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ABSTRACT: In situ aging can change biochar properties, influenc-
ing their ecosystem benefits or risks over time. However, there is a
lack of field verification of laboratory methods that attempt
simulation of long-term natural aging of biochar. We exploited a
decade-scale natural charcoal (a proxy for biochar) aging event to
determine which lab-aging methods best mimicked field aging. We
oxidized charcoal by ultraviolet A radiation (UVA), H2O2, or
monochloramine (NH2Cl), and compared it to 10-year field-aged
charcoal. We considered seven selected charcoal properties related to
surface chemistry and organic matter release, and found that
oxidation with 30% H2O2 most representatively simulated 10-year
field aging for six out of seven properties. UVA aging failed to
approximate oxidation levels while showing a distinctive dissolved
organic carbon (DOC) release pattern. NH2Cl-aged charcoal was the most different, showing an increased persistent free radical
(PFR) concentration and lower hydrophilicity. All lab oxidation techniques overpredicted polycyclic aromatic hydrocarbon release.
The O/C ratio was well-correlated with DOC release, PFR concentration, surface charge, and charcoal pH, indicating the possibility
to accurately predict biochar aging with a reduced suite of physicochemical properties. Overall, our rapid and verified lab-aging
methods facilitate research toward derisking and enhancing long-term benefits of biochar application.
KEYWORDS: char, aging, simulation, dissolved organic carbon, polycyclic aromatic hydrocarbons, persistent free radicals, surface charge,
contact angle

■ INTRODUCTION
Production of biochar and its application in soil have been
proposed to improve soil fertility and hydrology,1 remove Gt-
scale amounts of atmospheric CO2,

2 facilitate production of
carbon-negative bioenergy,3,4 and remediate contaminated soil
and water.5 While biochar persists in the environment, its
ecosystem services may change with time because the
physicochemical properties that deliver these services evolve
on the timescale of years to decades. Therefore, understanding
system-specific risks and benefits of biochar application
requires long-term monitoring, which represents a logistical
challenge.

We currently lack field verification of laboratory biochar
aging methods, which is necessary to assess the long-term
environmental behavior of commercial biochar.6−8 Various
laboratory methods have been proposed to simulate and
accelerate the processes that occur during biochar natural
aging. Most approaches have focused on short-term (<1.5
years) changes in biochar surface chemistry via aging by
(photo)chemical (e.g., HNO3/H2SO4,

9 NaClO, H2O2,
10

sunlight11,12), biological (e.g., microbial inoculum extracted
from soil13−15 or organic exudates of plant roots16), and

physical methods (e.g., high temperature, freeze−thaw
cycles,14 wet−dry cycles17). Other previous work includes
using lab incubations to predict 100-year mineralization of
biochar in soils,18 and comparison of leached polycyclic
aromatic hydrocarbon (PAH) concentration and composition
between lab-aged and 4-year field-aged biochar.19 However,
none of these previous studies were validated by directly
comparing lab-oxidized biochar to long-term naturally aged
biochar in terms of both surface chemistry and organic matter
release. We postulate that charcoal can be used as a biochar
proxy due to their chemical similarity.6 Here, we used a
decade-long natural charcoal aging to validate different lab-
aging methods with respect to a suite of charcoal properties.
We aimed to find out which simulated weathering approach
could accurately mimic long-term natural processes.
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We artificially aged the “fresh” charcoal by designing aging
techniques to simulate a range of potential environmental
exposures: ultraviolet A (UVA) oxidation to simulate UV-
driven reactions likely to occur in surface soils and natural
waters; H2O2 (which can be released by soil biota20−22)
oxidation to simulate natural, long-term environmental micro-
bial oxidation; and monochloramine (NH2Cl) oxidation
(NH2Cl is a common residual disinfectant) to simulate
reactions that could occur when soil charcoal is exposed to
tap water or reclaimed wastewater.23,24

We compared lab-aged charcoal oxidized by UVA, H2O2,
and NH2Cl to the 10-year field-aged charcoal from the same
site after weathering in situ with respect to a suite of carefully
chosen properties. First, O/C ratio and surface oxygen-
containing functional groups reflect the oxidation level of
char and may influence other properties measured in our
study.25−27 Second, we measured extractable dissolved organic
carbon (DOC) yield because (1) DOC concentration is a
general screen for the release of carbon-containing compounds
(e.g., PAHs) from char,28,29 and (2) DOC is a general marker
for the potential impact of a carbonaceous material on the
ecosystem food web structure, given its effects on the light
availability to photosynthesizers and as a food source for
decomposers.30 Third, persistent free radicals (PFRs) have
been found in pyrogenic carbon (e.g., biochar) with half-lives
ranging from a few hours to several days.31−34 PFRs can trigger
the formation of reactive oxygen species (ROS), such as
hydroxyl radicals (•OH). This could damage soil micro-
organisms, inhibit plant growth,35 or affect other ecosystem
functions (e.g., dissolved organic matter transformation)36

even at low PFR concentrations. Only limited information is
available on PFRs in wildfire-derived charcoal to date.27

Fourth, we measured zeta potential (ζ), the electric potential at
the hydrodynamic slipping plane, which is related to a particle’s
surface charge37,38 and can be used as a proxy for the nutrient
sorption characteristics. Fifth, we measured contact angle
because it can be used to assess charcoal wettability,39 which
affects soil hydraulic properties (i.e., runoff/infiltration ratio).
Finally, we measured 16 USEPA priority PAHs, due to their
carcinogenic, teratogenic, and mutagenic potential.40,41 Here,
we report a rapid and validated lab-aging approach for the
semiquantitative simulation of long-term biochar aging effects.

■ MATERIALS AND METHODS
Charcoal. Fresh charcoal was immediately collected from

the remains of an East Texas forest burned entirely to the
ground during the 2011 U.S. drought42 and stored dark and
dry in our lab for 10 years. Although char may gradually
oxidize during storage,43 especially if exposed to moist air and/
or reactive oxygen species, our lab-stored “fresh charcoal” was
indistinguishable in the oxidation level reflected by the O/C
ratio (0.12 ± 0.04) (Figure 2 and Table S2) compared to the
reported O/C ratio of fresh charcoal (0.10−0.19).25,44 We
resampled soil charcoal 10 years later in 2021 from the same
location (Text S1), creating a controlled before−after
environmental aging experiment under hot, humid climate
conditions known to drive rapid charcoal oxidation.25 This site
experiences more extreme weathering conditions with mean
annual temperature 4 °C higher than extremes reported by
previous biochar natural weathering studies.25,45 Both fresh
and field-aged charcoal were ground and sieved to 0.250−
0.853 mm. Here, we use “charcoal” to mean natural charcoal
and “char” to mean both biochar and charcoal.

Charcoal Aging. UVA Aging. UVA is the main component
of UV light in the solar spectrum, making up 4−5% of the total
solar irradiation. The intensity of UVA reaching the ground is
relative to altitude, seasonal variation, and weather con-
ditions,46,47 ranging up to 7 mW cm−2.48−50 Specifically, the
UVA intensity in Houston, TX, was approximately between 1
and 5 mW cm−2 measured at the ground level on a winter day,
depending on the weather conditions. In our study, the light
intensity at the center of the reactor was measured at 0.8 mW
cm−2 using a radiometer (UVA/B light meter 850009, SPER
SCIENTIFIC), which was the maximum light intensity
generated by this photoreactor. To compensate the relatively
low output of this photoreactor, we ran experiments
continuously for 10 days.50,51

We performed irradiation experiments in a custom photo-
reactor.52 The photoreactor was equipped with six 4 W black
lamps (EIKO F4T5/BLB) that emitted UVA in the wave-
length range of 300−400 nm centered at 350 nm. In each
experiment, one 200 mL Pyrex glass beaker (covered with a
glass Petri dish) contained 5 g of charcoal and 100 mL of DI
water,53 which was placed on the magnetic stirrer at the center
of the photoreactor. Water was adjusted in the beaker every 24
h due to evaporative loss. We withdrew samples from the
beaker for analysis at days 0, 1, 3, 7, and 10, and then filtered
through a 0.3 μm glass fiber filter (Advantec, GF-75, preheated
at 500 °C for 6 h).54,55 The filtrate was collected for DOC
analysis using a Shimadzu TOC-VCSH analyzer (Text S2).
The aged charcoal was collected at day 10, washed with 300
mL of DI water, and then dried in an oven at 60 °C overnight
for further characterization. We conducted dark control
experiments in a similar way but with the beaker wrapped
with aluminum foil. Our blank control was identical to the dark
control but without charcoal. In addition, we also employed
sterilization and natural water to explore DOC loss in the
charcoal dark control experiment (Text S3).

H2O2 Aging. H2O2 can be released into the soil environment
by microbes to oxidize biochar.56−58 For example, the
bacterium Lactobacillus johnsonii NCC 533 can excrete up to
0.003% H2O2 within 10 h.59 Different H2O2 concentrations
have been used for other accelerated aging experiments,
ranging from 5 to 30% H2O2 for 2 h−4 months either at room
temperature or with heat treatment.56,60−66 The higher H2O2
concentration resulted in a higher biochar oxidation extent
under the same exposure duration.66 We selected the high and
low end of the reported H2O2 concentrations but with some
alteration to the duration and temperature: 30% H2O2 (180
min)66 and 5% H2O2 (48 h)61 at room temperature. We aimed
to develop a rapid and facile lab-aging approach that agrees
with the results of our field aging experiencing more extreme
weathering conditions.25,45

Briefly, 5 g of charcoal was placed into a glass bottle
containing 100 mL of H2O2 (30 or 5%). Then, the capped
glass bottle was shaken for 180 min (30%) and 48 h (5%),
respectively. An aliquot was withdrawn from the glass bottle at
a designated time and then went through the same processes as
UVA aging for analyses of filtrate and aged charcoal. Controls
included the mixture of 5 g charcoal in 100 mL of DI water
and just 100 mL of H2O2 (30 or 5%).

NH2Cl Aging. NH2Cl is a common drinking water
disinfectant. NH2Cl has also been used as an alternative to
chlorine during wastewater treatment processes, for example,
to mitigate biofouling in transport pipes, where the residual
NH2Cl is ∼1 mg L−1.23 The USEPA has set the maximum
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residual disinfectant level for chloramines (measured as Cl2) at
4.0 mg L−1,24 which gave us an approximate bound for
experimental NH2Cl oxidation values. To the best of our
knowledge, there is limited research about biochar aging by
NH2Cl, although other researchers have used other chlorine
species (e.g., NaClO).10 In our study, NH2Cl concentration
was set at 10 mg L−1 (72 h) to accelerate charcoal aging.67−70

We prepared fresh NH2Cl stock solutions daily using NaClO
solution and NH4Cl solution (Text S4), using a diluted
working solution of 10 mg L−1 NH2Cl. Specifically, 5 g of
charcoal was placed into a glass bottle containing 100 mL of 10
mg L−1 NH2Cl and 10 mM phosphate-buffered solution (PBS)
(pH = 7). Then, the capped glass bottle was shaken for 72 h.
Collection and analyses of filtrate and aged charcoal were the
same as UVA and H2O2 aging. Controls included the mixture
of 5 g of charcoal in 100 mL of DI water and just 100 mL of 10
mg L−1 NH2Cl solution containing 10 mM PBS.

DOC Leaching Experiments. We used the same
procedure adopted for the charcoal dark control in DI water
in the UVA-aging section. As before, we agitated 5 g of
charcoal before or after aging to 100 mL of DI water on a
shaker for 10 days under dark conditions, and then sampled at
the same designated time to see which lab-aging method best
mimicked field aging in terms of DOC yield.

Charcoal Characterization. Charcoal characterization
included X-ray photoelectron spectroscopy (XPS) for O/C
ratio and surface oxygen-containing functional groups,
attenuated total reflectance Fourier transform infrared spec-
troscopy (ATR-FTIR), ζ potential, contact angle, PFR

analyses, charcoal pH, surface area, and pore volume (details
provided in Text S5).

PAH Analysis. Accelerated solvent extraction (DIONEX
ASE 350) was used to extract PAHs from fresh, lab-aged, and
field-aged charcoal with dichloromethane (DCM)/acetone
(ACE) (1:1, v/v) as extraction solvent40 (Text S6).

PAHs in the charcoal ASE extract were measured on a
Shimadzu FRC-10A HPLC system (Text S7). EPA 610
mixture standard was diluted to different concentrations in
DCM/ACE (1:1, v/v) for calibration curves.

Statistical Analysis. All of the experiments in our study
were done in triplicate. We used a two-tailed Student’s t-test to
determine whether the differences between the untreated
samples and the aged samples were significant at the 95%
confidence level. A one-way analysis of variance (ANOVA)
with a post hoc t-test was used to determine the statistical
significances between the aged samples.

■ RESULTS AND DISCUSSION
Although there are many other potential properties that can be
measured, we argue that this suite of seven measurements we
chose here, which were closely associated with environmental
benefits and risks, provided an overview screen for under-
standing the potential environmental effects of biochar soil
amendments. The overall findings are summarized in Figure 1.

O/C Ratio and Surface Oxygenation. Oxidation of
charcoal is generally initiated on the surface of particles44,71

and remains close to the surface even with several hundred
years of exposure in soil.72 We used XPS (with a maximum

Figure 1. Performance of accelerated lab-aging methods in simulating field aging. Different colors represent how lab aging mimicked field aging
with different statistical significances. White: lab aging was unable to mimic field aging (p < 0.05). Green: lab aging was able to simulate field aging
(p > 0.05). Blue: lab aging was able to mimic field aging just for PFR concentration rather than PFR types (p > 0.05). The p value for each property
of each lab-aged charcoal as compared to that of field-aged charcoal was shown in Table S1.

Figure 2. (a) O/C ratios and (b) C bonding configuration contents of charcoal before and after aging. Error bars represent ± one standard
deviation from the mean of triplicate treatments. Asterisks (*) indicate significant oxidation of the aged charcoal compared to fresh charcoal (p <
0.05). For each bonding configuration, columns with different letters between lab- and field-aged samples represent statistically significant
differences (p < 0.05) in the content of this specific bonding configuration between lab- and field-aged samples.
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penetration depth of ∼10 nm44) to explore changes in the O/
C ratio and ingrowth of oxygen functional groups caused by
charcoal oxidation.

Oxidation Level Changes. We explored how both field and
lab aging affected the oxidation level of char, indicated by the
O/C ratio and surface oxygen functionalities. Both UVA
intensity/oxidant concentration and aging duration collectively
affected the extent of char oxidation. Among all of the lab-
aging methods, 30% H2O2 (180 min) aging most oxidized
fresh charcoal to the highest O/C ratio (0.27 ± 0.06), while
UVA aging (0.8 mW cm−2, 10 days) tended to exhibit the
lowest oxidation capability. There was no statistically
significant difference in the O/C ratio between 5% H2O2
(48 h) and NH2Cl aging (10 mg L−1, 72 h) (Figure 2a and
Table S2). The oxidation level of the 10-year field-aged
charcoal was on the high end of the aged charcoal. The O/C
ratio (0.29 ± 0.02) of the 10-year field-aged charcoal had no
statistically significant difference from that of 30% H2O2-aged
charcoal. The observed O/C ratios fell into the reported O/C
range for UVA-, H2O2-, or field-aged char (0.13−
0.45).11,27,56,62,64 The results implied the dissolution of labile
C73 and C mineralization74 during lab aging. The increases in
O in our study were associated with the formation of surface
oxygen-containing functionalities as observed by XPS (see
discussion below).

We also considered changes in C and O bonding
configurations after charcoal aging. Common bonding
configuration types of C can be found via XPS, including
C�C/C−C/C−H (284.70 ± 0.11 eV), C−O (286.19 ± 0.28
eV), carbonyl (C�O) (288.29 ± 0.51 eV), and carboxyl
(COOH) groups (290.41 ± 0.82 eV) (Figure S1 and Table
S2),11,25,44,75,76 which was also evidenced by FTIR analysis
(Figure S2). The contents of C�C/C−C/C−H in all of the
aged charcoal tended to decline following treatment compared
with fresh charcoal (Figure 2b). Conversely, all of the aged
charcoal had an increase in the contents of surface oxygen
functionalities (especially the C−O group). These results were
similar to previous research showing that UVA, H2O2, and field
aging introduced more oxygen functionalities (e.g., phenolic
(OH), C�O, and COOH groups) onto char surfaces over
time.7 Among all of the lab-aged charcoal, 30% H2O2-aged
charcoal had the lowest C�C/C−C/C−H (37.99 ± 3.61
atom %) and highest C−O contents (26.95 ± 1.41 atom %),
while UVA-aged charcoal tended to exhibit the highest C�C/
C−C/C−H albeit with a lower C−O content. There was no
statistically significant difference between C bonding config-
uration contents of 5% H2O2 and NH2Cl-aged charcoal, which
was consistent with the changes in the composition of O
bonding configurations of the lab-aged charcoal (Figure S1n).
The trend in the O/C ratio along with surface oxygen-
containing functional groups in the lab-aged charcoal suggests

Figure 3. (a) Relationship between O/C ratios of charcoal and their DOC release at the end of each aging process. (b) Comparison between DOC
yield at day 10 from fresh, lab-aged, and field-aged charcoal. (c) Relationship between O/C ratios of charcoal and their DOC release at day 10
during the 10-day leaching test. Error bars represent ± one standard deviation from the mean of triplicate treatments. Asterisks (*) indicate
statistically significant differences between aged charcoal and fresh charcoal (p < 0.05). Columns with different letters represent statistically
significant differences (p < 0.05) between lab- and field-aged samples.
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that charcoal underwent photooxidation or chemical oxidation
reactions with the possible oxidative contribution from the
generated ROS (e.g., •OH, singlet oxygen (1O2), or superoxide
radical (O2

•−)56) in the aging systems. The 10-year field-aged
charcoal had the highest contents of surface oxygen
functionalities (especially C−O: 25.40 ± 3.46 atom %)
without a statistically significant difference from that of 30%
H2O2-aged charcoal, which indicated the occurrence of abiotic
and biotic oxidation reactions during natural aging as well as
adsorption of noncharcoal substances (e.g., humic acid).76−78

Simulation Performance. To explore which lab-aging
method best simulated natural aging in terms of oxidation
level, we compared both O/C ratios and contents of surface
oxygen-containing bonding configurations between lab- and
field-aged charcoal. 30% H2O2-aged charcoal (O/C: 0.27 ±
0.06, C−O: 26.95 ± 1.41 atom %) was the most oxidized
among all of the lab-aged charcoal (p < 0.05) and produced a
XPS profile closest to that of field-aged charcoal.

Overall, increasing the H2O2 dose to 180 min of aging in
30% H2O2 significantly enhanced the oxidation level of fresh
charcoal to more closely match with that of the field-aged
charcoal. UVA aging tended to induce the lowest oxidation
level to fresh charcoal. There was no statistically significant
difference in the oxidation levels between 5% H2O2 and NH2Cl
aging.

DOC Release. Lab Aging. Lab aging of charcoal caused
significant changes to the released DOC flux (Figure S3a−d).
H2O2 and NH2Cl aging increased DOC flux. The released
DOC increased with the H2O2 dose with 70.2 mg L−1 (1,404
μg DOC g−1 charcoal) for 30% H2O2 (180 min) (Figure S3a)
and 43.6 mg L−1 (872 μg DOC g−1 charcoal) for 5% H2O2 (48
h) (Figure S3b). NH2Cl treatment for 72 h led to a lower
DOC release of 25.0 mg L−1 (500 μg DOC g−1 charcoal)
(Figure S3c). However, 10-day UVA aging decreased the DOC
flux from 12.9 mg L−1 (258 μg DOC g−1 charcoal) to 5.6 mg
L−1 (112 μg DOC g−1 charcoal), which corresponded to 56%
DOC mineralization (Figure S3d). This might be due to the
production of DOC-generated ROS including 1O2 and O2

•− in
the UVA-aging system.51 We additionally observed that DOC
release in the charcoal dark control experiment in DI water
increased till day 1, then sharply decreased (by 77% at day 10)
(Figure S3d), which was associated more with re-adsorption of
DOC onto charcoal than microbial degradation (for a detailed
explanation see Figure S4). DOC release during the aging
processes tended to positively correlate with the O/C ratios of
charcoal (Pearson R = 0.9633, p = 0.0367, Figure 3a). The
greater functionalization of the condensed aromatic clusters in
char as its oxidation level increased tended to increase aqueous
solubility of char.79

Leaching Experiment. Either lab or field aging increased
DOC 10-day leaching compared with that of fresh charcoal
(Figures 3b and S3e). The DOC release was between 674 and
2284 μg DOC g−1 at day 10. 30% H2O2-aged charcoal had the
greatest DOC release of 2045 ± 17 μg DOC g−1 charcoal
among lab-aged charcoal (Figure 3b). However, there was a
sharp decrease (by ∼70%) in DOC release during UVA-aged
charcoal leaching at day 7 (Figure S3e), which might be
associated with the re-sorption of the released DOC to the
UVA-aged charcoal due to change in its morphology and
porosity (with a higher surface area and mesopore volume
among lab-aged charcoal, Table S3).80 DOC release from field-
aged charcoal was at the high end among all of the aged
charcoal, which could stem from both the intrinsic DOC of

charcoal and DOC adsorbed from the surrounding environ-
ment with aromatic DOC fraction being preferentially
sorbed.81 There was no statistically significant difference in
DOC released at day 10 between 30% H2O2-aged charcoal and
field-aged charcoal (Figure 3b). DOC release during the 10-
day leaching test also tended to positively correlate with the
O/C ratios of charcoal (Pearson R = 0.9328, p = 0.0066,
Figure 3c). The positive relationship between O/C ratios and
DOC release of charcoal could be because the higher content
of surface negative charges in the more oxidized aged charcoal
(see discussion below in Figures 4b and S5c) can repel more of
the dissociated DOC fractions.82

Simulation Performance. DOC flux increased with the
oxidation level suggests that char aging in soil could facilitate
translocation of solutes to the aqueous system.83−85 The range
of DOC concentrations observed here fell within the reported
ones of DOC release from pyrogenic carbon (48.2−13,700 μg
DOC g−1 biochar51,53,73,86). However, this screen alone is not
enough to draw definitive conclusions about the impacts of this
material on ecosystem processes (explanation seen in Figure
S3), which deserves further attention.

Overall, the aged charcoal with a higher oxidation level
tended to release more DOC. UVA aging induced a distinctive
pattern of DOC release: (1) DOC flux decreased during the
aging process; and (2) DOC release increased and then
dwindled over time during the 10-day leaching test of UVA-
aged charcoal. 30% H2O2 aging could mimic field aging best
with respect to DOC release during 10-day leaching.

Surface Chemistry. Persistent Free Radicals. Electron
paramagnetic resonance (EPR) can be used to detect PFRs in
materials with aromatic functional groups like charcoal. We
used the overall peak height to approximate the total amount
of PFRs and the g factor of EPR curves (representing the PFR
paramagnetic center’s electronic structure and therefore PFRs’
neighboring chemical structures87,88) to characterize PFR
present (Figure S5a). Fresh and field-aged charcoal contained
carbon-centered PFRs, as indicated by their g-factor values <
2.0030, but lab-aged charcoal had higher g factors (Figures 4a
and S5a) indicating oxygenated carbon-centered PFRs.89 30%
H2O2, 5% H2O2, UVA, and field aging tended to decrease the
PFR concentration in fresh charcoal albeit with no statistically
significant difference, whereas NH2Cl aging increased the PFR
concentration (Figure 4a). This implies the potential reactions
between charcoal and chlorinated waters and needs further
exploration. With that being said, the aged charcoal with a
higher oxidation level tended to have a lower PFR
concentration (Pearson R = −0.9885, p = 0.0115, excluding
NH2Cl and UVA aging, Figure S5b). These results coincided
with previous research documenting (1) a negative relationship
between PFR abundance and molar O/C ratio, which is
because a higher oxidation level might reduce the size of
aromatic clusters therefore influence the stability of PFRs;89

and (2) a decrease observed by other researchers in charcoal’s
PFR concentration after 5-year field aging.27 Overall, 30%
H2O2, 5% H2O2, and UVA aging can mimic field aging in
terms of PFR concentration but failed with respect to PFR
types.

PFR trends observed here may help to explain other data
sets in our study. PFRs could be one of the sources of ROS in
our charcoal aging experiments given the possible interaction
of PFRs with water,90,91 O2, or H2O2.

35,92 The formation of
those ROS may not only affect the DOC degradation/release
from the aging experiments (Figure S3a−d) but also may
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contribute to the oxidation of the solid charcoal matrix.56

Furthermore, the decrease in the PFR concentration after
aging may reduce the potential risks posed by the PFR-derived
ROS.

Surface Charge. The negative ζ (pH = 7, 25 °C) of all of
the charcoal (Figure 4b) indicated negative surface charges.37

All of the aged charcoal had more negative surface charge than
fresh charcoal, consistent with previous studies of both artificial
and field aging of char.25,93 Overall, there was no statistically
significant difference in ζ between all of the lab-aged charcoal
and field-aged charcoal. The three types of lab-aging methods
considered here approximated field aging in terms of ζ.

We found a positive relationship between the O/C ratio and
charcoal ζ (absolute value), except for field-aged charcoal
(Pearson R = 0.9715, p = 0.0058, Figure S5c). This is because
the more oxidized aged charcoal tended to have more surface
oxygen functionalities (Figure 2). The negative charge on
charcoal surfaces stems primarily from the dissociated surface
oxygen-containing functionalities (e.g., COOH and OH
groups).82 The exception of field-aged charcoal to the positive
relation between the O/C ratio and ζ might be associated with
a surface positive charge formed due to soil mineral
weathering, especially in tropical soils.94 Enhanced negative
surface charge after aging may increase the cation exchange
capacity,37,44,95 which is conducive to the enhanced soil
fertility.96,97

Contact Angle. Fresh charcoal was slightly hydrophobic,
with a contact angle > 90°,98 but all of the aged charcoal had

contact angles lower than 90° (Figure 4c). However, we
observed no statistically significant difference between contact
angles of UVA-, 30% H2O2-, or 5% H2O2-aged and that of
field-aged charcoal. The hydrophilicity of biochar was
collectively affected by and positively correlated with surface
oxygen functionalities (especially COOH), surface area, and
mesopore volume.99 Although UVA- and 5% H2O2-aged
charcoal had the lower oxidation level (Figure 2), they tended
to have a higher surface area and mesopore volume (Table S3)
but no significant difference in the COOH content (Figure 2b)
compared with the 30% H2O2-aged charcoal, which could
account for the absence of relationship between O/C ratio and
charcoal hydrophilicity. The relatively higher contact angle of
NH2Cl-aged charcoal might be additionally associated with
formation of C−Cl bound on its surface.67,68,100 Overall, all of
the lab-aging methods enhanced the hydrophilicity of charcoal,
and all methods except NH2Cl aging can approximate field
aging in terms of contact angle.

Notably, the wettability alone does not control the
hydrologic impacts of chars, which is driven holistically by a
suite of properties including the grain size of the char relative
to the amended soil, the internal porosity of the char itself,101

and the wettability of soil itself and its total organic carbon
content.99

PAH Release Trends. No laboratory-aging method was
able to reproduce natural field aging with respect to PAH
release trends. Field aging of charcoal samples significantly
decreased the amount of PAHs released, while laboratory aging

Figure 4. (a) Type and concentration of persistent free radicals (g = g factor), (b) zeta potential (ζ, pH = 7, T = 25 °C), and (c) contact angle
detected in fresh, lab-aged, and field-aged charcoal. Asterisks (*) indicate significant changes in surface chemistry of the lab-aged and field-aged
charcoal compared to fresh charcoal. Columns with different letters represent statistically significant differences (p < 0.05) between lab- and field-
aged samples. Error bars represent ± one standard deviation from the mean of triplicate treatments.
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typically increased it. The total PAHs potentially existing in
fresh, lab-aged, and field-aged charcoal were 643, 674−825,
and 138 mg kg−1 (Figures 5a and S6, Tables S4 and S5),
respectively, which fell into the range of the total
concentrations of 16 USEPA priority PAHs reported for 43
biochar samples produced at 400−750 °C (ranging from 0.4 to
2000 mg kg−1).102 These results exceeded the limit value set by
the European Biochar Certificate for basic-grade (<30 mg
kg−1) and premium-grade (<4 mg kg−1) biochar.103 Acenaph-
thylene, acenaphthene, fluoranthene, pyrene, benzo[b]-
fluoranthene, and benzo[a]pyrene with three−five rings were
the most abundant PAHs in the fresh and lab-aged charcoal.

The changes in the total concentration and composition of
PAHs extracted from fresh and aged charcoal depended on the
aging methods and pyrogenic carbon type. UVA aging did not
significantly change overall PAH concentration (5%) but
showed a trend of increasing (3−66%) three- and four-ring
PAHs (with exception to a slight decrease (−3%) in three-ring
acenaphthylene) and decreasing five-ring PAHs (−14 to
−10%). On the other hand, H2O2- and NH2Cl-aged charcoal
presented an increasing trend for both overall (12−28%) and
individual three−five ring PAH (7−76%) concentration (with
exception to a decrease in three-ring acenaphthene in 30% and
5% H2O2 aging, of −22 and −10%, respectively) (Figure 5b
and Table S5). This observation coincided with previous
research.104 The observed increase in the PAHs released
(especially with three and four rings) might be because of the
altered morphology of charcoal after all three lab-aging
methods facilitated the extraction of PAHs, which would
otherwise be encapsulated in charcoal before aging.105

Alternatively, the increase in PAH release might be relative
to the possible PAH formation during laboratory aging
including (1) ring addition to a molecule of PAHs through
an acetylene addition mechanism under UV irradiation,106 and
(2) the reaction between •OH generated during aging and
arrays of sp2 carbon in char.107 On the other hand, •OH may
also contribute to PAH loss through conversion of PAHs to
alcohols or ketones.108

In contrast, the total PAH content of charcoal decreased
significantly after field aging, which was consistent with
previous research.19 The field-aged charcoal also had a lower
diversity in PAH types with only acenaphthylene and
benzo[a]pyrene as the possible major PAHs. All laboratory-
aging methods tested here failed to accurately replicate natural

PAH release, which might relate to the absence of mixing
charcoal with soil in the artificial aging approaches. Charcoal
aging could affect the release of native soil PAHs from soil
organic matter (SOM, i.e., humic substances) through
changing the extractable-SOM/stable-SOM ratio, soil particle
size, and charcoal affinity toward PAHs (Table S5),109 which
involves mechanisms including physisorption,110 microbial
uptake and degradation, leaching, photochemical oxidation,
and transportation to mineral phase.111 Explanations for the
failure of laboratory aging to match field aging in PAH release
may provide information about the potential limitations of
various lab-aging techniques. However, the risk of PAH release
decreases as charcoal ages compared with fresh charcoal. The
value of 138 mg PAHs kg−1 for field-aged charcoal was within
the maximum allowable threshold of 300 mg kg−1 set by the
International Biochar Initiative.112

Our work confirmed the ability of H2O2 oxidation to
accurately mimic several aspects of biochar weathering in the
field (Figure 1 and Table S1). In addition, we showed that the
O/C ratio was correlated with three other relevant properties
(DOC release, PFR concentration, ζ potential). Moreover, we
found a negative correlation between O/C ratio and charcoal
pH (Pearson R = −0.8983, p = 0.0383 excluding NH2Cl
aging), given that charcoal pH also plays a key role in the
agricultural yield and soil microbiology (Figure S7). These
correlations likely reflected the key role of surface oxidation in
driving biochar environmental behaviors (both risks and
benefits). However, PAH yield and contact angle did not
correlate with the O/C ratio, which was also controlled by
other factors (e.g., surface area and pore volume). Overall, this
study provided evidence that it was possible to accurately
predict biochar aging with a reduced suite of physicochemical
properties. Future efforts can be put into exploring the
generation of ROS (e.g., from UVA irradiation, activation of
NH2Cl,68 or PFRs in contact with water, O2, or H2O2) and its
mechanism of action (e.g., char oxidation, release/degradation
of DOC/PAHs) in the char aging systems.

Environmental Significance. There has been limited
research on how the long-term biochar application affects the
soil in the forest ecosystem.113,114 Our decade-scale in situ field
aging of wildfire-derived charcoal from the remains of the
burned forest could be considered as a suitable proxy especially
for application of woody biochar to forest soil.6 However, there
are differences in physicochemical properties between

Figure 5. (a) PAH concentration (subtracting peak area of ASE control) and composition in fresh and aged charcoal. (b) PAH concentration
change (%) in each aged charcoal. Number in parentheses was the ring number of each of PAHs. Error bars represent ± one standard deviation
from the mean of triplicate treatments.
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anthropogenically and naturally produced charcoal (e.g.,
wildfire-derived charcoal tends to be more reactive and less
stable than biochar).115,116 Different feedstocks also lead to
changes in biochar properties and their responses to aging (i.e.,
woody biomass could possess a lower ash and moisture
content than animal/sludge-based biochar).117 Additionally,
we also recognize that other ecosystems, for instance,
agricultural field sites, may have different soil types and/or
microbial communities compared with the forest ecosystem.
All of these aspects suggest that quantitative extrapolation of
our findings should be conducted with care. However, some
key aspects of our results can be extrapolated: char O/C ratio
was well-correlated with changes in DOC release, PFR
concentration, surface charge, and charcoal pH after aging.

Biochar field aging is a multilayered process, influenced by
the presence of soil organic matter, minerals, microbes, and
plant roots,75 all of which add complexity to the system. Soil-
forming factors are likely to play varying roles in charcoal
aging. For example, freeze−thaw cycling will play a more
important role in reducing particle size in colder regions.7,118

However, the approaches reported here capture well the major
alterations of char induced by long-term natural oxidation.
This can be seen comparing the results reported here to those
of Cheng et al.,25 who reported changes in charcoal chemistry
along a climosequence with a wide range in mean annual
temperature (3.9−15.7 °C) and in mean annual precipitation
(900−1370 mm). They also reported an increased O/C ratio,
formation of surface oxygen functionalities, and evolution of
surface negative charge.25

Overall, our study sheds light on the merits and limitations
of accelerated aging to predict changes in biochar properties
and its implications on associated ecosystem services. Our
rapid, easily implemented, and verified lab-aging methods
facilitate research toward derisking and enhancing long-term
benefits of biochar application.
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