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Abstract

The application of biochar to soils introduces persistent free radicals (PFRs), which can generate reactive oxygen
species (ROS), notably hydroxyl radicals (OH). While "OH is known to damage extracellular enzymes involved in soil
organic carbon (SOC) decomposition, its net effect on SOC mineralization and soil respiration remains complex

and context-dependent. This study investigates the hypothesis that ‘'OH produced from biochar-derived PFRs reduces
SOC mineralization by suppressing the activities of extracellular enzymes responsible for carbon decomposition.

We amended three distinct soils with biochar, comparing untreated biochar (WBC) against biochar with its PFRs
chemically quenched (TBC). A separate treatment quenched the soil ‘OH directly. A suite of response variables,
including CO, flux, 'OH content, and key enzyme activities, was then measured. PFR quenching reduced ‘OH yield,
confirming PFRs as a key ‘OH source. In Black and Red soils, WBC suppressed CO, emissions by 6.8-12.9%, whereas
TBC stimulated them. Conversely, in the Fluvo-aquic soil, both WBC and TBC increased CO, emissions, though TBC
(with lower ‘OH) caused a greater increase. Across all soils, quenching soil ‘OH led to higher CO, emissions and DOC
concentrations, alongside a significant drop in the SOC. Enzyme activities increased with PFR quenching and were
the highest upon ‘OH scavenging, particularly in Red soil. Our results demonstrate that biochar-derived ‘OH can
inhibit SOC mineralization, primarily by suppressing hydrolase activities. This protective effect is soil-specific, being
overridden by positive priming in calcareous soil but dominant in acidic soils. This study underscores the soil-specific
role of biochar-derived ROS in carbon cycling and highlights the need for tailored biochar management strategies.
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Biochar, a carbonaceous product of biomass pyrolysis, is
applied to agricultural soils to enhance fertility and pro-
mote long-term carbon sequestration (Feng et al. 2023;
Luo et al. 2023). Its porous structure and chemical stabil-
ity make it a potential tool for mitigating climate change
through soil carbon storage (Ma et al. 2026; Weng et al.
2022). However, the biological and chemical pathways
through which biochar influences SOC dynamics are
multifaceted and not fully resolved. A significant yet
under-characterized aspect is the presence of persistent
free radicals (PFRs) within the biochar matrix. These
PFRs are environmentally persistent and can catalyze
molecular oxygen to yield reactive oxygen species (ROS),
such as hydrogen peroxide (H,O,), superoxide (O,7),
and the highly reactive hydroxyl radical (OH) (Tao et al.
2022; Wen et al. 2024).

ROS play dual roles in soil systems. They can partici-
pate in the abiotic oxidation of organic matter (Yang et al.
2025a, 2025b), yet they can also be toxic to microbial cells
and destabilize extracellular enzymes (Sheng et al. 2023).
Extracellular enzymes, produced by microorganisms, are
the primary biological agents responsible for decompos-
ing complex organic polymers into labile compounds
(Feng et al. 2023). Their activity is thus a critical con-
trol point for SOC mineralization and CO, flux. Recent

evidence indicates that ‘'OH can adsorb to mineral sur-
faces and cause structural damage to nearby extracellular
enzymes, which rapidly reduces their catalytic capacity
(Sheng et al. 2023). This presents a plausible mechanism
through which biochar could attenuate, rather than stim-
ulate, carbon loss.

Nevertheless, biochar often increases net CO, emis-
sions from soil respiration, a phenomenon attributed to
priming of native SOC or mineralization of labile biochar
fractions (Ling et al. 2022; Zhou et al. 2025; Zimmer-
man et al. 2011). A fundamental paradox thus emerges: if
biochar-derived ‘OH inhibits carbon-degrading enzymes,
why is increased CO, emission frequently observed? Elu-
cidating these contradictory effects is essential for accu-
rately predicting the carbon sequestration potential of
biochar.

This study addresses the central question: Does the
"OH generated from biochar-derived PFRs suppress SOC
mineralization by inactivating extracellular enzymes?
We measured real-time CO, production, quantified
‘OH generation, and assayed a suite of hydrolase activi-
ties across three soils with differing properties. The inte-
grated approach allows us to provide new insights into
the biochemical pathways governing biochar-soil-carbon
interactions.
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Three surface soils (0-20 cm) with different properties
were collected from Luancheng Agro-Ecosystem Experi-
mental Station (37°53’N, 114°41'E) in Hebei Province,
Jiamusi Heilongjiang Province, China (47°29’N, 131°4E),
and Yingtan Red Soil Ecological Experiment Station
(28°15" N, 116°55" E) in Jiangxi Province, China. These
soil samples are classified as Fluvo-aquic soil, Black soil,
and Red soil, respectively. The properties of the three
soils are shown in Table S1. The biochar was derived from
wheat straw via slow pyrolysis at 500 °C under oxygen-
limited conditions. The PFRs in biochar were quenched
using 20% and 80% triethanolamine (TEA) solutions. The
quenched biochars were washed repeatedly with deion-
ized water until the solution pH became neutral (pH ~7.1)
and the solution electrical conductivity (EC) decreased to
approximately 10 pS cm™’. The resulting biochars were
denoted as 20%TBC and 80%TBC, respectively. Raw bio-
char was washed using the same protocol as applied to
the quenched biochar, and the resulting product was des-
ignated as WBC. The PER concentrations in the biochars
and the ‘OH concentrations in biochar suspensions were
determined and are shown in Text S1. For the incubation
experiments, three air-dried soils were pre-incubated at
30% water-holding capacity (WHC) for 7 days. Follow-
ing pre-incubation, microcosms were established using
10 g of dry soil equivalent. For biochar treatments, bio-
char was thoroughly mixed into the soil at 2% (w/w). All
microcosms were adjusted to 60% WHC and then incu-
bated in a temperature-controlled chamber at 25+ 0.5 °C.
Nine treatments were conducted, each with four repli-
cates. Soil mixtures were placed in 120-mL flasks sealed
with butyl rubber septa. An anaerobic headspace was
created through five evacuation (0.1 kPa) and backfilling
cycles with high-purity helium (120 kPa), followed by a
4-day anaerobic phase. The headspace was then replaced
with a 21% O,/79% He mixture to initiate aerobic condi-
tions. This anaerobic-aerobic sequence simulates field
redox fluctuations, which drive ‘'OH production. Head-
space gas was sampled periodically over 7 days, and the
CO, concentration was analyzed by gas chromatography.
Cumulative CO, emission over the 7-day incubation was
determined from the time-series CO, measurements.
To probe the specific role of ‘OH, a parallel experiment
incorporated the ‘OH-selective scavenger (terephthalic
acid, TPA) into the soil-biochar mixtures following pre-
incubation. After 7 days of incubation, ‘'OH generation
in soil slurries was quantified using a benzoic acid probe
method, where hydroxylation products were measured
via high-performance liquid chromatography. The activi-
ties of three key carbon-degrading enzymes, including
B-glucosidase, chitinase, and cellulase, were determined
using commercial assay kits (Solarbio, China) accord-
ing to the manufacturer’s instructions. Dissolved organic
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carbon (DOC) was extracted with ultrapure water and
measured on a TOC analyzer. A wet oxidation approach
using potassium dichromate was adopted for SOC
determination.

The TEA quenching treatment did not substantially
alter the bulk physicochemical properties of biochars.
As shown in Table S2, pH, EC, and elemental composi-
tion (C, H, O, N) were similar between WBC and TBC.
FTIR analysis revealed only a minor increase in C-O
group intensity after TEA quenching (Fig. S1), which may
slightly enhance DOC release. EPR spectroscopy revealed
significant concentrations of PFRs in WBC. Quenching
with TEA drastically diminished PFR concentrations in
WBC in a dose-dependent manner. Concurrently, TEA-
quenching also suppressed ‘'OH generation in biochar
suspensions, a trend that paralleled the PFR concentra-
tions (Fig. 1). The observed dose—response relationship
definitively establishes PFRs as the essential source for
‘OH production (Fang et al. 2015). These results indicate
that PFRs may function as active centers that initiate oxi-
dative pathways in biochar-amended soils.

Biochar amendment significantly altered soil CO, flux
and ‘'OH generation, but the patterns were soil-depend-
ent (Fig. 2). In Fluvo-aquic soil, WBC addition increased
cumulative CO, emission by 19.4% compared to the
control, despite a measurable decrease in soil ‘'OH con-
centration, implying rapid consumption of ‘OH through
direct abiotic oxidation of SOC (Liu et al. 2024; Song
et al. 2024; Yang et al. 2025a). Surprisingly, the addition
of 20%TBC resulted in an even greater CO, emission
increase, reaching 45.6% above the control. This increase
occurred despite a concurrent reduction in detected ‘'OH
by approximately 3.4% relative to the WBC treatment.
When 80%TBC was applied, both ‘'OH suppression and
CO, emission stimulation were more pronounced than
the WBC treatment. In contrast, for both Black soil and
Red soil, WBC addition significantly suppressed cumu-
lative CO, emissions by 6.8% and 12.9% relative to the
control, respectively. However, the introduction of TBC
reversed this trend. In these soils, both 20%TBC and
80%TBC treatments stimulated CO, emissions above
control levels (Figs. 2 and 3). This pivotal reversal indi-
cates that in these soils, PFR-derived ‘OH exerted a net
suppressive effect on SOC mineralization.

The most compelling evidence was observed in the
direct ‘'OH quenching experiment, where the addition
of TPA consistently stimulated a sharp rise in CO, emis-
sions across all three soil types (Fig. S2). These contrast-
ing initial responses to WBC underscore the soil-specific
dependence of biochar-induced effects. The stimulatory
effect in Fluvo-aquic soil may be driven by its higher pH
(Table S1), which potentially makes it more susceptible to
priming from labile biochar components (Luo et al. 2023;
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Fig. 1 EPR signals for PFRs within different biochars (a) and "OH in aqueous solution containing different biochars (b). WBC, 20%TBC, and 80%TBC
are water-washed biochar, biochar quenched with 20% triethanolamine, and biochar quenched with 80% triethanolamine, respectively
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Wang and Tang 2018). This effect may temporarily out-
weigh the ‘OH inhibition effect. The suppressive effect in
Black and Red soils suggests that the ‘'OH-mediated inhi-
bition pathway is dominant in these contexts. Crucially,
this reversal upon PFR quenching strongly indicates that
‘OH plays a primarily inhibitory role in these systems,
and its removal unleashes a suppressed mineralization
capacity.

Activities of carbon-degrading enzymes (B-glucosidase,
chitinase, and cellulase) provided a mechanistic expla-
nation for the observed CO, patterns (Fig. 4). Biochar
addition generally increased enzyme activities relative
to controls, likely due to substrate input and microbial
stimulation (Ameloot et al. 2013; Lehmann et al. 2011).
However, the comparison between WBC and TBC treat-
ments was insightful. In Black and Red soils, where WBC
inhibited CO, emissions, quenching PFRs (TBC treat-
ments) led to a further significant increase in all enzyme
activities. This implies that ‘'OH generated in the WBC
treatment partially suppressed enzyme function. The
strongest evidence came from Red soil, which exhibited

Black soil
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the highest enzyme activities but the lowest ‘OH levels.
This inverse correlation supports the hypothesis that ‘OH
acts as an enzyme inhibitor. The soil-specific response we
observed arises from several interacting factors rather
than a single cause. Soil pH and the contents of Fe/Al
oxides appear to play dominant roles. In the acidic Black
and Red soils, the high Fe/Al oxide contents promote
the adsorption of extracellular enzymes onto mineral
surfaces (Sheng et al. 2023). Once adsorbed, enzymes
become more vulnerable to oxidative damage by ‘OH,
which lowers their activity and consequently slows the
decomposition of SOC. In the Fluvo-aquic soil, by con-
trast, the near-neutral pH and low Fe/Al oxide levels
reduce enzyme adsorption. As a result, OH cannot effec-
tively suppress enzyme activity, and the positive prim-
ing effect from labile biochar components dominates,
leading to increased CO, emission. Another contribut-
ing factor is the availability of labile carbon. The higher
pH in the Fluvo-aquic soil makes biochar-derived DOC
more accessible to microorganisms (Luo et al. 2023;
Wang and Tang 2018), thereby promoting priming and
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Fig. 4 Enzyme activities of the three soils amended with different biochars after incubation



Wu et al. Biochar (2026) 8:126

outweighing the inhibitory effect of ‘OH. Although we
did not directly characterize microbial communities,
the observed changes in enzyme activities suggest that
microbes in Fe-rich acidic soils may rely more heavily
on mineral-bound enzymes, making them more sensi-
tive to ‘'OH-induced damage. In Fluvo-aquic soil, enzyme
activities also further increased with TBC treatments,
but the net mineralization response was likely governed
by stronger positive priming from labile carbon. The TPA
treatment universally yielded higher enzyme activities,
confirming that even background ‘OH exerts a suppres-
sive effect on extracellular enzymes (Fig. S3).

A striking observation was the sharp increase in
DOC after TPA addition in all soils (Fig. 5). The ‘OH is
a potent, non-selective oxidant capable of rapidly attack-
ing labile organic compounds, including components
of the DOC pool (Chen et al. 2020; Song et al. 2024).
TPA-mediated ‘OH scavenging shields these labile DOC
components from immediate oxidative mineralization to
CO,, enabling their retention in the soil solution. Con-
currently, attenuating the suppressive effect of ‘'OH on
extracellular enzymes liberates their catalytic potential.
The resultant increase in hydrolase activities accelerates
the depolymerization of solid-phase organic matter and
complex polymers. This enhances the production and
release of low-molecular-weight DOM (Su et al. 2025;
Zhao et al. 2021). The accumulated DOC subsequently
serves as accessible substrate for soil microorganisms,
stimulating microbial respiration and ultimately con-
tributing to elevated CO, emissions. This mechanism is
corroborated by the concomitant, significant decrease in
SOC content observed in the TPA treatments, with the
most pronounced loss occurring in Red soil (Fig. S4).
This SOC depletion directly correlated with the highest
cumulative CO, emissions recorded under the same TPA
treatment in Red soil (Fig. 2). The observed inverse rela-
tionship between DOC and SOC can be attributed to the

Fluvo-aquic soil

(a)

Black soil
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dual protective functions of ‘OH, which both suppresses
enzyme-mediated SOC decomposition and promotes the
oxidation of DOC. Removing ‘OH thus liberates enzymes
to decompose SOC while preventing DOC oxidation,
simultaneously elevating DOC and depleting SOC pools.
The final net mineralization effect is determined by the
dominant process in a specific soil environment.

Our integrated results have critical implications for
assessing biochar’s role in climate change mitigation. Bio-
char is often regarded as an inherently stable carbon sink,
but this perspective requires refinement to account for its
propensity to introduce PFRs. These radicals can trigger
the loss of native SOC through ‘OH-driven processes over
short to medium time scales. This phenomenon reflects
an abiotic chemistry-driven "priming effect” that warrants
attention. The finding that quenching radicals increases
DOC and respiration further complicates the picture,
suggesting that the absence of radicals may also enhance
microbial activity if labile carbon is present. For carbon
sequestration strategies, this implies that biochar produc-
tion methods aimed at minimizing PFR formation (e.g.,
adjusting pyrolysis temperature or feedstock) could be
beneficial to avoid unintended SOC losses. Furthermore,
the interaction between biochar and soil type must be
considered. In oxide-rich, acidic soils (e.g., Black and Red
soil), 'OH damages mineral-adsorbed enzymes, reducing
their activity and slowing C release. In calcareous, higher-
pH soil (e.g., Fluvo-aquic soil), enzymes are less adsorbed
or more stable, allowing ‘'OH to promote oxidation directly
or via microbial stimulation. Beyond enzyme suppression,
‘OH may directly alter SOC chemistry. It could fragment
organic molecules or, under some conditions, promote
oxidative coupling that forms recalcitrant moieties (Li
et al. 2026; Wu et al. 2026). However, our data showed that
enzyme suppression plays the dominant role. Scavenging
‘OH with TPA increased SOC mineralization and enzyme
activities while lowering SOC content. The rise in DOC
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after ‘'OH removal also suggests that ‘'OH mainly degrades
DOC rather than stabilizing it. Hence, although direct
abiotic oxidation may occur, it appears to play a smaller
role than enzyme-mediated suppression. The quenching
experiments clearly demonstrate that PFRs in biochar are
a key source of ‘'OH. Their net effect on C cycling requires
consideration of soil mineralogy and pH. Future research
should assess whether these radical-mediated processes
attenuate as biochar ages and PFRs decay, and verify these
laboratory-observed mechanisms at the field scale.
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