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Depolymerized lignin as an enabler for superior
lignin–acrylonitrile copolymers for sustainable
wet-spun fibers
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The growing demand for renewable materials and the valorization of biomass by-products have posi-

tioned lignin as a promising raw material for bio-based carbon fiber (CF) production. However, its hetero-

geneous, branched structure, and multiple functional groups often yield polymers with irregular architec-

tures, limiting CF mechanical performance. To address this, LignoBoost lignin (LB) was subjected to acidic

oxidative depolymerization, generating a depolymerized lignin fraction (DLB) with a controlled number of

reactive sites. DLB was subsequently copolymerized with non-fossil acrylonitrile (AN) through a two-step

aqueous free-radical process, without prior chemical functionalization. The effect of the initiation system

was evaluated using APS/NaHSO3/FeSO4, CaCl2/H2O2, and a dual-initiator approach, revealing a synergis-

tic effect that enabled the synthesis of high molecular-weight copolymers with optimized structural pro-

perties. Copolymers were synthesized with 0 to 50 wt% DLB and characterized alongside polyacrylonitrile

(PAN) using GPC, EA, ATR–FTIR, 1H NMR, 31P NMR, TGA, and DSC. Successful copolymer formation was

confirmed, with the extent of incorporation fraction and conversion quantified. Increasing DLB content

resulted in improved thermal stability, reflected in higher char yield (30–36% for AN-DLB copolymers vs.

27% for PAN, at ca. 900 °C) and a more controlled, safer cyclization pathway, which is an essential

requirement for CF precursor processing. Comparison with copolymers prepared from native LB demon-

strated clear advantages of depolymerization: AN–DLB copolymers exhibited higher Mn (81 868 g mol−1

vs. 15 588 g mol−1), narrower dispersity (Đ = 1.98 vs. 2.10), thermal transitions more closely resembling

PAN, and superior structural integrity when processed into wet-spun fibers. Overall, oxidative depolymeri-

zation significantly enhances lignin’s compatibility in AN-based copolymers, revealing the potential of

poly(AN–DLB) to serve as a sustainable precursor for next-generation carbon fibers.

Green foundation
1. This work advances green chemistry by demonstrating that low-temperature acidic oxidative depolymerization (no organic solvents, catalysts or pressure)
produces lignin with reduced phenolic OH content and ∼one reactive site per molecule, enabling the synthesis of more linear lignin–AN copolymers without
multi-step chlorinated functionalization routes. Copolymerization proceeds in aqueous medium, without azo-initiators, incorporating up to 50 wt% lignin to
produce sustainable, high-quality wet-spun precursor fibers.
2. Depolymerized LignoBoost lignin (DLB) yields copolymers with higher Mn, narrower Đ, enhanced thermal stability, safer cyclization, and excellent proces-
sability into continuous fibers relative to both PAN and copolymers of untreated lignin. Eliminating acrylation/acetylation sequences gives the same reactivity
benefit while reducing hazardous reagents and processing steps, improving renewable carbon integration.
3. Greenness can increase further by replacing the solvents used for purification and fiber spinning with greener alternatives, scaling continuous depolymeri-
zation and copolymerization, and optimizing the subsequent stabilization and carbonization steps for a fully renewable carbon fiber route.
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1. Introduction

Carbon fiber (CF) is a lightweight material made of polymeric
precursors or carbon allotrope building blocks possessing
superior tensile strength, durability, extraordinarily low
weight, excellent thermal and electrical properties, high
chemical resistance and good temperature tolerance.1,2 Due to
these characteristics, CF has been applied in several industries
such as automotive, high-end sporting goods, military, con-
struction, wind energy, aerospace, thermoplastic compound-
ing, and 3D printing.3–5

Commercial CFs are mainly (about 95%) produced from
polyacrylonitrile (PAN) based precursors because of their capa-
bility to achieve high carbon yield and high-performance CFs.6

However, PAN is an expensive petroleum-derived precursor,
responsible for about 51% of the total cost of CFs. The
material yield, the toxicity of the solvent, and the costly manu-
facturing stages encourage the search for alternative precur-
sors that are more suitable from technical, economic, and
environmental perspectives.7,8 A renewable raw material with
high potential as a CF precursor is lignin, the second most
abundant biopolymer in lignocellulosic biomass.9,10 Lignin is
a complex aromatic compound that must be removed in the
pulp and paper industry, as well as in other biorefineries such
as bioethanol production. The majority of the removed lignin
is burned for energy recovery or treated as a low-value by-
product, resulting in environmental pollution and the waste of
a renewable resource. Only a small portion, approximately 2%,
is used in the production of value-added products.11,12

Consequently, the utilization of lignin as a CF precursor pre-
sents a means to enhance the value of a by-product that has
traditionally been discarded.

To substitute acrylonitrile (AN) and reduce costs while
enhancing sustainability, studies have investigated blends of
PAN and lignin, achieving acceptable mechanical properties.
However, the lignin content is limited because, during thermal
treatment, it can generate macro-voids and other defects in the
CF due to the lack of chemical bonding.13,14

One approach for utilizing lignin as a CF precursor is its
radical copolymerization with AN, which can enhance thermal
stability during the conversion into a carbon material.15,16 Xia
et al. (2016) esterified lignosulfonate with acryloyl chloride to
introduce polymerizable vinyl (CvC) groups, enabling free
radical copolymerization (FRP) with AN.17 The resulting
lignin–AN copolymers could be spun and thermally stabilized
to produce defect-free fibers. Similarly, Liu et al. (2020) func-
tionalized aminated lignin using 2-chloroacrylonitrile before
copolymerizing it with AN FRP, forming a PAN–lignin copoly-
mer.18 In both studies, the presence of lignin improved copoly-
mer dispersity and solubility; however, lignin reactivity toward
AN was only achievable after prior chemical functionalization.
These strategies rely on chloro-derived agents, which are
highly toxic and raise concerns regarding process sustainabil-
ity and scalability.

Strategies involving lignin without further modification
have been explored to synthesize PAN–lignin copolymers,

including a two-step FRP technique.19–21 In the first step, AN
was polymerized in the presence of the initiator 2,2-azobisiso-
butyronitrile (AIBN). In the second step, the polymerized AN
was introduced into a DMSO solution containing lignin that
had been previously activated by a redox reaction involving
hydrogen peroxide and chloride ions. These studies demon-
strated that the incorporation of lignin into the copolymer
lowered the initiation temperature of the cyclization reaction,
thereby facilitating more controlled cyclization.21 The PAN–
lignin copolymer also exhibited superior thermal stability com-
pared to the PAN homopolymer.19 However, these approaches
relied on azo-type radical initiators and organic solvent
systems, which are less desirable for scale-up, sustainability,
and process safety.

Another approach consisted of AN grafting from lignin,16

instead of grafting PAN onto lignin, also through a two-step
FRP process. Optimal lignin concentrations for maximizing
carbon yield and thermal properties, compared to PAN, were
15 wt% and 25 wt%, respectively. Moreover, even with a
reduction in the molar mass of the AN–lignin copolymer,
observed in this work,16 the carbon yield remained similar to
that using PAN.

Given the branched nature of lignin and the abundance of
functional groups, most of the polymers synthesized from this
material exhibit multi-arm structures, with interesting appli-
cations as emulsifiers22 or carriers.23 However, lignin-based
CFs typically exhibit poor mechanical performance, largely due
to the absence of a well-defined and orientation-capable mole-
cular architecture in lignin, and it has been concluded that CF
precursor polymer chains must be organized prior to stabiliz-
ation and carbonization treatments.24 Orientability refers to
the ability of a polymer melt or solution to develop flow-
induced anisotropy during extrusion, aligning load-bearing
molecular segments along the fiber axis.

So, enhancing chain orientability in lignin-based precur-
sors using simple and cost-effective strategies is essential for
enabling the production of high-quality, low-cost CFs. This is a
current challenge that has only recently begun to be
addressed. In this sense, “deconstruction followed by recon-
struction” approaches have been employed by using low mole-
cular-weight lignin bio-oil (ca. 600 g mol−1) as a feedstock for
polymer synthesis through reversible addition–fragmentation
chain transfer (RAFT) polymerization.1,25 This method has
been claimed to enhance chain orientability, resulting in CFs
with an average tensile strength of 1.70 GPa and a tensile
modulus of 182 GPa.1 It should be stressed that these authors
used lignin bio-oil obtained by red oak pyrolysis in a fluidized
bed reactor, which is an extra step involving high tempera-
tures. Moreover, such bio-oil was then functionalized using
acryloyl chloride, which displays significant toxicological and
environmental risk profiles.

In this context, depolymerization, if properly managed from
a sustainability point of view, emerges as a crucial step in
lignin-based fiber synthesis, as it generates valuable aromatic
compounds that serve as low molecular-weight feedstocks
potentially suitable for fiber production. This improvement is
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mainly attributed to the presence of more accessible reactive
sites (i.e., lower steric hindrance), a lower number of reactive
sites per molecule (i.e., reduced branching, leading to more
linear structures), and the lower dispersity and greater solubi-
lity of depolymerized lignin compared to native lignin.26,27

Currently, no studies have focused on the application of
depolymerized lignin, without additional functionalization, as
a monomer/oligomer in the production of AN–lignin copoly-
mers via FRP for fiber synthesis. To address this gap, this work
aimed to partially substitute AN monomers with depolymer-
ized LignoBoost lignin (DLB) in AN–DLB copolymers and to
investigate the effect of the initial DLB content on the copoly-
mer properties.

Starting from LignoBoost lignin (LB) provides several
advantages for this work. It offers a relatively low-ash, indus-
trial-grade lignin with consistent composition, improving
reproducibility and chemical control during copolymerization.
Unlike crude technical lignins, LB is already purified at scale
through an established industrial process, making it both
cost-effective and realistic for deployment in emerging value
chains. Its use aligns with circular economy principles since
lignin is derived from a pulp-mill by-product.

The benefits of lignin depolymerization are demonstrated
in this work by directly comparing copolymers synthesized
from depolymerized and untreated lignin. In addition,
because the copolymerization proceeded in two stages, the
contribution of each initiator is evaluated independently, con-
firming that both are required for optimized structural pro-
perties. Furthermore, the practical processability of these
materials is validated through the successful fabrication of
continuous wet-spun precursor fibers. Overall, the process is
designed to be more sustainable than previously reported
approaches by using LB lignin as a renewable starting material
and non-fossil derived AN, performing the copolymerization in
water, avoiding azo-based initiators, and eliminating hazar-
dous functionalization steps.

2. Materials and methods
2.1 Materials

LB obtained from kraft pulping of Eucalyptus globulus wood,
through the LignoBoost process, was kindly supplied by RAIZ –

Forest and Paper Research Institute (Portugal). AN (named
Econitrile) was supplied by AnQore (Netherlands). Econitrile is
a commercially available, sustainable acrylonitrile produced
on a mass-balance basis from non-fossil feedstocks, specifi-
cally bio-based and/or circular propylene and ammonia. By uti-
lizing these sustainable production pathways, Econitrile exhi-
bits a carbon footprint at least 60% lower than that of fossil-
based acrylonitrile, making it a highly sustainable alternative
for polymer synthesis.

Poly(acrylonitrile-co-vinyl acetate) [poly(AN–VA)] was kindly
supplied by SGL Composites S.A.

Calcium chloride dihydrate (CaCl2·2H2O, Sigma-Aldrich),
non-stabilized hydrogen peroxide aqueous solution (H2O2,

30% w/v, Panreac), ammonium persulfate (APS, 98%, Thermo
Scientific), sodium bisulfite (NaHSO3, Sigma-Aldrich), iron(II)
sulfate heptahydrate (FeSO4·7H2O, Panreac), methanol (MeOH,
HPLC grade, Fisher Chemical), tetrahydrofuran (THF, HPLC
grade, Fisher Chemical), N,N-dimethylformamide (DMF, HPLC
grade, Carlo Erba), lithium chloride (LiCl, extra pure, Riedel-de
Haën), dimethyl sulfoxide-d6 (DMSO-d6, for NMR, Thermo
Scientific), chloroform-d (for NMR, Thermo Scientific), chole-
sterol (Sigma-Aldrich), chromium(III) 2,4-pentanedionate (Cr
(acac)3, Sigma-Aldrich), pyridine anhydrous (Sigma-Aldrich),
and 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP, Sigma-Aldrich) were used as received. Aqueous solu-
tions of sodium hydroxide (NaOH, 0.2 M and 1 M) and sulfuric
acid (H2SO4, 0.1 M and 1 M) were prepared for pH adjustment.

Note: Although AN is recognized as a hazardous monomer,
it is still the reference material in commercial carbon fiber pro-
duction. For this reason, AN was maintained in the formu-
lation to preserve industrial relevance, while the sustainability
of the system was enhanced by (i) employing non-fossil
derived AN, (ii) significantly increasing the renewable lignin
fraction, and (iii) performing copolymerization entirely in
water and without azo-based initiators or chlorinated acti-
vation chemistries. This approach supports a transition
pathway that can be implemented in existing precursor manu-
facturing chains rather than requiring a disruptive process re-
placement. DMF and THF were only used during analytical
characterization and fiber spinning and never as reaction
media. Future process development should focus on replacing
these solvents with greener alternatives to further reduce
environmental impact.

2.2 Acidic oxidative depolymerization of LB

Following the method described in our previous work,28 LB
(75 g) was mixed with an aqueous H2O2 solution (30% w/v,
250 mL) at room temperature (approximately 20 °C) for
5 minutes, forming a naturally acidic suspension with a pH of
approximately 1. Depolymerization was carried out in a
jacketed glass reactor (LF100, LENZ) equipped with a conden-
ser, a heating recirculating bath (Haake D1 L), and a mechani-
cal stirrer set to 300 rpm (DLH, VELP Scientifica). The reaction
was initiated by heating the system at 60 °C and allowed to
proceed for 3 h. Upon completion, the sample was dried at
room temperature (approximately 20 °C) for 24 h in Petri
dishes, followed by drying in an oven at 40 °C for approxi-
mately 2 h. At the end, DLB was obtained.

2.3 Synthesis of poly(AN–DLB) copolymers via free radical
copolymerization

The synthesis was conducted in two sequential stages: (i) gene-
ration of radical-active sites on DLB and (ii) suspension copoly-
merization with AN. The copolymers were synthesized by
varying initial DLB content (0–50 wt%).

In the first step, a mixture of CaCl2 (0.67 × DLB mass) and
distilled water (8 mL) was added to a 25 mL Schlenk flask
equipped with a PTFE stir bar and a rubber septum. After the
CaCl2 dissolved, the required amount of DLB (0–3.1 g, Table 1)
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was added to the mixture, and the system was purged using
ultrapure nitrogen (N2) for 5 minutes at room temperature
while stirring at 300 rpm. Following degassing, the appropriate
volume (mL) of 30% w/v H2O2 (0.37 × DLB mass) was added,
and the flask was placed in a preheated oil bath at 55 °C. The
activation was carried out under N2 at 55 °C and 300 rpm for
2 h. At the end of the reaction, the pH of the mixture was
adjusted to 3.0 using 1 M NaOH, and the activated DLB
(ActDLB) was obtained.

In the second step, copolymerization was performed as a
suspension polymerization using water as the reaction
medium. Distilled water (8 mL) was added to a 250 mL round-
bottomed glass reactor equipped with a condenser, a PTFE stir
bar, and a rubber septum. The reactor was placed in a pre-
heated oil bath at 55 °C, and pH was adjusted to 3.0 using 0.1
M H2SO4. The system was left for 10 minutes under stirring at
300 rpm under a N2 atmosphere. Then, a concentrated solu-
tion of FeSO4·7H2O was prepared in distilled water, and 2 µL
of this solution was added to the reactor (Fe: 0.7 ppm relative
to the total DLB + AN mass), followed by stirring for 5 minutes
at 200 rpm under N2. Solutions of APS (0.32% of the total DLB
+ AN mass) and NaHSO3 (1.694 × APS mass) were separately
prepared in distilled water (0.25 mL each), added to the
reactor, and stirred for an additional 5 minutes under the
same conditions. Next, the required amount of AN (3.1–6.2 g,
Table 1) was added to the reactor. Immediately after AN began
to polymerize to form PAN, ActDLB was added. The copolymer-
ization reaction was considered complete after 4–5 hours. The
resulting mixture was filtered under vacuum and washed with
distilled water, and the solid retained on the filter was dried
overnight under vacuum.

The AN–DLB copolymers were purified by removing residual
unreacted ActDLB through multiple cycles of vortex-assisted
extraction using methanol as the solvent. Each extraction cycle
was followed by centrifugation, and the process was repeated
until the solvent appeared completely colorless (Fig. S1 of the SI).

Copolymers were synthesized with increasing fractions of
DLB to partially replace AN, while PAN prepared without DLB
served as the reference.

AN was included solely as the industrial benchmark
required to assess the technical relevance of the lignin-based
copolymers, as PAN remains the dominant precursor for CF
production.

The contribution of each initiator was evaluated by per-
forming reactions using APS/NaHSO3/FeSO4 alone or CaCl2/
H2O2 alone, whereas all other experiments employed both
initiators. To assess the relevance of prior depolymerization,
an additional copolymer was prepared using untreated LB in
place of DLB. The synthesized copolymers are listed in Table 1.

2.4 Spinning dope preparation and the wet-spinning process

The dope preparation process was initiated by dispersing the
copolymer in cold DMF (4 °C) to form a fine suspension, pre-
venting gel particle formation and ensuring homogeneous dis-
solution. The resulting slurry was gradually heated and main-
tained at 80 °C under continuous stirring for 1 h to yield a
highly viscous solution, followed by slow stirring (20 rpm) at
50 °C for 16 h.

Since pure PAN homopolymer is rarely used for industrial
wet spinning due to its limited solubility, an industrial-grade
poly(AN–VA) copolymer (85 wt% AN, 15 wt% VA) was employed
as reference material. The reference spinning dope was pre-
pared at a concentration of 22 wt%. Accordingly, the poly(AN–
DLB) dope was prepared at 22 wt%, exhibiting consistency and
appearance similar to the reference. In contrast, the poly(AN–
LB) dope required a higher concentration (32 wt%) to achieve
comparable spinnability. To produce poly(AN–DLB) and poly
(AN–LB) dopes, the poly(AN–DLB)-17.5 and poly(AN–LB)-17.5
copolymers were used, respectively.

Fibers were fabricated using a custom wet-spinning line
(Fig. S2 of the SI) consisting of a pressure regulator, pneumatic
cylinder, spinneret, coagulation bath, washing bath, rollers,
and a winding unit. The spinning solution was extruded
through a spinneret containing 168 holes (0.127 mm diameter
per hole) into a coagulation bath composed of 30 wt% DMF in
water. The nascent fibers were subsequently guided through a
water washing bath, stretched using rollers, and automatically
wound onto bobbins. Finally, the fibers underwent an
additional water wash to ensure complete solvent removal and
were dried in an oven at 40 °C.

2.5 Characterization

The molecular weight distribution of LB and DLB samples was
determined using size exclusion chromatography (HPLC-SEC)
with a GPC column (KF-803L; Shodex) protected by a pre-
column (KF-G 4A; Shodex). The column was maintained at
40 °C, and THF (HPLC grade) was used as the mobile phase at
a flow rate of 1 mL min−1. The molecular weight distribution
curves, weight-average molecular weight (Mw), number average
molecular weight (Mn), and dispersity index (Đ) were obtained
using a UV detector (UV-4070, 280 nm). The calibration curve
was constructed using polystyrene standards ranging from 266
to 62 500 Da (Agilent) and an ethylbenzene standard of 106 Da
(Ehrenstorfer). LB and DLB samples were dissolved in THF at a

Table 1 Copolymers synthesized

Copolymer name

Comonomers

DLB/LB AN

wt% g wt% g

PAN 0 0 100 6.2
Poly(AN–DLB)-3.4 3.4 0.2 96.6 6.0
Poly(AN–DLB)-17.5 17.5 1.1 82.5 5.1
Poly(AN–DLB)-33 33.0 2.1 67.0 4.1
Poly(AN–DLB)-50 50.0 3.1 50.0 3.1
Poly(AN–DLB)-17.5(APS) 17.5 1.1 82.5 5.1
Poly(AN–DLB)-17.5(CaCl2/H2O2) 17.5 1.1 82.5 5.1
Poly(AN–LB)-17.5 17.5 1.1 82.5 5.1

DLB: depolymerized LignoBoost lignin, LB: LignoBoost lignin, APS:
ammonium persulfate, AN: acrylonitrile, PAN: polyacrylonitrile.

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2026 Green Chem., 2026, 28, 8158–8175 | 8161

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 6
:2

0:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6gc01695b


concentration of 1 mg mL−1 and filtered before analysis
(0.45 µm, PTFE).

The molecular weight distribution of the copolymer
samples was determined using the same technique but with
two GPC columns in series (GRAM 30 Å/1000 Å, PSS, 10 μm)
protected by a precolumn (GRAM, PSS, 10 μm) operated at
70 °C. DMF/0.05 M LiCl was used as a mobile phase at a flow
rate of 0.6 mL min−1. The Mw, Mn, and Đ values were deter-
mined using a RI detector, and the molecular weight distri-
bution curves were obtained using a UV detector. The cali-
bration curve was constructed using the RI detector and poly
(methyl methacrylate) (PMMA) standards ranging from 800 to
2 200 000 Da. Copolymer samples were dissolved in DMF/0.05
M LiCl at a concentration of 1 mg mL−1 and then filtered
(0.45 µm, PTFE). The proportion of monomers, dimers and
trimers was estimated following the method previously
described by Lourenço et al. (2025).28

The analysis of the functional groups was performed using
attenuated total reflectance (ATR)–Fourier transform infrared
spectroscopy (FTIR) with a Spectrum Two FT-IR spectrometer
(PerkinElmer) equipped with a UATR accessory. Approximately
5 mg of the solid sample was placed directly on the diamond
ATR crystal and gently pressed with a flat-tip anvil to ensure
optimal contact. Transmittance spectra were recorded in the
wavenumber range of 4000–900 cm−1, with a resolution of
4 cm−1 and 16 scans per sample.

Thermogravimetric analysis (TGA) and derivative thermo-
gravimetry (DTG) were carried out using a Hitachi STA7200
TGA/SDTA analyzer from Melter Toledo. Approximately 5 mg
of each sample was placed in an alumina pan and heated at a
rate of 10 °C min−1 under a N2 atmosphere (200 mL min−1)
from 35 to 900 °C.

Differential scanning calorimetry (DSC) analyses were per-
formed using a DSC 4000 instrument. Approximately 7 mg of
each sample was placed in an aluminum pan and then heated
from 30 to approximately 400 °C at a rate of 10 °C min−1 under
air and N2 atmospheres, each at a flow rate of 20 mL min−1.

Elemental analysis (EA) of LB, DLB, and the copolymers
was performed using an EMA 502 elemental analyzer to deter-
mine the carbon, hydrogen, nitrogen, and sulfur contents. The
oxygen content was estimated using mass balance, subtracting
the other percentages from 100%. The empirical formula of
the phenylpropane unit (PPU) of LB and DLB was calculated
from the EA results and from the methoxy group content deter-
mined using 1H NMR, following the method described by
Sameni et al. (2016).29 The overall conversions and incorpor-
ation fractions of AN and DLB into the copolymers were also
estimated from EA. The detailed mathematical equations used
to calculate these parameters are given in the SI (eqn (S1)–
(S4)). Briefly, since the nitrogen content in the lignin structure
can be considered negligible, the incorporation fraction of AN
was determined by comparing the nitrogen content of the
copolymer to that of the pure PAN homopolymer. The individ-
ual monomer conversions were subsequently calculated using
a mass balance approach based on the mass of the final puri-
fied yield and the initial monomer feed.

A Bruker Avance III 400 spectrometer (Karlsruhe, Germany)
was used to conduct 1H NMR and 31P NMR analyses. For 1H
NMR, 50 mg of dry samples was dissolved in 1 mL of DMSO-
d6, and the solution was stirred for 60 min in an ultrasonic
bath. 1H NMR was used to determine the content of aromatic
hydrogen, methoxy-group hydrogen (OCH3), alkene hydrogen
(CHvCH), CH hydrogen, and CH2 hydrogen. 31P NMR was
performed following the methodology described by Meng et al.
(2019)30 and was used to determine the phenolic, aliphatic
and carboxylic hydroxyl (OH) group contents of LB and DLB.

Optical microscopy (KERN OZP 558, Kern & Sohn, Balingen,
Germany) and scanning electron microscopy (SEM, Phenom
ProX G6, Thermo Fisher Scientific, Waltham, MA, USA) were
used to evaluate the surface morphology and cross-sectional
structure of the as-spun fibers. Fiber diameters were determined
from the micrographs using ImageJ/Fiji software (version 1.53k)
via manual tracing, and the results are reported as mean values.

3. Results and discussion
3.1 Chemical and structural characterization of LB and DLB

The chemical and structural characterization of LB and DLB
was performed to verify whether the depolymerization process
occurred satisfactorily. The main results of the characteriz-
ation are shown in Table 2.

The LB and DLB molecular weight analysis (Table 2 and
Fig. 1A) revealed that the Mw, Mn, and Đ values decreased from
979 g mol−1, 635 g mol−1, and 1.54, respectively, to 464 g
mol−1, 350 g mol−1, and 1.32 after the depolymerization
process. The chromatogram shows a clear emergence of two
peaks located approximately at 180 g mol−1 and 307 g mol−1,
which can be attributed to monomers and to dimers–trimers,
respectively. As a result, the low-molecular-weight fraction
(monomers, dimers, and trimers) increased from 57.4 wt% in
LB to 92.8 wt% in DLB. These results demonstrate that the
depolymerization process efficiently promoted the cleavage of
inter-unit linkages of lignin to make them less heterogeneous.

The results of EA show that, after depolymerization, the
content of carbon and hydrogen decreased from 57.99% to
43.62% and 5.55% to 3.77%, respectively. This decrease may
be associated with the oxidative power of H2O2, which initiates
the cleavage of methoxy groups through demethoxylation.
Nonetheless, the oxygen content increased from 32.86% to
46.63%, reflecting the oxidative nature of the depolymerization
process, in which an increase in oxygen content over time is
expected. The results derived from the empirical formula of
the PPU indicate an increase in PPU size. This may occur
because during oxidative depolymerization, inherent
functionalization takes place concurrently, altering the size of
PPU units in the depolymerized lignin as exhibited in our pre-
vious work samples.27

31P NMR was used to quantify the OH groups in LB and DLB
(Fig. S3 – SI). Following depolymerization, both the phenolic
hydroxyl (OHphen) and aliphatic hydroxyl (OHaliph) contents
decreased, from 4.31 to 2.96 mmol g−1 and from 1.53 to
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1.22 mmol g−1, respectively. However, the total OH content
increased, primarily due to an increase in carboxylic hydroxyl
(OHcarb) groups, which grew from 0.35 to 3.45 mmol g−1.
Regarding the OHphen subtypes, the concentrations of syringyl
(S) and guaiacyl (G) units decreased from 2.43 to 0.56 mmol g−1

and from 0.52 to 0.41 mmol g−1, respectively. In contrast, the
content of p-hydroxyphenyl (H) units increased from 0.29 to
0.58 mmol g−1. This shift could be associated with demethoxyla-
tion occurring during the acidic oxidative depolymerization
process. The decrease in OHphen, which are the reactive groups
after activation in the copolymerization, led to getting approxi-

mately one single reactive site per molecule (Table 2), promoting
more linear copolymers in comparison with LB, the latter having
2.74 sites per molecule, which would promote more branched
architectures. This is a clear advantage of this particular depoly-
merization strategy for the production of new linear copolymers
to be used for fiber production.

Modifications in the functional groups of DLB compared
with those of LB (Fig. 1B) were observed. An increase in the
intensity of the band corresponding to OH groups
(3600–3000 cm−1) was noted, which agrees with the quantifi-
cation of OH groups obtained through 31P NMR. The peaks at

Table 2 Chemical and structural characterization of LB and DLB

Parameter LB DLB

C/H/O/S/N (wt%) 57.99/5.55/32.86/3.10/0.52 ± 0.03/0.02/0.06/0.24/
0.33

43.62/3.77/49.63/2.96/0.02 ± 0.07/0.19/0.12/0.01/
0.00

Empirical formula of the PPU C9H5.944O2.461S0.228N0.087(OCH3)2.372 C9H6.525O7.470S0.265N0.004(OCH3)1.431
Mw,PPU (g mol−1) 236 287
Mw (g mol−1) 979 464
Mn (g mol−1) 635 350
Đ 1.54 1.32
Monomers + dimers + trimers
(wt%)

57.4 92.8

OHphen (mmol g−1) 4.31 2.96
OHaliph (mmol g−1) 1.53 1.22
OHcarb (mmol g−1) 0.35 3.45
OHphen (mol/mol) 2.74 1.04

LB: LignoBoost lignin, DLB: depolymerized LignoBoost lignin, PPU: phenylpropane unit, Mw,PPU: molecular weight of the PPU, Mw: weight-
average molecular weight, Mn: number-average molecular weight, Đ: dispersity index.

Fig. 1 Chemical and structural characterization of LB and DLB through (A) GPC, (B) ATR–FTIR, (C) 1H NMR, and (D) TGA/DTG.
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2938 and 2842 cm−1, corresponding to the C–H stretching
vibrations of methyl (CH3) and methylene (CH2) groups,
remained visible and broadened, possibly due to the influence
of various surrounding functional groups. The peak at
1714 cm−1 showed a noticeable increase, indicating a higher
content of CvO functional groups, consistent with the substan-
tial increase in OHcarb groups. This phenomenon is related to
the oxidation process during depolymerization, which also
accounts for the appearance of new CvC groups in the band at
1642 cm−1. The presence of CvC groups in DLB was also con-
firmed by 1H NMR, as the spectra (Fig. 1C) show signals in the
region of 4.0–5.8 ppm. Additionally, the peaks at 1604, 1515,
and 1424 cm−1, associated with aromatic skeleton vibrations,
remained in DLB, indicating that the aromaticity of lignin was
not completely lost after the depolymerization process.
Furthermore, the peaks at 1164 cm−1 and 1034 cm−1, attributed
to CvO in conjugated ester groups and C–O in primary and sec-
ondary alcohols, respectively, exhibited an increase in intensity,
the latter likely due to the increased presence of OH groups. The
increase in OH and CvO groups, along with the emergence of
CvC groups, highlights the functionalization of DLB occurring
simultaneously with depolymerization.

The percentages of aromatic (6.0–9.0 ppm), alkene
(4.0–5.8 ppm), methoxy (3.5–4.0 ppm), CH (3.0–3.3 ppm), and
CH2 (1.8–2.2 ppm) protons were estimated by integrating the
peaks in the 1H NMR spectra (Fig. 1C). The obtained values
were 26.9%, ∼0%, 54.5%, 10.2%, and 1.0%, respectively, for
LB; and 4.1%, 15.5%, 39.7%, 14.4%, and 6.7%, respectively,
for DLB. The decrease in aromatic content indicates that oxi-
dative cleavage of the aromatic rings had occurred, leading to
the formation of OHcarb groups as the end products of aro-
matic ring degradation.31 Accordingly, ring opening may have
led to the oxidation of the phenolic groups to carboxylic acid
groups, which explains the decrease in OHphen content.32

These findings are fully supported by the 31P NMR results
(Table 2). Additionally, the methoxy group content decreased,
confirming the oxidative action of H2O2 under acidic oxidative
conditions in cleaving methoxy groups, as also observed in the
EA results. This explains the reduction in S and G units
observed in the 31P NMR results.

The thermal stability of LB and DLB was analyzed using
TGA and DTG under a N2 atmosphere, as shown in Fig. 1D.
The DTG curves reveal an initial decomposition stage
(30–140 °C) attributed to moisture loss. In the case of DLB, a
distinct peak at 126 °C suggests the evaporation of certain
monomeric compounds. The second stage (140–230 °C) corres-
ponds to the volatilization of low-molecular-weight oligomers
and functional groups such as carboxylic acids. DLB showed a
higher degradation in this range, which can be attributed to
its higher OHcarb content, with a pronounced peak observed
at 173 °C. In the 230–600 °C range, most of the LB underwent
decomposition, mainly associated with the breakdown of C–C
bonds and aromatic rings. LB presented a major decompo-
sition peak at 360 °C, while DLB exhibited its peak at a lower
temperature (283 °C), reflecting the effect of depolymerization
in producing smaller fragments that degrade at lower tempera-

tures. The TG curve of DLB also displayed a downward shift in
decomposition temperature, supporting the formation of
lower-molecular-weight compounds and the introduction of
specific functional groups during depolymerization. At 600 °C,
the residual mass was 36% for LB and 30% for DLB,
suggesting a slight reduction in thermal stability in DLB, con-
sistent with its lower molecular weight.

3.2 Copolymerization of DLB and AN with increasing initial
DLB content

This section examines how varying the initial DLB content
affects the molecular weight distribution, DLB incorporation
fraction, chemical structure, and thermal behavior of the
copolymers.

From the GPC results (Fig. 2), it is possible to observe that
PAN and DLB have their size distribution in opposite regions
(19.7–29.7 min and 34.1–46.0 min, respectively). The copoly-
mers show size distribution located between these two
regions. Although the molecular weight calculations were per-
formed using the RI detector, the UV detector is suitable for
representing the molecular weight distribution because it is
more sensitive to compounds that absorb in the UV range,
such as aromatics and, consequently, lignin (as seen in the
intensity differences between PAN and DLB). Therefore, this
detector not only visualizes the molecular weight distribution
but also qualitatively indicates the extent of lignin incorpor-
ation in the copolymer, which agrees with the quantitative
incorporation results presented later. The varying degree of
lignin incorporation can also be qualitatively observed through
the color of the copolymer solid samples (Fig. S4 – SI).

As observed in Fig. 2 and Table 3, the copolymers exhibit a
lower molecular weight as the initial DLB content increases.
Mw progressively decreases from 1 549 542 to 5207 g mol−1 for
3.4 to 50 wt% initial DLB content, respectively. The presence
of a higher concentration of activated DLB in the system pro-
vides a correspondingly greater number of reactive macro-rad-
icals (DLB•). Consequently, growing PAN • chains have a much
higher probability of encountering these sites early in their

Fig. 2 Molecular weight distribution of PAN, copolymers, and DLB.
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propagation phase, leading to premature termination via
radical–radical coupling. This results in significantly shorter
chains and a lower overall molecular weight. This phenom-
enon was also observed by Oliveira et al. (2020), who reported
that the Mw of their AN-Kraft lignin (KL) copolymer decreased
progressively from 285 500 g mol−1 to approximately 39 690 g
mol−1, which they attributed to an increase in available macro-
radical sites (KL•).16 It is also worth noting a certain homogen-
eity in the copolymers, which show Đ values generally lower
than those of PAN (1.47–2.76 vs. 3.07).

Surprisingly, the copolymer poly(AN–DLB)-3.4 exhibits a
much higher Mw than PAN (1 549 542 vs. 621 357 g mol−1). At
very low DLB content (3.4 wt%), the system is heavily domi-
nated by AN propagation, allowing PAN macro-radicals to grow
freely to larger sizes. Considering the low average functionality
of DLB (∼1.04 OHphen per molecule, Table 2), occasionally an
activated DLB molecule can act as a bi-functional coupling
agent between two of these long, growing PAN chains. This
sequential termination creates a linear macromolecular bridge
(PAN–DLB–PAN), which effectively doubles the molecular
weight of the resulting chains without forming an insoluble
crosslinking network. Consequently, the dispersity of poly(AN–
DLB)-3.4 is also higher than that of PAN (4.39 vs. 3.07).

EA of the copolymers in terms of C, H, O, and S content (in
percent) was analyzed (Table 4).

The EA results show that the carbon content is higher in
PAN (66.97 wt%) than in DLB (43.62 wt%), as expected due to
the acidic oxidative depolymerization applied to LB. This trend
is also reflected in the copolymers, where the carbon content

decreases from 64.90 wt% in poly(AN–DLB)-3.4 to 44.68 wt%
in poly(AN–DLB)-50. All the copolymers contain sulfur and
oxygen. Since the PAN homopolymer does not contain either
of these elements, their presence confirms that DLB—which
contains both in its structure—was incorporated into the copo-
lymers. Additionally, DLB contains only a negligible amount of
nitrogen; therefore, the nitrogen detected in the copolymers
originates from the PAN component and was used to estimate
the incorporation fraction of DLB and AN. It is also important
to note that as the DLB content in the copolymer increases,
sulfur and oxygen contents increase while the nitrogen
content decreases. This indicates that higher initial amounts
of DLB lead to a greater DLB incorporation fraction in the final
copolymer. This interpretation is supported by the calculated
mass conversions, which represent the fraction of each como-
nomer that reacted to form the copolymer, whereas the incor-
poration fraction values represent the actual proportion of
each comonomer in the copolymer structure. The results are
presented in Fig. 3.

It can be observed that as the initial DLB content increases,
the conversions of both AN and DLB also increase. However,
when the initial DLB content exceeds 33 wt%, the conversions
of both monomers decrease. In the case of DLB, the decrease
is slight (from 39.07 to 27.29%), whereas for AN the drop is
much more pronounced (from 43.47 to 6.97%). This behavior
suggests that increasing the initial DLB content promotes the
formation of a larger number of reactive sites, providing more
locations where PAN chains can terminate, which enhances
the conversion of both AN and DLB. However, an excessively
high initial DLB content (50 wt%) appears to lead to inhi-
bition, likely due to steric hindrance20 and mass-transfer limit-
ations associated with the solid nature of DLB, which can
hinder diffusion during suspension polymerization when
present at such a high concentration.

Regarding the incorporation fraction of comonomers into
the final copolymer, as the initial DLB content increases (3.5,
17.5, 33 wt%), the incorporation fraction of DLB increases pro-
portionally, with incorporation fraction values very close to the
initial DLB concentrations in the reactor (2.5, 17.1, and
31.1 wt%). However, when the initial DLB content is too high
(50 wt%), the conversion of AN is negatively affected. As a
result, the copolymer exhibits a much higher DLB incorpor-
ation fraction than expected (79.6 wt%) and a low total yield
due to the low AN conversion.

Table 3 Molecular weight of PAN, copolymers, and DLB

Copolymers

Average molecular weight
(g mol−1)

ĐMw Mn

PAN 621 357 202 443 3.07
Poly(AN–DLB)-3.4 1 549 542 352 995 4.39
Poly(AN–DLB)-17.5 161 975 81 868 1.98
Poly(AN–DLB)-33 83 866 30 424 2.76
Poly(AN–DLB)-50 5 207 3 543 1.47
DLB 464 350 1.32

PAN: polyacrylonitrile, AN: acrylonitrile, DLB: depolymerized
LignoBoost lignin, Mw: weight-average molecular weight, Mn: number-
average molecular weight, Đ: dispersity index.

Table 4 Elemental analysis of PAN, copolymers, and DLB

Copolymers Nitrogen (%) Carbon (%) Hydrogen (%) Sulfur (%) Oxygen (%)

PAN 25.92 ± 0.12 66.97 ± 0.18 5.96 ± 0.06 n.d. n.d.
Poly(AN–DLB)-3.4 25.29 ± 0.04 64.90 ± 0.00 5.51 ± 0.03 0.13 ± 0.08 4.18 ± 0.09
Poly(AN–DLB)-17.5 21.51 ± 0.05 61.57 ± 0.05 5.22 ± 0.06 0.21 ± 0.14 11.51 ± 0.20
Poly(AN–DLB)-33 17.87 ± 0.00 58.04 ± 0.05 5.02 ± 0.01 0.47 ± 0.17 18.60 ± 0.07
Poly(AN–DLB)-50 5.28 ± 0.09 44.68 ± 0.20 4.22 ± 0.04 0.94 ± 0.01 40.53 ± 1.23
DLB 0.02 ± 0.00 43.62 ± 0.07 3.77 ± 0.19 2.96 ± 0.01 49.63 ± 0.12

PAN: polyacrylonitrile, AN: acrylonitrile, DLB: depolymerized LignoBoost lignin.
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ATR–FTIR analysis (Fig. 4) of PAN, DLB, and the resulting
copolymers revealed the presence of characteristic functional
group signals from both components in the copolymer
spectra. The peaks associated with DLB—namely the broad
OH stretching band (3600–3000 cm−1), the CvO stretching
vibration (1710 cm−1), and the aromatic skeletal vibration
(1604 cm−1)—were clearly observed in the copolymers. Their
relative intensity increased proportionally with the initial DLB
content, indicating greater incorporation of DLB into the copo-
lymer structure. Similarly, the copolymers exhibited the
characteristic peaks of PAN, including the CuN stretching
band (2244 cm−1), the C–H bending vibrations from CH2 and
CH3 (1451 cm−1), and the CH groups (1356 cm−1). The relative
intensity of these bands increased with higher initial amounts
of AN, confirming its contribution to the polymer matrix. The
simultaneous presence of both sets of characteristic peaks con-
firms that the copolymerization process was successfully
achieved.

Peaks at 1316 cm−1 and 1117 cm−1, which are impercepti-
ble in other copolymers, become highly pronounced in the
poly(AN–DLB)-50 copolymer. These bands are not character-
istic of PAN, and although they may be present in DLB, they
are more likely formed as a result of DLB crosslinking, as
demonstrated in our previous work.28 In poly(AN–DLB)-50, the

peak at 1316 cm−1 can be attributed to C–O–C stretching
vibrations,33 whereas the band at 1117 cm−1 likely corresponds
to in-plane C–H deformations in S units. The presence of the
C–O–C signal suggests the formation of ether linkages through
crosslinking reactions between activated OHphen groups and
other reactive sites, with this signal becoming detectable only
when DLB is introduced at the highest initial concentrations
(50 wt%). 1H NMR quantification of hydrogen in specific func-
tional groups further supports these observations: among all
the copolymers, poly(AN–DLB)-50 exhibited the highest pro-
portion of hydrogen in C–O–C environments, followed by PAN-
related environments (CH and CH2 groups), and then DLB-
associated environments.

1H NMR spectra (Fig. S5 of the SI) show that all copolymers
exhibited signals in the aromatic region (6.0–9.0 ppm), and as
the content of DLB increased, the percentage of protons in
this region also increased. Protons in the alkene region
(4.0–5.8 ppm) were also observed. Both the aromatic and
alkene regions are directly associated with the amount of DLB
in the copolymer. The protons in the CH and CH2 regions
were the most abundant in all copolymers, with a significant
increase compared to DLB, indicating the presence of PAN
chains. Together, the ATR–FTIR and 1H NMR spectra confirm
the successful synthesis of poly(AN–DLB) copolymers.

The thermal behavior of the copolymers was investigated
using TGA/DTG and DSC analyses under air and N2 atmos-
pheres. The DTG curves (Fig. 5A) show an initial stage up to
140 °C associated with residual moisture evaporation. The
copolymers poly(AN–DLB)-3.4, poly(AN–DLB)-17.5, and poly
(AN–DLB)-33 exhibit two major decomposition peaks, one
between 290 and 310 °C and another between 400 and 430 °C.
As the initial DLB content increases, the intensity of the first
peak decreases markedly, suggesting greater incorporation of
DLB into the copolymer structure. When the DLB content is
moderate (3.4–33 wt%), the DLB is expected to be more uni-
formly distributed within the PAN matrix, reducing phase sep-
aration and preventing the formation of distinct DLB domains.

In contrast, the poly(AN–DLB)-50 copolymer (50 wt% DLB)
presents two broader decomposition stages at 267 °C and
347 °C, closely resembling the thermal profile of DLB. This be-
havior is attributed to the high proportion of DLB in the copo-
lymer. Consequently, poly(AN–DLB)-50 exhibits thermal
characteristics more similar to DLB, although with a much
higher molecular weight (5207 vs. 464 g mol−1). In the
TGA curves (Fig. 5A), all copolymers showed progressive mass
loss up to 900 °C, with the final residual mass increasing as
the initial DLB content increased. This demonstrates lignin’s
contribution to improved thermal stability in PAN-based
copolymers and also reflects the occurrence of DLB cross-
linking in poly(AN–DLB)-50, the copolymer with the highest
thermal stability. The copolymers exhibited char yield between
30 and 36%, at ca. 900 °C, values higher than those of
pure PAN (27%) and DLB (30%). This indicates enhanced
thermal stability and char yield, supporting their potential as
precursors for producing CFs with higher carbon yields than
pure PAN.

Fig. 3 Mass conversion and incorporation fraction of DLB and AN into
copolymers with different initial DLB contents.

Fig. 4 ATR–FTIR spectra of PAN, copolymers, and DLB.
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The thermal properties of the synthesized copolymers were
also investigated using DSC under both air and N2 atmos-
pheres. The inclusion of both environments was motivated by
the influence of oxidative reactions during the thermal stabiliz-
ation process of PAN in CF production.

The DSC analysis under N2 (Fig. 5B) shows that both DLB
and all copolymers exhibit an endothermic event between 100
and 150 °C, corresponding to the glass transition temperature.
This transition is characterized by a sigmoidal change in the
DSC curve.21 The DSC curve of PAN displays a sharp exother-
mic peak, with an onset temperature (Tonset) at 234.9 °C and a
peak temperature (Tpeak) at 297.9 °C. This exothermic event is
attributed to the cyclization of nitrile groups via a free radical
mechanism occurring in the absence of oxygen, leading to a
rapid and intense heat release.34 A similar exothermic peak is
observed in the poly(AN–DLB)-3.4, poly(AN–DLB)-17.5, and
poly(AN–DLB)-33 copolymers, although with progressively
lower Tonset values than with PAN: 235.7, 227.8, and 215.9 °C,
respectively. This shift toward lower temperatures indicates
that the cyclization process begins earlier in the presence of
DLB.

The heat release per temperature interval (ΔH/ΔT ) is a para-
meter that characterizes the sharpness and intensity of the
exothermic peak. ΔH/ΔT was calculated by integrating the nor-
malized peak area (ΔH) and dividing it by the corresponding
temperature interval (ΔT ). As the initial DLB content
increases, the cyclization peaks become broader and less
intense, with ΔH/ΔT values decreasing from −4.9 J g−1 °C−1

for pure PAN to −4.1, −3.4, and −2.6 J g−1 °C−1 for poly(AN–
DLB)-3.4, poly(AN–DLB)-17.5, and poly(AN–DLB)-33, respect-
ively. This trend indicates slower energy release during the

cyclization process, suggesting more controlled and efficient
cyclization. Such gradual thermal behavior is desirable, as PAN
homopolymers typically exhibit rapid and uncontrolled cycliza-
tion, which is one of the key limitations to their carbonization
process.34 To try to solve this, itaconic acid or methyl acrylate
is typically used as a comonomer, together with AN. In con-
trast, the poly(AN–DLB)-50 copolymer does not exhibit any
exothermic peak, which is attributed to its low PAN content.
Given the complex and amorphous nature of crosslinked DLB,
it lacks the capacity for cyclization. As a result, the incorpor-
ation of large amounts of DLB into the copolymer suppresses
this characteristic thermal transition.

The DSC analysis conducted under an air atmosphere
(Fig. 5C) revealed a thermal profile characterized by two dis-
tinct exothermic transitions: a sharp, intense peak followed by
a shoulder. Although the underlying reactions are complex, lit-
erature indicates that cyclization is followed by oxidation.
Accordingly, the first exothermic peak is primarily attributed
to nitrile cyclization, while the subsequent shoulder corres-
ponds to oxidative reactions.34,35 As observed under N2, the
incorporation of DLB lowered the Tonset values of the cycliza-
tion process (216.6–229.6 °C vs. 240.3 °C for PAN, Table 5).
This trend agrees with previous studies showing that the
addition of small amounts of comonomers can reduce the
initiation temperature of PAN cyclization under oxidative
conditions.34,36,37 Regarding the oxidation step, the ΔH/ΔT
values under air were generally higher for the copolymers than
for PAN (11.3–24.1 J g−1 °C−1 vs. 18.1 J g−1 °C−1 for PAN).
Interestingly, this increase was more pronounced at lower DLB
loadings (Table 5). This behavior may be attributed to inter-
actions between DLB and PAN during thermal oxidation,

Fig. 5 (A) TGA and DTG of PAN, copolymers, and DLB and DSC curves of PAN, copolymers, and DLB in (B) N2 and (C) air.
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potentially improving the copolymer’s suitability as fiber
during the carbonization process. However, as the PAN
content decreases with higher DLB incorporation, these oxi-
dation-driven interactions are likely reduced, leading to lower
overall energy release.

In poly(AN–DLB)-50, cyclization does not occur; thus, only
the oxidation process is observed under an air atmosphere.
The differences in chemical and structural characteristics
between poly(AN–DLB)-50 and PAN suggest that excessively
increasing the initial DLB content (50 wt% and above)
enhances thermal stability but significantly compromises
other copolymer properties, particularly molecular weight and
the ability for cyclization. These changes may negatively affect
the CFs derived from this material.

3.3 Role of APS/NaHSO3/FeSO4 and CaCl2/H2O2 initiators

The copolymerization process involves the use of two
initiators: APS/NaHSO3/FeSO4 and CaCl2/H2O2. The hypothesis
is that the dual-initiator approach relies on two simultaneous
processes: the CaCl2/H2O2 system is primarily responsible for
activating the lignin into active macro-radicals (DLB•), while
the APS/NaHSO3/FeSO4 system provides the rapid kinetics
necessary to simultaneously initiate and propagate long PAN•

chains. The final copolymer is successfully formed through
the termination step, driven by the recombination of these
rapidly growing PAN• chains with the activated DLB• sites. As
discussed in previous sections, increasing the initial DLB
content results in a lower molecular weight of the copolymer.
This effect is likely due to the higher number of available
binding sites on the DLB structure, which serve as termination
points for growing PAN chains, thereby limiting their
propagation.

To elucidate the individual roles of each initiator, two
control copolymerizations were conducted under conditions
equivalent to those used for poly(AN–DLB)-17.5 (17.5 wt% of
DLB), but using each initiator independently. The molecular
weight distribution of the copolymer synthesized using APS/
NaHSO3/FeSO4 alone, poly(AN–DLB)-17.5(APS) (Fig. 6A), shows

a bimodal profile with two distinct regions corresponding to
PAN and DLB. This indicates that, in the absence of CaCl2/
H2O2, the reactive sites on DLB are not activated, preventing
effective copolymerization. In addition, the signal in the PAN
region is very low, reflecting an extremely low formation of
PAN. This occurs because the non-activated phenolic groups in
lignin act as potent radical scavengers, effectively inhibiting
the polymerization of AN.

Unlike the previous sample, the molecular weight distri-
bution of poly(AN–DLB)-17.5(CaCl2/H2O2) (Fig. 6A) exhibits a
region between the typical DLB and PAN retention zones,

Table 5 Peak, onset and endset temperatures, and energy capacity of the PAN, DLB and copolymers measured using DSC

PAN Poly(AN–DLB)-3.4 Poly(AN–DLB)-17.5 Poly(AN–DLB)-33 Poly(AN–DLB)-50

N2 ΔH cyclization (J g−1) −373.2 −315.1 −329.9 −310.7 a

Tpeak (°C) 297.9 291.9 298.9 304.0 a

Tonset (°C) 234.9 235.7 227.8 215.9 a

Tendset (°C) 311.8 312.0 324.4 335.7 a

ΔT cycliz. (°C) 76.9 76.3 96.6 119.8 a

ΔH/ΔT cycliz. (J g−1 °C−1) −4.9 −4.1 −3.4 −2.6 a

Air ΔH cycliz. and/or oxid. (J g−1) −2767.4 −4004.0 −3833.4 −3440.7 −1665.8
Tpeak (°C) 305.9 317.3 300.2 282.5 315.3
Tonset (°C) 240.3 229.6 217.2 216.6 224.1
Tendset (°C) 393.4 396.0 392.8 386.2 371.1
ΔT cycliz. and/or oxid. (°C) 153.1 166.4 175.6 169.5 147.0
ΔH/ΔT cycliz. and/or oxid. (J g−1 °C−1) −18.1 −24.1 −21.8 −20.3 −11.3

ΔH: heat release, Tpeak: peak temperature, Tonset: onset temperature, Tendset: endset temperature, ΔT: temperature interval, cycliz.: cyclization,
oxid.: oxidation. PAN: polyacrylonitrile, AN: acrylonitrile, DLB: depolymerized Lignoboost lignin.aNo cyclization.

Fig. 6 (A) Molecular weight distribution and (B) ATR–FTIR spectra of
PAN, non-purified copolymers, and DLB (* copolymers containing
unreacted DLB due to non-purification).

Paper Green Chemistry

8168 | Green Chem., 2026, 28, 8158–8175 This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 6
:2

0:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6gc01695b


which is indicative of copolymer formation. This distribution
also shows a higher UV detector intensity than that observed
for poly(AN-DLB)-17.5, suggesting a greater incorporation of
DLB and, consequently, a lower incorporation of AN. In con-
trast, poly(AN–DLB)-17.5 shows a lower UV signal and elutes at
a shorter retention time, consistent with a higher PAN content
and a higher molecular weight. This behavior is likely due to
the formation of longer PAN chains in the presence of APS/
NaHSO3/FeSO4. In the absence of APS/NaHSO3/FeSO4, AN is
still able to graft onto activated sites on DLB but cannot propa-
gate into long PAN chains, which reduces the overall molecular
weight of the copolymer. It is also important to note that, for
comparative purposes, the poly(AN–DLB)-17.5 sample analyzed
here corresponds to the unpurified product, which still con-
tains unreacted DLB. As a result, this chromatogram differs
slightly from that of the purified version shown in Fig. 2.

The ATR–FTIR spectrum of poly(AN–DLB)-17.5(APS)
(Fig. 6B) shows a peak at 2244 cm−1, characteristic of CuN
stretching from PAN. However, this peak appears with much
lower intensity compared to the characteristic peaks of DLB:
2950 and 2870 cm−1 (C–H in CH2/CH3), 1710 cm−1 (CvO), and
1604 cm−1 (aromatic ring vibrations). This confirms the predo-
minance of DLB in the sample and the low presence of PAN,
which—consistent with GPC results—are not chemically

bonded. The low PAN homopolymer yield suggested by GPC
and ATR–FTIR data is also visually apparent (Fig. S6 of the SI).
These findings support the conclusion that in the absence of
activation, OHphen groups in DLB act as radical scavengers,
significantly inhibiting polymerization.

The limited formation of PAN chains using only CaCl2/
H2O2 is further supported by the ATR–FTIR results (Fig. 6B).
The relative intensity of the CuN stretching peak at 2244 cm−1

is significantly lower than in the poly(AN–DLB)-17.5 spectrum,
indicating reduced AN incorporation into the copolymer.
Additionally, the OH stretching region (3600–3000 cm−1) dis-
plays higher intensity compared to that of poly(AN–DLB)-17.5,
confirming a greater presence of DLB relative to PAN in the
resulting copolymer.

These results highlight the role of APS/NaHSO3/FeSO4 in
promoting PAN chain growth, as well as the role of CaCl2/H2O2

in activating reactive sites on DLB and preventing it from
acting as a radical scavenger. Together, these initiators enable
the formation of high-quality copolymers. The resulting
material more closely resembles PAN while benefiting from
enhanced properties imparted by lignin.

Based on the experimental results, a schematic representa-
tion for the copolymerization of DLB with AN is suggested.
During depolymerization (Scheme 1A) the oxidation mecha-

Scheme 1 Schematic representation of (A) LB depolymerization, (B) DLB activation, and (C) PAN propagation and subsequent coupling to produce
poly(AN–DLB).
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nism of H2O2 varies with the pH of the medium. Under the
acidic conditions employed in this study, several reaction path-
ways can describe the interaction between the HO+ species and
lignin. As discussed in our previous works,27,28 the main
mechanisms leading to the formation of various species are
(1) aromatic ring hydroxylation, (2) oxidative demethoxylation,
(3) oxidative ring cleavage, (4) displacement of side chains, (5)
cleavage of beta-aryl ether bonds, and (6) epoxidation. The
DLB structure shown in Scheme 1A represents one example of
a lignin-derived molecule produced through this depolymeri-
zation process.

Following depolymerization, DLB macro-radicals (DLB•) are
generated via activation by the H2O2–CaCl2 redox system,
which involves the formation of a hydroperoxide–chloride ion
complex (Scheme 1B). The water-soluble initiator (H2O2)
decomposes upon interaction with the CaCl2–H2O2 complex,
leading to the formation of hydroxyl radicals (HO•). These rad-
icals can abstract hydrogen atoms from lignin, thereby produ-
cing the active DLB• species.

Simultaneously, the polymerization of AN is efficiently
initiated and propagated by the rapid APS/NaHSO3/FeSO4

redox system, generating growing PAN• macro-radicals
(Scheme 1C). Rather than DLB• acting as the primary initiator
for AN, the copolymer is predominantly formed when these
rapidly propagating PAN• chains encounter the activated DLB•

sites, resulting in termination. While general termination in
this system may occur via chain transfer or disproportionation
reactions, the successful synthesis of the poly(AN–DLB) copoly-
mer is mostly driven by the radical–radical coupling between
the actively growing PAN• chains and the resonance-stabilized
DLB• macro-radicals. Therefore, the coupling of the PAN
chains can occur either at the oxygen atom (forming an ether
linkage) or at the ortho/para positions of the aromatic ring
(forming C–C linkages).

3.4 Role of lignin depolymerization: copolymerization of AN–
LB vs. AN–DLB

To evaluate the benefits of acidic oxidative depolymerization
prior to copolymerization with AN, a reference copolymer was
synthesized using the original, non-depolymerized LB. This
copolymer, poly(AN–LB)-17.5 (17.5 wt% LB), was directly com-
pared with poly(AN–DLB)-17.5 (17.5 wt% DLB). Fig. 7A pre-
sents the molecular weight distributions of LB, DLB, PAN, and
both copolymers. Notably, poly(AN–DLB)-17.5 exhibits a much
higher molecular weight—reflected in its shorter elution time
—than poly(AN–LB)-17.5. Specifically, Mw, Mn, and Đ for poly
(AN–LB)-17.5 were 32 688 g mol−1, 15 588 g mol−1, and 2.10,
while the corresponding values for poly(AN–DLB)-17.5 were
161 975 g mol−1, 81 868 g mol−1, and 1.98. This substantial
difference indicates that DLB promotes the formation of
longer PAN chains compared to LB.

As previously discussed, LB and DLB differ significantly in
their OHphen content (4.31 vs. 2.96 mmol g−1 for LB and DLB,
respectively). This means that for the same lignin content in
the formulation, LB provides more termination sites, which
promotes earlier chain stopping and therefore shorter PAN

segments. At the molecular level, the difference is also evident:
LB contains on average 2.74 reactive sites per molecule,
whereas DLB contains approximately one (1.04). This lower
density of reactive sites in DLB favors the formation of more
linear architectures, as each molecule contributes roughly a
single point where a PAN chain can graft. In contrast, the
larger number of reactive sites in LB, as well as its bulkier
molecular size, favors branching and limits the growth of long
PAN chains, also due to steric hindrance. Overall, these results
highlight the advantage of using DLB over LB: acidic oxidative
depolymerization reduces the number of grafting/termination
sites and relieves steric constraints, enabling the formation of
higher-molecular-weight copolymers with more uniform and
likely more linear structure. The higher UV intensity observed
for LB relative to DLB may be attributed to its greater aromatic
content and higher molecular weight.

Fig. 7B presents the ATR–FTIR spectra of both purified
copolymers. Similar to poly(AN–DLB)-17.5, the poly(AN–LB)-
17.5 copolymer exhibits functional groups derived from both
PAN and lignin. The main differences between the two copoly-
mers are as follows: poly(AN–DLB)-17.5 shows a CvO peak at
1710 cm−1, associated with the oxidized character of DLB,
whereas this peak is absent in poly(AN–LB)-17.5. Conversely,
poly(AN–LB)-17.5 displays prominent signals characteristic of
LB that are negligible in the DLB-based copolymer, including
the peaks at 1515 cm−1 (aromatic ring vibration), 1213 cm−1

(C–C, C–O, and CvO linkages), and 1034 cm−1 (C–O in alco-

Fig. 7 (A) Molecular weight distribution and (B) ATR–FTIR spectra of
PAN, poly(AN–LB)-17.5, poly(AN–DLB)-17.5, and DLB.
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hols). Since LB contains a higher proportion of aromatic
protons than DLB (26.9 vs. 4.1 wt% of total protons), these fea-
tures are also reflected in their respective copolymers. For
example, the peak at 1112 cm−1—associated with C–H in S
units and corresponding to in-plane aromatic C–H defor-
mation—is present in both copolymers but appears signifi-
cantly more intense in the one synthesized with LB. This is
attributed to the partial degradation of aromatic side chains,
such as OCH3 groups, during the acidic oxidative depolymeri-
zation of LB to produce DLB. In both copolymers, the peaks at
2244 cm−1 and 1356 cm−1—corresponding to CuN stretching
and C–H bending in CH groups, respectively—appear with
strong intensity and are characteristic of PAN.

EA of the poly(AN–LB)-17.5 and poly(AN–DLB)-17.5 copoly-
mers in terms of C, H, O, and S content (in percent) was per-
formed (Table 6).

The EA results show that poly(AN–LB)-17.5 copolymer con-
tains sulfur and oxygen, confirming the incorporation of LB
into its structure, as these elements are present in LB but not
in PAN. Furthermore, the high content of nitrogen detected in
this copolymer can originate only from the PAN component,
since its content in LB is extremely low.

The nitrogen content was also used to estimate the conver-
sion and incorporation fraction of LB and AN. After the syn-
thesis of poly(AN–LB)-17.5, the conversions of LB and AN were
53.1% and 36.1%, respectively, whereas for poly(AN–DLB)-17.5,
the conversions of DLB and AN were 36.3% and 38.7%,
respectively. The incorporation fraction of LB into the poly
(AN–LB)-17.5 copolymer was 23.7%, while the incorporation
fraction of DLB into poly(AN–DLB)-17.5 copolymer was 17.1%.
The greater conversion and incorporation fraction of LB com-
pared to DLB can be attributed to the higher content of pheno-
lic OH groups in LB (Table 2), the activated sites in copolymeri-
zation. However, as discussed before, the phenolic OH content
per mole of DLB, with only a single reactive site per molecule,
is different from that in LB, which has 2.74 sites per molecule,
which may promote the formation of a more linear copolymer.
Indeed, the Đ was lower for poly(AN–DLB)-17.5, indicating a
more homogeneous copolymer.

The thermal behavior of poly(AN–LB)-17.5 was analyzed
using TGA/DTG and DSC under both N2 and air atmospheres.
As shown in the DTG curve (Fig. 8A), a peak appears at
approximately 100 °C, corresponding to the evaporation of
residual moisture—similar to the behavior observed for poly

Table 6 Elemental analysis of PAN, poly(AN–LB)-17.5, poly(AN–DLB)-17.5, and DLB

Copolymers Nitrogen (%) Carbon (%) Hydrogen (%) Sulfur (%) Oxygen (%)

PAN 25.92 ± 0.12 66.97 ± 0.18 5.96 ± 0.06 n.d. n.d.
Poly(AN–LB)-17.5 19.79 ± 0.13 64.41 ± 0.09 6.11 ± 0.02 2.40 ± 0.07 7.30 ± 0.55
Poly(AN–DLB)-17.5 21.51 ± 0.05 61.57 ± 0.05 5.22 ± 0.06 0.21 ± 0.14 11.51 ± 0.20
LB 0.52 ± 0.33 57.99 ± 0.03 5.55 ± 0.02 3.10 ± 0.24 32.86 ± 0.06
DLB 0.02 ± 0.00 43.62 ± 0.07 3.77 ± 0.19 2.96 ± 0.01 49.63 ± 0.12

PAN: polyacrylonitrile, AN: acrylonitrile, LB: LignoBoost lignin, DLB: depolymerized LignoBoost lignin.

Fig. 8 Thermogravimetric analysis of PAN, poly(AN–LB)-17.5, poly(AN–DLB)-17.5, and DLB through (A) TGA, (B) DSC in N2, and (C) DSC in air.
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(AN–DLB)-17.5. After this initial stage, three distinct degra-
dation peaks are observed: the first at 273 °C and the third at
420 °C, both characteristic of PAN, and a second peak at
350 °C, attributed to LB. In contrast, the poly(AN–DLB)-17.5
copolymer displayed only two major degradation peaks, closely
resembling the thermal profile of PAN despite having almost
the same lignin incorporation as poly(AN–LB)-17.5. This PAN-
like behavior, absent in the poly(AN–LB)-17.5 sample, may be
attributed to the heterogeneous nature of LB and to the longer
PAN chains formed in poly(AN–DLB)-17.5. The higher mole-
cular weight and structural complexity of LB likely hinder its
dispersion within the copolymer matrix, making its influence
on the thermal degradation profile more pronounced. The
TGA curves (Fig. 8A) also show that poly(AN–LB)-17.5 exhibits
greater initial mass loss compared to poly(AN–DLB)-17.5.
However, its residual mass at 900 °C is higher (39.4 wt%) than
that of poly(AN–DLB)-17.5 (33.8 wt%) and pure PAN

(27.3 wt%). This enhanced char yield can be attributed to the
higher aromatic content of LB, which leads to greater thermal
residue and transfers this property to the corresponding
copolymer.

The DSC analysis under N2 (Fig. 8B) shows that the poly
(AN–LB)-17.5 copolymer exhibits a sharp exothermic peak
similar in shape to that of poly(AN–DLB)-17.5 but shifted to a
lower temperature (Tonset of 206.2 °C vs. 227.8 °C). This
suggests that the cyclization reaction initiates earlier in poly
(AN–LB)-17.5, potentially due to the presence of shorter PAN
chains. As previously discussed, the greater molecular weight
and structural complexity of LB may exert a stronger influence
on the thermal behavior of the copolymer. Moreover, its
higher aromatic content likely contributes to improved
thermal stability under inert conditions. Supporting this, 1H
NMR analysis (Fig. S7 of the SI) showed that aromatic protons
accounted for 3.1% of total protons in poly(AN–LB)-17.5, com-

Fig. 9 Optical microscopy and SEM images of the surface and cross-sections of (A) poly(AN–VA), (B) poly(AN–DLB), and (C) poly(AN–LB). Scale
bars: 500 μm for surface images and 1000 μm for cross-section images [except for the cross section of poly(AN–LB) that was 100×].
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pared to only 0.2% in poly(AN–DLB)-17.5. A similar obser-
vation was reported by Oliveira et al. (2020), who found that
lignin’s large aromatic structures could lower the Tonset of
cyclization reactions.16

Under an air atmosphere (Fig. 8C), the DSC curve of poly
(AN–LB)-17.5 closely resembles that of poly(AN–DLB)-17.5,
with overlapping exothermic events corresponding to cycliza-
tion and oxidation and a Tpeak value of approximately 299.1 °C
for both samples. This indicates that under oxidative con-
ditions, the dominant thermal events are governed by oxi-
dation reactions, which diminish the differences observed
between the two copolymers under inert conditions.38

A comparative analysis of poly(AN–DLB)-17.5 and poly(AN–
LB)-17.5 demonstrates that DLB is a more effective comonomer
for producing copolymers with superior properties for fiber
production. Poly(AN–DLB)-17.5 exhibited a likely more linear
molecular structure, a significantly higher Mn (81 868 g mol−1

vs. 15 588 g mol−1), and a lower Đ (1.98 vs. 2.10), indicating a
more homogeneous copolymer. Additionally, its thermal be-
havior more closely resembles that of PAN while offering
advantages such as higher char yield and a more controlled
and safer cyclization process, both critical for an efficient car-
bonization process.

3.5 Wet-spun fiber production

During wet spinning, the extrusion of the polymeric dope into
the coagulation bath led to the rapid formation of solid fibers,
driven by the diffusion exchange between the DMF and the
aqueous coagulation medium. As shown in Fig. 9, optical
microscopy of the surface and SEM images of the cross-sec-
tions confirm the successful continuous spinning and struc-
tural integrity of the as-spun fibers.

The poly(AN–VA) and poly(AN–DLB) fibers (Fig. 9A and B,
respectively) exhibit smooth surfaces and dense cross-sectional
morphologies. The average diameters were determined to be
80.96 ± 6.97 µm for poly(AN–VA) reference fibers and 56.94 ±
11.28 µm for poly(AN–DLB) fibers. Although some minor
defects were observed on the cross-sections, likely artifacts
induced by the cutting or fracturing process during sample
preparation, the overall structure of the fibers remained predo-
minantly dense and void-free. The successful production of
these homogeneous continuous fibers confirms that the
selected dope concentrations provided highly stable wet-spin-
ning conditions.

In contrast, the poly(AN–LB) fibers (Fig. 9C) displayed a sig-
nificantly larger and more heterogeneous average diameter
(332.17 ± 70.08 µm). Notably, this diameter exceeds the dimen-
sion of the spinneret orifice (127 µm), indicating incomplete
coagulation dynamics that led to the fusion (coalescence) of
multiple adjacent filaments into a single, thicker structure.
Furthermore, the resulting poly(AN–LB) fibers were highly
brittle and prone to breakage, suggesting limited potential for
achieving suitable mechanical performance.

Previous studies have reported that the incorporation of
native lignin can simultaneously decrease the apparent vis-
cosity of spinning dopes and increase their resistance to exten-

sional deformation.39,40 Both phenomena were observed in the
poly(AN–LB) system, explaining the need for a significantly
higher dope concentration and resulting in poorly stretched
and fragile fibers. Conversely, the poly(AN–DLB) system mini-
mized these rheological limitations. This improvement is
attributed to the enhanced solubility and more uniform, linear
chain conformation of the depolymerized lignin-based copoly-
mers compared to the native lignin counterparts.

These findings highlight the critical role of lignin depolymer-
ization prior to copolymer synthesis, as it enables the fabrication
of lignin-based fibers with physical and morphological charac-
teristics closely resembling those of commercial precursors.

4. Conclusions

This work demonstrates that depolymerized lignin can be
incorporated directly into acrylonitrile-based copolymers using
an aqueous free-radical copolymerization process, without the
need for pre-functionalization using hazardous chlorinated
acrylate intermediates and without azo-initiators. The resulting
materials exhibit thermal stabilization behavior and structural
characteristics compatible with the requirements for carbon
fiber precursor development. While polyacrylonitrile was
retained as a benchmark to enable comparison with estab-
lished systems, the results clearly show that renewable content
can be introduced without compromising key performance
metrics. Depolymerized lignin led to the formation of lignin-
based fibers with improved morphological characteristics com-
pared with fibers produced from non-depolymerized lignin.
This study represents a practical step toward reducing reliance
on fossil-derived monomers and supports the development of
safer and more sustainable carbon-fiber precursor platforms.
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