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Bio-tar, a byproduct of biomass pyrolysis, poses environmental and processing challenges owing to its
tendency to clog pipelines and its ecotoxicity. Converting bio-tar into functional carbon materials offers
a sustainable route for waste valorization; however, the underlying thermal polymerization mechanisms
remain poorly understood. Herein, we present a single-functional model-compound-assisted analytical
strategy to elucidate reaction pathways and polymerization mechanisms in multifunctional group cou-
pling systems. By constructing a model bio-tar (M-bio-tar) that reflects the chemical heterogeneity of real
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Bio-tar samples, we uncover a temperature-dependent, stage-specific polymerization mechanism comprising
Bio-carbon volatile release (< 200 °C), radical-driven crosslinking polymerization (200-400 °C), and carbon skeleton

consolidation (> 300 °C). Radical dynamics involving alkyl and hydroxyl radicals (R* and HO®) are key
contributors to crosslinking processes, while oxygenated intermediates, such as aldehydes and furans,
enhance polymerization efficiency via synergistic Diels—Alder and cyclization reactions. Structural evolu-
tion analyses reveal temperature-dependent trade-offs among graphitization, dehydrogenation, and
porosity development. Temperature-mediated graphitization and heteroatom elimination result in bio-
carbons with tunable physicochemical properties. Thermodynamic calculations support the proposed
oxygen-regulated reaction pathways and reveal the catalytic roles of unsaturated functionalities. These
findings establish a mechanistic framework for engineering bio-tar-derived carbon materials that inte-
grates biomass utilization and advanced material design, thereby advancing the rational development
of sustainable carbon materials for energy and environmental applications within a circular bioeconomy.
© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Polymerization
Model compound
Simulation

1. Introduction

Pyrolysis is a pivotal technology for developing novel renewable
energy systems, in which solid and gaseous products can serve as
precursors for value-added materials or as direct energy sources
[1,2]. However, the widespread adoption of pyrolysis technology
faces a critical bottleneck: the persistent formation of bio-tar, vis-
cous byproducts generated by the condensation of pyrolytic gas-
eous products, typically accounting for 10%-20% of the total
output [3-5]. Characterized by a dew point below 100 °C, bio-tar
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readily condenses in downstream pipelines and equipment, lead-
ing to frequent operational disruptions due to persistent clogging.
More critically, its chemical composition, dominated by volatile
aromatic compounds, exhibits high environmental persistence
and marked ecological toxicity [6-8]. Existing mitigation strategies
cannot effectively address the engineering challenges of system
maintenance and the environmental risks associated with unin-
tended emissions. For condensed liquid bio-tar, the prevailing
strategy relies on treating it as an energy precursor or chemical
feedstock to increase its utility and enable efficient processing
[9]. Although its high carbon content (60-70 wt%) and low ash
composition (< 1 wt%) position bio-tar as a potential energy carrier,
incomplete combustion and operational challenges stemming from
its high viscosity hinder its practical implementation [10].
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Unfortunately, alternative methods such as distillation or solvent
extraction face limitations because of the complex intercomponent
crosslinking and overlapping physicochemical characteristics of
the material.

Research efforts directed to overcome such barriers have led to
the development of a thermal polymerization strategy that directly
converts bio-tar into solid bio-carbon materials [11,12], simultane-
ously addressing the production of novel carbon materials and bio-
tar treatment challenges [13]. Owing to its higher graphitization
and lower ash content, bio-carbon has great potential for high-
performance applications, such as energy storage electrodes and
adsorbents. However, two major challenges remain: enhancing
production yield and achieving precise control over the physico-
chemical properties of the resulting materials [14]. During thermal
polymerization, light volatile fractions are prone to evaporation or
cracking, substantially reducing bio-carbon yield. In addition, the
compositional heterogeneity of bio-tar results in diverse polymer-
ization behaviors, among which only the crosslinking mechanisms
among its complex constituents are partially understood. Aliphatic
hydrocarbons and low-ring aromatic compounds are known to
undergo secondary reactions such as addition and condensation
under thermal conditions to form polycyclic aromatic hydrocar-
bons (PAHs), which ultimately polymerize into bio-carbons. Fur-
ther investigations have advanced rapid polymerization
processes and introduced oxygenated organic compounds as regu-
latory means to produce structurally stable bio-carbon [15-17].
However, process parameters, such as heating rate and tempera-
ture profile, offer limited control over reaction pathways toward
desired properties, thereby restricting the optimization of material
performance in downstream applications [18]. Overcoming these
limitations requires a deeper understanding of the transformation
pathways specific to individual components and the mechanisms
governing bio-carbon formation under thermal conditions.

Unlike conventional biomass feedstocks, bio-tar, which are
sophisticated organic mixtures, pose significant challenges for
complex reaction systems investigation because of their resistance
to simple component categorization [19-21]. Notably, the con-
stituent compounds of bio-tar display significant variability in
atomic composition, molecular size, and bonding configurations,
all of which critically affect the interpretation of polymerization
mechanisms [22]. Considering that polymerization inherently
involves bond cleavage and reformation among specific functional
groups, we have innovatively used a classification framework that
prioritizes functional group characteristics to analyze bio-tar.
Although lower-priority functional groups may persist as sub-
stituents, using model compounds with single dominant functional
groups significantly simplifies the elucidation of multifunctional-
group-mediated polymerization pathways. This approach directly
addresses bio-tar heterogeneity by decoupling multifunctional-
group-mediated interactions, enabling more accurate mechanistic
insights into the complex transformation behavior of bio-tar.

In this study, we propose a single-function model-compound-
assisted strategy to investigate bio-tar polymerization by con-
structing a model bio-tar (M-bio-tar) using model organic com-
pounds that reflect compositional heterogeneity. By integrating
experiments and density functional theory (DFT) simulations, we
systematically analyzed the polymerization mechanisms and iden-
tified critical crosslinking pathways governed by key functional
groups. Our results reveal the catalytic role of unsaturated
oxygen-containing moieties (particularly aldehyde groups and
furan rings) in promoting polymerization efficiency and directing
the formation of bio-carbon frameworks through synergistic reac-
tions. We further elucidate the hierarchical assembly mechanism
of bio-carbon skeletons within complex reaction networks and
propose a temperature-mediated, stage-specific bio-tar polymer-
ization mechanism that follows distinct reaction pathways at
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different temperatures. By revealing the molecular-level mecha-
nisms governing thermal conversion in mixed organic systems,
this work establishes a fundamental understanding of bio-carbon
synthesis. These findings provide critical theoretical and technical
foundations for sustainable bio-tar valorization and the develop-
ment of novel biobased carbon materials, advancing the field
toward the efficient utilization of biomass resources in energy
and materials science.

2. Materials and methods
2.1. Chemicals

The bio-tar utilized in this study was produced via slow pyrol-
ysis of corn stalks collected from Hebei Province, China, under con-
trolled conditions at 600 °C for 40 min, followed by condensation
at 100 °C. Detailed characterization data for the bio-tar are pro-
vided in Table ST in Appendix A. Anhydrous ethanol, benzyl alco-
hol, benzoic acid, benzaldehyde, methyl benzoate, phenol, furan,
4-hydroxy-4-methyl-2-pentanone,  glucose, paraffin, and
toluene—were sourced from Shanghai Macklin Biochemical Tech-
nology Co., Ltd. High-purity nitrogen for experimental operations
and analytical measurements was supplied by Beijing Yongsheng
Gas Technology Co., Ltd (China).

2.2. Bio-tar composition profiling and M-bio-tar preparation

Bio-tar composition profiling was performed via gas chro-
matography-mass spectrometry (GC-MS, 7890B-5977A; Agilent,
USA) in triplicate, and the average relative content of the compo-
nents was reported as the bio-tar composition profile (Table S2
in Appendix A). A 1 pL aliquot of concentrated bio-tar sample (pre-
pared by dilution in acetone to 1 wt%) was injected in splitless
mode onto a DB-5 capillary column (30 m x 0.25 mm x 0.25 pm)
using high-purity helium as the carrier gas at 1.78 mL-min~. The
injector, interface, and ion source temperatures were maintained
at 250, 280, and 230 °C, respectively, with a split ratio of 20:1.
The oven temperature program was initiated at 40 °C (2 min hold),
followed by ramping to 200 °C at 8 °C-min~' (3 min hold) and then
to 280 °C at 4 °C-min~! (6 min hold) [23]. An electron ionization (EI)
source at 70 eV was employed for fragmentation, with mass spec-
tra acquired across a mass-to-charge ratio (m/z) range of 50-550.

The M-bio-tar was carefully engineered according to the com-
positional profile of bio-tar, derived from the normalized peak area
data obtained via mass spectrometry. It includes representative
model compounds selected to reflect major functional group cate-
gories: benzyl alcohol (alcohols), benzoic acid (carboxylic acids),
benzaldehyde (aldehydes), phenol (phenolic compounds), methyl
benzoate (esters), furan (furans), 4-hydroxy-4-methyl-2-
pentanone (ketones), glucose (carbohydrates), paraffin (aliphatic
hydrocarbons), and toluene (aromatic hydrocarbons). The corre-
sponding ratios for each compound are provided in Table S3 in
Appendix A. The mixture was prepared by dissolving all compo-
nents in a water bath at 60 °C under stirring until a homogeneous
oil-phase mixture was achieved, as illustrated in Fig. S1 in Appen-
dix A.

2.3. Thermal polymerization characterization

Thermogravimetry-differential thermogravimetry analysis
(TG-DTG, STA8122 analyzer; Rigaku, Japan) was conducted on
both bio-tar and M-bio-tar under N, atmosphere, with a heating
rate of 10 °C-min~"! from 50 to 800 °C. For evolved gas analysis dur-
ing thermal polymerization, pyrolytic gas chromatography-mass
spectrometry (Py-GC-MS, Frontier PY3030D pyrolyzer coupled
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with Thermo ISQ™ LT TRACE™ 1310 GC-MS, Japan/USA) was con-
ducted under identical chromatographic parameters as described
for compositional profiling (see Methods section “bio-tar composi-
tion profiling”). The functional group evolution of the gaseous
products was monitored via thermogravimetry-infrared spec-
troscopy (TG-IR, NETZSCH TG 209 F3 Libra® combined with Bruker
TENSOR27 FTIR, Germany) from 4000 to 400 cm™". Simultaneously,
temperature-dependent gas-phase ion profiles were analyzed via
thermogravimetry-mass spectrometry (TG-MS, MS SPECTRO-
METER LC-D200M PRO, Japan) with a m/z detection range of 2-
200. All three evolved gas analyses (Py-GC-MS, TG-IR, and TG-
MS) were systematically performed under a N, atmosphere with
a heating rate of 10 °C-min~! to target temperatures of 300, 400,
and 500 °C, respectively, and held for 30 min upon reaching each
target temperature to correlate the thermal degradation pathways
with the polymerization stages.

The distribution of carbon- and oxygen-centered radicals during
bio-tar thermal polymerization was assessed using electron para-
magnetic resonance (EPR, EMXplus 300 A; Bruker, Germany).
Experiments were performed at five selected temperatures (100,
200, 300, 400, and 500 °C), with a consistent heating rate of 10 °-
C-min~!. Radical concentrations were measured immediately upon
reaching each temperature point. To ensure the precise and sensi-
tive detection of transient radicals generated throughout the suc-
cessive stages of polymerization, EPR spectra were collected
under finely tuned conditions: a modulation frequency of
100 kHz, a microwave frequency of 9.85 GHz, receiver gain of
1000 dB, a central magnetic field of 3510 G (1 G =10 T), and a
scan width of 100 G.

2.4. DFT calculations

Polymerization pathways with model compounds were exam-
ined by performing DFT calculations using Gaussian 16. Geometric
optimizations and single-point Gibbs free energy calculations were
conducted at the B3LYP-D3B]/6-311G(d,p) level to assess the ther-
modynamic feasibility of the reactions. Molecular orbital analyses,
including the distributions of the highest occupied molecular orbi-
tal (HOMO) and lowest unoccupied molecular orbital (LUMO) for
each model compound, were performed using Multiwfn 3.8 (dev)
with the 6-31G basis set. Vibrational frequency calculations con-
firmed the absence of imaginary frequencies at optimized geome-
tries, ensuring true energy minima. The reaction selectivity of the
M-bio-tar system was simulated using frontier molecular orbital
energy gaps and charge transfer parameters. Structural visualiza-
tions and orbital energy diagrams were generated using VMD
1.9.3, with data extracted from Gaussian checkpoint files [24].

2.5. Preparation and characterization of polymerization products

Polymerized products were synthesized in a tubular furnace
using 30 g of either bio-tar or M-bio-tar as feedstocks through a
controlled process under a N, atmosphere flowing at
200 mL-min~'. The polymerization was conducted at target tem-
peratures of 300, 400, and 500 °C with a 2 h holding time and a
heating rate of 10 °C-min~!. Postreaction, the samples were
sequentially rinsed with anhydrous ethanol and deionized water.
The purified products were subsequently dried at 105 °C for
12 h. All the samples derived from the bio-tar and M-bio-tar were
systematically designated BC-x and MBC-x, respectively, where x
corresponds to the polymerization temperature.

Elemental composition was assessed using an Elementar Vario
EL cube analyzer (Germany). Surface chemical functionalities,
specifically C1s and O1s spectra, were analyzed using X-ray photo-
electron spectroscopy (XPS, ESCALAB 250 Xi; Thermo Fisher, USA).
Functional group distributions and bonding characteristics were
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examined using Fourier-transform infrared spectroscopy (FTIR,
Nicolet iS5; Thermo Fisher) across a spectral range of 4000-
400 cm™'. Textural properties, including pore structure and specific
surface area, were characterized via nitrogen adsorption at 77 K
using a Micromeritics ASAP 2020 instrument (USA). All samples
were degassed under vacuum at 300 °C for 6 h before analysis.
The Brunauer-Emmett-Teller (BET) surface area (Sger) was deter-
mined using adsorption data in the relative pressure (P/Py) range
of 0.04-0.20, and the total pore volume (Vio:a1) Was calculated from
N, adsorption at P/Py = 0.99. The micropore volume (Vpicro) and
pore size distribution (PSD) were modeled using a two-
dimensional non-local density functional theory (2D-NLDFT)
approach. Crystallinity was assessed via X-ray diffraction (XRD,
Rigaku Ultima 1V, Japan), and the degree of graphitization was
evaluated via laser confocal Raman spectroscopy (DXR 2xi; Thermo
Fisher). Morphological features were examined using scanning
electron microscopy (SEM, Apreo 2S; Thermo Fisher).

3. Results and discussion
3.1. Thermal polymerization dynamics and mass loss behavior

The thermal conversion of bio-tar into functional carbon mate-
rials via polymerization is inherently limited by competitive evap-
oration and cracking processes, which reduce bio-carbon yields. To
elucidate the underlying mechanisms, the thermal polymerization
behaviors of bio-tar and a rationally designed M-bio-tar were sys-
tematically compared via TG analysis coupled with compositional
and elemental characterization. GC-MS profiling (Fig. 1(a)) indi-
cated that bio-tar is a heterogeneous mixture primarily composed
of phenols (31.8%), sugars (16.7%), ketones (11.1%), and esters
(10.4%), with smaller proportions of alcohols, aldehydes, acids, fur-
ans, and hydrocarbons (Fig. 1(b)). This compositional complexity
renders mechanistic investigations challenging owing to the occur-
rence of overlapping decomposition pathways. To overcome this,
M-bio-tar was synthesized using ten representative compounds
(benzyl alcohol, benzoic acid, 4-hydroxy-4-methyl-2-pentanone,
phenol, methyl benzoate, furan, benzaldehyde, glucose, toluene,
and paraffin), which were selected to represent the major chemical
classes identified in bio-tar (Note S1 in Appendix A). This model
system facilitates mechanistic analysis by isolating polymerization
pathways associated with specific functional groups. Importantly,
its thermal polymerization behavior, including mass loss and poly-
merization yield, is primarily dictated by small-molecule model
compounds, leading to characteristics that differ from those
observed in real bio-tar systems. This divergence stems, from the
simplified nature of the model compounds relative to the macro-
molecular complexity of bio-tar and does not fundamentally hin-
der the exploration of the underlying reaction mechanisms
[25,26]. Instead, the reduction in structural complexity enables a
more precise identification of elementary reaction steps while pre-
serving fidelity to the core chemical principles governing crosslink-
ing polymerization [27-29].

Under a nitrogen atmosphere, the TG-DTG curves of the bio-tar
and M-bio-tar (Fig. 1(c)) exhibited distinct mass loss stages. In the
initial heating phase (50-150 °C), the bio-tar showed gradual mass
loss due to the evaporation of small volatile molecules (e.g., alde-
hydes and alcohols), whereas the dominance of low-molecular-
weight volatiles in M-bio-tar resulted in an accelerated mass loss.
As the temperature increased to 150-250 °C, the bio-tar under-
went concurrent evaporation, cracking, and incipient thermal poly-
merization of macromolecular phenols and sugars, reaching a peak
mass loss rate of 0.40%-°C™! at 263.17 °C. In contrast, M-bio-tar dis-
played a decline in mass loss rates during this phase, which can be
attributed to the occurrence of aromatization and condensation
among components. At temperatures exceeding 260 °C, both
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Fig. 1. Physicochemical and thermal polymerization characteristics of bio-tar. (a) Representative triplicate GC-MS profiles of bio-tar. (b) Compositional characteristics of bio-
tar components (normalization results of peak area in MS). (¢) Comparative TG-DTG curves of bio-tar and M-bio-tar. (d) Elemental distribution and production yield of BC-x
and MBC-x. (e) Atomic molar ratios (O/C and H/C) of bio-tar, M-bio-tar, and bio-carbons. BC-300, BC-400, and BC-500 denote the bio-carbons derived from bio-tar
polymerized at 300, 400, and 500 °C, respectively. Similarly, MBC-300, MBC-400, and MBC-500 represent the bio-carbons derived from model bio-tar under the same

respective polymerization temperatures.

systems exhibited intensified polymerization and carbonization
processes, reflected in a slower rate of mass loss due to ongoing
crosslinking reactions and the breakdown of thermally resilient
intermediates [30-32].

Notably, M-bio-tar underwent more pronounced evaporation
and cracking at lower temperatures, resulting in lower bio-
carbon yields compared with bio-tar, because the inhibition of
cracking evaporation by the complex matrix was absent in the
model system. Both feedstocks showed decreasing bio-carbon
yields with increasing pyrolysis temperatures (Fig. 1(d)), which
aligns with the TGA results; specifically, higher temperatures pro-
moted polymerization but concurrently intensified cracking-
induced solid loss. Elemental molar ratio analysis (Fig. 1(e) and
Table S4 in Appendix A) revealed the progressive depletion of
hydrogen and oxygen in bio-carbon with increasing temperature,
indicating sustained dehydration and decarboxylation alongside
increased graphitization, a trend consistent with conventional bio-
mass pyrolysis. These findings underscore the temperature-
dependent trade-off between polymerization efficiency and ther-
mal degradation.

Our results demonstrate that bio-tar polymerization is gov-
erned by the interplay of competitive investigation, component-
specific decomposition, and cross-reaction-driven carbonization.
Crucially, M-bio-tar successfully simulated key thermal behaviors
and product characteristics of bio-tar, providing a simplified plat-
form for mechanistic exploration. In the next sections, these
thermokinetic profiles will be correlated with free radical dynam-
ics (via EPR), gaseous product evolution (via TG-MS and TG-IR),
and carbon skeleton structural features to fully elucidate the
polymerization—carbonization mechanisms.

3.2. Volatile evolution and reaction pathways

The volatile species distribution profiles of bio-tar and M-bio-
tar (Figs. 2(a) and (b) and Figs. S2 and S3 in Appendix A) revealed
pronounced temperature-dependent trends. Phenolic compounds
dominate bio-tar volatiles because of their high initial abundance
and thermal volatility. In contrast, the phenolic fraction in M-
bio-tar volatiles decreased with increasing polymerization temper-
atures, dropping to 6.03% at higher thermal conditions, even
though both feedstocks followed similar temperature-dependent
patterns. This decline is primarily due to the increased liberation
of hydrocarbons—particularly those originating from paraffinic
structures—at elevated temperatures. Higher temperatures facili-
tate the deoxygenation of oxygen-rich intermediates, such as
esters and acids, yielding hydrocarbon precursors such as benzene
and biphenyl that readily transform into carbonaceous structures.
This trend reflects the intensified breakdown of oxygenated com-
pounds and their subsequent aromatization, confirming the occur-
rence of condensation during bio-tar polymerization.

The relative abundance of model volatile compounds (Fig. 2(c))
provides further evidence for functional group-specific behaviors.
At a polymerization temperature of 300 °C, volatile substances
are predominantly model compounds, and the higher biochar yield
observed under these conditions suggests that lower temperatures
favor the formation of carbon precursors and skeletal frameworks
while effectively suppressing the release of volatiles caused by sec-
ondary cracking post-polymerization. Interestingly, saccharide
components such as glucose, undergo effective carbonization and
polymerization at relatively low temperatures, a behavior
intrinsically related to their pyrolysis characteristics. The


move_f0010

Y. Sun, L. Zhao, H. Zhang et al. Engineering Xxx (XXxx) XXx

100 . 100
! ©
Il Others 58 - [ Aromatic hydrocarbons Il Methyl benzoate
= 80t I Aromatic hydrocarbons o © Aliphatic hydrocarbons g 80 -‘??1"%0'0 ai‘xd FviBioent
X Aliphatic hydrocarbons = | Carbohydrates > 3 er¥z 'f’;?éohg]e yi-2-pentanone
= Carbohydrates Esters = Benzgldehyde
S 60} Esters . Acids 2 60f B Phenol
5 Acids S Aldehydes 5 I Toluene
o Aldehydes 68 [ Furans o I Furan
o 40} [ Furans av [ Ketones Q 401
= B Ketones = B Phenols 2
% B Phenols I Alcohols ®
x 20} Bl Alcohols . 20t
@©
g =)
0 '.g 3 0
O O O S
S N F = s 5
& ’\é & 0 20 40 60 80 100 @‘9 s
& o o&° Relative content (%) @,O\ O O
(a) (b)
—— Furan —— Toluene —— Benzoic acid Benzyl alcohol -
Benzaldehyde —— Phenol —— Methyl benzoate 4-hydroxy-4-methyl-2-pentanone [ CHHO  CO——C0;  M-bio-tar
110" :300 *C
Heating stage | Insulation stage o I
8 9.0x10™" 1 9
== |
S ! Q
o Q t
g 7.5x10™" S
a £ Bio-tar|
© o
2 6.0x10 =1 2
£ <
& 4.5%x10°"
3.0x10"
0 10 20 30 40 50
Testing time (min) T|me (min)
() (©)
——Furan —— Toluene —— Benzoic acid Benzyl alcohol [—CH, H.0  CO——CO: M.pio-tar
Benzaldehyde ——Phenol ——Methyl benzoate - -4-hydroxy-4-methyl-2-pentanone !
10 1400 °C
1.1%10 ‘ '
Heating stage | Insulation stage |
8 9.0x10" [ 9 :
g ' 1 '
€ 75x10" ' QT s e
J 5
G 2 : Bio-tar
2 6.0x10 2
2 a |
i < I
& 45x10" :
3.0x10™ |
Testing fi . 0 10 20 30 40 50 60
esting time (min) Time (min)
(e) (h)
——Furan —— Toluene —— Benzoic acid Benzyl alcohol —CH,—H,0 —C0—C0;, _M-bio-tar
Benzaldehyde —— Phenol Methyl benzoate - 4-hydroxy-4-methyl-2-pentanone -500 c
i o
1.1x10-"° [
Heating stage , Insulation stage . !
3 9.0x10™" | [ X |
S ! Q I
© 1 o
c 7.5x10™" | & i
a N | £ ! Bio-tar
© ' < - K o |
2 6.0x10" F NN ' 2
& 9 - < |
® - : $ yY\, i i
e 45x10" | XA~ |
1 |
3.0x10-" 1 " ! ! 1 " N / —
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Testing time (min) Time (min)
) 0}

Fig. 2. Thermal volatilization characteristics of bio-tar. (a) Compositional profile of volatile components from bio-tar thermal polymerization (normalization results of peak
area in MS). (b) Compositional profile of volatile components from M-bio-tar thermal polymerization. (c) Volatilization mechanisms of major components in M-bio-tar. TG-
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calculated bio-carbon conversion efficiency of 32.96% from glucose
exceeds previously reported biochar yields from glucose pyrolysis.
This result indicates that saccharides are the primary but not the
sole contributors to the polymerization-carbonization process
[33,34], acting as primary precursors in the formation of aromatic
networks in concert with secondary constituents during thermal
transformation.

In contrast, polymerization at 500 °C yields negligible
carbohydrate-derived volatiles (0.21%) in the model systems,
whereas bio-tar polymerization results in a marked increase in car-
bohydrate volatiles from 5.86% at 300 °C to 9.13% at 500 °C. This
suggests that carbohydrate constituents primarily undergo poly-
merization and become immobilized within the solid matrix at
temperatures below 300 °C. Subsequent increases in temperature
induce secondary cracking of these solid-phase products, facilitat-
ing deoxygenation and promoting the graphitization of the result-
ing bio-carbon. Furan, which has an epoxy structure, displayed
suppressed volatility and decreased abundance with increasing
temperature, indicating its dual role as a carbonization intermedi-
ate (via sugar decomposition) and a participant in Diels-Alder
reactions [35-38]. The volatility of aldehydes mirrors that of phe-
nolic compounds because of their propensity for dehydration to
form alkenyl-rich carbon precursors, whereas ketones remain rel-
atively inert owing to their stable carbonyl groups.

To further investigate bio-carbon formation, thermogravimetric
analysis conducted under controlled heating rates (Figs. S4-S6 in
Appendix A) was integrated with in situ TG-MS (Figs. 2(d)-(f)
and Figs. S7-S12 in Appendix A) and TG-IR (Figs. 2(g)-(i) and
Figs. S13-S18 in Appendix A) to monitor volatile species. The
decrease in the signals of furan (m/z = 68) and benzaldehyde (m/
z = 106) during the heating and isothermal stages indicates their
active participation in polymerization reactions. Toluene (m/
z = 92) remained stable throughout the isothermal phases, reflect-
ing the stabilization and incorporation of aromatic precursors.
Notably, a resurgence of oxygenated volatiles, such as benzyl alco-
hol, phenol, and 4-hydroxy-4-methyl-2-pentanone, was observed
at 400 °C (Fig. 2(e)), suggesting that this temperature is optimal
for oxygen elimination and polymerization efficiency. TG-IR anal-
ysis highlighted temperature-dependent decarbonylation (CO, at
2380 cm™!) and dehydrogenation (H,O at 3566 cm™'), driven by
carboxylic acid decarboxylation and aldehyde dehydration. Weak
CO signals (2100 cm™) indicated limited carbonyl cleavage,
whereas strong CH, signals (3015 cm™) at higher temperatures
implied methyl group cyclization from esters (e.g., methyl ben-
zoate) and aliphatic chains [39-42].

Collectively, these results support a three-stage bio-tar poly-
merization pathway:

(1) Volatile evaporation (< 200 °C): Light oxygenates (alcohols,
ketones, and phenols) evaporate, accompanied by ester
cracking, acid decarboxylation, and sugar/aldehyde dehy-
dration, releasing CO, and CHy.

(2) Intermediate cracking and polymerization (200-400 °C):
Oxygenated intermediates decompose into reactive frag-
ments (e.g., phenolic radicals and furanic species) and
recombine via Diels-Alder or etherification reactions to form
carbon precursors. Aliphatic chain cyclization releases CHy.

(3) Carbonization (>300 °C): Aromatic and alicyclic precursors
undergo dehydrogenation and graphitization, with residual
oxygen eliminated as small molecules.

In contrast with the complex and reactive nature of bio-tar,
which promotes rapid cross-reactions, the simplified molecular
structure of M-bio-tar enabled a more precise identification of
individual functional group contributions. This mechanistic insight
provides a foundation for the strategic development of bio-tar-
derived carbon materials by disentangling and analyzing intricate
reaction pathways.
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3.3. Free radical-driven crosslinking mechanism

EPR and XPS were employed to systematically investigate the
critical role of radicals in mediating crosslinking and functional
group transformations during the thermal polymerization of bio-
tar and M-bio-tar. The EPR spectra of bio-tar (Fig. 3(a)) and M-
bio-tar (Fig. 3(b)) at various polymerization temperatures exhib-
ited similar resonance signals in the 3320-3420 G range, with
the signal intensities increasing proportionally to temperature
[43]. This confirms temperature-dependent radical generation
and the concurrent occurrence of cracking reactions, which reduce
bio-carbon yields at elevated temperatures. Spectral deconvolution
(Figs. S19 and S20 in Appendix A) revealed the presence of three
primary radical species: hydrogen radicals (H®), alkyl radicals
(R®), and hydroxyl radicals (HO®). The relative abundance trends
(Fig. 3(c)) indicated a dynamic shift in radical populations during
polymerization [44]. Peak deconvolution of the XPS spectra of
BC-x and MBC-x allowed identifying four distinct carbon-based
functional groups through peak deconvolution (Figs. 3(d)-(g),
Figs. S21 and S22 and Table S5 in Appendix A): sp? carbon (sp-
C, 284.4 eV), sp> carbon (sp>-C, 284.9 eV), C-0 bonds from ethers
or alcohols (285.5 eV), and carboxyl groups (0O-C=0, 288.8 eV). Cor-
respondingly, four oxygen-based species were observed: carbonyl
groups (C=0, 532.6 eV), ether/alcohol C-0O (531.1 eV), carboxyl
groups (533.1 eV), and hydrophilic -OC moieties (535.8 eV) [45-
47].

In bio-tar, R* and HO®* dominated throughout the heating pro-
cess, with consistent radical distributions across temperatures. In
contrast, M-bio-tar presented a greater relative HO®* abundance
(29.9% average increase compared with bio-tar), which was attrib-
uted to phenol-dominated radical generation in the simplified sys-
tem. Hydrocarbon components (e.g., toluene and paraffin)
primarily produce R* and a lower amount of H*. Elevated temper-
atures increase R* contributions due to ester decomposition (e.g.,
methyl benzoate), whereas decreased H* and HO® abundances cor-
relate with aldehyde polymerization into olefinic structures and
sugar-derived furanic intermediates. The concurrent reduction in
sp2-C content (Fig. 3(d)) further supports the gradual conversion
of unsaturated groups (e.g., alkenes, aldehydes, and phenyls) into
graphitic carbon frameworks. A sharp decrease in aromatic car-
bonyl groups at higher temperatures indicates loss of phenyl struc-
tures, facilitating carbonization. Notably, the carboxyl group
abundance increased with temperature, driven by decarboxylation
and radical-mediated oxygen elimination, which is consistent with
the EPR-detected H®* dynamics [48,49].

The functional group distributions in BC-300 and MBC-300 dif-
fered because of the higher initial oxygen content and small-
molecule composition of M-bio-tar, which favored C-O retention.
Unlike MBC, BC contains fewer oxygen functionalities (except car-
boxyl groups), highlighting fewer crosslinking pathways in the
model system and enhanced oxygen removal via radical recombi-
nation in the heterogeneous matrix of biochar.

These results corroborate the bio-tar polymerization pathway
inferred from volatile profiling. At lower temperatures (< 200 °C),
the cleavage of unstable bonds initiates radical formation, driving
the fragmentation and volatilization of light oxygenates and emit-
ted, small gaseous molecules. Within the intermediate tempera-
ture range of 200-400 °C, radicals originating from phenolic and
carbohydrate constituents produce unsaturated oxygenated inter-
mediates, such as aldehydes and furans, which subsequently
undergo Diels-Alder condensation and cyclization, forming key
carbonaceous precursors. At higher temperatures (> 300 °C), per-
sistent radical activity promotes further dehydrogenation and the
progression toward graphitized, oxygen-depleted bio-carbon. This
integrated view of radical dynamics and functional group transfor-
mations enhances the mechanistic comprehension of bio-tar
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Fig. 3. Free radical distribution in the polymerization products and functional group characteristics in the polymerization products. (a) EPR spectra of bio-tar at varying
polymerization temperatures. (b) EPR spectra of M-bio-tar at varying polymerization temperatures. (c) Relative abundance of free radicals during polymerization.
Distribution of functional groups in the bio-tar polymerization products: (d) carbon-containing groups, (e) oxygen-containing groups. Distribution of functional groups in the
M-bio-tar polymerization products: (f) carbon-containing groups, (g) oxygen-containing groups. bio-tar-300, bio-tar-400, and bio-tar-500 denote the controlled pyrolysis
processes of bio-tar at 300, 400, and 500 °C, respectively. Similarly, M-bio-tar-300, M-bio-tar-400, and M-bio-tar-500 represent the controlled pyrolysis processes of model

bio-tar under the same respective temperatures.

carbonization and provides strategic guidance for optimizing
crosslinking processes in carbon material engineering.

3.4. Structural evolution of the bio-carbon matrix

The structural evolution of BC-x and MBC-x during thermal
polymerization was systematically characterized via spectroscopic,
morphological, and crystallographic analyses. Raman spectroscopy
results reveal that all samples exhibit two distinct characteristic
peaks at approximately 1350 and 1580 cm™', corresponding to
the typical D-band (defect-induced band) and G-band (graphitic
carbon vibration band) of carbon materials, respectively. As
depicted in Fig. 4(a), the intensity ratios of D-band and G-band
(Ip/Ig) (BC-x: 0.93-0.82; MBC-x: 0.89-0.62) and H/C molar ratios
(BC-x: 0.89-0.41; MBC-x: 0.85-0.43) consistently decreased with
increasing temperature, reflecting a progression toward greater
graphitic structure and extensive dehydrogenation. This inverse
trend underscores the pivotal role of hydrogen loss in the develop-
ment of a consolidated carbon skeleton, in alignment with mecha-
nisms driven by radical-induced crosslinking. FTIR spectra (Fig. 4
(b)) were used to evaluate the functional group dynamics. The
spectra of BC-300 and MBC-300 exhibited prominent -OH
(3420 cm™), aliphatic C-H (2900 cm™!), and C=0 (1700 cm™)
bands [50-52]. Meanwhile, the reduced -OH intensity in the spec-
tra of BC-500 and MBC-500 confirmed dehydration-driven conden-
sation, whereas the sharp attenuation of C=0 aligned with the XPS
results and the decarbonylation detected via TG-IR. The residual
C-0 peak (1030 cm™!) in the spectrum of BC-500 suggested that
ether crosslinking was facilitated by the native esters of bio-tar.
The persistent aromatic C=C (1610 cm™') bands across all temper-
atures confirmed the occurrence of progressive aromatization
[53,54].

The temperature hysteresis between carbon skeleton formation
and volatile release, exacerbated by the compositional complexity

of bio-carbon, was evident in the SEM images (Fig. 4(c)) and pore
structure analyses. BC-x and MBC-x exhibited glassy fracture sur-
faces typical of amorphous carbons, with negligible porosity, which
is consistent with the BET surface area measurements (Fig. 4(d),
Table S6 in Appendix A). Both systems displayed low surface areas
(< 1.5 m?g!), with BC-500 showing no detectable nitrogen
adsorption due to pore collapse. The low micropore volume frac-
tions (< 16%) further supported delayed pore evolution relative to
volatile release. MBC-x exhibited marginally greater surface areas,
attributable to the reduced temperature hysteresis in the simpli-
fied model system. The XRD patterns (Figs. 4(e) and (f)) revealed
crystallographic evolution: the (002) diffraction peaks of BC-300
and MBC-300 shifted to lower diffraction angle (20) values (23°),
reflecting greater interlayer spacing at lower temperatures [55].
As the degree of polymerization increased with temperature, the
interlayer spacing decreased, consistent with the SEM
observations.

Collectively, these findings indicate that moderate polymeriza-
tion temperatures are optimal for balancing porosity, graphitic
order, and yield. The multicomponent synergy of bio-tar enhanced
crosslinking efficiency but introduced structural heterogeneity.
The interplay of dehydrogenation, functional group elimination,
and pore dynamics underscores thermal polymerization as a versa-
tile route to tailor the functional architecture of bio-carbons. These
insights advance the rational design of bio-tar-derived carbons for
applications requiring tunable structural and surface properties.
Future studies should focus on guiding the formation of more
developed pore structures during polymerization by optimizing
precursor composition or introducing templating agents. Further-
more, post-synthesis treatments, such as activation or heteroatom
doping, are promising strategies for enhancing specific surface area
and surface reactivity, expanding the application potential of bio-
tar-derived carbons in areas such as high-performance supercapac-
itor electrodes, gas adsorption, or catalytic supports.
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3.5. Thermodynamic feasibility and experimental validation molecular orbital interactions governing bio-tar carbonization
[56]. The HOMO-LUMO energy gap (AE) of the model compounds

DFT calculations were systematically conducted to evaluate the provides important insights into their tendency to undergo poly-
thermodynamic feasibility of the polymerization pathways and the merization (Table S7 in Appendix A). The relatively small AE of
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phenol (6.06 eV) indicates its high reactivity, effectively facilitating
the electron transfer necessary to initiate, radical-driven crosslink-
ing. Meanwhile, the moderately narrow energy gaps of furan
(AE =6.59 eV) and benzyl alcohol (AE = 6.54 eV) support their dual
function as volatile byproducts and contributors to the polymeriza-
tion process, consistent with experimental data. In contrast, the
broader energy gaps of compounds enriched with oxygen, such
as benzoic acid (AE = 565 eV) and methyl benzoate
(AE = 5.67 eV), stemming from their electron-withdrawing car-
boxyl and ester groups, render them more prone to decarboxyla-
tion and subsequent CO, release during thermal treatment.

Table 1
Gibbs free energy change (AG) calculations for key polymerization reactions.
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Notably, glucose (AE = 5.61 eV) and benzaldehyde (AE = 5.09 eV)
exhibited exceptionally low LUMO energies (-1.90 to -1.40 eV),
promoting nucleophilic attacks on electron-rich aromatic systems
to drive the C=C bond and furanic intermediate formation for
Diels-Alder reactions. Hydrocarbons such as paraffin
(AE=10.05 eV) and toluene (AE = 6.60 eV) showed significant vari-
ations in their energy gap, explaining the temperature-enhanced
hydrocarbon volatilization and the limited contribution of small
aromatics to carbon precursor formation [57].

Gibbs free energy change (AG) calculations for key polymeriza-
tion reactions (Table 1) revealed temperature-driven thermody-

No. Reaction equation

AG at 0 K (kcal-mol™") AG at 573.15 K (kcal-mol™")

| g
OH

HO
HO ~o O /I +3H,0
OH OH \_/
9 0 g
N o x
) O —
‘\
=

14

76.2 69.45
3.47 7.96
-21.88 -24.29
-15.17 -22.82
7.25 7.64
1.42 -7.05
-18.35 -7.75
-47229.86 -47263.92
16.81 30.09
-48.93 -60.34
21.63 37.03
-50.77 -62.67
3.59 -3.81
-22.75 -11.25
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namic preferences (Fig. 5). Phenol-toluene systems predominantly
form multiphenyl structures through C-C-ether linkages via R®,
HO*®, and H® elimination, ultimately generating biphenyl-like pre-
cursors via dehydrogenation [58]. Carboxylic acids (e.g., benzoic
acid) undergo decarboxylation to produce aromatic hydrocarbons
(e.g., benzene), which aligns with the HOMO-LUMO predictions.
In addition to radical-driven pathways, oxygen-functionalized
crosslinking emerged as a major route. Elevated temperatures
intensify the electron-deficient character of alcohols, promoting
their oxidation to aldehydes. These aldehydes undergo
dehydration-driven polymerization to form C=C bonds, thereby
increasing the molecular carbon content. Moreover, the aldehydes
reacted with furanic intermediates originating from sugar decom-
position, such as furan and 5-hydroxymethylfurfural, to generate
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oxygen-bridged structures. Subsequent cleavage of these bridges,
along with deoxygenation, leads to the formation of polycyclic aro-
matic precursors containing three or more rings. Notably, sugar-
derived furans bearing hydroxyl groups act synergistically with
the thermally facilitated conversion of alcohols to aldehydes, fur-
ther accelerating the polymerization process [59].

To specifically probe the key roles of the furan ring and alde-
hyde group, three sets of validation experiments were conducted:
adding furan or benzaldehyde separately, and adding both com-
pounds simultaneously at levels matching their relative contents
in the M-bio-tar. Polymerization was performed at 300 °C, with
other conditions consistent with bio-carbon preparation
(Table S8 in Appendix A). Increasing the relative content of the
furan ring and the aldehyde group substantially enhanced the
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bio-carbon yield by 12.21% and 35.40%, respectively. This confirms
the promoting effect of these oxygen-containing functional groups
on bio-tar polymerization, consistent with the DFT calculations.
The stronger effect observed for benzaldehyde can be attributed
to its additional benzene ring, which facilitates the formation of
carbon precursors. Notably, concurrently increasing the relative
contents of the aldehyde group and the furan ring while maintain-
ing their ratio led to an even more pronounced increase of 51.15%
in the polymerization efficiency. This synergistic effect, which
exceeds the sum of the individual enhancements, indicates cooper-
ative interactions between the functional groups. These findings
further support the mechanistic insight that aldehyde conversion
supplies key intermediates for furan-involved polymerization
reactions.

This computational framework, along with the experimental
validation, correlates molecular thermodynamics with macro-
scopic bio-tar composition. Oxygen functionalities, particularly
aldehydes and furans, are critical for spontaneous polymeriza-
tion. Although hydrocarbons participate in crosslinking via
radical-mediated bond cleavage and cyclization, their volatility
(aromatics) or stability (aliphatics) limits their contributions.
Thus, enriching oxygenated groups (especially aldehydes and
furans) via component modulation or pretreatment can be
envisaged as a key strategy to increase bio-carbon yield, consis-
tent with prior studies. These insights establish principles for
optimizing bio-tar immobilization efficiency. However, the
inherent temperature hysteresis between volatile release and
carbon skeleton formation limits the improvement of porosity
via compositional tuning. Future research should focus on the
directional modulation of the content and types of key reactive
functional groups in bio-tar through feedstock pretreatment to
enhance polymerization efficiency and optimize the initial pore
structure of the carbon material. Post-synthesis modifications
are recommended to increase the application potential of bio-
carbon, particularly for porous materials. These strategies will
help advance the practical application of bio-tar-derived carbon
materials in fields such as energy storage, environmental reme-
diation, and green catalysis, enabling the deep integration of
waste valorization and high-value utilization.

4. Conclusions

This study systematically deciphers the mechanistic framework
governing bio-tar thermal polymerization and its transformation
into functional carbon materials. By integrating the M-bio-tar sys-
tem, multistage thermokinetic analyses, and computational simu-
lations, a temperature-mediated stage-specific polymerization
mechanism: volatile evaporation (< 200 °C), radical-mediated
intermediate crosslinking (200-400 °C), and carbon skeleton con-
solidation (> 300 °C) is revealed. The M-bio-tar, designed to reflect
the compositional heterogeneity of native bio-tar, successfully
replicates key thermal behaviors while enabling the isolation of
functional group-specific contributions. Radical dynamics involv-
ing R* and HO® are key contributors to crosslinking processes,
while oxygenated intermediates such as aldehydes and furans
enhance polymerization efficiency via synergistic Diels-Alder and
cyclization reactions. Structural evolution analyses reveal
temperature-dependent trade-offs among graphitization, dehydro-
genation, and porosity development. This work bridges the gap
between waste management and functional material design,
advancing the rational development of biomass-derived carbon
materials and contributing to the circular bioeconomy while align-
ing with global sustainability goals in energy and environmental
technologies.
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