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ABSTRACT: This study presents a simple and cost-eective
approach or synthesizing pyrolytic lignin-based carbon dots
(CDPLs) via controlled thermal pyrolysis in water. To the best
o our knowledge, this is the rst time that pyrolytic lignin has been
used as a precursor or carbon dots. The one-pot method produced
blue/green uorescent CDPLs with an average size o 34 nm and a
negative surace charge o −10.4 mV. The characterization
techniques revealed the optical properties and chemical composi-
tion o CDPLs, with a uorescence quantum yield o 7.9%, which is
comparable to those o lignin-derived carbon dots. The decay
lietime o CDPLs was in the nanosecond range, which is typical or
carbon dots. This study demonstrates the potential o using
pyrolytic lignin, a lignocellulosic byproduct, to produce carbon dots
through a simple and reproducible method, contributing to the development o sustainable carbon-based nanomaterials.

1. INTRODUCTION
Carbon dots (CDs) represent a promising class o uorescent
carbon nanoparticles that have attracted increasing interest
since their discovery in 2004.1,2 Compared with semiconductor
quantum dots and organic dyes, carbon dots exhibit
remarkable properties such as tunable photoluminescence,
chemical inertness, ease o production, low toxicity, and good
biocompatibility.1−5 These advantageous characteristics give
carbon dots broad potential or applications in several elds,
including chemical sensing, bioimaging, photocatalysis, and
wastewater treatment.2,3
The selection o carbon-rich raw materials is crucial or the

efcient production o carbon dots.6 In this context,
lignocellulosic biomass stands out as a sustainable and
economical alternative due to its high carbon content and
diversity o organic constituents.7 Current research has ocused
intensely on using this biomass as a primary carbon source or
the synthesis o carbon dots, with the aim o achieving
signicant cost reductions and perormance improvements.5,8
Lignin, a complex aromatic biopolymer, is one o the most

abundant natural polymers on earth and a major byproduct o
the pulp and paper industry.9,10 In recent years, there has been
growing interest in valorizing lignin or high-value applications,
including the synthesis o nanomaterials11,12 and promising
raw material or producing carbon dots, acilitating the
production o carbon dots with tunable uorescence emission
capacity.13−15 Among the various types o lignin, pyrolytic

lignin has emerged as a promising precursor or carbon-based
nanomaterials.
Pyrolytic lignin is derived rom the ast pyrolysis o

lignocellulosic biomass, a process that rapidly heats biomass
in the absence o oxygen to produce bio-oil.16 Common
eedstocks or pyrolytic lignin production include wood (e.g.,
pine, eucalyptus) and agricultural residues (e.g., corn stover,
wheat straw).17 The choice o biomass source can signicantly
inuence the chemical composition and properties o the
resulting pyrolytic lignin.16
The chemical composition o pyrolytic lignin exhibits a

complex and heterogeneous nature, comprising a diverse array
o phenolic compounds and their derivatives.18 This intricate
mixture includes several key components: phenolic monomers
(e.g., guaiacol, syringe, and their alkylated variants), oligomeric
phenolic compounds (such as dimers, trimers, and larger lignin
ragments), carboxylic acids (notably acetic and ormic acids),
aldehydes and ketones (including vanillin and acetovanillone),
and aliphatic compounds (encompassing short-chain alcohols
and hydrocarbons).19−21 This diverse chemical prole

Received: October 26, 2024
Revised: March 2, 2025
Accepted: March 7, 2025
Published: March 12, 2025

Articlehttp://pubs.acs.org/journal/acsodf

© 2025 The Authors. Published by
American Chemical Society

11054
https://doi.org/10.1021/acsomega.4c09764

ACS Omega 2025, 10, 11054−11062

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

C
O

 B
R

A
S

IL
E

IR
A

 P
E

S
Q

U
IS

A
 A

G
R

O
P

E
C

U
A

R
IA

 o
n 

M
ar

ch
 2

7,
 2

02
5 

at
 1

2:
20

:3
6 

(U
T

C
).

S
ee

 h
tt

ps
:/

/p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
li

ne
s 

fo
r 

op
ti

on
s 

on
 h

ow
 to

 le
gi

ti
m

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

ti
cl

es
.



contributes to the unique properties and potential applications
o pyrolytic lignin in various elds, including the synthesis o
carbon dots.
Pyrolytic lignin oers several advantages or green nanoma-

terial synthesis. As a biomass processing byproduct, it provides
a sustainable alternative to ossil-based precursors, supporting
circular economy principles.16 Oers several advantages over
other lignin sources, including higher carbon content, lower
molecular weight, and increased reactivity due to its partially
depolymerized structure.16,22 Its carbon-rich aromatic structure
enhances the carbon dot synthesis efciency. The abundant
oxygen-containing groups in pyrolytic lignin contribute to
carbon dot surace unctionalization without additional treat-
ments. Recent advances in carbonized polymer dots (CPDs)
have demonstrated the importance o core and shell engineer-
ing in tailoring their properties. Wang et al. provide a
comprehensive review o CPD synthesis, characterization,
and applications, emphasizing the role o structural control in
enhancing perormance.23 Additionally, pyrolytic lignin’s
partially depolymerized nature increases reactivity, allowing
or milder synthesis conditions and more energy-efcient
processes than other lignin sources.
Using pyrolytic lignin or sustainable nanomaterial synthesis

aligns with green chemistry and circular economy principles.
As nanotechnology advances, the demand or ecoriendly
precursors that reduce environmental impact and valorize
waste is growing. Pyrolytic lignin, a bio-oil byproduct, could
integrate carbon dot synthesis into biorenery processes,
improving the resource efciency.
Recent reviews suggest that pyrolytic lignin still needs to be

explored or carbon dot synthesis despite its promising
properties as a carbon-rich eedstock.24,25 This gap presents
an opportunity or innovation in sustainable nanomaterials.
Our study introduces pyrolytic lignin as a novel raw material

or carbon dot synthesis via hydrothermal carbonization. We
thoroughly characterized the resulting materials through
spectroscopic analysis, particle size measurement, ζ-potential,
and morphology studies. This approach aims to validate

pyrolytic lignin’s potential as a carbon source or producing
carbon dots, adhering to bioeconomy and circular economy
principles. By investigating this new precursor, we seek to
advance sustainable nanomaterial synthesis and expand lignin
valorization possibilities.

2. MATERIALS AND METHODS
2.1. Synthesis of Pyrolytic Lignin. The pyrolytic lignin

used in this study was extracted rom bio-oil generated through
ast pyrolysis o dry wood biomass rom sustainably managed
eucalyptus plantations in central-western Brazil, supplied by
Suzano, a large orestry company. The extraction employed a
water ractionation process. At room temperature, the process
began by adding a 1:50 ratio o bio-oil to distilled water,
ollowed by mechanical agitation at dierent speeds or specic
durations (400 rpm or 1 min, 800 rpm or 2 min, and 1200
rpm or 5 min). Ater agitation, the sample rested or 24 h in a
ume hood to allow decantation. The process involved
separating the resulting phases and ltering the aqueous
phase three times using lter paper beore storing the samples
or urther analysis. The team prepared all aqueous solutions
with deionized water.

2.2. Synthesis of Carbon Dots. Pyrolytic lignin-based
carbon dots were produced as ollows: 0.5 g o pyrolytic lignin
was dispersed in 30 mL o deionized water and manually
stirred to mix the material in water. Then, the dispersion was
sealed in a 50 mL Hastelloy steel cylindrical reactor to an
aluminum digestion block apparatus (Marconi, Brazil) or
hydrothermal treatment at 200 °C or 12 h. Ater the reaction,
the equipment was naturally cooled, and the yellow dispersion
obtained was centriuged in a Eppendor 5810R centriuge at
8000 rpm to remove insoluble substances. Subsequently, the
material was ltered with a 0.22 μm membrane lter (Kasvi,
Brazil) to remove lignin oligomers that did not react during the
synthesis o pyrolytic lignin-based carbon dots (Figure 1).

2.3. Physical and Chemical Characterization. The
surace morphology o pyrolytic lignin-based carbon dots was
investigated by transmission electron microscopy (TEM) by

Figure 1. Schematic illustrating the production pathway o pyrolytic lignin-based carbon dots: (1) Mixing pyrolytic lignin with deionized water in a
reactor; (2) hydrothermal treatment o the sample; (3) ltration to separate Residue 1; (4) centriugation to obtain Residue 2 and the liquid
sample; (5) collection o the liquid sample; (6) ltration o the sample through a 0.22 μm membrane; (7) observation o the sample under
daylight; (8) observation o uorescence under UV light at 365 nm.
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using a JEM 1200EX II (Jeol Ltd., Japan) at 200 kV. Fourier
transorm inrared (FT-IR) spectra were recorded using a
Nicolet iS50 (Thermo Fisher Scientic Co.) spectrophotom-
eter with the KBr pellet technique ranging rom 400 to 4000
cm−1. To determine the particle size and charge o pyrolytic
lignin-based carbon dots, a Zetasizer Nano ZS size analyzer
(Malvern, U.K.) was used at 25 °C in an aqueous solution o
potassium chloride (0.001 mol L−1).

2.4. Optical Properties of Pyrolytic Lignin-Based
Carbon Dots. All uorescence measurements were recorded
in a quartz cell with path length o 10 mm by using an RF-5301
PC (Shimadzu Corp., Japan) uorescence spectrometer or
solutions having absorbance at the wavelength o excitation
(λex). The sample was excited rom 300 to 480 nm, in 20 nm
increments using slit width o 5 nm. UV/visible absorption
spectra (200−700 nm) were recorded by a UV-1800
spectrophotometer (Shimadzu Corp., Japan) using slit width
o 2 nm. A pair o quartz cuvettes with a path length o 10 mm
was employed or this purpose.
The lietime analyses were perormed using a spectrouor-

ometer (Fluorolog-3, Horiba Jobin Yvon) with a pulsed
excitation nanoLED at 340 nm and a repetition rate o 1.00
MHz.
Fluorescence quantum yield (QY) represents the ratio o

photons emitted to photons absorbed by the uorescent
compounds. To determine the quantum yield, a comparative
method was employed, utilizing quinine sulate as a reerence
compound. Quinine sulate, dissolved in 0.1 M H2SO4
solution, was selected as the reerence due to its established
quantum yield o 54% or 0.54, as reported in the literature.
The quantum yield o uorescent carbon dots in aqueous

solutions was evaluated by comparing the integrated
uorescence intensity (excited at 350 nm) and absorbance
(sample with a maximum concentration o 0.1 and a minimum
o 0.01 at wavelength excitation) o each sample. This
comparative analysis involved calculating the slope (m) o
the line obtained rom plotting the integrated uorescence
intensity against absorbance (0.01−0.1) or both the unknown
samples (mX) and the standard (mR). Additionally, the
reractive index o the medium (water, n = 1.3) was
considered.
The quantum yield (QY) o the unknown samples was

determined using eq 1:

= × × × ×S
S

A

A
QY QY 100qs

qs

qs
2

qs
2

(1)

where, QY represents the quantum yield, S the integrated
photoluminescence area, A the absorbance measured at the
excitation wavelength (350 nm), and η the reractive index o
the solvent used. The subscript qs is the reerence solution, and
the values o QYqs, ηqs, and η are 0.54, 1.33, and 1.33,
respectively.
The lietime is the period that excited molecules take to

return to the ground state. The radiative decay curve
characterizes emission centers in the nanomaterials. The
uorescence lietime was calculated as ollows:

= +I t t t( ) exp( / ) exp( / )1 1 2 2 (2)

Given that I(t) represents the photoluminescence intensity
at time t, α is the amplitude o the component, and τ is the
lietime, also known as the time constant.

3. RESULTS AND DISCUSSION
In the quest or efcient carbon dot production, a cost-
eective, straightorward synthesis route is paramount. Herein,
we introduce pyrolytic lignin carbon dots synthesized via
meticulously controlled thermal pyrolysis o a lignin precursor
in deionized water without the use o any other eedstock. The
synthesis process involved a one-pot method in which blue/
green uorescent pyrolytic lignin-based carbon dots were easily
prepared by heating aqueous dispersion to 200 °C or 12 h
(photoluminescence under UV light at 360 nm is visualized in
Figure 2).
Pyrolytic lignin, obtained through the phase separation o

bio-oil by cold water addition, exhibits hydrophobic aromatic
moieties and hydrophilic hydroxyl groups within its side
chain.16 Pyrolytic lignin agglomeration occurs in an aqueous
medium as the temperature increases. The initial agglomerates
undergo dehydration, polymerization, and condensation
reactions, resulting in the ormation o primary aromatic
clusters. These reactions occur mainly in the aliphatic regions
between dierent lignin molecules.26 With sufcient reaction
time and high temperature, the primary aromatic agglomerate
undergoes new transormations through aromatization and
carbonization processes, leading to the ormation o the nal
pyrolytic lignin-based carbon dots.27

Figure 2. Sequential scheme o dripping pyrolytic lignin-based carbon dots into distilled water under 360 nm UV light: (1) distilled water; (2), (3),
and (4) sequential dripping o the nanoparticles into the distilled water.
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Inrared region analyses were perormed to identiy the
chemical groups present in the pyrolytic lignin and pyrolytic
lignin-based carbon dots (Figure 3). No signicant changes,

other than intensity, were observed related to the mass amount
o the product used or the assay. Intense bands around 3400
cm−1 were observed as a result o the elongation vibration o
the O−H groups. The bands around 2932 and 1460 cm−1 were
ascribed to asymmetric and symmetric vibrations o C−H
bonds o methyl or methylene groups. At 1330 and 1215 cm−1,
bands correspond to the stretching vibrations o C−O bonds
in aromatic structures. The three bands around 1600, 1515,
and 1460 cm−1 can be associated with the stretching vibrations
o C−C bonds in the aromatic chain. Assignments o the bands
or the FTIR spectra o pyrolytic lignin and pyrolytic lignin-
derived carbon dots are presented in Table S1.
Using ζ-potential analysis, the surace charge o the pyrolytic

lignin-based carbon dots was quantied, revealing a value o
−10.4 ± 0.14 mV. This observation indicates that the surace is
negatively charged, which has signicant implications or

material interactions and colloidal dynamics. The negative
surace charge o the CDPLs is consistent with the presence o
oxygen-containing unctional groups, particularly carboxyl and
hydroxyl groups, which are abundant in the lignin precursor
and persist in the nal carbon dot structure.9,15 These groups
tend to deprotonate in aqueous solutions, contributing to the
overall negative surace charge.15 This characteristic is
common among lignin-derived carbon dots and plays a crucial
role in their colloidal stability and potential applications. The
presence o these unctional groups not only inuences the
surace charge but also contributes to the unique optical
properties and potential applications o the CDPLs in various
elds, including sensing and bioimaging.16

The average size o our pyrolytic lignin-based carbon dots
(CDPLs) was ound to be 34 nm (Figure 4a), which is notably
larger than the typical sub-10 nm size range oten reported or
carbon dots.15 This increased size can be attributed to several
actors inherent to the pyrolytic lignin precursor and our
synthesis process.14 The complex and heterogeneous structure
o pyrolytic lignin may lead to the ormation o larger initial
aggregates during hydrothermal treatment.12,14 Additionally,
the synthesis conditions might result in incomplete breakdown
o lignin structures or promote the agglomeration o smaller
particles.3,7 However, the limited visibility o the particles in
the images may have inuenced the accuracy o the size
statistics, probably due to the more diluted conditions during
execution o the technique. Despite this, the particles exhibited
a generally spherical morphology and appeared entirely
amorphous in the selected diraction area (SAD top let o
Figure 4b), lacking the characteristic rings associated with
crystalline materials. While the size o our CDPLs exceeds that
o conventional carbon dots, it aligns with observations in
other studies o lignin-derived carbon nanomaterials.15,16

Furthermore, dynamic light scattering (DLS) was employed
to evaluate the particle size, revealing discrepancies in TEM
measurements. This technique may encounter challenges with
highly photoluminescent particles because a signicant
decrease in correlation coefcients is observed due to increased
absorption o coherent incident light.19 Together with the
corresponding emission o noncoherent uorescent light, this
can reduce data quality. However, the DLS data indicated a
narrow size distribution among the particles, suggesting a well-

Figure 3. FTIR spectra o pyrolytic lignin (LP) and pyrolytic lignin-
based carbon dots (CDLP).

Figure 4. (a) Particle size and morphology o CDPLs measured rom TEM images; (b) zoomed region o a single nanoparticle with their SAD
diraction pattern; and (c) hydrodynamic size distribution rom the EDL experiment.
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dened and consistent particle size, although some variation
was observed (Figure 4c).
The synthesis yield o pyrolytic lignin-based carbon dots (in

triplicate) is illustrated in Figure S2. It was determined in
relation to the initial mass o the pyrolytic lignin, its residual
ractions (residues 1 and 2), and the product, presenting a
value o approximately 64 ± 3.6%. Assuming that the residues
are ractions o unconverted lignin oligomers, we inerred that
the remainder o the mass was converted to carbon dots.
Despite the need or urther quantitative improvements, this
value indicates a greater conversion o pyrolytic lignin into the
product in the suspension than that o solid carbon
(hydrothermal carbon). These values are higher than those
reported in the literature, such as 0.8−12.06% or alkaline
lignin CDs28 and 2.39−5.02% or lignin sulonate uorescent
carbon nanoparticles.29 These data indicate the possibility o
obtaining carbon dots based on pyrolytic lignin with high
conversion values through the hydrothermal method.
The photoluminescence quantum yield (QY) o the

pyrolytic lignin-based carbon dots was determined to be 7.9
± 0.7% at an excitation wavelength o 350 nm, as shown in the
standard curve presented in Figure S3. This characteristic can
be attributed to several actors. The heterogeneous nature o
lignin results in a variety o emissive states, while the presence
o nonradiative relaxation pathways due to surace deects and
unctional groups urther impacts the QY.15,30 Additionally, the
inherent complexity o the carbon dot structure may lead to
energy transer processes that compete with uorescence
emission.16 It is noteworthy that our QY value is comparable
to or even higher than those reported or other lignin-derived
carbon dots, including some with heteroatom doping (Table
1). Studies using only lignin as a precursor have reported QY
values as low as 4.62%28 and 4.50%,31 while even some
heteroatom-doped lignin-based carbon dots showed QY values
ranging rom 7.95%26 to 8.10%.27 This suggests that our
pyrolytic lignin-based carbon dots, without additional dopants,
achieve a relatively competitive quantum yield. This QY value

is comparable to those reported in the literature or lignin-
derived carbon dots synthesized using similar methods, such as
hydrothermal carbonization at 200 °C or 12 h13,31,32 and
solvothermal carbonization at 200 °C or 12 h33 with other
types o lignin eedstock (Table 1). This QY result
demonstrates that pyrolytic lignin-based carbon dots exhibit
promising photoluminescent properties, achieving competitive
quantum yields without the need or additional dopants or
complex synthesis methods.
The production o pyrolytic lignin-based carbon dots using

water as a green solvent is particularly relevant in the context o
biorenery systems, where the valorization o lignocellulosic
byproducts and residues, such as pyrolytic lignin, is a crucial
aspect to ensure sustainability and economic viability o these
processes.16
Regarding the optical characteristics, Figure 5a shows that

pyrolytic lignin and pyrolytic lignin-based carbon dots exhibit
similar light-absorption patterns in the UV−vis spectrum. A
comparative analysis o the FTIR spectra o pyrolytic lignin
and the derived carbon dots (CDPLs) reveals both similarities
and notable dierences in their unctional groups and
structures. This comparison provides insights into the
structural changes occurring during the hydrothermal synthesis
process. The broad band around 3400 cm−1, present in both
pyrolytic lignin and CDPLs, is attributed to the vibrations o
the O−H stretching vibrations. Its persistence in CDPLs
indicates the retention o hydroxyl groups, which contribute to
the hydrophilicity and potential or urther unctionalization o
the carbon dots. The bands at 2932 and 2850 cm−1,
corresponding to C−H stretching in the methyl and methylene
groups, are observed in both materials. However, their relative
intensity appears reduced in CDPLs, suggesting partial
dehydrogenation during the carbonization process. Notably,
the aromatic skeletal vibrations at 1600, 1515, and 1460 cm−1

are preserved in CDPLs, although with altered intensities. This
indicates the retention o aromatic structures rom the lignin
precursor, which likely orm the core o the carbon dots. The
band at 1705 cm−1, assigned to CO stretching in
unconjugated ketones and carboxyl groups, is more pro-
nounced in the CDPLs. This suggests an increase in carbonyl-
containing unctionalities during the hydrothermal treatment,
potentially enhancing the surace properties o the carbon dots.
The signals at 1330 and 1215 cm−1, attributed to C−O
stretching in syringyl and guaiacyl units, respectively, are
present in both materials but show reduced intensity in
CDPLs. This indicates partial breakdown o these lignin
subunits during carbon dot ormation, while still retaining
some o the original lignin structure. The band at 1030 cm−1,
corresponding to C−O−C stretching in ethers, appears to be
more prominent in CDPLs. This could indicate the ormation
o new ether linkages during the carbonization process,
contributing to the cross-linked structure o the carbon dots.
Overall, this FTIR analysis demonstrates that while CDPLs
retain many o the unctional groups present in the pyrolytic
lignin precursor, the hydrothermal synthesis process induces
signicant structural changes. These include partial aromatiza-
tion, increased carbonyl unctionalities, and potential or-
mation o new ether linkages. These structural modications
are crucial in transorming the lignin precursor into uorescent
carbon dots with unique optical and physicochemical proper-
ties.
Figure 5b presents the emission spectra o the pyrolytic

lignin-based carbon dots in aqueous solution with excitation

Table 1. Comparison of CDPLs and Carbon Dots Prepared
from Other Lignins

yield
(QY) synthesis method source reerence

1.68% molecular aggregation cellulosic enzyme
lignin

34

7.95% carbonization and grinding alkali lignin 35
8.10% carbonization and grinding alkali lignin 36
4.62% solvothermal carbonization at

200 °C/10 h
alkali lignin 37

2.94% calcination at 250 °C/N2 sodium
lignosulonate

38

8.23% hydrothermal carbonization at
200 °C/12 h

cellulosic enzyme
Lignin

32

7.40% hydrothermal carbonization at
200 °C/12 h

alkali lignin 13

7.00% hydrothermal carbonization at
200 °C/12 h

alkali lignin 39

4.50% hydrothermal carbonization at
220 °C/12 h

enzymatic
hydrolysis lignin

40

8−9% solvothermal carbonization at
200 °C/12 h

alkali lignin 33

4.50% solvothermal carbonization at
180 °C/12 h

alkali lignin 41

7.89% hydrothermal carbonization at
200 °C/12 h

pyrolytic lignin our
study
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wavelengths ranging rom 300 to 480 nm in 20 nm increments.
The main photoluminescence peaks exhibit a blue shit at
excitation wavelengths o 300 and 400 nm. The peak intensity
initially increases and then decreases, reaching a maximum at
an excitation wavelength o approximately 360 nm and an
emission wavelength o approximately 440 nm. This
phenomenon is commonly observed in carbon-based uo-
rescent materials, where the emission wavelength and intensity
are signicantly inuenced by the excitation process.36 This
can be attributed to actors such as the particle size distribution
and the presence o multiple unctional groups, which lead to
distinct emissive states.42
Similar to previous studies on dierent lignin-derived carbon

dots,41−42 the pyrolytic lignin-based carbon dots exhibit a red
shit in the emission band with increasing excitation wave-
length, particularly ater the 400 nm region. This is mainly due
to the relaxation o the polar groups (hydroxyl and carboxyl)
on the surace, resulting in a “giant red-edge eect.”30,45 The
tunability o the emission band allows the optical properties,
such as emission color, o pyrolytic lignin-based carbon dots to
be tailored, making them suitable or applications requiring
control o the spectral response, such as optoelectronic
devices.46 Furthermore, the red shit o the emission (red-
edge eect) can be benecial or bioimaging applications
because light in this spectral range penetrates more deeply into
biological tissues.8,47
In addition to optoelectronic and sensing applications,

pyrolytic lignin-based carbon dots can be utilized as
luminescent materials in diverse areas, such as paints, coatings,
and markers, because their tunable emission allows custom-
ization o their luminescent characteristics.48 Thereore, the
observed emission band shits in lignin-based pyrolytic carbon
dots open up a wide range o practical applications, rom
optoelectronic devices and optical sensors to biomedical and
energy conversion applications, by exploiting their tunable
optical properties.
Figure 6 shows that the carbon dots derived rom pyrolytic

lignin exhibit a radiative decay lietime in the nanosecond
range with an average lietime o 6.33 ns, tted by a
biexponential unction, as presented in eq 2.
This behavior, typical o carbon dots, is ascribed to

recombination processes involving the carbon dots’ intrinsic
and surace deect states.49,50 Notably, this observed lietime is
longer than the typical sub-5 ns lietimes reported or many

carbon dots, which can be attributed to several actors related
to the unique structure and composition o our CDPLs.24,51
The complex nature o pyrolytic lignin, with its diverse

aromatic structures and oxygen-rich unctional groups, likely
contributes to a more varied set o emissive states. Addition-
ally, the surace unctionalization retained rom the pyrolytic
lignin precursor may modulate the electronic structure o the
CDPLs, potentially slowing down the radiative recombination
process.24,51
Comparing these values with those in the literature, we

ound that they are within the lietime range reported or other
lignin-derived carbon dots, albeit on the higher end. For
example, carbon dots prepared rom alkaline lignin exhibited
average lietimes o 2.79 and 5.19 ns, depending on the
synthesis method.36,52 However, other papers using alkaline
lignin as the raw material but employing dierent acidic
additives obtained shorter lietimes, ranging rom 1.30 to 2.94
ns.9 It is worth noting that even longer lietimes have been
reported or some lignin-derived carbon dots, such as the 10.89
ns lietime observed by Sun et al.53 However, it used a lower
concentration o lignin (0.05−0.1 g) than other production
components, such as ethylenediamine (2.40 g) and citric acid

Figure 5. (a) UV−vis spectra o pyrolytic lignin (LP) and pyrolytic lignin-based carbon dots (CDPL) and (b) emission spectra (excitation
wavelength gradually increases rom 300 to 450 nm) o in aqueous solution.

Figure 6. Fluorescence lietime o pyrolytic lignin-based carbon dots
with excitation at 360 nm and emission at 440 nm. The decay curve
yields a lietime (τ) o 6.33 ns.
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(2.10 g). The present results indicate that the CDs derived
rom pyrolytic lignin exhibit a radiative decay lietime
consistent with the lietimes reported in the literature or
other lignin-based CDs.
These extended lietimes can be advantageous or certain

applications, such as time-gated bioimaging and sensing, where
longer-lived uorescence can improve signal-to-noise ra-
tios.24,51 Our results demonstrate that pyrolytic lignin-based
carbon dots exhibit uorescence lietimes comparable to or
even longer than those o other lignin-derived carbon dots,
highlighting their potential or applications requiring extended
excited state lietimes.24,53
This study did not directly calculate quantitative green

metrics such as E-actor and atom economy, but the approach
oers several environmental advantages: using water as the sole
solvent minimizes the generation o hazardous waste. In
addition, the one-pot hydrothermal synthesis method reduces
energy consumption and process complexity compared to
multistep procedures. The high yield o carbon dots
(approximately 64%) indicates efcient use o the pyrolytic
lignin precursor, contributing to waste reduction.

4. CONCLUSIONS
This study demonstrates a pioneering carbon-based nano-
particle production using pyrolytic lignin rom a ast pyrolysis
bio-oil. Our research ocused on developing a novel and
sustainable approach to synthesize carbon dots rom this
underutilized biomass derivative. The results demonstrated
that the proposed method is efcient or the preparation o
pyrolytic lignin-based carbon dots. Without the need or
additional dopant materials to enhance photoluminescence,
the analysis o the luminescence properties revealed that the
pyrolytic lignin-based carbon dots exhibited a photolumines-
cence quantum yield comparable to that reported in the
literature. UV−vis and FTIR analyses indicated subtle changes
in the absorbance and unctional groups present in the
eedstock and pyrolytic lignin-based carbon dots. The ζ-
potential analysis indicated that the nanoparticles have
negative charges. Although the light scattering technique
does not have accuracy in determining photoluminescent
particle sizes, it is interesting to note the homogeneous
distribution o the sample at approximately 10 nm, as
measured by TEM. The results o this study indicate the
potential or the use o pyrolytic lignin to produce carbon dots
using a simple and reproducible production technique.
Advances in their characterization and possible application o
these pyrolytic lignin-based carbon dots can strongly assist the
development o carbon dots rom lignocellulosic biomass. This
study represents a step toward more sustainable nanomaterial
synthesis within the biorenery concept. We demonstrate the
potential or value-added products rom lignocellulosic
biomass processing streams using pyrolytic lignin, a byproduct
o bio-oil production. Future work should ocus on
comprehensive lie cycle assessment and detailed green metrics
calculations to ully quantiy the environmental impact o this
approach.
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■ NOTE ADDED AFTER ASAP PUBLICATION
Ater this paper was published ASAP March 12, 2025, a
correction was made to Figure 1 (pyrolytic lignin image was
replaced). The corrected version was posted March 25, 2025.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c09764
ACS Omega 2025, 10, 11054−11062

11062


