemically, black carbon is mainl d of

Ic)cr)(r)l diisf(rll)aromaetirt lccaar}lgonaECcc)?liﬁg; ISTIE:E }’arCe()I;lE zf:ross systems.'>”” These correlations exist on various spatial and

studies that report the formation of ConAC in wildfires™* and temporal ziezvels, even in systems with no recent wildifre

S 1. )
ConAC’s subsequent redistribution in terrestrial (e.g., soil),” ™" exposure, W hich suggests that the Productlon of ConAC
atmospheric,'*'! and fluvial environments'? showing that and dConAC is coupled to the production of SOC and DOC,

ConAC is globally ubiquitous. As it is viewed that ConAC is hinting that the existence of ConAC and dConAC occurs

. - . . independently of combustion.
lent to B 1 ts (i.e,, of BC) to soil tneep Y
equivaent o C, annual pyrogenic inputs (i e1’3,(1)4 C) to SoLs Recent reports suggest that ConAC can be a by-product of
are estimated to be 128 + 84 Tg-C/year. Hydrologic oo O g
the oxidation of lignin, the second most abundant biopolymer

events, such as rain, mobilize ConAC through river or ] T ; .
. , o on Earth. Biomass oxidation is a natural process involved in the
groundwater systems into the world’s oceans. Riverine

pyrogenic fluxes (i.e, of dissolved BC) are estimated to be

18 + 4 Tg-C/year.'”"* Thus, a current paradigm is that

wildfires supplying BC (in the form of ConAC) to the

environment is a critical process in the global carbon cycle.
Though wildfire research has been ongoing for over two Received: July 10, 2023 Fuipnger

decades, a key fundamental concept remains enigmatic: that Revised:  January 10, 2024

ConAC can be used as a proxy for wildfire history. It is Accepted:  January 11, 2024

currently assumed that ConAC is exclusively of pyrogenic Published: January 31, 2024

origin and thus, scientists equate ConAC to BC. However,

studies have shown that there is no correlation between recent

formation of soil but also occurs during the export of terrestrial
organic matter into the ocean (via photochemical or other
oxidative pathways). Non-pyrogenic ConAC formation was

B

g
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. . . 2627 . . .
first proposed in experimental studies in which reactive

oxygen species (ROS), such as hydroxyl radicals, attacked
lignin to polymerize it into ConAC. ROS can be generated
abioticallgf either via photochemistry or by the dark Fenton
reaction.”**” Another recent study observed non-pyrogenic
formation of ConAC in the aerobic microbial incubation of
wheat straw,”” an example of a microbiological system where
microbes exude extracellular enzymes, which release ROS.
These mechanistic studies explain the observation of non-
pyrogenic ConAC formation during soil humification®" and
photochemical DOC irradiation.”® However, due to the use of
qualitative (electrospray ionization—mass spectrometry) or less
conventional methods (spectral editing nuclear magnetic
resonance (NMR) spectroscopy) in these studies, their results
“warrant further investigation using quantitative methods such
as the benzenepolycarboxylic acids (BPCA) method [sic]”."”

Here, we present quantitative evidence that ConAC can be
formed non-pyrogenically during biomass oxidation. We
illustrate this by using the Fenton reaction to produce hydroxyl
radicals, a type of ROS. This reaction involves iron (Fe), a
highly ubiquitous element in the environment (e.g., up to 55%
in soils).”” Fe-driven oxidation occurs globally and is heavily
involved in the chemical transformation of organic matter in
soils, groundwater, and surficial aquatic systems.’” Further-
more, hydroxyl radicals are common ROS for many other
processes, including photochemistry,** > biomass decom-
position,””** primary productivity,””~*' and oxidation driven
by other metals (e.g., rnanganese).“’43 Thus, the results of this
study can be applied globally without having the requirement
to have high concentrations of Fe.

To study the products of environmental oxidation, we
examined three wood boards that were weathered by high
concentrations of Fe. Two different deck constructions
generated two pine wood boards that were assembled with
Fe nails 12 years ago and were exposed to natural wetting and
drying events. Upon recent dismantling of the two decks, the
obtained boards were observed to have undergone a charring-
like process (“charcoalification”) emanating from the Fe nails
used to connect the boards and in contact with cross wood
pieces on the underside that was not exposed to sunlight
(Figures 1 and S1). A third specimen of a maple wood board
had been nailed as part of a pallet and exposed to the weather
for a period of one year, and a charring-like process was also
observed (Figure S1). These wood-nail systems can be viewed
as models that conceivably mimic the exposure of biomass to
ROS. The nails provide a source of iron (Fe®), which is rapidly
oxidized (“rusted”) to Fe' or Fe. The Fe! can then
participate in the Fenton reaction, during which oxzjgenated
water from rain reacts with Fe'' to produce ROS***”** that
then react with the organic matter from the wood. We show
that ConAC is produced in this process, which contributed to
the darkening of the woods in addition to the production of
Fe'" compounds. To obtain causal proof for the increase in
ConAC in the darkened parts of the woods, we also performed
laboratory Fenton oxidations of different woody (pine, maple,
and brown-rotted oak) and non-woody biomass (corn root,
bark, and algae).

We propose that non-pyrogenic charcoalification can be
widespread in the environment, particularly in systems where
Fe-bearing minerals intermixed with SOC are undergoing
wetting and drying cycles, or in aquatic systems where DOC
undergoes ROS-driven oxidation (e.g., photodegradation,
microbial degradation). It is a globally transformative
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Figure 1. Charcoalification of fresh pine wood boards through
exposure to Fe nails. The blue circle indicates a zone with no visible
charcoalification, which was sampled to represent the control. The red
circles indicate zones with clear non-pyrogenic charcoalification. The
green arrows show Fe nails embedded in the wood planks. ConAC
quantities relative to organic carbon, as well as lengths of exposure to
nails, are shown in the legend. Adapted with permission from
Goranov.* Copyright 2020 Aleksandar Ivaylov Goranov, All Rights
Reserved.

revelation, as we demonstrate that ConAC can be produced
during the oxidation of different biomass materials that have
not experienced combustion. Our quantitative proof of the
existence of this process requires the development of not only
revised estimates for pyrogenic sources of ConAC in various
environmental systems but also a new understanding for
ConAC as an intermediate in biomass degradation processes
rather than a group of compounds specifically derived from
wildfires or other thermogenic processes. The BC and
pyrogenic carbon (pyC) terminologies and commonly used
analytical methods in the wildfire sciences also need to be
revisited.

B MATERIALS AND METHODS

Samples. A pine wood specimen (Pine 1) was collected
from a deck construction of a house in Norfolk, VA. An
entirely different pine wood specimen (Pine 2) was collected
from a deck construction of a house in Suffolk, VA. Pine 2 was
of pressure-treated wood (retarding microbial degradation),
whereas Pine 1 was untreated with no visible signs of decay.
The owners of the two houses provided statements that their
decks have never been struck by lightning, which excludes the

https://doi.org/10.1021/acs.est.3c05448
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possibility of electricity-driven “Lichtenberg” burning.46 A
third specimen of sugar maple (Maple, Acer saccharum) was
held as part of a pallet exposed to the elements for a year.

The three wood specimens were rinsed with ultrapure water
(182 MQ) and air-dried under cover. Charcoalified wood
pieces from the areas near the nails were sampled with
precombusted tweezers. Wood samples remote from the nails
were sampled using a precombusted wood scraper. Sampling
was done from numerous “control” and “Fe-oxidized” zones
(Figures 1 and S1) to obtain representative samples. All
samples were ground and sieved to fine powders (Mesh #80,
0.177 mm opening).

An algae sample containing species of the Scenedesmus and
Desmodesmus genera was obtained from the algal raceway
water at the Old Dominion University algae farm (Spring
Grove, VA)." The algal biomass was used to represent
microbial biomass, which would exist across various terrestrial
and aquatic environments. The bark of Yellow Birch trees
(Betula alleghaniensis), located in Blacksburg, VA, was gently
peeled and collected as a suberin-rich representative biomass.**
Suberin is a biopolymer found in cell walls of phellem,
endodermis, exodermis, wound tissues, abscission zones,
bundle sheath, and other tissues of plants.”” A lignin-rich
sample was obtained from White Oak wood (Quercus alba) at
a mixed deciduous/pine forested site in Suffolk, VA.>° The
wood had been infested by brown-rot fungi, which degraded
the cellulose, proteins, and lipids without consuming the lignin
and thus, this sample had naturally become a lignin
concentrate.”’ This sample was used to test how the ConAC
production rate varies when labile materials (carbohydrates,
proteins, etc.) are not present. Corn root, representing root
biomass, was supplied by Tsutomu Ohno (University of
Maine).

Laboratory Oxidation of Diverse Biomass. To simulate
natural oxidation, controlled Fenton experiments were
conducted using six types of biomass in prebaked, acid-
washed, dark, sealed vials, eliminating the possibility of
photochemistry or atmospheric deposition affecting the
experiment. ConAC was quantified in the pure biomass
materials, providing a baseline for ConAC in each digestion
vessel at the start of the reaction. About 30 mg of biomass with
predetermined C% and ConAC% were suspended in 20 mL of
acidic aqueous solution (pH = 3 from HCI; Fischer Scientific,
Certified ACS grade) containing 80 ppm Fe** (as FeSO,;
Mallinckrodt Chemicals, ACS grade) and 2 M H,0, (Fischer
Scientific, Certified ACS grade). Incubations lasted 2 days,
which was the approximate time for the near-complete
consumption of H,0, (no visible bubble formation). One-
day incubations were also conducted to obtain an additional
time point.

Maple wood was used for a second oxidation experiment,
which was sustained over 10 days. This biomass was chosen as
it appeared to be most pristine (i.e,, had experienced little to
no environmental aging). About 30 mg of powdered wood was
suspended in 100 mL of acidic aqueous solution (pH = 3)
containing 50 ppm Fe’" and 1 M H,0,. Additional FeSO, and
H,0, were added at days 2, 4, 8, and 10 to final concentrations
of S0 ppm of Fe** and 1 M H,0, to keep the reaction going
and sustain a steady-state flux of hydroxyl radicals.

In both experiments, the vials were kept sealed and on a
shaker table, allowing for gentle agitation. At each time point, a
vial was sacrificed by adding 10 mL of methanol (Fisher
Scientific, Optima LC-MS grade) that quenched the Fenton
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reaction, and the vial was transferred to an —80 °C freezer to
prevent further oxidation. The liquid was removed by freeze-
drying in order to recover all organic carbon (both particulate
and dissolved) in these closed systems. The obtained powder
was weighed and analyzed to determine its C% and ConAC%
and to compute the amounts of C and ConAC present after
the oxidation. Procedural blanks (H,O+HCl+FeSO,+H,0,)
were analyzed to confirm that there was no extraneous ConAC
added to the experimental systems. Any extraneous C was
accounted for via blank subtraction.

Biomass-to-ConAC conversion (at time point f) was
calculated as the ratio of produced ConAC (at time point ¢)
during the oxidation relative to the amount of biomass-carbon
used in the experiment (i.e., at time point 0). The quantity of
produced ConAC is calculated as the amount of ConAC in the
sample at time point ¢ corrected for the ConAC added from
the biomass at time = 0 (eq 1). Note that ConAC quantities
here are total ConAC in the systems and are not fractionated
as particulate ConAC or dissolved ConAC (dConAC).

Produced ConAC,

Biomass Carbon,,

Biomass-to-ConAC conversion (%), X 100

ConAC, — ConAC,
Biomass Carbon,
[Sample Weight, X ConAC(%),] — [Sample Weight, X ConAC(%),]

X 100

Sample Weight, X C(%),
(1)

Quantification of ConAC via the Benzenepolycarbox-
ylic acids (BPCA) Method. Dried powdered samples, no
more than $ mg carbon-equivalents,” were weighed in 20 mL
glass ampules. Concentrated nitric acid (2 mL, 65% HNO,,
J.T. Baker, trace metal grade) was added and the ampules were
allowed to sit for 15 min.>® Then, they were flame-sealed and
thermolyzed in a programmable oven for 9 h at 170 °C. After
the digestion, the nitric acid was evaporated at 60 °C in a sand
bath under a gentle stream of ultrapure N, gas (Airgas,
UHP300). The BPCA-containing residue was then dissolved in
2 mL of 0.6 M phosphoric acid and filtered using a 0.2 pm
PTFE filter into an autosampler vial. Only benzenehexa-
(B6CA) and benzenepentacarboxylic (BSCA) acids were
quantified because these markers have been found to be
most reliable as being produced only by ConAC.'”** Other
markers, such as the benzenetri- and benzenetetracarboxylic
acids were not considered as they can be produced after the
nitric acid oxidation of ligninaceous molecules.””>> B6CA and
BSCA were quantified chromatographically on an Agilent 1100
high-performance liquid chromatography (HPLC) system.
Separation was achieved utilizing an organic-free gradient of
0.6 M phosphoric acid (pH = 1) and a phosphate buffer (20
mM, pH = 6) on an Agilent Poroshell 120 Phenyl-Hexyl (4.6
X 150 mm, 2.7 ym) column following published procedures.>
Injection volumes were varied from 5 to 30 L and markers
were detected spectrophotometrically at 254 nm and
quantified using external calibration curves. The measured
quantities of these two biomarkers (in mg BPCA-carbon
produced after the oxidation, BPCA;) were related to the
initial concentration of ConAC in the samples and then
normalized to the sample’s organic carbon content (eq 2).>
The conversion factor of 7.04 has been developed by
quantifying B6CA and BSCA yields after the HNO; oxidation
of carbon nanotubes, a standard material made entirely of
ConAC.” All BPCA measurements were with relative standard
deviations below 5%.

X 100

https://doi.org/10.1021/acs.est.3c05448
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7.04 X [B6CA_ (mg) + BSCA_ (mg)]

ConAC (wt %) =
Sample Weight X C(%)

% 100 ()

B RESULTS AND DISCUSSION

Production of ConAC via Non-Pyrogenic Fenton
Oxidation in Model Nail-Wood Systems. To evaluate
the chemical changes that have induced visual charcoalification
without burning, materials from charcoalified and non-
charcoalified locations were obtained for the three wood
specimens (Pine 1, Pine 2, and Maple). The blackened solid
hereafter is termed an “Fe-oxidized” sample, and wood remote
from the nail is termed a “control” sample. Quantitative assay
for ConAC using BPCA markers™ revealed that ConAC was
formed upon exposure to Fe (Table S1). The two Fe-oxidized
pine samples (12 years of exposure to nails) contained 5.30
and 4.96 times more ConAC than their corresponding controls
(Figures 1 and S1). The presence of tiny, but detectable
concentrations of ConAC in the control samples is likely due
to Fenton-produced ConAC in the Fe-exposed areas diffusing
throughout the boards during the exposure to natural wettin_%
conditions for 12 years, as typically woods are ConAC-free.”
Assuming the original board was ConAC-free, oxidation
produced 0.195% ConAC per year (note that this is the
ConAC that was retained in the wood). This rate was likely
much higher as oxidation forms oxygen-containing functional
groups (e.g, OH, CHO, COOH) that make ConAC easily
solubilizable by rain. This explains why large amounts of
material were missing from the areas closer to the nails - the
wood oxidation had likely converted some of the carbon to
CO,, but also rain had likely extracted water-soluble molecules
and taken ConAC out of the system as dConAC. The Fe-
oxidized Maple contained 1.45 times more ConAC than its
control (Figure S1). Thus, over one year, 0.068% ConAC was
formed next to the nails in this board.

Collectively, we present strong, quantitative evidence that
ConAC can be produced from biomass oxidation, which is a
non-pyrogenic process. Because all boards were nailed to an
adjacent cross piece, where the nailing kept the wood in the
dark, photochemistry was eliminated as being responsible for
the oxidative alteration. Portions of the boards remote from
the Fe nails appeared to be virtually intact, mainly indicating
that microbial decomposition of the wood had been retarded,
especially in the case of Pine 2 (Figure S1), which had been
chemically treated to retard microbial alteration. Our multi-
instrumental analyses revealed that the pressure-treatment
agent in Pine 2 did not influence the non-pyrogenic ConAC
formation process (see Section 7 in the Supporting
Information, SI).

The mechanism of converting biomass to ConAC has been
previously proposed by Waggoner.”” Briefly, aromatic com-
pounds (in lignin, tannins, or other biopolymers), upon
exposure to hydroxyl radicals (produced by the Fenton
reaction, photochemistry, or even microbial enzymes) can be
oxidized to unsaturated aliphatic and hydroxylated carboxyl-
containing compounds. The oxidation products then undergo
cyclization via Diels—Alder reactions. The cyclic products,
upon exposure to more hydroxyl radicals, can be aromatized to
ConAC via hydrogen abstraction. In our study, hydroxyl
radicals were produced by the Fenton reaction, and the overall
ConAC production is illustrated in Figure 2. This pathway is
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Fe3*
+
*OH

T

Fe2*
+0, 3
+H,0 J

Figure 2. Illustrated production of ConAC (in red) from lignin (in
blue) through Fenton chemistry driven by the Fe nail (pointed by the
green arrow). The photograph on the right shows one of the
charcoalified areas of the Pine 2 sample.

supported by supplementary characterization with solid-state
BC NMR (Section 4 in the SI), ultrahigh-resolution mass
spectrometry (Section S in the SI), and X-ray absorption near-
edge structure spectroscopy (Section 6 of SI). These analyses
reveal that the chemistry behind the wood darkening is similar
to what is observed in deep soil and sedimentary horizons, i.e.,
our wood-nail systems simulate the natural process of plant
litter degradation, during which soil organic matter is formed
(i, humification). Thus, ConAC is likely an important
intermediate giving soils some of their aromatic character. It
must be noted that the aromaticity of soils (and of other types
of environmental samples) depends on the concentrations of
monoaromatics, polyaromatics, and ConAC. Thus, caution
should be exercised to not assume that orbganic matter
aromaticity comes exclusively from ConAC.”° While our
ancillary characterizations suggest the production of non-
condensed aromatics, such as polyphenols (Figures S2 and
S4), quantitative methods, such as lignin-phenol quantifica-
tion,”” are needed to discern the extent of which oxidation (via
Fenton or other pathways) drives the natural organic matter
aromaticity to increase.

Laboratory Fenton Oxidation of Environmentally
Representative Biomass Materials. While the three wood
boards clearly show that ConAC was produced from exposure
to hydroxyl radicals via Fe nails, we performed controlled
laboratory experiments using several different biomass
materials to further strengthen our case. The oxidation
conditions were set to be harsh (ie., high concentrations of
Fe?* and H,0,),” since simulating environmental oxidation
rates on the time scale of months or years in a laboratory
setting is impractical, and the primary goal of these
experiments was to determine whether ConAC would be
produced upon exposure to Fenton chemistry rather than
measuring ConAC production kinetics.

Quantification of ConAC before (at time = 0) and after
oxidation (at time points of 1 or 2 days) revealed that ConAC
was produced from all biomass (Figure 3A). The bark had the
highest conversion of 8.11% (i.e., 8.11% of the initial biomass-
C was converted to ConAC). The bark was followed by the
woody materials (maple wood, brown-rotted oak, and pine
wood) and then the corn root. The algae biomass was
converted to ConAC to the least extent (0.57%). These
experiments provided direct causal evidence that Fenton
oxidation of biomass produces ConAC. Interestingly, more
maple biomass was converted to ConAC (2.46% over 2 days)
than pine biomass (1.45%) in the laboratory experiments,
whereas the maple board showed a slower ConAC production
rate (0.068%/year) than the two pine boards (0.186—0.203%/
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Figure 3. Laboratory oxidations of different biomass materials (A) in which biomass materials were mixed with FeSO, and H,0, at the start of the
experiment. Produced ConAC quantities were presented relative to the original amount of biomass-carbon, and ConAC present in the starting
material was accounted for using a background correction. All measurements have an associated conservative uncertainty of 5% as listed in Table
S3. (B) Comparison of the biomass-to-ConAC conversion (at day 2) to the aromatic content of the biomass materials based on their *C NMR

spectra (Figure S7).
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Figure 4. Laboratory oxidation of maple wood (A). Produced ConAC quantities were presented relative to the original amount of biomass-carbon,
and ConAC present in the starting material was accounted for using a background correction. All measurements have an associated conservative
uncertainty of 5% as listed in Table S4. Note that the maximum biomass-to-ConAC conversion (up to 0.217%) in this experiment was less than
that of the harsher experiment (up to 2.46%, Figure 3) due to different FeSO, and H,0, concentrations. (B) ConAC profiles along a salinity
transect of the Delaware Estuary (chemothermal oxidation ConAC measurements from Mannino and Harvey).*

year, Table S1). This was likely because in the environmentally
exposed boards, the oxidation was initially slow as Fe’ from the
nails had to be oxidized to Fe" in order to initiate the
conversion of biomass to ConAC. The ConAC production rate
of the Maple would have likely been higher if this board had
been actively exposed to the environment over a longer period
(e.g., 10+ years).

To assess the cause of differences in biomass-to-ConAC
conversion rates (i.e., why did the bark produce so much
ConAC while the algae produced so little), we compared the
biomass-to-ConAC conversion at day 2 with solid-state NMR
data for these samples (Figure S7). The aromatic contents of
four of the samples, as determined by the sum of the aryl and
phenolic NMR signals, correlated well with the ConAC
production rates (Figure 3B). This indicated that the
abundance of aromatic compounds likely controlled this
process: samples higher in aromatics would produce more
ConAC upon exposure to oxidation. For most of the biomass
types here, these aromatics correspond to lignin phenols.
However, the bark is rich in suberin (an aliphatic polymer
containing monoaromatic rings),48 and the algae contains
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aromatic rings in its proteins. This correlation provides an
additional validation to our claim that aromatics, such as lignin,
can be radically polymerized to ConAC. Other functional
groups belonging to carbohydrates and lipids (e.g., aliphatic
groups) did not correlate with ConAC production rates
suggesting that non-aromatic compounds did not control this
non-pyrogenic process. The maple wood and yellow birch bark
stood out as outliers. These two samples have similar aromatic
content to the corn root sample (~12%) but clearly had vastly
different biomass-to-ConAC conversion rates. Thus, there
must be at least one additional, presently unknown, controlling
factor in the kinetics of oxidative ConAC production (e.g.,
presence of natural ROS quenchers or other metals acting as
catalysts). Discovering what controls the rate of biomass-to-
ConAC conversion should be a priority in future studies. Such
factors (e.g, aromatic content of biomass) may be useful
predictors for the non-pyrogenic ConAC production rates in
different environmental systems. This can allow for modeling
global non-pyrogenic ConAC production rates in order to
predict accurate BC fluxes and reservoirs in the biogeosphere.
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Though these results prove that ConAC is produced by
oxidation, ConAC is also known to be labile to oxidation.’®*’
Upon oxidation, the condensed aromatic rings of ConAC are
gradually opened until a pool of aliphatics is formed alongside
the production of gases (e.g, CO,).” To test if ConAC
oxidation would occur or if the ConAC production rate would
remain linear, the maple wood was also exposed to a longer,
sustained Fenton oxidation experiment that lasted over 10 days
(Figure 4A). The biomass-to-ConAC conversion first
increased to 0.217 =+ 0.011% and then decreased until
biomass-to-ConAC conversion reached a stable baseline of
0.063 + 0.008%. This indicates that ConAC production and
degradation occurred simultaneously during the oxidation
gradient, making it extremely difficult to quantitatively study
non-pyrogenic ConAC formation processes. Interestingly,
ConAC exhibits similar behavior across estuary transects
(Figure 4B). In such environments, hydrologically mobilized
ConAC from land, atmospheric deposition, or release from
resuspended sediments cause ConAC to increase at first, but
later dilution and oxidative degradation cause ConAC to
decrease.”” While this is undoubtedly true, biomass upstream
(leaching from soils or being generated by primary
productivity) could also be converted into ConAC by in situ
photochemistry or Fenton reactions on mineral surfaces,
particularly in the turbid region of the estuary. Such in situ
production of ConAC would contribute to its increase
observed at first and later counteract the degradation/dilution
observed downstream.

Estimation of Non-Pyrogenic ConAC Fluxes to Global
Terrestrial and Aquatic Systems. To illustrate the potential
impact of our findings to the global BC cycle,”" we performed
back-of-the-envelope calculations to estimate the global
production of “fake BC”. Biomass oxidation, as mimicked by
our experimental systems, occurs as part of numerous
biogeochemical processes (soil humification, aquatic photo-
chemistry, microbial degradation, or mineral—organic matter
interactions) with and without the presence of Fe, making this
process relevant and extrapolatable to global scales.

For Soil Systems. By combinin% the annual rates of global
aboveground litterfall (59 Pg-C)®* and belowground root-
derived carbon production (25 Pg-C),** we estimate that 84
Pg-C of fresh biomass are annually supplied to soils. As Fe-
oxidized Pine 1 and Pine 2 had gained 2.44 and 2.33% ConAC
over 12 years each, we can compute an average biomass-to-
ConAC conversion rate of 0.195%/year (Table S1). By
multiplying the biomass input to soils (84 Pg-C/year) with
0.195 ConAC%/year it can be estimated that 163 Tg-C of
ConAC are annually produced from the oxidation of biomass
in soils.

Another way to estimate global non-pyrogenic ConAC
production is to use the experimental data from the sustained
oxidation of maple wood (Figure 4A). The stable baseline
value of 0.063% can be viewed as a quantitative estimate of the
conversion of biomass to oxidation-resistant ConAC as it was
produced during the first 6 h of the reaction and then persisted
through the 10-day oxidation. The maximum biomass-to-
ConAC conversion (0.217% at ~18 h) can be an estimate of
how much biomass can be converted to ConAC in a highly
dynamic and radical-rich system (e.g., photochemically
irradiated waters or mineral-rich soils). By accounting for the
biomass conversion to oxidation-resistant ConAC (0.063%),
we can estimate that the biomass conversion to oxidation-labile
ConAC is 0.154 + 0.008%. By multiplying the biomass input
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to soils (84 Pg-C/year) with the estimated non-pyrogenic
ConAC production rates of oxidation-labile and oxidation-
resistant ConAC (0.154 and 0.063%, respectively), we estimate
that 129 Tg-C of oxidation-labile and 53 Tg-C of oxidation-
resistant ConAC, totaling 182 Tg-C of ConAC, are annually
produced from biomass in soils. For reference, pyrogenic
inputs (i.e, BC) to soils are estimated to be 128 Tg-C/
year,">"* which is outweighed by our estimated non-pyrogenic
ConAC input of 163—182 Tg-C/year. Thus, even though it is
assumed that the ConAC in soils is exclusively derived from
combustion (i.e., ConAC = BC),? our results here show that it
is possible that ConAC in soils could be entirely non-
pyrogenic, except in areas with previous wildfire exposure.
For Fluvial Systems. The annual amount of DOC leached
from terrestrial systems to waters is estimated to be 2.90 Pg-
C.°* About 10% of this DOC leaching from soils is dConAC, S
ie, 029 Pg-C. Assuming most soil-derived ConAC is non-
pyrogenic, the annual seepage flux of non-pyrogenic ConAC
into rivers would be 290 Tg-C/year. In addition, ConAC could
be produced in situ in rivers from aquatic oxidation processes
occurring photochemically, microbiologically, or through other
abiotic processes, such as Fenton reactions on the surfaces of
hydrologically mobilized minerals. The annual non-condensed
biomass-derived DOC leaching from soils into waters is
estimated to be 2.61 Pg (2.90 Pg total DOC — 0.29 Pg
ConAC). By multiplying the amount of non-condensed DOC
with the estimated biomass-to-ConAC conversion (0.195%/
year), we estimate that 5.08 Tg-C of non-pyrogenic dConAC
are annually produced in rivers. By using the ConAC
conversion estimates from the sustained maple oxidation we
can multiply the annual non-condensed biomass-DOC
leaching into waters (2.61 Pg-C) with the estimated non-
pyrogenic biomass conversion to oxidation-labile and oxida-
tion-resistant dConAC (0.154 and 0.063%, respectively) to
estimate that 4.01 Tg-C of oxidation-labile and 1.65 Tg-C of
oxidation-resistant dConAC are annually produced in rivers.
Thus, 5.66 Tg-C of the observed annual fluvial flux of dConAC
can be river-sourced (produced in situ), which is comparable to
the second estimate made above (5.08 Tg-C/year). For
reference, the annual pyrogenic inputs (i.e, BC) to rivers are
estimated to be 18 Tg—(}.13’66’67 This number is relatively small,
because ConAC experiences significant degradation during its
fluvial transport. However, as the seepage flux from soils of
non-pyrogenic ConAC is likely massive (290 Tg-C/year), and
5.08-5.66 Tg-C could be produced annually within rivers,
even downstream, it is very likely that the majority of riverine
ConAC is non-pyrogenic, except in areas where it is known
that hydrology mobilizes pyrogenic products such as biochar
from farms or lands that have recently experienced wildfires.
We recognize that soil and aquatic biogeochemical processes
are complex, and the above calculations simplify them greatly.
Because the non-pyrogenic formation of ConAC is highly
understudied, many details about this process are unknown at
present. This is why more complex modeling was not
employed using the kinetic data from Figure 3 as many
assumptions would have had to be made about environmental
oxidation kinetics. The sustained Fenton oxidation (Figure
4A) was more representative, as hydroxyl radical fluxes are at
steady-state concentrations in the environment. Notably, our
estimates were based on Fenton oxidation of only two woody
biomass types, which do not reflect the diversity of biomass
materials found in the environment. However, these biomass
types contain the most relevant environmental biopolymers
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(carbohydrates and lignin), making them useful primer models
for estimating non-pyrogenic ConAC production as a first
attempt. The non-pyrogenic ConAC estimates using the 12-
year Fe-oxidized pine woods (163 Tg-C/year for soils, 5.08
Tg-C/year for rivers) compare very well to the non-pyrogenic
ConAC estimates from the laboratory oxidation of maple wood
(182 Tg-C/year for soils, 5.66 Tg-C/year for rivers). This
validates our experimental approach and back-of-the-envelope
approximations even though these results are in discrepancy
with previously published estimates by Chen®® and Glaser,**
who argue that only up to 25% of soil ConAC inputs are non-
pyrogenic. Unfortunately, at present, no methodology exists to
distinguish pyrogenic from non-pyrogenic ConAC and thus,
laboratory experiments and model systems, like our nail-wood
systems, must be employed for studying this process at the risk
of under/overestimates. The discrepancy between our and
previously published works may be due to various reasons,
including experimental designs (e.g., abiotic vs. biotic
chemistries) or the use of different ConAC quantification
methods (BPCA markers, BPCA-specific isotopes, NMR
spectroscopy).

Non-Pyrogenic ConAC Is Likely Prevalent in Terres-
trial and Aquatic Systems. Much of the wildfire
biogeochemistry research over the last 20 years has been
based on the assumption that measured ConAC is exclusively
derived from combustion processes and is equivalent to BC.
Our findings challenge this assumption and show that plant
litter and other biomass can be transformed into ConAC via
oxidation with ROS. While we show this in model wood-nail
systems as well as via experimental Fenton oxidations, ROS are
naturally ubiquitous in terrestrial and aquatic environments
with or without the presence of Fe. Thus, we expect non-
pyrogenic production of ConAC to occur ubiquitously
throughout the environment.
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This proposition explains major discrepancies in the wildfire
biogeochemistry literature. Reisser’ compiled 560 ConAC
measurements in soils from 55 previously published studies
revealing that ConAC did not covary with fire frequency
(Figure SA). Kane and Hockaday'™ also evaluated several
forest soils, which had been affected differently by fire events,
and found no correlation between ConAC and wildfire history.
One would expect that if ConAC in soils was exclusively
pyrogenic, ConAC would strongly correlate with wildfire
activity (i.e., more wildfires would have led to more production
of ConAC). The lack of correlation is consistent with our
proposition that ConAC in soil is primarily derived from a
non—pyro%enic process, which has been also shown empirically
recently.”’ Furthermore, ConAC is strongly correlated with
SOC regionally'® ~*' and globally*** (Figure 5B). The current
interpretation for this ConAC-SOC correlation is that charcoal
from ancient fires (referred to as legacy BC) is equally
distributed globally in SOC pools. However, the occurrence of
wildfires is not distributed equally throughout the planet'* to
result in globally equal proportions of BC to SOC. The
atmospheric deposition flux of BC is also too limited (2—12
Tg-C/year)®' to cause an equally distributed BC input to soils.
In light of our work presented here, it is much more likely that
the ConAC-SOC correlations are due to the conversion of
SOC to ConAC via oxidation occurring during the natural
biogeochemical processing of organic matter in soils.

Similar inconsistencies can be found in the literature on
dConAC in aquatic systems. Ding'® and Barton'’ quantified
dConAC in waters from watersheds that were subject to
different fire frequencies and extents, respectively. It was found
that fire history did not affect the concentrations of dConAC
(Figure 5C)'® nor did a watershed burn extent gradient of 20—
98%.'” One would have expected that with higher occurrences
or extents of wildfires, more ConAC would be produced and
solubilized as dConAC. However, this was not observed by
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Ding'® nor Barton'” suggesting that the dynamics of dConAC
are not linked with wildfires and that dConAC varies
independently of fire events. Another odd observation was
that streams in a forested watershed in Japan contained
dConAC of up to 6% of DOC with no wildfire activities for at
least 110 years.” Like regional'®™*' and global®** ConAC-
SOC correlations, dConAC and DOC are also strongly
correlated in regional'***~"* and global'***”* aquatic environ-
ments (Figure SD). Currently, this dConAC-DOC correlation
is interpreted as “equally distributed” BC in soils leached by
rainwater and groundwater at constant rates to be entrained in
natural waters. This still does not agree with the argument that
BC is not equally distributed in terrestrial environments,"*
because wildfires do not occur homogeneously on the planet.”*
Furthermore, this interpretation assumes that charcoal (BC)
can constantly leach dissolved BC. Laboratory studies of
charcoal leaching reveal that charcoal leaches very little
dissolved BC, and in fact, that leaching fluxes are not
continuous over long time scales.”> This dConAC-DOC
correlation can be alternatively explained by our proposition
that (1) SOC is converted to ConAC, and both leach from
soils to rivers causing their dissolved fluvial concentrations to
covary, and that (2) DOC is converted to dConAC via in situ
oxidative pathways.

The observation of oxidation-resistant ConAC (Figure 4A)
can explain the accumulation of ConAC in terrestrial and
marine environments. At present, ConAC removal fluxes
exceed ConAC input fluxes for oceanic systems,’’ indicating
that there is a source of dConAC that has not been reconciled.
Biomass oxidation is likely the missing piece of this mass
balance (e.g, conversion of algal biomass to dConAC in
surface waters). Furthermore, the deep ocean contains large
amounts of dConAC (~14 Pg-C) of ancient radiocarbon age
(20,000 C years).”” This persistence of dConAC is also
enigmatic, as riverine fluxes are sufficient to sustain the
turnover of the entire oceanic dConAC pool in just 500 years,
suggesting that the radiocarbon age of oceanic dConAC should
be young. As ConAC is biorefractory’®”” (i.e., resistant to
biodegradation), and per our findings, some fraction of it is
also chemically refractory (i.e, resistant to oxidation), a
ConAC fraction may survive the redox gradients in environ-
mental systems, allowing ConAC and its dConAC fraction to
accumulate and remain extremely stable in soils, sediments,
and the deep ocean for millennia. This agrees with the
radiocarbon data for ConAC in these environments.”®

Collectively, our findings explain better the ConAC-SOC
and dConAC-DOC correlations as well as the global
accumulation of ConAC. Thus, the current views in wildfire
biogeochemistry need to be amended to consider the
presented novel perspective of non-pyrogenic ConAC
formation and persistence during oxidation. This should be
accounted for in the nomenclature, analytical methods, and
future research trajectories pertaining to wildfire biogeochem-
istry to properly constrain the role of wildfires in the
environment, as well as to accurately synthesize global
biogeochemical cycle models of carbon or its compound
classes such as ConAC.

Black Carbon (BC) Has Become a Deceiving
Terminology Based on Overextrapolated Structure—
Function Relationship. Since its first definition by Gold-
berg,' BC has been widely used synonymously with pyrogenic
carbon (pyC) to describe organic material formed by wildfires,
fossil fuels combustion, or anthropogenic production of
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biochar. It is highly appropriate that the products from these
pyrolytic processes are labeled as BC or pyC. Since charcoals
are primarily composed of ConAC, it has been assumed that
ConAC found in terrestrial or aquatic environments must be
also of pyrogenic origin. Thus, a structure-relationship of
ConAC = BC (or ConAC = pyC) has been developed over the
years and employed globally. The quantitative results in our
study show that ConAC may be largely of non-pyrogenic
origin as previously suggested by qualitative studies.’””"*° The
BC or pyC terminologies would have been inappropriate for
our study as they would have imposed a pyrogenic source onto
non-pyrogenically produced ConAC. It has been also shown
that ConAC is present in petroleum,” asphalt®' and
hydrothermal vent exhaust,” which exemplifies how, if the
BC or pyC terminologies were used for ConAC in such
samples, they would imposed a pyrogenic source to petrogenic
molecules.

Another common misconception is that the methods
employed by wildfire researchers (BPCA, chemothermal
oxidation, and others) detect pyrogenic molecules (i.e., BC)
in environmental matrices. There is an expanding literature
raising awareness that “BC methods” in fact do not measure
fire-derived residues, but detect a certain type of structures
(ConAC) in the analyzed sample.””*>*’ In light of our
findings, assuming that BPCA (and other) methods quantify
BC would lead to major overestimations of environmental
reservoirs and fluxes of “true” fire-derived carbon.’® This is
especially notable for soils, where the non-pyrogenic process of
soil formation (soil humification) produces ConAC,”" with
biomass oxidation being a key process. Thus, it is very likely
that the majority of reported BC quantities in soil systems
(Figure SA,B), in fact, correspond to refractory humic ConAC
and not BC. In summary, the structure—function relationship
between BPCA measurements (ConAC) and pyrolysis is
overextrapolated, and many previous studies using BC and pyC
terminologies deceptively impose a pyrogenic source onto
ConAC measurements, which source assignment may or may
not be true for the particular samples or environmental system.

To resolve this issue, we recommend the use of terminology
that is specifically tied to the analytical method. We can learn
lessons from the community using fluorescence spectroscopy
to study dissolved organic matter. It was assumed at first that
peak M in fluorescence spectra corresponded to exudates of
marine microbes. This structure—function relationship was
later found to be faulty when peak M was reported in various
terrestrial and freshwater environments. Thus, for measure-
ments of the BPCA method, we recommend the use of
ConAC, for which the nomenclature remains neutral regarding
source. It will be up to the researcher to determine if ConAC is
equivalent to BC depending on their study. We believe that
terminologies such as BC and pyC should be used only in cases
when there is significant confidence that the measured ConAC
is fire-derived. Compound-specific isotopic measurements
(e.g, ConAC-6"C)*** may be able to assist in differentiating
pyrogenic, petrogenic, and non-pyrogenic sources of ConAC
though this remains to be tested. Overall, the interpretation of
ConAC measurements from BPCA or other methods should
be performed carefully, and non-pyrogenic sources must be
considered in order to properly link ConAC dynamics with
wildfires or other pyrolytic/thermogenic activities and
constrain this refractory group of molecules within the global
carbon cycle.
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Emerging Directions for Future Research. Considering
that we show potentially massive non-pyrogenic ConAC fluxes
into soils and fluvial environments, it is important that future
studies consider non-pyrogenic contributions interfering with
wildfire-derived carbon measurements. Future studies should
establish robust non-pyrogenic ConAC production rates from
various biomass, by other ROS (singlet oxygen, superoxide,
etc.),*" as well as perform long-term oxidation experiments of
SOC suspensions and DOC solutions under different
conditions (photochemical, microbial). Instead of quantifying
total ConAC, as we have done here, future studies should also
consider leaching experiments to determine the production
rates of dConAC relative to the particulate ConAC fraction.
Lastly, future studies should also aim to develop novel
methods®>*® that can accurately identify wildfire-derived
species (i.e., true BC) that cannot be produced from other
environmental processes. Conversely, methodologies for
identifying and quantifying non-pyrogenic ConAC are also
critically needed to properly differentiate pyrogenic from non-
pyrogenic ConAC and accurately constrain the impact of
wildfires on the global environment.
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