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Abstract 

Humic acid (HA), a key component of soil humic substances, plays a crucial role in soil fertility and ecological func-
tioning. To investigate HA structural heterogeneity under contrasting organic inputs, a soil incubation experiment 
was conducted with straw and biochar applied individually and in combination. HA was characterized using com-
plementary techniques, including elemental analysis, electron paramagnetic resonance (EPR), 3D excitation-emission 
matrix fluorescence spectroscopy (3D-EEM), transmission electron microscopy (TEM), solid-state 13C nuclear magnetic 
resonance (13C-NMR), and Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). Biochar applica-
tion preferentially enriched aromatic and structurally condensed components of HA, whereas straw inputs increased 
the abundance of oxygenated moieties associated with molecular biodegradability. Strikingly, their combined 
application enhanced HA radical concentration and chemical activity while favoring a shift in aromatic composition 
toward less highly condensed aromatic structures, resulting in HA molecular assemblages that combine features 
commonly associated with higher chemical reactivity and increased structural persistence. These findings suggest 
that soil HA formation under co-application is characterized by a reactivity-stability coupling, whereby labile, oxy-
gen rich components are reorganized within aromatic and structurally persistent molecular frameworks, as revealed 
by complementary spectroscopic and molecular network analyses. This study provides new strategies and theoretical 
foundations for optimizing soil organic matter stability and fertility.

Highlights 

•	 Interactions between straw and biochar break the trade-off between reactivity and persistence, reshaping key 
properties of humic matter.

•	 Understanding humic acid through its molecular network organization reveals effects beyond those explained 
by single chemical indicators.

•	 Straw-biochar interactions assemble reactive and persistent components into an integrated humic architecture.
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Graphical Abstract

1  Introduction
Soil organic matter (SOM) is a central regulator of soil 
fertility, ecosystem functioning, and terrestrial carbon 
cycling. The traditional view of SOM considers humic 
substances, and particularly humic acid (HA), as a rela-
tively persistent fraction that plays a critical role in 
nutrient retention, soil structure, and long-term carbon 
stabilization (Hayes and Clapp 2001; Helal et al. 2011; de 
Aguiar et  al. 2022; Dou et  al. 2025). Although the con-
ceptual nature and formation pathways of humic sub-
stances have been widely debated, accumulating evidence 
indicates that HA exhibits broadly consistent molecular 
characteristics across soils, supporting its relevance as 
a meaningful target for investigating SOM stabilization 
processes (Hayes and Clapp 2001; Helal et  al. 2011; de 
Aguiar et  al. 2022; Dou et  al. 2025). In light of ongoing 
debates and the progressive refinement of SOM concep-
tual frameworks, humic substances (HS) are increasingly 

reconsidered as operational representations of soil 
organic matter along a continuum of transformation and 
stabilization, rather than as independent chemical enti-
ties (Luo et al. 2025). In this context, HS provide a prac-
tical framework for distinguishing SOM fractions with 
different levels of reactivity and stability and for describ-
ing them at a finer level of resolution. Their associations 
with nutrient retention and release, soil-water interface 
processes, and hydrophobic-hydrophilic interactions 
therefore remain functionally informative when inter-
preted within this updated conceptual context (Olk et al. 
2019; De Nobili et  al. 2020; Stancampiano et  al. 2023; 
Zhang et al. 2023; Yang et al. 2024).

Straw return and biochar application are two widely 
used exogenous carbon-input practices for increasing 
SOM in cropland soils (Enebe et al. 2025; Fu et al. 2025; 
Zhang et al. 2025; Di Gerónimo et al. 2026), but each has 
limitations when applied alone. Straw provides abundant 
labile carbon, stimulates microbial activity, and promotes 
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the formation of young, highly reactive soil organic mat-
ter. However, these products are relatively unstable and 
often result in high-carbon input but low-carbon reten-
tion. Rapid straw decomposition may also disturb pre-
existing humic structures and is commonly associated 
with lower aromaticity and molecular features indica-
tive of reduced persistence (Liang et al. 2023; Ying et al. 
2024; Koyama et al. 2025; Tao and Liu 2025). In contrast, 
biochar is characterized by high aromaticity and greater 
structural persistence, which favor soil organic carbon 
retention and improvement of soil physicochemical 
properties (Lehmann et al. 2011; Liu et al. 2022a; He et al. 
2025). While biochar can enhance the stability of HA, its 
direct transformation into humic substances is generally 
limited due to its intrinsic recalcitrance (Jindo et al. 2016; 
Zhang et al. 2022).

Straw and biochar represent two contrasting types of 
organic inputs, with the former characterized by higher 
chemical reactivity and the latter by greater struc-
tural persistence (Liu et al. 2020; Lei et al. 2024a). Their 
combined application has therefore been proposed as 
a means of balancing short-term nutrient supply with 
long-term carbon stabilization (Xie et al. 2025). Previous 
studies have shown that straw-biochar co-application can 
influence soil organic carbon accumulation, humifica-
tion, microbial activity, and aggregate formation. How-
ever, most of this work has remained at the level of bulk 
indicators, such as SOC, humification indices, or con-
ventional spectroscopic characteristics, and has not yet 
answered a key question: whether co-application alters 
the relative abundance and molecular network features of 
reactive and stable components within HA.

To address this question, it is necessary to examine 
the molecular features of humic acid (HA). The relative 
abundance and combination of oxygen-containing and 
aromatic structures in HA can influence its susceptibil-
ity to decomposition, its persistence in soil, and its roles 
in nutrient retention and redox related processes (Sut-
ton and Sposito 2005; Ou et al. 2023; Stancampiano et al. 
2023). Examining HA at the molecular level therefore 
helps determine whether the combined application of 
straw and biochar changes the relative characteristics of 
reactive and stable components, and in turn improves 
our understanding of its effects on soil organic carbon 
stability (Piccolo 2016; Fedotov et al. 2023).

Accordingly, this study asks whether the co-application 
of straw and biochar reorganizes the molecular structure 
of humic acid in a manner distinct from single applica-
tion. Using a controlled incubation experiment, we com-
pared HA formed under straw, biochar, and combined 
straw-biochar treatments. Humic acid was characterized 
using elemental analysis, EEM fluorescence, EPR, solid-
state 13C NMR, TEM, and FT-ICR-MS. These methods 

were chosen to capture changes in oxygen-rich reactive 
structures, aromatic and condensed carbon, and supra-
molecular arrangements. Observed differences across 
treatments provide insights into how the two organic 
inputs influence HA composition and structural features, 
and how these features may relate to soil organic matter 
stability.

2 � Materials and methods
2.1 � Soils and materials
Soil samples were collected from a field site in Guang-
zhou, Guangdong province, a representative agricul-
tural area in Southern China. The soil represents a 
typical highly weathered agricultural soil from subtropi-
cal regions. The collected soil samples are categorized 
as Oxisol, displaying a silt dominated loam texture com-
posed of 15.4% clay, 60.5% silt, and 24.1% sand fractions. 
Bulk soil samples were collected from the surface layer 
(0–20  cm) of the arable land, which was sieved to pass 
through a 2  mm mesh screen following the removal of 
visible plant residues. The main properties of the sampled 
soil are presented in Table 1.

The straw samples were collected from Zhongluotan 
Demonstration Base for Agriculture, Guangdong Acad-
emy of Agricultural Sciences in Southern China. The 
straw was dried at 60 ℃, ground and passed through a 
0.25 mm sieve, and stored in dry conditions prior to the 
experiment.

Portions of the straw were pyrolyzed at 450 ℃ in a 
programmed muffle furnace for 1  h to obtain biochar 
that was passed through a 0.25 mm sieve. Detailed phys-
icochemical properties of biochar, and straw samples are 
shown in Tables S1.

2.2 � Laboratory incubation experiment and analysis
Portions of the bulk soil (50 g oven dried mass per repli-
cate, n = 3 independent replicates) were thoroughly mixed 
with either straw powder (PL), biochar (BL), or their co-
application (BPL). Soil without application served as 
control (CK). In PL, the straw application rate was cal-
culated based on a full return scenario corresponding to 
an annual maize straw yield of 12,000 kg ha−1. In the pre-
sent incubation system, based on the measured physico-
chemical properties of the straw used in this study, this 
rate corresponded to an exogenous organic carbon input 
of 2.91  g C kg⁻1 soil. Equal C amounts were applied in 
the BL, with 50% biochar C and 50% straw C in the BPL. 
All treatments were incubated in parallel under identical 
conditions in the dark at 25 ± 2 °C for 180 days. Soil mois-
ture was initially adjusted to 60% of water holding capac-
ity (WHC) and maintained during incubation by periodic 
weighing and replenishment with distilled water. To 
minimize evaporative loss, each soil sample was placed 
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into flat tubes (40  mm diameter, 120  mm height) and 
incubated in a sealed 1 L wide mouth jar containing a vial 
with 10 mL distilled water. During incubation, flat tubes 
were periodically weighed every week, and distilled water 
was added directly to the soil when necessary to restore 
the target moisture content. Soil pH was not artificially 
adjusted to a common value across treatments, because 
pH change was considered part of the treatment effect 
induced by straw and/or biochar addition. After the cul-
tivation was completed, destructive sampling of soil sam-
ples was conducted and HA extraction and analysis were 
carried out.

To reduce confounding variability and facilitate mecha-
nistic interpretation, this study intentionally employed 
one single soil type and standardized incubation condi-
tions. This design allowed treatment-induced molecular 
differences in humic acid to be resolved with high ana-
lytical resolution. The 180-day incubation period does 
not represent the endpoint of humification but serves as 
a single time point for comparative analysis, capturing 
the cumulative transformation results. Previous studies 
have shown that, under typical soil conditions, approxi-
mately 50–70% of the degradable fraction of straw is 
decomposed by microorganisms within 3–6  months, 
with some lignin components breaking down more 
slowly. The molecular composition and structural charac-
teristics of HA at this time point comprehensively reflect 
the cumulative effect of the three stages of decomposi-
tion in the early stage, transformation and recombination 
in the middle stage, and relative stabilization in the late 
stage, which is conducive to the analysis of more com-
prehensive molecular heterogeneity and transformation 
relationship.

2.3 � Soil HA extraction and purification
Humic acid was extracted and purified following the 
International Humic Substances Society procedure, 
which was described in detail by Swift (1996). Briefly, 
20 g air-dried soil was acidified to a pH of 1–2 with 1 M 
HCl solution. After centrifugation, the liquid phase was 
discarded. Following that, samples were extracted with 
a 0.1 M NaOH solution and left to stand overnight. The 
HA supernatant was soaked in a mixture of HF and HCl 
solutions overnight in order to minimize the ash con-
tent. The resulting HA was electrodialyzed, then concen-
trated by rotary evaporation before being freeze-dried to 
remove any remaining water.

2.4 � Structural characterization and molecular composition 
analysis

To examine changes in humic acid (HA) across comple-
mentary structural levels, multiple analytical methods 
were combined rather than relying on a single technique. 

These methods were selected to capture bulk elemental 
characteristics, carbon functional group distribution, 
fluorescent components, radical-active sites, molecular 
formula composition, and nanoscale aggregate morphol-
ogy of HA.

Elemental composition (C, H, N, and O) was deter-
mined to assess the overall chemical composition of HA 
and to derive elemental ratios related to its structural 
characteristics. 3D excitation  emission  matrixfluores-
cence spectroscopy (3D-EEM) was used to characterize 
humic-like fluorescent components and conjugated oxy-
gen-containing aromatic moieties, with commonly used 
fluorescence indices calculated to indicate relative humi-
fication and microbial contribution Electron paramag-
netic resonance (EPR) spectroscopy was applied to detect 
environmentally persistent free radicals and to charac-
terize redox-active radical environments associated with 
oxygen-containing and conjugated aromatic structures 
in HA. Solid-state 13C nuclear magnetic resonance (13C 
NMR) spectroscopy was used to quantify the distribu-
tion of major carbon structural groups, including alkyl C, 
O-alkyl C, aromatic C, and carboxyl/carbonyl C, in order 
to compare changes in oxygenated and aromatic car-
bon fractions among treatments. Transmission electron 
microscopy (TEM) was used to observe the nanoscale 
morphology and aggregate features of HA, providing 
structural information at the supramolecular level.

High-resolution FT-ICR-MS was used to resolve 
molecular formula composition and infer treatment-
related differences in oxidation degree, unsaturation, and 
aromaticity based on van Krevelen analysis, Kendrick 
mass defect analysis, and derived indices including DBE, 
AImod, NOSC, and aromaticity equivalent.

Together, these methods were used to assess whether 
straw, biochar, and their combined application pro-
duced different patterns in oxygen-rich reactive fea-
tures, aromatic and condensed features, and nanoscale 
organization of HA. Detailed analytical procedures and 
calculation methods are provided in the Supporting 
Information.

It is necessary to clarify that FT-ICR-MS mainly detects 
the soluble and ionizable fraction of HA, and large or 
highly aggregated components may be underrepresented. 
However, this method is highly reproducible and suitable 
for comparing relative molecular composition among 
treatments (Goranov et al. 2022). Therefore, the FT-ICR-
MS results are interpreted as relative differences within 
the detectable HA fraction rather than as a complete 
representation of all HA components. Related structural 
characterizations are interpreted as reflecting the rela-
tive behavior and transformation tendency of extracted 
HA under standardized analytical conditions, rather than 
the in  situ structure of HA in soil. Details of structural 
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characterization, molecular composition analysis, and 
FT-ICR-MS data processing are provided in the Supple-
mentary Information.

2.5 � Network construction and analysis
A molecular transformation network was constructed 
from FT-ICR-MS assigned molecular formulas based 
on exact mass differences corresponding to common 
biogeochemical reactions. Nodes represent individual 
molecular formulas, and edges represent potential trans-
formations inferred from predefined reaction rules. Net-
work analyses were performed to characterize molecular 
connectivity, structural importance, and higher order 
organization within the transformation network (Kitson 
et  al. 2021; Traquete et  al. 2022; Cai et  al. 2023). Node 
level importance was first evaluated using PageRank 
and complementary centrality measures to capture both 
global influence and local connectivity patterns. In this 
chemical context, PageRank can be intuitively under-
stood as a measure of how centrally a molecular formula 
is embedded within the inferred transformation network: 
molecules connected to many other well-connected 
molecules receive higher scores and can therefore be 
regarded as occupying more influential positions in the 
potential transformation space of HA.

In addition to overall centrality, reaction type distribu-
tions were quantified at both the network and community 
levels to examine how different transformation processes 
were organized across network modules (Brin and Page 
1998; Page et al. 1999a; Kitson et al. 2021). As part of the 
network construction and validation procedure, mass dif-
ference matching errors were evaluated for all inferred 
transformations by comparing observed product masses 
with theoretical masses derived from predefined reac-
tion Δm values. Errors were tightly centered around zero, 
reflecting the strict mass matching tolerance applied 
during network construction. Community detection 
was conducted on the undirected network to identify 
reaction modules. For each module, internal reaction 
type compositions were analyzed to assess the degree of 
transformation specificity within communities (Freeman 
1978; Bonacich 1987; Page et  al. 1999b; Brandes 2001). 
To facilitate interpretation of dominant transformation 
structures, high confidence subnetworks enriched in 
structurally important nodes were extracted. Weighted 
centrality metrics were applied to integrate network 
topology, signal intensity, and reaction plausibility, ena-
bling the identification of a core reaction subnetwork. 
For consistency across treatment networks, FT-ICR-MS 
signal intensities were normalized to unit sum within 
each treatment dataset prior to analysis. Standard Pag-
eRank was calculated from network topology, whereas 
normalized intensities were used consistently across all 

treatments in intensity-related analyses, including Pag-
eRank-intensity correlations and weighted PageRank-
based core subnetwork and backbone extraction. Within 
this core, backbone transformation chains were inferred 
to represent the most prominent and continuous trans-
formation routes in the network. Detailed descriptions 
of reaction type analysis, weighted centrality calcula-
tions, and highly connected transformation chains iden-
tification procedures are provided in the Supplementary 
Information.

All network analyses were performed using Python, 
primarily relying on the NetworkX, NumPy, SciPy, and 
Matplotlib libraries (Hagberg et al. 2007). Custom scripts 
were developed to ensure reproducibility and are avail-
able upon reasonable request.

3 � Results and discussion
3.1 � Visual analysis of HA
TEM analyses of HA from each treatment identified dis-
tinct nanoscale morphologies (Fig. 1d): dot-like particles, 
lamellar structures (4–6 nm in diameter), and elongated 
fibers with bundled arrangements. EDS analyses corre-
lated higher C concentrations with increased contrast, 
indicating that the observed grayscale variation primar-
ily reflected internal C distribution rather than staining 
artifacts (Fig. S1). Elongated chain-like and linear fibers 
appear to represent the same structural motif viewed 
from different orientations on the membrane, consist-
ent with prior electron microscopy observations that 
HA can appear as shape variable aggregates rather than 
single uniform “macromolecules” (Fedotov et  al. 2023). 
High-C polymeric materials occurred only in PL. In 
BPL treatments, these polymers progressively disinte-
grated into smear-like morphologies consisting of par-
ticles and fiber bundles. This apparent shift in observed 
morphology is difficult to reconcile with a strictly cova-
lent polymer growth mechanism alone; instead, it is 
more consistent with the now widely discussed view that 
humic substances are dynamic associations of relatively 
small components stabilized by non-covalent forces (e.g., 
hydrogen bonding and π-π stacking), whose apparent 
size and morphology can reorganize upon environmen-
tal/chemical perturbations (Piccolo 2001; Sutton and 
Sposito 2005; Baveye and Wander 2019).

At the 10 nm scale, striped lattice-like structures with 
average spacings of 0.268–0.388  nm were observed 
(Fig. 1d), occurring preferentially in C rich regions. Such 
ordered spacings suggest the presence of ordered lattice 
like features or layered organic assemblies, analogous 
to the “ordered subdomains within supramolecular HA 
assemblies” reported in recent TEM-based fractionation 
work on HA (Trubetskaya et al. 2023, 2024, 2025). Under 
organic applications, stripe spacing increased, indicating 
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a loosening and increasing irregularity of HA molecular 
organization, which may alter accessibility/reactivity by 
weakening packing constraints. Importantly, the magni-
tude of expansion differed across applications (smallest in 
BL and largest in PL), implying that biochar derived aro-
matic domains tend to maintain tighter packing/organi-
zation than straw derived oxygenated components, an 
interpretation aligned with the “supramolecular humi-
fication” framework where the balance between hydro-
phobic association and H bonding governs aggregate 

compactness and emergent functionality (Piccolo 2001; 
Sutton and Sposito 2005).

3.2 � Elements and functional groups
The elemental composition captures bulk structural 
shifts in HA (Table  2). Compared to CK, all organic 
applications reduced C, H, and N contents and increased 
O content. Abiotic oxidation and microbial decomposi-
tion preferentially removed C- and H-rich aliphatic moi-
eties, released CO2 and H2O, and partially mineralized 
N-containing components, and resulted in the relative 

Fig. 1  a 13C nuclear magnetic resonance spectra, b EPFR spectrum, c the 3D fluorescence spectrum and d the TEM images of humic acid 
under different treatments
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enrichment of O-containing groups in the residual HA 
(Schmidt et  al. 2011b; Lehmann and Kleber 2015). BL 
produced the lowest H/C ratio,, placing HA in a more 
aromatically condensed state (Schmidt et  al. 2011b; 
Wiedner et  al. 2013), while PL induced the largest 
increase in O/C, characteristic of stronger oxidative pro-
cessing of plant derived inputs (Wiedner et al. 2013); BPL 
retained both tendencies: showing H/C values closer to 
BL and O/C values approaching PL. Condensed and oxi-
dized features therefore co-occurred within the same HA 
molecule rather than separating into mutually exclusive 
pathways. This integration likely resulted from biochar’s 
surface area and active groups adsorbing straw-derived 
intermediates and interacting with soluble degradation 
products (low molecular weight acids, alcohols) via cova-
lent, hydrogen, and van der Waals forces (Wang et  al. 
2016; Premalatha et al. 2023; Lei et al. 2024b; Enebe et al. 
2025), together with straw-stimulated microbial activity 
and biochar-provided habitats that accelerated degrada-
tion and humus reassembly, generating HA with both 
condensation and oxidation features (Liu et al. 2022b; Jia 
et  al. 2023). Among them, biochar functioned as a sta-
bilizing aromatic matrix that retained straw-associated 
oxygen-rich reactive intermediates within its pores and 
on aromatic surfaces. These intermediates were then fur-
ther incorporated into HA through adsorption, π-π inter-
actions, quinone-phenolic coupling, and condensation 
reactions. The relatively persistent components specifi-
cally involved in this process mainly included condensed 
aromatic structures, biochar derived aromatic frame-
works/domains, and quinone-/phenolic-containing aro-
matic moieties, which served as stable matrices for the 

incorporation and stabilization of straw-associated labile 
components. Consequently, all treatments increased 
O/H and enhanced polarity, with PL producing the most 
hydrophilic HA, BL the least polar, and BPL intermediate 
but closer to PL, indicating that straw-biochar interac-
tions yield HA combining molecular features associated 
with BL derived structural condensation and PL derived 
oxidative reactivity (Schmidt et al. 2011b; Wiedner et al. 
2013).

EPFR spectroscopy revealed distinct environmentally 
persistent free radicals (g = 2.0029–2.0044) within HA 
frameworks (Fig.  1b), confirming the widespread pres-
ence of organic radicals across all treatments (Table  3). 
Biochar application (BL) generated exclusively carbon 
centered aromatic radicals (g = 2.0029), a signal com-
monly associated with highly conjugated aromatic struc-
tures and metal-facilitated electron transfer that stabilize 
unpaired electrons through π-electron delocalization 
(Odinga et  al. 2020; Chen et  al. 2024). Elevated pH and 
relatively low redox potential under BL conditions fur-
ther suppressed oxygen-centered radical formation 
and favored the persistence of carbon centered radicals 
via π-conjugated stabilization, consistent with previ-
ous interpretations of biochar derived EPFR behavior 
(Jia et al. 2018; Ruan et al. 2019; Liu et al. 2024; Li et al. 
2025a). In contrast, straw application (PL) and co-appli-
cation (BPL) treatments exhibited oxygen-centered 
radicals (g > 2.0040), typically attributed to oxygenated 
functional groups (e.g., hydroxyl, carboxyl, quinone) and 
redox-active intermediates such as peroxides and semi-
quinones derived from plant residues (Shi et al. 2020; Bi 
et al. 2022). Under BPL conditions, the porous structure 

Table 2  Elemental composition of soil HA samples under different treatments

Treatments N C H O H/C (mol) O/C (mol) C/N (mol) O/H (mol)
[%] [%] [%] [%]

CK 4.455 46.841 4.674 43.504 1.197 0.697 12.267 0.582

BL 4.39 46.693 4.345 44.053 1.117 0.708 12.409 0.634

PL 4.353 45.187 4.235 45.82 1.125 0.761 12.111 0.676

BPL 4.366 45.609 4.253 45.498 1.119 0.748 12.187 0.669

Table 3  EFPR and the relative intensity of fluorescence spectra of soil HA samples under different treatments

Treatment G value ∆H EPFR spins g−1 Fluorophore A Fluorophore B Fluorophore C FI BIX HIX
SFI SFI SFI

CK 2.0034 5.002 7.77×107 72.4 103.2 157.7 0.974 0.366 19.138

BL 2.0029 4.802 1.26×108 88.1 106.8 184.9 0.99 0.367 20.527

PL 2.00436 4.602 1.26×108 85.1 107.7 163.1 1.006 0.371 18.582

BPL 2.00423 5.603 1.29×108 83.9 109.1 184.9 1.051 0.377 17.72
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of biochar may favor the retention of straw derived reac-
tive intermediates within HA assemblages. In addition, 
π-π interactions between biochar associated aromatic 
domains and oxygen-centered radicals are consistent 
with enhanced radical abundance and persistence. Taken 
together, the co-occurrence of these radical signals sug-
gests that labile substrates involved in radical generation 
may be incorporated into biochar stabilized molecular 
matrices, rather than remaining transient or being rap-
idly quenched (Qin et al. 2018; Guo et al. 2023; Yi et al. 
2025).

Linewidths (ΔH = 4.6–5.6 G) narrowed under BL 
and PL, indicating simplified radical environments and 
reduced magnetic heterogeneity, whereas BPL exhib-
ited broader linewidths, consistent with donor–acceptor 
coupling between biochar associated quinones and straw 
derived phenolics that generates spatially heterogene-
ous radical populations with altered magnetic proper-
ties (Wan et al. 2020; Rashid et al. 2022; Xie et al. 2024; 
Du et al. 2025; Liu et al. 2025). Carbon normalized EPFR 
concentrations ((7.77–12.26) × 107 spins g−1 C) increased 
markedly in BL and PL, reflecting enhanced radical for-
mation and reduced inter radical interactions, while BPL 
showed intermediate levels, integrating radical genera-
tion and stabilization mechanisms of both substrates.

In the EEM fluorescence spectra of HA (Fig.  1c), 
three characteristic peaks were identified, A (330–
370/500–550  nm), B (450–465/515–535  nm), and C 
(255–270/490–526  nm), all of which were enhanced 
under organic applications (Table 3). Peak C is commonly 
associated with phenolic and quinone moieties exhibiting 
higher degrees of condensation, whereas peak B reflects 
polymerized aromatic macromolecules such as lignin or 
flavonoid like structures, and peaks A and C together 
represent composite humic like fluorescence compo-
nents (Ateia et al. 2017; Liu et al. 2021).

Biochar application(BL) produced the largest increases 
in peaks A and C, placing HA in a more strongly conju-
gated, high-molecular-weight aromatic state, whereas 
straw application(PL) produced higher B peak fluores-
cence intensity, reflecting the direct incorporation of 
lignin and flavonoid derived components from plant resi-
dues (Wang et al. 2014; Cheng et al. 2024; Ying et al. 2024; 

Cui et  al. 2025). BPL showed the smallest increase in 
peak A but matched BL in peak C intensity and and also 
showed a pronounced redshift and the highest B peak 
intensity. Even under lower straw input, HA retained 
strong aromatic condensation and conjugation while 
incorporating straw-derived secondary metabolites. Bio-
char derived aromatic frameworks and redox-active sites 
can facilitate electron transfer and condensation reac-
tions, thereby offsetting lower straw input and sustaining 
conjugated HA formation (Meng et al. 2023).

Fluorescence indices further supported this interpre-
tation. All FI < 1.4 confirmed predominantly exogenous 
HA origins; FI still rose after organic application, with 
the smallest increase under BL and the largest under 
BPL, straw addition shifted HA toward a stronger micro-
bial imprint, and the shift was strongest under BPL (Chin 
et  al. 1994; Cory and McKnight 2005). BIX exhibited 
trends parallel to FI, reflecting greater proportions of 
newly formed, autochthonous HA in PL and BPL rela-
tive to BL (Liu et  al. 2020). In contrast, HIX displayed 
an opposing pattern, increasing only under BL while 
decreasing under PL and further under BPL, indicating 
that although biochar applications promoted humifica-
tion and aromaticity, straw applications, particularly 
when coupled with biochar favored the accumulation 
of more active HA. Together with the EPFR results, we 
found that HA formed under co-application retains high 
conjugation and redox activity despite weaker humifica-
tion signatures, allowing reactivity and persistence to 
coexist within the same system.

Across all treatments, the 13C NMR spectra of HA 
(Fig. 1a) displayed aromatic C was the dominant fraction 
(45.22–53.10%), followed by O-alkyl C, carbonyl C, and 
alkyl C (Table 4). Compared with CK, carbonyl, O-alkyl, 
and aliphatic C increased under all exogenous carbon 
treatment (BPL > PL > BL > CK), whereas aromatic C 
increased only under BL but declined under PL and BPL 
(BL > CK > PL > BPL). Biochar intrinsically enriched in 
condensed aromatic structures, promoted the incorpora-
tion and preservation of aromatic C within HA, whereas 
straw application favored the accumulation of oxygen 
containing, non-aromatic components and the transfor-
mation of pre-existing aromatic structures, consistent 

Table 4  Relative carbon distribution (%) of HA in solid state 13C-NMR spectra extracted from soils managed

Treatment Carbonyl C Aromatic C O-Alkyl C Alkyl C Aliphatic C Aliphatic C/
Aromatic C

Alkyl C/O-
alkyl C

Hydrophobic C/
Hydrophilic C160–230 ppm 110–160 ppm 50–110 ppm 0–50 ppm 0–110 ppm

CK 15.24 51.10 12.04 16.59 28.63 0.56 1.38 2.48

BL 17.65 52.54 15.24 16.28 31.52 0.60 1.07 2.09

PL 19.89 46.54 21.34 14.72 36.06 0.77 0.69 1.49

BPL 21.62 45.22 32.93 14.08 47.01 1.04 0.43 1.09
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with previous NMR based observations that labile plant 
inputs tend to dilute aromatic signatures while enhancing 
O-alkyl and carbonyl pools. Notably, these effects were 
further amplified under combined application (BPL), 
suggesting that straw derived reactive substrates acceler-
ate molecular turnover while biochar associated aromatic 
frameworks constrain complete aromatic loss. Consist-
ent with these compositional shifts, key structural ratios 
changed markedly. Aliphatic/aromatic C ratios increased 
under BL and PL, alkyl/alkoxy C ratios decreased, and 
hydrophobic/hydrophilic C ratios declined across treat-
ments, with the strongest shifts observed in BPL. Such 
ratio changes are commonly interpreted as indicators of 

reduced molecular condensation and hydrophobic pro-
tection, alongside enhanced chemical accessibility (Liu 
et al. 2021; de Aguiar et al. 2022).

3.3 � Characteristics of the molecular composition of HA 
in the treatment

Given the complex composition of HA molecules, tradi-
tional analytical techniques are insufficient to fully resolve 
treatment-induced differences. Therefore, we employed 
FT-ICR-MS to comprehensively characterize molecular 
changes in soil HA under different treatments. A total of 
3133–3857 compounds were identified, primarily CHO 
(57–72%), followed by CHON (19–31%), CHOS (6–9%), 

Fig. 2  Changes in molecular structure, the H/C and O/C distribution of HA molecules in van Krevelen diagrams the relative abundance of seven 
component groups of HA under different treatments. The plots of aromatic equivalent (Xc) as a function of carbon number for aromatic-free, 
aromatic, and condensed aromatic compounds of HA. The values of Xc ≥ 2.5000, Xc ≥ 2.71429, and Xc ≥ 2.80952 were considered to be the criteria 
for the presence of aromatic compounds and condensed aromatic structures
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and CHONS (0.5–1%) (Fig. 2). Exogenous carbon inputs 
decreased the proportions of CHO, CHOS, and CHONS 
compounds, while increasing CHON. Relative to CK, 
BL reduced CHO (−0.2%), CHONS (−0.9%), and CHOS 
(−0.2%), whereas PL caused greater decreases. Notably, 
in the BPL treatment, CHONS and CHOS decreased, but 
both CHO and CHON increased, with the largest shifts 
among all treatments.

According to the van Krevelen diagram (Fig.  2), 
molecular distributions varied among treatments. To 
refine molecular classification, HA compounds were 
grouped into seven categories: lipids (H/C = 1.5–2.0, 
O/C = 0–0.3), proteins (H/C = 1.5–2.2, O/C = 0.3–0.67), 
lignin (H/C = 0.7–1.5, O/C = 0.1–0.67), carbohydrates 
(H/C = 1.5–2.4, O/C = 0.67–1.2), unsaturated hydrocar-
bons (H/C = 0.7–1.5, O/C = 0–0.1), condensed aromatics 
(H/C = 0.2–0.7, O/C = 0–0.67), and tannins (H/C = 0.5–
1.5, O/C = 0.67–1.2) (Ohno et  al. 2014). Relative abun-
dances (Fig. 2) showed that lipids, lignin, and condensed 
aromatics together accounted for over 60% of HA across 
all treatments, followed by proteins (7–13%), tannins 
(6.4–6.9%), unsaturated hydrocarbons (2–4%), and car-
bohydrates (1–3%). Organic applications increased lipids, 
unsaturated hydrocarbons, and condensed aromatics. 
Compared with CK, BL contained the highest propor-
tion of condensed aromatics (26.18%) but reduced pro-
teins, lignin, and carbohydrates, whereas PL enriched 
lipids (23.3%), proteins (13.2%), and tannins (6.7%) while 
minimizing carbohydrates (1.94%). Under co-application 
(BPL), lipids, lignin, and tannins reached the highest 
proportions, and condensed aromatics were only 0.9% 
lower than in BL, indicating that straw-biochar interac-
tions not only enhanced the abundance of chemically 
active structures but also maintained a high aromatic 
content, thereby strengthening molecular architec-
tures commonly associated with reduced bioavailabil-
ity. Mechanistically, straw mainly supplied oxygen-rich 
reactive precursors, whereas biochar contributed per-
sistent aromatic domains. Under co-application, these 
biochar-associated aromatic frameworks retained and 
reorganized straw-associated labile intermediates, lead-
ing to their incorporation into HA through condensation 
and aromatic reassembly. Therefore, the interaction was 
specifically mediated by condensed aromatics, biochar-
associated aromatic frameworks/domains, and quinone-/
phenolic-containing aromatic moieties, rather than by a 
simple additive accumulation of two independent carbon 
inputs (Hertkorn et al. 2008; Kellerman et al. 2018; Chae 
et al. 2024).

Double bond equivalent (DBE) captures the abundance 
of double bonds and rings in organic molecules, higher 
values correspond to lower saturation and greater struc-
tural condensation (Zhou et  al. 2023). DBE rises with 

molecular size, as unsaturated bonds and cyclic struc-
tures accumulate in larger molecules (Fig.  3b). Com-
pared with BL and PL, BPL maintained higher DBE for 
compounds containing 20–40 carbon atoms and an even 
more pronounced increase at C > 40, indicating the for-
mation of larger and more unsaturated molecular struc-
tures under co-application. The nominal oxidation state 
of carbon (NOSC) (Fig.  3c), tracks the redox state of 
organic matter, integrates information on both oxygen 
incorporation and molecular unsaturation, linking for-
mula composition to potential biogeochemical reactivity 
(Han et al. 2025; Xiao et al. 2025). BPL also maintained 
higher NOSC (Fig.  3c), so straw-biochar interactions 
generated HA molecules that simultaneously possessed 
a greater degree of unsaturation and enriched oxygen 
containing functional groups. The co-occurrence of high 
DBE and high NOSC marks organic matter that remains 
chemically reactive while retaining substantial structural 
complexity, rather than representing purely labile or fully 
stabilized carbon pools. BPL pushes HA toward a more 
advanced transformation state, where enhanced oxygena-
tion co-occurs with a high degree of retained aromatic 
condensation, enhancing chemical reactivity while simul-
taneously influencing longer-term stabilization pathways 
through molecular organization and redox buffering 
(Schmidt et al. 2011a; Kellerman et al. 2018).

According to the Aromaticity Index (AI) and H/C ratio, 
the van Krevelen diagram can be divided into four regions 
(Fig.  3a): aliphatic compounds (2.0 ≥ H/C ≥ 1.5), highly 
unsaturated and phenolic compounds (AI ≤ 0.50 and 
H/C < 1.5), polyphenolic compounds (0.66 ≥ AI > 0.50), 
and polycyclic aromatic compounds (AI > 0.66) (Keller-
man et al. 2018). Because of the low ratio of CHONS to 
CHOS, AImod was calculated only for CHO and CHON 
species. Compared with CK, BL increased aliphatic and 
polycyclic aromatic fractions, PL reduced polycyclic aro-
matics but significantly enriched polyphenolics, while 
BPL yielded the highest proportion of aliphatics (35.5%) 
and intermediate levels of polycyclic aromatics and 
polyphenolics. Aromatic and condensed aromatic com-
pounds with long alkyl chains were further characterized 
using the aromaticity equivalent Xc (Yassine et al. 2014), 
where Xc ≥ 2.5000 and Xc ≥ 2.7143 define aromatic and 
condensed aromatic compounds, respectively. Most HA 
molecules were identified as condensed aromatics, with 
fewer simple aromatics (Fig.  1). After application, both 
aromatic and condensed aromatic fractions increased, 
but BL mainly enriched condensed aromatics with C 
number of 20–30 (Xc ≥ 2.7143), PL enhanced condensed 
aromatics with C number of 10–20, and BPL favored the 
formation of simpler aromatic compounds with lower 
aromaticity (Xc ≥ 2.5000), the aromatic pool thus shifted 
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Fig. 3  a Based on elemental ratio diagrams derived from FT-ICR-MS analysis, molecular compositions were classified using threshold criteria 
of the aromaticity index (AI) to identify aliphatic, phenolic, polyphenolic, and polycyclic aromatic compounds, and to quantify their relative 
proportions, b Carbon number versus double bond equivalent (DBE) plot and c DBE vs. nominal oxidation state(NOSC) of carbon plots of HA 
molecules. d Kernel density plots of removed and produced HA structural components as a function of m/z, as well as e the Kendrick mass defect 
analysis of HA molecule for different treatments. BPL exhibited a broader redistribution pattern across low to intermediate KNM regions
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from highly condensed structures toward less condensed 
aromatic molecules..

At different structural levels, the lower aromatic C 
detected by 13C NMR under BPL corresponded to a 
redistribution and loosening of highly condensed aro-
matic domains at the supramolecular level. FT-ICR-MS, 
by contrast, captured the concurrent enrichment of sim-
pler aromatic molecules with lower aromaticity equiva-
lents. Co-application did not reduce aromaticity itself, 
but redistributed aromatic structures between highly 
condensed domains and less condensed molecular forms 
within HA.

Kendrick mass defect (KMD) analysis was applied to 
further investigate compound transformation and elimi-
nation during humification (Fig. 3e and Fig. S2). Based on 
KMD theory, organic molecules with identical KMD val-
ues are homologous and differ only in molecular weight, 
where Δm corresponds to integer multiples of selected 
functional group masses. Six functional groups were 
examined ± CH2 (methylation/demethylation), ± COO 
(carboxylation/decarboxylation), ± H2 (hydrogenation/
dehydrogenation), ± OH (hydroxylation/dehydroxyla-
tion), ± C6H5 (aromatication/dearomatication), and ± CO 
(carbonylation/decarbonylation) (Hughey et  al. 2001). 
Among them, BL primarily removed CH2, COO, and 
C6H5 groups at high Kendrick nominal mass, while pro-
moting methylation, carboxylation, and aromatication 
in lower mass HA molecules. In contrast, PL removed 
H2, OH, and CO at higher mass, while enhancing hydro-
genation, hydroxylation, and carbonylation in lighter 
fractions. Under co-application (BPL), these processes 
converged: high mass compounds were cleaved into 
lower mass homologs, while methylation, hydrogena-
tion, carboxylation, hydroxylation, aromatication, and 
carbonylation were simultaneously enhanced in low mass 
fractions. This dual effect not only eliminated excessively 
aged HA molecules but also increased the structural 
diversity of younger HA, consistent with the observed 
decrease in aromaticity and increase in unsaturation 
(Figs. 1, 3).

Comparison of KMD density distributions among 
treatments reveals clear, reaction-type-dependent con-
trasts across Kendrick nominal mass (KNM) domains 
(Fig.  4). Comparisons between single applications 
showed that PL was characterized by relative enrich-
ment of oxygen related and hydrogenation associated 
homologous series (± OH, ± CO, ± COO, and ± H2) pre-
dominantly in low to intermediate KNM ranges (< 300–
400), whereas BL exhibited higher densities of alkyl and 
aromatic related homologs (± CH2 and ± C6H5) concen-
trated in higher KNM domains (> 400). Relative to PL, 
co-application (BPL) consistently reduced relative rep-
resentation of low KNM oxygenated and hydrogenation 

related structures, accompanied by redistribution toward 
intermediate KNM regions involving alkylated and aro-
matic associated series. In contrast, compared with BL, a 
pronounced reduction of high KNM alkyl and aromatic 
dominance under BPL, together with enhanced densi-
ties of multiple functional group homologs in low to 
intermediate KNM ranges. Across all six reaction types, 
BPL simultaneously attenuates the low mass, oxygen rich 
enrichment characteristic of PL, and the high mass, con-
densed aromatic and alkyl accumulation characteristic 
of BL, resulting in a broader redistribution of molecular 
populations across KNM space rather than amplification 
of a single transformation direction.

We conducted a detailed comparison of HA mol-
ecules formed under different treatments. In CK, 
HA exhibited a normal m/z distribution centered 
around 250, with an average molecular formula of 
C18.08H20.08N1.15O7.77S0.06. After organic applications, 
distributions shifted toward higher m/z values: approxi-
mately 280 under BL and PL, and 300 under BPL, with 
the latter showing the most pronounced shift and an 
average formula of C30.24H27.82N1.73O11.86S0.14 (Fig.  3d). 
PubChem based structural inference indicated that 
carbon-based unit addition promoted polymerization, 
condensation, and addition reactions, with BPL produc-
ing HA enriched in complex cyclic or branched struc-
tures, extended chains, diverse N-functional groups 
(e.g., heterocycles), and more oxidative moieties such as 
carboxyl, aldehyde, and ketone groups. Compared with 
removed HA (H/C = 1.119, O/C = 0.429), newly formed 
HA (H/C = 1.064, O/C = 0.447) was more unsaturated, 
aromatic, and oxidized. Consistent with KMD analysis 
(Figs.  3e, 4), large condensed aromatics in original HA 
were partially degraded, while exogenous inputs gener-
ated smaller carbon structures that underwent oxidation, 
dehydrogenation, and aromatization to form new HA 
components.

Across these complementary analyses, the results sug-
gest that these functional-group and molecular features 
suggest distinct structural implications at the soil level. 
Oxygen-rich moieties may favor mineral-surface adsorp-
tion, particle bridging, and the initial formation of micro-
aggregate-associated organic matter, whereas aromatic 
and condensed structures may favor compact aggregate 
interiors and greater resistance to structural disruption. 
Accordingly, the co-application likely promotes both 
interfacial anchoring and internal reinforcement of soil 
organic assemblies, making it potentially more favorable 
for the formation and persistence of organo mineral asso-
ciated microaggregates.
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Fig. 4  Density difference maps of Kendrick mass defect (KMD) distributions for six homologous reaction series (± CH2, ± COO, ± H2, ± OH, ± C6H5, 
and ± CO) across different treatments. For each reaction series, pairwise comparisons between treatments (BPL vs PL, BPL vs BL, and PL vs BL) are 
shown as two-dimensional kernel density estimation (KDE) difference maps in Kendrick nominal mass-KMD space. Color intensity represents 
the difference in point density between the two treatments, with red indicating regions enriched in the first treatment and blue indicating regions 
enriched in the second treatment. Density differences were calculated using identical KNM and KMD ranges for each reaction series to ensure 
comparability. All panels share a common color scale within each reaction series. Across the six homologous series, PL showed relatively greater 
density in low to intermediate KNM regions for oxygen-related and hydrogenation-associated series (± OH, ± CO, ± COO, and ± H2), whereas BL 
showed greater density in higher KNM regions for alkyl- and aromatic-related series (± CH2 and ± C6H5). BPL showed an intermediate but broader 
redistribution
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3.4 � Network‑based analysis highlights distinct molecular 
organization patterns and inferred transformation 
spaces

Directed molecular reaction networks were constructed 
based on FT-ICR-MS assigned molecular formulas to 
explore how different exogenous carbon inputs were 
associated with the organization and connectivity of HA 
molecular assemblages (Fig. 5 and Table S4). Rather than 
representing directly observed biogeochemical reaction 
sequences, these networks describe putative transforma-
tion relationships inferred from exact mass differences 

corresponding to common biochemical reactions. Dif-
ferences among treatments were therefore interpreted 
in terms of network organization, molecular connectiv-
ity, and the relative prominence of inferred transforma-
tion types, providing a framework to compare how straw, 
biochar, and their combined application influence the 
potential transformation space of HA molecules (Simp-
son et al. 2002; Lehmann et al. 2011; Kleber et al. 2015). 
In the straw application (PL), network cores were domi-
nated by low molecular weight, nitrogen containing HA 
associated components. Their PageRank scores were 

Fig. 5  Network organization and modular structure of humic acid (HA) molecular assemblages under different treatments. Directed molecular 
reaction networks were constructed from FT-ICR-MS assigned molecular formulas based on mass difference inferred transformations. Node size 
is proportional to PageRank values, with larger nodes representing higher PageRank scores, and node color denoting community membership. 
And node color denotes community membership. Ellipses outline major molecular communities identified by modularity based community 
detection
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positively related to molecular abundance but nega-
tively correlated with molecular mass, suggesting that 
network importance was concentrated in relatively low 
molecular weight, nitrogen-containing HA components 
that are commonly considered more chemically reactive 
(Simpson et al. 2002; Hertkorn et al. 2008; Lehmann and 
Kleber 2015). Although straw application substantially 
increased molecular diversity and overall network size, 
the high PageRank subnetwork exhibited low connec-
tivity, with newly introduced molecules largely remain-
ing peripheral rather than integrating into a coherent 
core structure. This pattern suggests that straw applica-
tion primarily increases molecular diversity and network 
size, while the highly connected core structure remains 
relatively dispersed, indicating limited reorganization of 
network connectivity (Lehmann et al. 2011; Kleber et al. 
2015). In contrast, biochar application (BL) was asso-
ciated with increased core connectivity and a shift of 
high PageRank nodes toward higher molecular weight 
and more hydrophobic HA components, substantially 
weakening the negative relationship between PageRank 
and molecular mass (Simpson et al. 2002; Schmidt et al. 
2011b; Cai et al. 2022; Cheng et al. 2024). Within the BL 
core network, transformations involving ± CH2 mass dif-
ferences accounted for a larger share of inferred links, 
whereas redox and decarboxylation related mass differ-
ences occurred less often. The network was weighted 
toward carbon-skeleton modification rather than redox 
or decarboxylation relationships (Schmidt et  al. 2011b; 
Kleber et al. 2015; Jin et al. 2018; Chae et al. 2024). Co-
application (BPL) preserved a large network and strong 
core connectivity. The core contained low molecular 
weight HA components and moderately unsaturated mid 
range molecules, with ± CH2, ± H2, and ± H2O mass dif-
ference relationships co-occurring within the network. 
This core placed low-molecular-weight reactive compo-
nents and structurally complex HA molecules in central 
positions (Newman 2006; Kleber et al. 2015; Cheng et al. 
2024).

Community level reaction types sharpened these con-
trasts at the modular scale (Fig.  5; Tables S5–S8). The 
HA networks in PL comprised 854 communities with 
mixed reaction types and weak functional specializa-
tion, numerous parallel molecular associations rather 
than a few highly specialized modules(Hertkorn et  al. 
2008; Barabási Sciences 2013; Che et  al. 2021). By con-
trast, the BL network contained 310 communities, with 
larger average module size and pronounced enrichment 
of ± CH2 (methylation/demethylation) and ± H2 reactions, 
accompanied by a relative depletion of decarboxylation 
processes (Lehmann et al. 2011; Kleber et al. 2015). ± CH2 
dominated transformations and lower modularity, BL 
thus favors conservative molecular transformation 

pathways, that preserved carbon backbones through 
stepwise methylation and demethylation (Schmidt et  al. 
2011b; Underwood et  al. 2024). The BPL treatment had 
an intermediate modular pattern with higher complex-
ity: community count approached PL; several mid to 
large communities showed co-enrichment of ± CH2, ± H2, 
and ± H2O reactions, co-application maintained high 
reaction diversity and promoted biochar driven modu-
lar core formation, thereby facilitating the integration of 
straw derived reactive components into HA functional 
modules with well defined mechanistic signatures (Kle-
ber et al. 2015; Sun et al. 2022; Cao et al. 2023; Li et al. 
2025b).

Centrality analysis further clarified the roles of key 
molecular (Fig.  6). Under PL, low molecular weight, 
nitrogen rich HA components showed high local con-
nectivity and global influence, low molecular weight HA 
components occupied central positions in loosely cou-
pled modules linked by intermediate sized HA molecules 
(Lu et  al. 2024; Zhou et  al. 2024). BL shift this network 
hierarchy, high betweenness centrality was concentrated 
in mid to high molecular weight O4-class HA compounds 
linking multiple modules. Small HA components main-
tained high eigenvector centrality in densely connected 
cores. The split between structural bridge nodes and 
reactive core nodes increased structural organization 
within the HA molecular assemblage rather than purely 
kinetic control (Li et  al. 2024; Zhang et  al. 2024). Co-
application (BPL) reinforced this role hierarchy. Straw 
associated molecular components occupied more cen-
tral positions within the network in the presence of bio-
char associated mid to high molecular weight molecules 
(Zhang et al. 2024; Xie et al. 2025).

Extraction of highly connected molecular chains 
from the weighted network core was used to summa-
rize dominant patterns of molecular connectivity under 
different treatments (Fig.  7 and Tables S9–12) (Cai 
et  al. 2022; Gong et  al. 2023). Under BL, only one rep-
resentative reaction backbone was retained, compris-
ing 26 nodes and 25 edges. This reaction chain shows a 
transformation from smaller to larger molecules and 
from oxygen-rich to oxygen-poor compositions, accom-
panied by increased unsaturation and enhanced aro-
matization, and also exhibits distinct stage-specific 
characteristics. Stage A (C8H5O5 → C11H13O5), consecu-
tive methylation and hydrogenation reactions dominate, 
leading to continuous expansion of the carbon skeleton 
and a transient increase in saturation during the early 
phase. Stage B (C11H13O5 → C13H11O3) is characterized 
mainly by dehydration, dehydrogenation, and formal 
reduction, with intermittent hydration and methylation 
steps, resulting overall in the loss of oxygen-containing 
functional groups and increased conjugation. In Stage C 
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Fig. 6  Centrality landscape of HA molecular reaction networks under different treatments. The centrality landscape illustrates the distribution 
of degree, betweenness, and eigenvector centrality across molecular formulas, highlighting their distinct functional roles within the inferred 
reaction networks. Degree centrality represents local molecular connectivity, betweenness centrality identifies structural bridge molecules linking 
network modules, and eigenvector centrality indicates molecular formulas embedded within highly connected core regions
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(C13H11O3 → C15H11O), further methylation, dehydroge-
nation, and deoxygenation reactions occur, yielding pro-
gressively oxygen-depleted molecules; notably, C15H11O1 
represents the lowest-oxygen intermediate along this 
pathway. In Stage D (C15H11O → C16H11O3 → C16H9O3), a 
carboxylation step causes a local increase in oxygen con-
tent, followed by further dehydrogenation to generate 
the terminal highly unsaturated product. After biochar 
application, HA undergoes a continuous transforma-
tion jointly driven by methylation and dehydrogenation, 
involving carbon-skeleton expansion, a transient increase 
in saturation, deoxygenative condensation, terminal 
refunctionalization, and further dehydrogenation, ulti-
mately leading to larger carbon skeletons, higher unsatu-
ration, and enhanced aromatization.

Under PL treatment, 20 representative reaction 
pathways (D1–D20) were retained, with path lengths 
ranging from 11 to 15 nodes. The core HA molecular 
transformation network after straw application is com-
posed of multiple medium-length pathways that are 
relatively independent but share several key interme-
diates. (1) In the low molecular weight region, multiple 
pathways originate from oxygen-rich precursors such as 
C7H9O6, C8H7O3, and C8H5O5. Through demethylation, 

dehydration, reduction, and hydrogenation, these path-
ways repeatedly converge on intermediates such as 
C6H5O3, C6H7O3, C6H9O3, and C7H11O3, and then 
diverge further. One branch continues through deoxy-
genation and renewed methylation, ultimately forming 
low oxygen products such as C8H9O2 and C9H11O2. The 
other forms a stabilization branch, in which hydration 
and hydrogenation lead to relatively hydrogen-rich and 
oxygen-rich products such as C8H17O5 and C6H11O3. (2) 
In the medium and high molecular weight region, the 
pathways generally proceed through three stages: initial 
unsaturation increase and side chain adjustment, fol-
lowed by deoxygenation and skeleton transformation, 
and finally the formation of low oxygen, highly unsatu-
rated products. Starting from precursor molecules such 
as C11H19O4, C12H17O5, and C16H21O4, these pathways 
undergo successive dehydrogenation, dehydration, meth-
ylation/demethylation, and reduction, and gradually con-
verge on low oxygen, highly unsaturated products such as 
C13H13O2, C15H13O4, C15H9O1, and C14H9O2.

In BPL, HA molecular transformation is characterized 
by initial activation through oxidation and hydration, fol-
lowed by dehydration, reduction, decarboxylation, meth-
ylation, and hydrogenation, ultimately converging on a 

Fig. 7  Inferred reaction backbone chain detection of HA molecular reaction networks under different treatments. Inferred reaction backbone 
chains summarize dominant pathways of molecular connectivity extracted from the weighted networks, providing a complementary view 
of network organization and integration under different treatments
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limited number of low oxygen, more highly hydrogen-
ated, or re-alkylated products. The molecular transfor-
mation network can be broadly divided into two major 
trajectories. (1) The convergence of aromatic oxygen-con-
taining precursors toward relatively low-oxygen, more 
highly hydrogenated C15 products. These pathways start 
from relatively unsaturated oxygenated molecules such 
as C11H9O4, C16H9O6, and C14H11O3, which first undergo 
hydration, oxidation, or related activation steps to form 
more oxygenated intermediates (e.g. C11H9O4-C11H11O5, 
C16H9O6-C16H9O7, C14H9O3-C15H9O5). The pathways 
then repeatedly pass through nodes such as C14H9O6, 
C14H11O4, and C15H13O4, and ultimately converge on 
C15H15O3. (2) The conversion of moderately oxidized 
intermediates into low oxygen, highly hydrogenated 
products such as C14H19O2 and C12H17O2. These path-
ways mainly originate from C12H19O3 or from intermedi-
ates formed through early reduction and hydrogenation, 
then proceed through oxidation or hydration, followed 
by dehydration, dehydrogenation, reduction, and succes-
sive hydrogenation, ultimately yielding products such as 
C14H19O2, C14H17O2, and C12H17O2.

In contrast to the single-application (BL, PL), HA trans-
formation under BPL follows a sequence of initial activa-
tion, structural transformation, and final deoxygenation 
with pathway convergence. In the early stage, oxidation 
and hydration act as activation steps, increasing oxygen 
content or altering functional-group states. In the middle 
stage, methylation, dehydrogenation, dehydration, and 
reduction restructure the carbon skeleton and modify the 
degree of unsaturation. In the late stage, decarboxylation, 
reduction, and successive hydrogenation lead to terminal 
products with lower oxygen content, higher hydrogena-
tion, or renewed alkylation. Compared with BL and PL, 
BPL shows several distinctive features: (1) Oxidation and 
hydration occur earlier and more concentratively. Rather 
than undergoing direct deoxygenation, some precur-
sor molecules first form more highly oxygenated inter-
mediates through oxygen addition or hydration before 
entering subsequent transformation steps. (2) Dehydro-
genation is concentrated mainly in the early to middle 
stages and is often coupled with methylation and dehy-
dration, whereas hydrogenation occurs more frequently 
in the middle to late stages and is commonly associated 
with reduction and decarboxylation. The network there-
fore follows a pattern of increasing unsaturation followed 
by partial re-hydrogenation. (3) Consecutive methyla-
tion along multiple pathways reflects not only changes in 
oxygen-containing functional groups but also side-chain 
growth and substituent reorganization. (4) Carboxyla-
tion occurs mainly in the middle stage and redirects rela-
tively low-oxygen intermediates toward more oxygenated 
nodes, whereas decarboxylation in the later stage lowers 

oxygen content and promotes pathway convergence, fol-
lowed by successive hydrogenation that produces more 
stable low oxygen end products.

By integrating the representative reaction chains of the 
different treatments, BL, PL and BPL, it can be found 
that although the exogenous carbon input methods are 
different, the intermediate molecules involved in the 
HA molecular transformation process are still mainly 
concentrated within a relatively fixed molecular range. 
C13H15O4, C13H15O3, and C15H13O4 repeatedly appear 
in the transformation and convergence stages of the later 
portions of reaction chains across treatments, linking 
multiple transformation steps, including dehydrogena-
tion, reduction, dehydration, methylation, carboxylation/
decarboxylation, and hydrogenation. These molecules 
may function as key reaction hubs and require further 
validation.

In the BL main chain, C11H13O5, C13H13O5, and 
C15H11O act as key intermediates at critical junctions, 
corresponding to early-stage chain elongation, mid stage 
transformation, and late stage deoxygenation, linking two 
distinct reaction types. In PL, the low molecular weight 
compounds C6H5O3, C6H7O3, C6H9O3, and C7H11O3 
recur across multiple pathways and likely act as impor-
tant intermediates in the conversion of oxygen-rich small 
molecules toward deoxygenation branches or hydration/
hydrogenation branches. In the medium to high molecu-
lar weight region, C14H15O3, C15H15O5, and C15H13O4 
repeatedly occur in the later stages of the reaction net-
work and may serve as key convergence nodes during 
humification after straw addition. In the BPL treatment, 
C11H11O5, C14H9O6, and C15H9O5 are mainly associated 
with intermediates formed during the early activation 
stage through oxidation, hydration, or carboxylation, 
whereas C14H11O5, C14H11O4, C14H15O3, and C15H15O5 
are concentrated in the middle and late stages, where 
transformation and convergence dominate. Based on the 
above analyses, we infer that the HA molecular trans-
formation network may not be a disordered heterogene-
ous system composed of numerous discrete molecules 
or an unstructured molecular continuum, but instead 
an organized network in which a small number of core 
intermediates act as key transformation hubs and differ-
ent classes of molecular clusters participate in stepwise 
modification and coordinated transformation.

These network patterns further support that co-
application did not simply mix two independent car-
bon inputs, but reorganized straw-associated reactive 
intermediates within biochar-associated aromatic and 
structurally persistent molecular frameworks, mainly 
involving condensed aromatics, aromatic domains, 
and quinone-/phenolic-containing moieties. It should 
be emphasized that the molecular reaction networks 
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constructed in this study are based on exact mass differ-
ences and predefined reaction rules, and therefore rep-
resent inferred transformation relationships rather than 
directly observed biogeochemical reactions. While these 
networks provide valuable insights into molecular organ-
ization, connectivity, and potential transformation spaces 
of HA, they do not imply that all inferred reactions occur 
sequentially or at comparable rates in  situ. Accordingly, 
interpretations are framed in terms of network structure 
and association rather than explicit reaction mechanisms.

4 � Conclusion
Co-application of straw and biochar produced a dis-
tinct interaction effect during humic acid formation. 
Straw favored oxygen-rich and chemically accessible 
components, whereas biochar enriched aromatic and 
structurally condensed domains. Under co-application, 
straw-derived reactive intermediates were retained 
within biochar-associated aromatic domains and incor-
porated into HA that combined high oxygenation, ele-
vated radical activity, and persistent aromatic features.

These changes was expressed not simply as a change 
in bulk composition, co-application shifted the aromatic 
pool away from highly condensed domains toward less 
condensed yet still aromatic forms, while bringing low 
molecular weight reactive components into closer asso-
ciation with structurally complex molecules in the trans-
formation network. The dominant outcome was therefore 
not additive carbon accumulation, but the coexistence 
of chemically distinct components within the same HA 
system.

Under co-application, HA retained oxygen-rich and 
radical-active components alongside aromatic and struc-
turally condensed domains, a pattern here termed reac-
tivity-stability coupling. In this context, stabilization 
potential may depends not only on intrinsically recal-
citrant molecules, but also on the retention of reactive 
components within persistent aromatic environments. 
This provides a more precise basis for interpreting how 
mixed organic inputs regulate soil carbon stabilization.
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