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GRAPHICAL ABSTRACT

PUBLIC SUMMARY

 BDOM was identified as an important determinant of biochar-mediated Cd binding 

in soils. 

 Thermal reorganization throughout the charring process  shifts BDOM from 

heterogeneous humic aggregates to phenolic, O-coordinating domains.

 This reorganization enhances Cd immobilization and limits the transfer from the 

soil to the biosphere, here ryegrass 
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ABSTRACT

Biochar-derived dissolved organic matter (BDOM), the soluble fraction of biochar, 

plays an important yet underrecognized role in environmental chemistry, here 

exemplified by heavy metal mobilization/immobilization. Current studies largely 

emphasize biochar as a beneficial additive to soil, but neglect the specific role of the 

highly functional BDOM. In an integrated approach combining spectroscopic analysis, 

ultrahigh-resolution mass spectrometry, and reaction network modeling, we show that 

BDOM is the overlooked reactive fraction in biochar application. The complex 

condensation-derived molecular structures of BDOM across a range of typical pyrolysis 

temperatures (300-700℃) was analyzed, and molecular transformations changed by 

metal coordination were elucidated. We demonstrate that higher pyrolysis temperatures 

facilitate decomposition of humic aggregates and form tyrosine-like phenolic ligands. 

Using cadmium (Cd) binding as a model metal-interaction process, we show that low 

temperature pyrolysis produces soluble condensation products which mobilize Cd, 

while Cd mobility is strongly reduced by the high temperature pendants. This 

transformation occurs via coordinative mechanisms involving rearrangement of 

functional groups, conformational changes in polymer structures, and hydrophobic 

microencapsulation. 

Finally, we demonstrate that the optimized coordination structure significantly 

suppresses Cd mobility in the environment and especially minimizes plant uptake. Our 

thermally controlled synthesis sheds a new light on the role of BDOM and provides a 

rationale for the controversial reports on different biochars in soil applications.
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INTRODUCTION

Biochar (BC) is a widely used sustainable class of environmental materials for heavy 

metal adsorption,1 where the prevailing mechanistic views attribute its contaminant 

immobilization to intrinsic properties such as microporous structures, surface charge-

driven electrostatic attractions, and metal coordination via oxygen-containing 

functional groups.2 However, we will show that this conventional perspective overlooks 

a liquid-phase component we believe to be critical: coexisting soluble carbon 

condensates, named biochar-derived dissolved organic matter (BDOM). Recent studies 

on biomass-derived functional materials have further emphasized that material 

performance is governed not only by the final solid carbon phase, but also by feedstock 

chemistry, extractable molecular fractions and thermal processing history.3-5 Acting as 

both a contaminant transport vector and reactive interface,6 BDOM represents a mobile 

and reactive fraction associated with biochar, modulating metal fluxes disregarded by 

traditional adsorption models.7 The scientific significance of BDOM lies in its dual 

character: it inhered complex chemical structure from pyrolysis, while molecular 

dispersion amplifies its biogeochemical reactivity.8

A fundamental challenge in leveraging BDOM stems from its extreme molecular 

heterogeneity, where thousands of compounds with distinct redox states, aromaticity, 

and functionalization can coexist.9 This complexity complicates characterization and 

obscures clear structure-function relationships. Conventional analyses reduce this 

multidimensional chemical landscape to oversimplified proxies (e.g., SUVA254 or 
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average molecular weight),10 while obscuring the pyrolysis-temperature imprint on 

BDOM molecular composition.11 Pyrolysis temperature enables to selectively 

discriminate between less and more stable bonding moieties and functional group 

distribution via energy-selective bond cleavage, as well as it promotes aromatic 

condensation, thereby predetermining BDOM's environmental behavior through 

conformational legacies.12

Despite growing recognition, a significant knowledge gap remains. Mechanistic models 

remain anchored to static BC-solid interactions, ignoring liquid-phase BDOM-

mediated metal redistribution dynamics and neglecting altered condensation cascades 

caused by metal coordination.13,14 Thermal effects currently remain empirically 

analyzed, lacking predictive links between pyrolysis parameters and materials 

properties.15 

Here, using Cd as a highly relevant model of a heavy metal contaminant, we interrogate 

how thermal programs (300-700℃) reconfigure BDOM's molecular architecture in 

dependence of the presence of metals. Most importantly, using high-resolution mass 

spectrometry, we are able to determine and characterize more than 7000 components 

of isolated BDOM fractions. Integrating this with spectral tracking and reaction 

network modeling, a reaction map of the dynamic trajectories of chemical evolution 

from oxygen-rich moieties to condensed aromatic domains can be created. This 

approach delivers a systems-level understanding of BDOM evolution beyond 

compositional inventories. Finally, by establishing mechanistic links between 

pyrolysis-driven molecular evolution and environmental functionality, this work 
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enables a more rational and advanced design of BDOM-based remediation strategies.

MATERIALS AND METHODS

BDOM sample preparation

The corn stover were selected as raw materials for preparing BDOM. They were 

collected from Heilongjiang Province, China and dried at 30℃ for 24 h to reach a 

constant mass, ground into powder using a high- speed pulverizer, and passed through 

a 60-mesh sieve. The proximate and elemental compositions of the pretreated corn 

stover were determined before pyrolysis and are summarized in Table S1. The 

pretreated corn stover powder was pyrolysed under a N2 atmosphere at a heating rate 

of 15 ℃/min to 300, 500 or 700℃, and each target temperature was maintained for 2 h. 

The resulting biochars were used to prepare BDOM300, BDOM500 and BDOM700.

10 g biochar was added into deionized water (200 mL) and sonicated in the 

ultrasonic bath for 0.5 h. The biochar suspension was separated by centrifugation for 

0.25 h at 5000 rpm. The obtained supernatants were filtered through a 0.45 μm 

membrane and used as BDOM stock solutions.16 According to the biochar feedstock, 

these BDOM samples are denoted as BDOM300, BDOM500 and BDOM700, 

respectively.

BDOM-Cd complexation experiments

The binding studies were carried out in amber glass vials with a volume of 40 mL. 

To stabilize ionic strength, a NaNO3-based background electrolyte solution was 

introduced, resulting in a nitrate concentration of 0.01 mol/L. The pH was maintained 

at 7.0 by employing a 10 mM phosphate buffer, which was prepared by mixing KH2PO4 
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and NaOH at a mass ratio of 85.3. Cadmium (Cd) was added to the system at varying 

levels (0-5 mg/L) to generate a comprehensive binding isotherm for BDOM-Cd 

interactions. To account for the background effect of the phosphate-buffered matrix on 

dissolved Cd, BDOM-free controls were prepared using the same Cd concentration 

gradient and reaction conditions (Table S2). The amount of Cd associated with BDOM 

was calculated from the difference between the residual Cd concentration in this 

BDOM-free control and that in the BDOM-containing treatment. The mixtures were 

continuously shaken at 140 rpm and allowed to equilibrate for 24 h at 25℃ to facilitate 

complete complexation. Following equilibration, the samples were passed through 0.45 

μm filters to eliminate any precipitated solids. To guarantee reproducibility, each 

experimental condition was tested with a minimum of three replicates.

FT-ICR MS data analysis

The raw spectral data were processed using Data Analysis software (v5.2, Bruker 

Daltonics, CA), extracting m/z values with a signal-to-noise (S/N) threshold exceeding 

7. Experimental mass measurements were internally calibrated using reference 

compounds listed in Table S3 before molecular formula determination. Putative 

chemical formulas were derived using the Compound Identification Algorithm (CIA) 

implemented in the Formularity software. Assignments were constrained to a mass 

accuracy of ≤ 0.5 ppm within the m/z range of 100-1000. Following established 

guidelines (golden rules),17 we considered only C, H, O, N, and S in formula 

assignments. To enhance reliability, preference was given to formulas with minimal 

heteroatoms (N, S) and the smallest mass error.18 A summary of formula assignments 

Page 7 of 46

https://mc03.manuscriptcentral.com/innovation-materials

The Innovation Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Pr
e-p
roo
f



For Review Only

is provided in Table S4. Assigned formulas were grouped into four elemental categories: 

CHO, CHON, CHOS, and CHONS. Additionally, biochemical classifications-

including lipids (LP), proteins/amino sugars (PA), carbohydrates (CH), unsaturated 

hydrocarbons (UH), lignin (LG), tannins (TN), condensed aromatics (CA), and 

unclassified compounds ("other")-were assigned based on predefined H:C and O:C 

ratios (Table S5). These classifications serve as preliminary groupings for data 

interpretation rather than definitive structural identifications, as MS/MS validation was 

not performed.

Given the structural complexity of BDOM, computational approaches were 

employed for characterization. The modified aromaticity index (AImod) was calculated 

to estimate aromaticity: AImod= (1+C-0.5*O-S-0.5*(N+H))/(C-0.5*O-N-S), where C, 

H, O, N, and S denote atom counts in each formula.19 The double bond equivalent (DBE) 

was computed as: DBE=1+C-0.5*H+0.5*N. To assess single C-C bonds, we used the 

C-1-DBE index, acknowledging potential underestimation due to undifferentiated non-

C-C double bonds (e.g., C=O, C=N). The nominal oxidation state of carbon (NOSC) of 

each organic molecule was calculated using the following equation: NOSC=-

H/C+2*O/C+3*N/C+2*S/C.20 Gibbs free energy of a given organic compound can be 

computed as the standard molar enthalpy of its complete combustion (ΔH). ΔH values 

are calculated based on the Patel-Erickson equation, where the standard molar enthalpy 

of combustion of organic matter is proportional to the number of electrons that it 

transfers to oxygen during combustion.21,22 This proportionality is expressed through 

the equation: ΔH=-114.14*(4*C+H-2*O-0*N+6*S)/C.23 Functional group 
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transformations (e.g., oxygenation, decarboxylation, dealkylation, deamination, 

desulfonation) between BDOM and BDOM-Cd samples were quantified. These 

computations were performed using R.

RESULTS

BDOM molecular composition, distribution, and properties

Biochar samples were prepared from corn stover under a N2 atmosphere at 

pyrolysis temperatures of 300, 500 and 700℃. The organic matter conversion rates of 

biochars produced at the three pyrolysis temperatures were analyzed (Method S1 & 

Figures S1-2). Higher pyrolysis temperatures led to lower BDOM release and slower 

release kinetics, which can be attributed to the formation of a more refractory carbon 

matrix, depletion of oxygen-containing functional groups and ash-derived mineral 

constraints within the biochar structure (Figures S3-6 & Table S6). During pyrolysis, 

these inorganic constituents may catalyze dehydration, decarboxylation and 

deoxygenation reactions, while also forming local mineral-associated barriers that 

restrict the liberation of soluble organic products.24 The molecular analysis of all 

BDOMs identified a core molecular community comprising 1782 molecular formulas 

shared across all samples (Figure 1A), with LG compounds predominating (75% in 

BDOM300 and BDOM500, decreasing to 60% in BDOM700) (Figure S7 & Table S5). 

LP compounds showed a marked increase from 2% in BDOM300 to 6% in BDOM500, 

while CA and TN substances rose to 21% and 13%, respectively, in BDOM700. All 

these compounds are predominantly composed of CHON and CHO elements (Figure 

S8). During the initial pyrolysis stage (300-500℃), hemicellulose and cellulose 
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underwent selective thermal degradation, and evaporation results in a 29.6% mass loss 

of the biomass (Figure 1B).25 Physically adsorbed water and volatile organic 

compounds are released from biomass through endothermic processes.26 This leads to 

the dissolution of the intermolecular water-based hydrogen bond networks, 

subsequently inducing the liberation of oligosaccharides, acids, ketones, xylose, and 

other products.27 These compounds undergo decomposition, and the consecutive 

aromatic cyclization reactions via aldol reactions and Diels Alder addition/elimination 

schemes are enhanced. This process ultimately leads to the formation of polyaromatic, 

oxygen-functional structures in the biochar (Figure 1D).28 During the carbonaceous 

solid-phase formation stage (500-700℃), lignin begins to dominate the pyrolysis 

process.29 ß-O- linkages are broken to double bonds and phenolic groups, followed by 

deoxygenation reactions (dehydroxylation, decarbonylation). These transformed 

compounds subsequently undergo polycondensation to form the condensed aromatic 

structures (Figure 1C & Table S7). Concurrently, the residual aliphatic side chains 

underwent chain scission, generating volatile fragments, or crosslinking and further 

dehydrogenation when unsaturated (Figure 1E), leading to significantly enhanced 

structural compactness and thermal stability (Table S8). Principal component analysis 

(PCA) clearly distinguishes the BDOM molecular compositions among the different 

samples (Figure 1F). Mass distribution analysis of BDOM (Figure S9) revealed a 

temperature-dependent shift toward higher molecular weight ranges, a phenomenon 

closely associated with the preferential volatilization of low-MW compounds during 

pyrolysis,30 and formation of thermally stable, condensed aromatic structures through 
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dehydrogenation and deoxygenative cyclization.31

The degree and type of oxygen functionalization plays a crucial role in metal 

coordination and is significantly influenced by pyrolysis temperature.32 Here, we used 

the standard molar combustion enthalpy (kJ/mol C) as an approximation for the Gibbs 

free energy associated with the complete oxidation of a given organic compound. This 

allowed us to assess the dependence of molecular energy potential on the nominal 

oxidation state of carbon (NOSC).30,33 Notably, a strong linear relationship is observed 

between the average combustion enthalpy (∆H) and NOSC values of each compound 

classes (R2 = 0.96679) (Figure 1G). During BDOM transformation, most compound 

classes show an increasing ΔH and NOSC values from BDOM300 to BDOM700 (Table 

S9), demonstrating that pyrolysis mostly splits off water and oxidized carbon species, 

leaving C-C bonding behind. As a consequence, the relative carbon content increases 

with carbonization temperature. BDOM700 contained a higher proportion of 

recalcitrant molecules (Table S10). This observation is further supported by the 

intensity-weighted ∆H-NOSC relationships, where the relative intensity weight serves 

as the unit of account for each molecule (Figure 1H). The linear decrease in energy 

density of a broad range of organic substances by 115.78 kJ/mol C per NOSC is 

supported by experimental data from BDOM300-700 samples, which all show linear 

∆H-NOSC relationships within the prediction range of simulated data. Furthermore, 

molecular clusters of BDOM300 and BDOM500 are predominantly distributed in the 

negative NOSC region (Figure S10), indicating their composition is dominated by 

reduced substructures. These low oxidation-state molecules typically exhibit higher 
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chemical reactivity and tend to be preferentially consumed in environmental matrices 

through oxidation reactions or ligand competition.34 In contrast, BDOM700 exhibited 

significantly positive NOSC values, indicating dominance of aromatic structures 

formed through dehydrogenative condensation. Their molecular structures confer 

enhanced chemical stability and environmental resistance to degradation.35

Figure 1 | Comparative analysis of molecular characteristics in BDOM across thermal 

gradients (A) Venn diagram of molecular distribution in BDOM. (B-C) Van Krevelen 

diagrams revealed the molecular transformation of BDOM during progressive temperature 
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elevation. (D-E) Potential Biochemical Transformations in BDOM300-700 and Temperature-

Dependent Precursor-Product Relationships. (F) PCA of the relationship between molecular 

composition and structural factors: H/C ratio, double bond equivalent (DBE), aromaticity index 

(AImod) and other relevant parameters. (G) The relationship between average ΔH (kJ/mol C) 

and NOSC values of compound classes of BDOM300-700. (H) Linear relationship validated 

using known compounds in BDOM, with the shaded area representing the 95% prediction 

interval of the fitted linear regression model.

Variations in coordination mechanisms

Metal complexation experiments with these BDOMs showed a clear increase in 

Cd chelation capacity of BDOM as pyrolysis temperature rose from 300℃ to 700℃ 

(Figure S11). Topological network analysis indicated that BDOM300 exhibited the 

highest reactivity for complexation, undergoing significant aggregation, cross-linking, 

and precipitation, ultimately resulting in denser local structures. BDOM500 and 

BDOM700 demonstrated improved stability, primarily reflected by increased network 

modularity and moderate reinforcement in connectivity (Figure 2A). This phenomenon 

closely correlates with the progressive simplification of component structures and 

dynamic reorganization of functional group binding sequences.

According to Noda’s rules, we further elucidated the temperature-dependent 

coordination disparities through functional group binding sequences resolved by the 

synchronous/asynchronous correlation spectra (Figure 2B & Tables S11-14).36 The 

binding sequence of BDOM300 (1417 > 1056 > 2961 > 3439 > 567 > 1647 cm-1) 

reveals that its chelation process initiates with rapid coordination via carboxylate 

symmetric vibration (1417 cm-1), followed by C-O stretching (1056 cm-1) participating 

in preliminary complex formation. However, carboxylate groups constitute merely 2% 
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of total functional groups (Figures S12-13), indicating that while these moieties exhibit 

high reactivity, their limited absolute abundance restricts overall coordination capacity. 

The binding sequence of BDOM500 shifted to 1417 > 2961 > 3439 > 1647 > 1056 > 

567 cm-1, featuring earlier involvement of aliphatic C-H vibrations (2961 cm-1). This 

likely stems from pyrolytically generated short-chain alkyl groups enhancing 

hydrophobic association, thereby accelerating Cd-organo complex formation. Notably, 

carboxylate abundance increased to 17%, substantially boosting initial coordination 

contribution. Aromatic C=C/amide I (1637 cm-1) peak area decreased from 7% to 4%, 

yet its 1647 cm-1 counterpart advanced to 4th in sequence, suggesting condensed 

aromatic systems in residual humic substances achieve higher π-electron density after 

thermal treatment, strengthening cation-π interactions with Cd. The binding sequence 

of BDOM700 shifted to 1056 > 1417 > 3439 > 2961 > 1647 > 567 cm-1, with the C-O 

band becoming the earliest responding signal and its relative contribution increasing to 

37%. This transition reflects a reorganization of oxygen-containing coordination 

environments during high-temperature pyrolysis. As polysaccharide-derived aliphatic 

structures were progressively dehydrated and condensed, the remaining C-O signals 

were more likely associated with phenolic, aryl ether-like and carboxyl-linked oxygen 

motifs within condensed molecular domains. These reorganized C-O environments 

reduced the structural disorder of the binding interface and allowed C-O-containing 

domains to participate earlier in the coordination sequence of BDOM700. Notably, 

infrared spectra revealed the disappearance of amide I bands at 1650-1655 cm-1 

(observed in BDOM300, Figure S14) and the emergence of signals at 1620-1635 cm-1 
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in BDOM500 and BDOM700.37 This shift signifies reorganization of nitrogenous 

moieties into conjugated, electron-deficient domains through pyrolytic condensation. 

These structured domains create microenvironments favorable for metal coordination 

via chelation and π-electron interactions. 

Figure 2 | Thermal reorganization reshapes BDOM molecular networks and Cd 

coordination pathways (A) Molecular network topology analysis of the BDOM system before 

and after Cd coordination, along with quantitative changes in compound composition, are 

presented with detailed parameters in Table S18. (B) 2D-F'TIR-COS synchronous and 

asynchronous maps of BDOM-Cd complexes, red and blue denote a positive and negative 

cross-peak, respectively. Darker color demonstrates a stronger positive or negative correlation, 

The order of signs were showed in Table S13.

EXAFS analysis revealed detailed information about the coordination 

environment between metals and ligands, including coordination numbers and bond 

lengths. As shown in Figures 3A-C, the near-edge binding energy of BDOM-Cd 
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complexes was higher than that of Cd foil, with E0 consistently around 26713 eV. This 

observation confirms that no valence change occurred during Cd complexation with 

BDOM, indicating coordination interaction served as the primary binding mechanism. 

Compared to BDOM700, BDOM300 and BDOM500 exhibit negative shifts of 0.03 Å 

and 0.01 Å, respectively, which may be attributed to differences in their electronic 

structures and coordination environments (Figure S15). Structural parameters derived 

from Cd K-edge EXAFS fitting data (Table S3) reveal that BDOM-Cd coordination 

bonds consist of Cd-N, Cd-O, and Cd-S linkages. In the first coordination shell, 

BDOM500 exhibits the highest Cd-N coordination number (2.40), while BDOM700 

shows a significantly increased Cd-O coordination number (1.71). Additionally, 

BDOM500 displays a prominent Cd-S coordination bond in the second shell. These 

observations can be ascribed to the abundance of N- and S-containing functional groups 

(e.g., amine and thiol groups) in BDOM500, which facilitate stronger Cd coordination, 

leading to higher Cd-N and Cd-S coordination numbers. In contrast, pyrolysis at 700℃ 

preserves O-containing functional groups (e.g., carboxyl and phenolic hydroxyl groups) 

in BDOM700, enhancing Cd-O coordination. The stability of Cd complexes varies with 

the coordination environment. Cd-N and Cd-S coordination in BDOM500 yields stable 

complexes, whereas Cd-O coordination in BDOM700 forms complexes that are more 

stable. Further wavelet transform (WT) analysis of the Cd K-edge EXAFS signals 

(Figure 3D) reveals strong WT signals across all BDOM samples, with intensities 

matching the oscillation peaks in R-space. Although the similar atomic radii of O, N, 

and S make it challenging to resolve their individual contributions, the observed 
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splitting at the edges of the strong signals provides additional evidence for distinct Cd 

coordination environments. These variations in ligand-specific coordination critically 

influence Cd chelation behavior. 

Parallel factor (PARAFAC) analysis, a robust method for examining BDOM 

fluorescent properties, provides molecular insights into structural and functional 

characteristics governing organic-metal interactions (Figures S16-17 & Table S15).38 

Three distinct fluorescent components were identified in BDOM300-Cd, marine-like 

humic substances (Ex: 235/310 nm, Em: 390 nm), terrestrial humic substances (Ex: 

265/350 nm, Em: 450 nm), and tyrosine-like (Tyr) phenols (Ex: 280 nm, Em: 325 nm). 

The three-dimensional network structure of humic substances may impose steric 

hindrance effects on Cd, reducing the accessibility of chelation sites.39 In BDOM500, 

the number of components decreased to two, previously called “marine-like” humic 

substances (Ex: 280 nm, Em: 315 nm) and tyrosine-like phenolic sites (Ex: 320 nm, 

Em: 305/420 nm). This compositional simplification likely mitigates intermolecular 

competition for chelation, though residual humic substances may still form molecular 

aggregates via π-π stacking interactions, partially masking active binding sites.40 

Remarkably, BDOM700 fully transforms into structures with three tyrosine-like 

phenolic binding sites per metal, maximizing chelation sites exposure, consistent with 

its experimentally confirmed highest Cd uptake. Notably, the disappearance of the 558 

cm-1 peak (metal-O vibration) in BDOM700-Cd does not indicate loss of coordination 

capability. Instead, high-temperature pyrolysis facilitates deeper embedding of Cd into 

the hydrophobic cavities, altering metal-O bond lengths beyond the detection range of 
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FTIR.41 This phenomenon aligns mechanistically with the coordination shell 

reorganization observed in EXAFS studies.

Density functional theory (DFT) calculations were used to further examine the 

energetic basis of the two major fluorescent ligand environments resolved by 

PARAFAC. Salicylic acid (SA) was selected as a simplified model for humic-like 

aromatic carboxyl–phenolic domains, whereas tyrosine (Tyr) was used to represent the 

Tyr-like phenolic component identified in BDOM700.42,43 Under near-neutral 

conditions, phenol synergy directly enables significantly higher binding energy (-38.0 

kcal/mol) and dissociation energy (33.3 kcal/mol) than other systems ( Figures S18-19 

& Table S16). In alkaline environments, although deprotonation elevates monomeric 

SA binding affinity (-31.6 kcal/mol) above monomeric Tyr (-19.8 kcal/mol) (Figure 

S20 & Table S17 & Figure 3E), robust ligand cooperativity in the dual-Tyr system (21.2 

kcal/mol synergistic energy) bridges this gap. This results in the binding energy (-60.8 

kcal/mol) of dual Tyr being comparable to dual-SA (-62.8 kcal/mol) and the mixed-

ligand systems (-61.5 kcal/mol). Crucially, the dual-Tyr complex retains high 

dissociation energy (41.0 kcal/mol), confirming its kinetic stability (Figure 3F). 

Similarly, the stronger Cd binding of BDOM700 across varying pH conditions may be 

associated with cooperative coordination by Tyr-like phenolic domains, presumably 

realized by modified phenolic heterocycles or carboxyphenoles. The enrichment of 

Tyr-like phenolic components at 700℃ pyrolysis therefore provides a plausible 

molecular basis for the enhanced metal-binding capacity of BDOM700.

In summary, pyrolysis temperature governs the cadmium immobilization capacity of 
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BDOM through two pathways: macroscopic component simplification (humic 

substance condensation and enrichment of phenols, heterocycles, and carboxylates) 

reduces competitive binding sites, and microscopic functional group reorganization 

with optimization of binding environments establish spatiotemporally cooperative 

mechanisms. This hierarchy is visually decoded in Figure 3G through schematic 

representations of differential coordination regimes-BDOM300 exhibiting competitive 

steric hindrance in SA ligands, BDOM500 demonstrating isolated non-cooperative 

binding, while BDOM700 reveals a Tyr-like superior efficacy via geometrically 

complementary sites enabling cooperative immobilization. The optimized performance 

at 700℃ pyrolysis originates from three synergistic determinants: abundant C-O groups 

enabling rapid initial coordination, rigid frameworks providing geometrically aligned 

carboxylate/phenol chelation sites, and hydrophobic cavity encapsulation conferring 

intrinsic complex stability.

Page 19 of 46

https://mc03.manuscriptcentral.com/innovation-materials

The Innovation Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Pr
e-p
roo
f



For Review Only

Figure 3 | Structural analysis of BDOM-Cd (A) comparison of Cd K-edge normalized 

XANES spectra. (B) FT curves of the Cd K-edge EXAFS.(C) Fitting curves of F'T-EXAFS 

spectra in R space. (D) Wavelet transform of the Cd K-edge. (E) Comparative analysis of 

electrostatic potential energy surfaces for salicylic acid and tyrosine in both protonated and 

deprotonated states. (F) Binding energies of Cd in different systems after deprotonation, along 

with the energies required for dissociating one molecule from the coordination compounds, are 

presented. Pre-deprotonation binding and dissociation energies are provided in Figures S14-15 

for comparison. (G) Schematic diagram of the coordination mechanism between BDOM and 

Cd, illustrating tyrosine's synergistic role in chelation and the performance advantage of high-

temperature-induced protein component enrichment.

Molecular transformation analysis

A major challenge in DOM research is visualizing the potential biological and 

chemical transformations DOM undergoes over its lifecycle. Quantitative analysis of 

Page 20 of 46

https://mc03.manuscriptcentral.com/innovation-materials

The Innovation Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Pr
e-p
roo
f



For Review Only

molecular transformation pathways and their flux differences also clarifies the 

temperature-dependent molecular mechanism underlying optimized coordination 

performance. Under metal coordination, BDOM300 released 1870 molecules primarily 

consisting of LG, LP, and PA molecules (Figure S21). Compared to BDOM500-Cd and 

BDOM700-Cd, BDOM300-Cd exhibits higher molecular unsaturation (with elevated 

(DBE-O)/C ratios) and greater aromaticity (indicated by lower AImod values) (Table 

S19). BDOM molecules with lower oxidation state (O/C) and higher saturation degree 

(H/C) are more susceptible to Cd binding, with Cd exhibiting greater selectivity towards 

O/C than H/C. To quantify these potential chemical reactions, we calculated the 

functional group difference in molecular formulae representing key reactions, such as 

demethylation and decarboxylation. Across all samples and reaction types, LG 

transformation events predominated quantitatively (Figures 4A-C), indicating that 

substantial LG molecules underwent modifications (e.g., functional group alterations, 

conformational changes, or direct Cd binding) while retaining their core categorical 

characteristics post-reaction. Additionally, LG consistently demonstrates partial 

conversion to PA and TN, predominantly through oxidation, demethylation, and 

decarboxylation pathways, revealing that a subset of LG molecules experienced more 

substantial chemical transformations during complexation. Oxygenation reactions 

demonstrated the broadest substrate and product diversity across all samples, while 

dealkylation reactions showed the highest degree of LP involvement. Deamination 

exhibited the lowest overall transformation frequency with relatively simple reaction 

pathways. 
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Figure 4 | Molecular transformations during Cd coordination (A-C) Possible chemical 

reactions occurring between different compound classes: oxygenation, dealkylation, 

decarboxylation and deamination between BDOM and BDOM-Cd molecules, and quantitative 

data for chemical reactions occurred among various compound classes is available in Table S22.

BDOM700 and BDOM500 demonstrate significantly higher molecular 

transformation activity compared to BDOM300, as evidenced by both the total number 

of transformation events and the diversity of reaction pathway (Figure 5A). Notably, 

BDOM700 and BDOM500 exhibits distinct patterns in their dominant transformation 

pathways. BDOM700 showed the highest conservation strength for LG during 
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decarboxylation (319 events), with particularly prominent transformations of TN 

through both conservative decarboxylation (49 events) and conversion to LG (31 

events). The BDOM500-Cd system exhibits enhanced molecular transformations, 

particularly through oxygenation and dealkylation reactions. Despite its relatively 

lower Cd chelation capacity, BDOM500-Cd demonstrated elevated levels of strong-

coordination ligands, LG content, and overall molecular conversion. This divergence 

may be attributed to the highly efficient and selective COOH coordination in 

BDOM700. Kendrick mass defect (KMD) analysis was applied to further examine the 

transformation and removal patterns of these compounds (Figures 5B & S22).44 Many 

compounds differ solely in their functional groups while maintaining identical core 

structures at the same molecular level. In the KMD plot, molecules with higher carboxyl 

and amino group content predominantly distribute on the right side, while coordination-

generated compounds clustered on the left and removed compounds dispersed toward 

the right. This distribution pattern indicates that Cd coordination induced 

decomposition of (oligo)-carboxyl and (oligo)-amino compounds, a phenomenon 

particularly pronounced in the BDOM700-Cd group. 

The thermodynamic transformation pathways of BDOM, combined with 

molecular stability classification, collectively establish a hierarchical regulatory 

network for Cd coordination (Figures 5C-D & Tables S20-21).45 In BDOM300, the 

thermochemical process was dominated by LG, yet their transformation was severely 

constrained by the recalcitrance of aromatic condensed structures (RA exhibited 

negligible LG content). The labile-active (LA) initially localized at LG (1699) and TN 

Page 23 of 46

https://mc03.manuscriptcentral.com/innovation-materials

The Innovation Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Pr
e-p
roo
f



For Review Only

(168) (Table S10), but post-chelating LA-LG depletion (1699-0) revealed a critical 

limitation: while low-temperature lignin retained incipient reactivity, its 

thermodynamic barrier (thermodynamically limited process (TLP)-LG, 57416) 

prevented effective coordination restructuring, resulting in recalcitrant-active/ 

recalcitrant-inactive (RA/RI) retention. Post-reaction, thermodynamically favorable 

process (TFP) declined to 20603 (66.8% reduction), with TLP-LG still accounting for 

91.4% of residuals, conclusive evidence that untransformed lignin constitutes the 

primary bottleneck in chelation performance decay. In BDOM500, the TFP/TLP ratio 

increased to 1.07, reflecting enhanced thermodynamic activity within the system. 

Concurrently, the LG fraction in RA species rose significantly to 1790, indicating 

progressive structural reorganization. Notably, the emergence of LA-PA species 

signifies a pivotal transition: nitrogen-containing compounds now overcome inherent 

thermodynamic barriers, marking a critical advancement in reaction selectivity. 

Pyrolysis at 700℃ fundamentally altered the thermodynamic conversion landscape. 

The TN fraction in TFP increased to 16.5%, representing a 179% enhancement 

compared to BDOM300. Remarkably, TN maintained a high activity even after 

coordination. The RA-LG/RI-LG ratio reached 3.98, demonstrating that Cd 

coordination induced thermodynamically favorable rearrangement of recalcitrant LG 

fractions (Figure S23).
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Figure 5 | Molecular and thermodynamic pathways during Cd coordination (A) The 

bubble diagrams shows the number of possible precursor-product pairs during the Cd chelation 

process. (B) KMD (COO) and (NH) during the Cd chelation process and its scale-expanded 

segments. (C) Sankey diagram showing the number of intragroup and intergroup 

thermodynamically favorable transformations (TFP) and thermodynamically limited 

transformations (TLP). (D) Chord diagram showing the specific intergroup transformations.

Core molecules tracking

To elucidate the transformation mechanisms of BDOM during Cd chelation, we 

systematically compared mass changes and molecular formula differences, identified 

and quantified potential reaction pathways, and constructed a correlation network 

analysis and phylogenetic trees for the reaction chains ( Figure S24 & Table S23).46 

Based on this analysis, we selected the top 10 molecular formulas with the highest 

weights in each group and performed a mass difference network analysis on 119 

reactions, effectively linking precursor-product pairs (Figure S25). BDOM300 follows 

a sequential reaction pathway, where C17H16O8, C17H18O8, and C18H18O8 serve as 

precursors (Figure 6). The primary reaction is decarboxylation (–CO, –CO2, –CH2O, 

etc.), leading to the formation of fission intermediates, such as glyoxal (–C2H2O2), 
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methylglyoxal (–C3H4O2), and diacetyl (–C4H6O2).47 These intermediates then undergo 

aromatization and polymerization, forming unsaturated and aromatic compounds. 

Following, a sequential cascade reaction can be outlined as follows, starting with 

BDOM300 dealkylation, followed by a cascade of decarboxylation and 

dehydrogenation. The cascade reaction terminates at C13H14O6, where, in addition to 

the aromatic ring structure, the C-O-C and -COOH form an effective chelation site for 

Cd. Higher pyrolysis temperatures stabilize the lignin molecular structure, making 

BDOM500 and BDOM700 groups more inclined to undergo a "one-step reaction" 

during chelation. In contrast, the transformation in BDOM500 is more complex, 

involving various processes such as decarboxylation, dehydration, oxidation, and 

aromatic ring cleavage, resulting in diverse free functional groups. The main products 

are C11H14O7 and C13H16O6, where C13H16O6 and C13H14O6 are considered homologous. 

In the BDOM700 group, the decarboxylation rate reached 34.62%, with the high 

carboxyl content in the precursors playing a pivotal role in this phenomenon. Notably, 

most of these -COOH groups were ester-linked, forming a distinctive "ester-carboxyl" 

motif. Given the inherent complexity and recalcitrance of lignocellulose, the selective 

activation and cleavage of such functional groups remained a longstanding challenge 

in the field.48,49 However, the presence of ester bonds likely facilitates Cd-promoted 

selective scission. Specifically, the "ester-carboxyl" architecture likely exhibits 

enhanced susceptibility to cleavage, particularly in the presence of transition metals, 

especially when compared to isolated carboxyl groups.50
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Figure 6 | Possible transformation pathways of BDOM during Cd chelation and the effect of 

pyrolysis temperature on BDOM formation.

Planting experiments to follow the Cd- mobilization/immobilization over the soil-

plant interface

We selected ryegrass, a species known for its relatively high tolerance to Cd, as a 

model plant to evaluate the ecological effects of the BDOM-Cd molecular coordination 

in a soil-plant system ( Methods S9-10 & Table S24).51 The bioavailability of Cd in 
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soil, along with its uptake and translocation in plants, serves here as key indicators for 

assessing its environmental behavior. Sequential chemical extraction of soil Cd 

revealed that all BDOM treatments reduced the acid-extractable Cd fraction compared 

to the control group CK (same soil with Cd, but no BDOM), indicating the Cd 

immobilization potential of BDOM (Figure 7A-D). This immobilization effect 

increases significantly with increasing pyrolysis temperature (P < 0.05). While the 

reducible-Cd fraction exhibited only minor variations across treatments, the consistent 

increase in the oxidizable-Cd fraction supports our earlier hypothesis: high-temperature 

pyrolysis promotes the formation of a phenol-dominated molecular configuration in 

BDOM, which facilitates Cd stabilization in the organic-bound phase via synergistic 

coordination, thereby converting Cd from labile to stable forms.

The Cd translocation from soil to roots was assessed using the bioaccumulation 

factor: It quantifies that BDOM700 significantly inhibits translocation from soil to roots 

and the subsequent transfer to the leafs (Figure 7E-F). On the contrary, BDOM300 

treatment led even to increased Cd accumulation in stems and leaves, suggesting that 

the loosely complexed Cd formed under low-temperature pyrolysis acts as a 

translocation factor and enhances Cd phytoavailability, likely because labile Cd-

BDOM complexes remained more phytoavailable.

Cd phytotoxicity primarily arises from its ability to induce reactive oxygen species 

(ROS) overproduction, which triggers oxidative stress and cellular damage.52 In the 

antioxidant defense system, peroxidase (POD), superoxide dismutase (SOD), and 

catalase (CAT) are key enzymes involved in ROS scavenging, membrane integrity 
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maintenance, and oxidative damage mitigation.53 Enzyme activity assays showed that, 

compared to CK, BDOM300 did not significantly enhance POD or SOD activities, 

whereas BDOM700 increased their activities by 39.8% and 83.8%, respectively (Figure 

S26). Meanwhile, CAT activity was elevated by 15.3% and 35.6% in BDOM500 and 

BDOM700 treatments, respectively (p < 0.05), indicating that high-temperature BDOM 

effectively activates the antioxidant enzyme system in ryegrass, As a marker of 

membrane lipid peroxidation, malondialdehyde (MDA) content decreased by 12.5% 

under BDOM700 treatment, Cd-induced oxidative damage is alleviated by both the 

lower amount taken up as well as the stimulation of the enzymatic protection system.54

In terms of soil nutrient status and plant growth responses, BDOM application 

exerted positive effects on soil habitat health and promoted ryegrass leaf and root 

elongation. The dry and fresh weights increased by 26.0-87.0% and 92.4-235.5%, 

respectively, compared to the untreated Cd-containing soil CK (p < 0.05; Figure 7G & 

Figure S27) without BDOM. Previous studies have shown that Cd toxicity inhibits plant 

growth by disrupting root tip mitosis, inducing DNA damage and lipid peroxidation 

and interferes with the photosynthetic metabolism. Typical Cd toxicity symptoms-such 

as leaf curling, chlorosis, root malformation, and tissue necrosis-may occur when Cd 

accumulation exceeds 3-30 mg/kg.55 The growth promotion observed in this study may 

be attributed to the effective suppression of Cd uptake and translocation by BDOM, 

including the impediment of Cd entry into root cytoplasm and xylem loading, as well 

as the reduction of Cd bioavailability in soil through speciation changes. These 

mechanisms collectively alleviate Cd phytotoxicity, thereby sustaining normal plant 
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metabolism and morphogenesis (Figure 7H).

The decrease in Cd phytoavailability associated with BDOM–Cd coordination was also 

accompanied by changes in the soil bacterial community. The Simpson index and PCoA 

results showed that CK, BDOM300, BDOM500 and BDOM700 were clearly separated 

from each other (Figure S28), indicating that the three BDOMs did not produce the 

same microbial response, although they were added at the same DOC level. LEfSe 

analysis further identified different discriminant bacterial groups along the pyrolysis-

temperature gradient (LDA score > 3.0; Figure S29).

BDOM300 mainly enriched substrate-responsive taxa, including Spirosomataceae, 

Dyadobacter, Pedobacter, Arcicella and Exiguobacterium. Some of these groups are 

known to be involved in the utilization of dissolved organic substrates, polysaccharide 

turnover and environmental stress adaptation. This pattern agrees with the relatively 

high proportion of mobile and reactive molecules in low-temperature BDOM, as well 

as its weaker ability to stabilize Cd. In the BDOM500 treatment, the enriched taxa 

shifted toward actinomycete-related and stress-adapted groups, including Streptomyces, 

Streptomycetaceae, Kitasatosporales and Neobacillus, together with Acetobacterales. 

This suggests that, at the intermediate pyrolysis temperature, the microbial response 

was no longer dominated only by easily available carbon, but was also related to the 

processing of more transformed organic substrates and organic-acid-associated carbon 

metabolism.

In contrast, BDOM700 enriched several groups more closely related to root-zone 

functioning and metal-stress adaptation, including Azospirillum, Rhizobium and 
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Bacillales. Magnetospirillum and Sphingobacteriales were also enriched in this 

treatment; these groups are more often associated with redox- or Fe-mineral-related 

processes and organic substrate turnover. Such a microbial pattern is consistent with 

the stronger Cd coordination capacity of BDOM700 and the lower Cd transfer to 

ryegrass. Taken together, these results suggest that high-temperature BDOM not only 

stabilized Cd through stronger molecular coordination, but also favored a root-zone 

microbial environment associated with lower Cd bioavailability and improved plant 

stress adaptation.

Figure 7 | BDOM immobilizes soil Cd and limits its uptake by ryegrass (A-D) The fraction 
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of Cd in soils. For each panel, the left side depicts the concentration of a specific Cd fraction 

(F1: acid-extractable, F2: reducible, F3: oxidizable, F4: residual) across treatments using box 

plots, with asterisks indicating significant differences compared to the CK group; the right side 

shows the corresponding capture efficiency. Cadmium concentration in ryegrass roots (E) and 

leafs (F). (G) Plant growth responses, including root length, shoot length, and representative 

photographic evidence. (H) A proposed schematic model illustrating the mechanism by which 

BDOM impedes cadmium uptake and translocation in plants.

CONCLUSION

This study focusses on the previously largely hidden molecular processes throughout 

the generation of a most relevant environmental material, biochar. The ongoing 

processes are analyzed by focusing to the question how pyrolysis temperature controls 

the molecular structure of BDOM, which is the molecular arm of biochar’s active 

chemical functionality. More specifically, structural reorganization mechanisms due to 

metal coordination throughout the material condensation can also be followed, which 

hitherto influences the ability to immobilize heavy metals, here Cd as a model. 

The findings address knowledge gaps in conventional biochar carbonization reaction 

models, which predominantly focus on bulk properties of solid-phase biochar while 

overlooking the essential functionality and its subsequent chemical reactivity in 

BDOM.56 Integrated spectroscopic, mass spectrometric, and reaction network analyses 

demonstrate that elevated-temperature pyrolysis (700℃) drives dissociation of humic 

aggregates and targeted enrichment of phenolic components in local domains, thereby 

enhancing cadmium binding. This performance optimization arises from thermally 

induced topological rearrangement of functional groups optimizing their binding 

configurations, while nitrogen-containing molecules recombine into another 
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conjugated, electron-deficient subdomains, and hydrophobic microcavity 

encapsulation reinforces complex stability. These mechanistic insights resolve 

longstanding uncertainties regarding molecular reconfiguration during metal 

coordination-a dynamic process previously obscured by BDOM's extreme molecular 

heterogeneity, where thousands of compounds with different redox states, aromaticity, 

and functionalization coexist. Pyrolysis-driven directional transformations achieve a 

transition from a disordered polytype of binding sites to rather highly coordinated 

molecular microenvironments, with quantitative characterization of chemical pathways 

confirming that high temperatures select thermodynamically favorable molecular 

species where stabilization by metal ions or surfaces makes them recalcitrant. Most 

importantly for soil applications, this stable coordination effectively suppresses Cd 

translocation, thereby reducing its in-plant accumulation, as experimentally quantified 

in ryegrass plating tissues. 

Overall, this work elucidates fundamental structure-function relationships between 

pyrolysis-induced molecular reorganization of biochars and BDOM-metal coordination 

behavior, especially advancing mechanistic understanding of BDOM-mediated 

contaminant immobilization. This in turn enables rationally designed bio-waste-based 

remediation materials tailored for specific environmental applications which are 

scalable, affordable, and sustainable.
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