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Abstract
Pyrolytic lignin from beech wood bio-oil was fractionated into low molecular mass (LMM) and high molecular mass 
(HMM). A comprehensive characterization by FTIR, GPC, TG, GC/MS, and multidimensional NMR spectroscopy was 
employed to analyze the individual fractions. Additionally, advanced characterization was carried out using ultra-high-
resolution mass spectrometry (UHRMS). The data reveal that the LMM fraction has a higher prevalence of phenolic 
monomers due to homolytic cleavage of the RC−OAr linkage in aryl−O−alkyl ether bonds corroborating with GC/MS 
results. On the other hand, the HMM fraction shows a higher degree of polymerization and a wider molecular mass 
distribution, predominantly comprising carbohydrate derivatives by GC/MS. UHRMS data proved to be valuable in 
characterizing the monomers and oligomers present in each fraction, offering insights for future applications and the 
development of value-added products. Overall, this work significantly advances the current knowledge of pyrolytic 
lignin structures, opening opportunities for innovative technological bioproducts.
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1  Introduction

Concerns related to the depletion of petroleum reserves and 
our society’s increasing dependence on energy and industrial 
chemical inputs have driven researchers to develop alterna-
tive technologies aimed at converting renewable resources 
into more sustainable energy and industrial application prod-
ucts [1]. Among the variety of technologies under develop-
ment nowadays, the conversion of lignocellulosic biomass 
through fast pyrolysis process is considered one of the most 
promising possibilities for the reduction of fossil carbon 
consumption [2]. Lignocellulosic biomass is the most abun-
dant, sustainable, and inexpensive carbon source that can be 
used to produce renewable-based fuels and chemicals. It is 
formed through the photosynthesis reactions that produce 

plant fibers, consisting of macromolecular substances that 
are held together by a polysaccharide matrix called holo-
cellulose, composed of cellulose and hemicellulose, and a 
recalcitrant polymeric layer known as lignin [3–5].

During fast pyrolysis, the building blocks of biomass 
are decomposed, resulting in a viscous, highly oxygenated 
brown liquid denominated bio-oil [6]. Because of the poor 
thermal stability of the holocellulose matrix, it decomposes 
between 215 and 400 °C producing a wide range of com-
pounds such as carbohydrate derivatives (pentoses, hexoses, 
furans, and levoglucosan), sugar oligomers, and short-chain 
compounds belonging to the classes of carboxylic acids, 
alcohols, aldehydes, and ketones. Lignin, a macromolecule 
responsible for mechanical strength of the plants (composed 
of three main aromatic monomers building blocks: guaiacyl 
(G), syringyl (S), and p-hydroxyphenyl (H)) is decomposed 
in the range of 160 to 900 °C producing low and high molec-
ular mass phenolic compounds [2, 7]. Due to α- and β-ether 
bonds of lignin, which will cleave spontaneously at high 
temperatures (especially above 300 °C), depolymerization 
of lignin occurs during pyrolysis process. However, due to 
the short residence time of the biomass in the fast pyrolysis 
reactor, up to 5 s, the lignin polymer matrix is only partially 
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decomposed [8]. Furthermore, repolymerization reactions 
occur rapidly via a quinone methide intermediate formed 
from a conjugated C = C structure of the product, yielding 
higher molecular mass products, which eventually results 
in the formation of solid residues [9]. In this way, approxi-
mately 30% of the fast pyrolysis bio-oil composition is what 
is called “pyrolytic lignin,” fragments of different molecular 
mass obtained due to the partial fragmentation of lignin. The 
presence of pyrolytic lignin is associated with bio-oil insta-
bility, leading to increased viscosity and posing challenges 
for its further processing and upgrading [10, 11].

Another challenge faced by the presence of pyrolytic 
lignin in the bio-oil is the current technology for fractionat-
ing bio-oil. Among the fractionation forms, the distillation 
of bio-oil has the restraint caused by the polymerization of 
bio-oil [1]. Despite its disadvantage in bio-oil, pyrolytic 
lignin presents itself as an intriguing feedstock, particularly 
when targeting aromatic building blocks. This is due to its 
substantial carbon content and inherent aromatic structures, 
which render it a renewable resource with significant poten-
tial for producing high-value chemicals [1]. Therefore, the 
separation of pyrolytic lignin from bio-oil can be a viable 
alternative to overcome the aforementioned challenges. To 
recover pyrolytic lignin from bio-oil, water can be employed 
as an extraction medium, since its chemical structure makes 
it insoluble in water [12]. In addition, different organic sol-
vents can be used to carry out subsequent fractionation of 
the pyrolytic lignin [13] which allows a more detailed char-
acterization of this type of sample, offering a viable alterna-
tive approach for the use of this fraction of bio-oil in obtain-
ing innovative technological bio-products. The exploration 
and utilization of alternative renewable raw materials as 
monomer sources for the chemical industry is a step towards 
sustainable development. The isolation of pyrolytic lignin 
presents an opportunity to increase the recovery of phenolic 
monomers, which can be used to produce other high-value 
compounds, thereby enhancing economic returns. Phenolic 
derivatives have industrial applications in pharmaceutical, 
cosmetic, textile, packaging, and food areas [14], as well as 
in the production of phenolic resins, which are employed 
in various industries [15]. Overall, the isolation and utili-
zation of pyrolytic lignin represent a promising strategy to 
maximize the value of lignocellulosic biomass through the 
pyrolysis process. Environmental concerns and the need to 
reduce our dependency on petroleum-based chemicals create 
a new demand for bio-based chemicals [16].

The characterization of pyrolytic lignin plays a crucial 
role in predicting reaction mechanisms and proposing 
transformation pathways to maximize its conversion into 
value-added chemicals [17]. Various analytical techniques 
are commonly employed for lignin structure characteriza-
tion, including elemental analysis, Fourier transform infra-
red spectroscopy (FTIR), gel permeation chromatography 

(GPC), thermographic analysis (TG), online pyrolysis with 
gas chromatography/mass spectrometry (Py−GC/MS), 
and 1H−13C nuclear magnetic resonance (HSQC NMR) 
[18]. In addition to these techniques, the drive to enhance 
the characterization and comprehension of this intricate 
biopolymer has fostered the development of diverse ana-
lytical approaches, which center on high-resolution mass 
spectrometry and subsequent data analysis. Within this 
analytical technique, soft atmospheric ionization methods 
can be employed to ionize the compound while preserving 
the integrity of lignin oligomers, facilitating direct analysis 
without the need for complex sample preparation steps or 
prior chromatographic separation. This analysis provides 
valuable insights into trends, compound series, chemical 
classes, and analytical information pertaining to lignin sub-
structures. Moreover, this approach obviates the necessity 
for lignin structure degradation, thereby enabling a more 
comprehensive understanding of this natural polymer [19].

This work focuses on the characterization of pyro-
lytic lignin isolated from the bio-oil obtained through fast 
pyrolysis of beech wood. The pyrolytic lignin was further 
fractionated into low molecular mass and high molecular 
mass fractions using dichloromethane (DCM). Given the 
complex nature of lignin, a range of analytical techniques 
was employed to gain insights into the structure of the sam-
ples. To comprehensively analyze the individual fractions, 
classical lignin characterization techniques such as Fou-
rier transform infrared spectroscopy (FTIR), gel permea-
tion chromatography (GPC), thermogravimetry (TG), gas 
chromatography/mass spectrometry (GC/MS), and multidi-
mensional NMR spectroscopy were utilized. Additionally, 
advanced comprehensive characterization was performed 
using ultra-high-resolution mass spectrometry (UHRMS). 
The combined application of these characterization tech-
niques enabled the extraction of valuable information 
regarding the structure of the pyrolytic lignin obtained. This 
thorough approach is expected to enhance the current under-
standing of the structures and composition of the pyrolytic 
lignin given support to the potential use of lignin in bio-
refineries platform [20].

2 � Methodology

2.1 � Isolation of low molecular mass (LMM) and high 
molecular mass (HMM) pyrolytic lignins

The beech wood bio-oil (BWBO), obtained by fast pyrolysis, 
was provided by BTG Biomass Technology Group BV, Neth-
erlands. The BWBO exhibited spontaneous phase separation 
after storage (24 h at 80 °C), yielding an upper aqueous 
fraction and a lower organic fraction. The aqueous fraction 
accounted for 59 wt% of the total bio-oil, while the organic 



fraction constituted 41 wt%. Both fractions presented a dark 
brown color. Notably, the organic fraction displayed signifi-
cantly higher viscosity compared to the aqueous fraction. 
The pyrolytic lignin (PyL) extraction was conducted using 
the organic fraction of the BWBO, as the PyL is mainly 
concentrated in this fraction [21]. The fractionation of PyL 
for analytical proposal followed the previous literature based 
on the solubility of the structures by the molecular mass 
[22, 23].

Approximately 40 g of organic fraction was added drop-
wise to an ice-water mixture (130 g of ice and 270 g water) 
kept at 0.5–1 °C, under constant stirring (Ultra-Turrax T25, 
IKA, max. speed of 25,000 min−1). The hydrophobic com-
ponents, PyL, was then precipitated and vacuum filtrated 
(white stripe quantitative filter). The water insoluble frac-
tion (PyL) was dried in a freezing drying (Alpha 2–4 LSC-
plus, Martin Christ) at − 87 °C and − 0.035 mbar overnight. 
The solid fraction obtained was extracted with DCM in a 
proportion of 1:7 (in an ultrasound bath for 15 min, fol-
lowed by vacuum filtration). The solid residue obtained is 
the PyL-DCMInsol. (HMM) and the soluble fraction (after 
solvent evaporation) is the PyLDCMSol. (LMM). The content 
of extractives and solids were also determined as they usu-
ally are concentrated together with both LMM and HMM 
fractions. The extractives were determined by extraction 
with n-hexane, being the extractives the n-hexane soluble 
fraction while the solids were determined by the methanol 
insoluble fraction.

2.2 � Characterization of low and high molecular 
mass pyrolytic lignin fractions

Both PyL fractions were analyzed in terms of elemental 
analysis, heating value, functional groups, molecular mass 
distribution, and thermal stability. Furthermore, for a more 
comprehensive characterization, the LMM and HMM sam-
ples were also characterized by gas chromatography/mass 
spectrometry (GC/MS), two-dimensional nuclear magnetic 
resonance spectroscopy (2D-NMR), and ultra-high resolu-
tion mass spectrometry (UHRMS). The procedures used in 
each analysis are detailed below.

2.2.1 � Elemental analysis and high heating value (HHV)

The LMM and HMM fractions were analyzed following the 
same methodology. The carbon (C), nitrogen (N), and hydro-
gen (H) content of the samples was determined through 
elemental analysis, utilizing a LECO CHN628 elemental 
analyzer. The obtained results were processed using LECO 
CHN628 Software ver. 1.30 (St. Joseph, MI, USA). The 
instrument operated by employing helium (99.995%) and 
oxygen (99.99%) gases, with the furnace temperature set at 
950 °C and the post-firing temperature at 850 °C. Additional 

parameters were adjusted to enhance sensitivity. The equip-
ment was calibrated with an EDTA standard (41.0% C, 5.5% 
H, and 9.5% N) using a mass range between 10 and 200 mg. 
The samples were analyzed using 50.0 mg on tin foil. The 
high heating value (HHV) was performed using a calorim-
eter IKA C5003 with a C551 cooling system.

2.2.2 � Fourier transform infrared spectroscopy‑attenuated 
total reflectance analysis (FTIR‑ATR)

To obtain information about the functional groups present 
in the low LMM and HMM high molecular mass pyrolytic 
lignin fractions, the samples were also analyzed using a 
Bruker FTIR-ATR spectrometer (Alpha) using a diamond 
single reflection attenuated total reflectance (ATR). These 
measurements were carried out at the Instituto Superior de 
Agronomia (ISA), University of Lisbon. The spectra were 
measured in the wavenumbers from 4000 to 400 cm–1.

2.2.3 � Distribution of molecular mass by gel permeation 
chromatography (GPC)

An estimation of the distribution of the molecular mass was 
obtained by GCP measurements. Approximately 10 mg 
of both samples was diluted in 10 mL of Tetrahydrofuran 
(THF) and filtrated using a 0.2-μm PTFE filter. The sam-
ples were then injected (temperature: 37 °C; flow rate: 1 mL 
min−1) to the equipment (Merck Hitachi, L-6200 Intelligent 
pump) with a Refractive Index Detector (Merck, LaChrom 
L-7490). The device was composed of two columns (length:
300 mm; inner diameter: 8 mm) packed with PSS SDV-gel,
with different pore sizes (1000 Å and 100Å) and 5 μm of
particle size. Before the measurements, the equipment was
calibrated using polystyrene standards diluted in THF, using
toluene as internal standard.

2.2.4 � Thermogravimetric analysis (TG)

The evaluation of the thermal stability of PyL samples 
(LMM and HMM) was measured by thermogravimetric 
analysis using a TGA-50 thermogravimetric analyzer (Shi-
madzu, TA, America) under an atmosphere of N2 with a flow 
rate of 50 mL min–1. For this purpose, approximately 6 mg 
of sample were placed in a platinum crucible and heated 
from an initial temperature of 30 °C up to 1,000 °C under 
the heating rate of 10 °C min–1, had its mass loss analyzed.

2.2.5 � Characterization of volatile components present 
in PyL fractions and analysis of HMM fragments 
by GC/MS

Stock solutions of LMM and HMM (5 mg mL–1) were pro-
duced by diluting the samples in previously distilled THF. 



Aliquots of 80 µL of the stock solutions were further deri-
vatized by adding 20 µL of N,O-bis(trimethylsilyl)trifluoro-
acetamide (BSTFA). The mixture was homogenized using 
a vortex and allowed to stand at 65 °C for 45 min, after 
which it was sent for analysis by gas chromatography/mass 
spectrometry (GC/MS).

Assuming that the HMM pyrolytic lignin fraction is 
mostly composed of nonvolatilizable oligomeric com-
pounds, the HMM sample was subjected to a thermal crack-
ing process aiming at a better understanding of the building 
units that compose the oligomeric structures present in the 
matrix in question. For this purpose, 100 mg of HMM was 
pyrolyzed using a microscale reactor operating at a tempera-
ture of 500 °C, following the methodology described in the 
work of Santos et al. [24]. The liquid product, herein referred 
to as PyHMM, was collected by elution from the reactor 
tube with THF and collected in a 5-mL volumetric flask. 
Subsequently, the concentration of the Py-HMM solution 
in THF was adjusted to obtain a final concentration of 5 mg 
mL–1, which was subjected to the same derivatization pro-
cess described above and subsequently analyzed by GC/MS.

Analysis of the PyL fractions and Py-HMM was per-
formed using a Thermo Fisher Scientific TRACE 1310/
TSQ 9000 system (Thermo Fisher Scientific, Austin, TX, 
USA) equipped with a NA-5MS column (60 m × 0.25 mm; 
0.25 μm). The temperature settings for the oven were pro-
grammed as follows: an initial temperature of 50 °C was 
maintained for 2 min, followed by a heating rate of 5 °C 
min–1 until reaching 290 °C, where it was held for 10 min. 
Helium gas was used as the carrier gas, with a constant flow 
rate of 1 mL min–1. The injector operated in split mode at 
a temperature of 280 °C, with an injection volume of 1 µL. 
The mass spectrometer was set to electron ionization mode 
with an energy of 70 eV, scanning the mass range from 40 
to 550 Da. The interface temperature was maintained at 
290 °C. The acquired data were processed using Chromeleon 
7.2 software from Thermo Scientific (Sunnyvale, CA, USA). 
Compound identification was performed by comparing the 
obtained spectra with the NIST 2017 spectral library ver. 
2.73 (Gaithersburg, MD, USA), considering only those spe-
cies with a match higher than 75% with the library spectra.

2.2.6 � HSQC

Spectra were recorded on a 600 MHz Bruker Avance III 
spectrometer equipped with an inversely detecting 1H, 13C, 
15N-triple-resonance cryogenically cooled TCI probehead. 
Processing of spectra was performed using the software 
Topspin 3.5. Analyses were performed using ∼200.0 mg of 
the pyrolytic lignin samples dissolved in 800 µL deuterated 
methanol.

Proton pulse lengths were adjusted individually. The 1H-
13C HSQC spectra were recorded with 2048 × 256 complex 

data points with spectral widths of 7.18 and 36.9 kHz (cor-
responding to acquisition times of 12.5 and 3.5 ms, respec-
tively) accumulating 8 scans per t1 increment and applying 
16 dummy scans. A recycle delay of 2 s was used. Phase 
sensitivity in the indirect dimension was achieved by an 
echo/antiecho gradient scheme. To reduce artifacts TPPI was 
utilized with t1 increments. Heteronuclear decoupling was 
achieved using GARP. The spectra were processed using a 
shifted quadratic sine-bell window-function.

2.2.7 � Characterization of LMM and HMM at molecular‑level 
by ultra‑high‑resolution mass spectrometry (UHRMS)

A Thermo Fisher Scientific Exactive Plus Orbitrap equipped 
with an Ion Max API source with an APCI probe was used 
for analyses. The LMM and HMM were dissolved in metha-
nol (LC–MS grade, J.T. Baker) to obtain a solution with 
a concentration of 900 µg mL−1. The stock solution was 
further mixed with 1000 µL of THF (LC–MS grade, J.T. 
Baker) to obtain the final sample with a concentration of 
300 µg mL−1 (1:2—methanol/THF). The instrument condi-
tions were set at sheath gas flow at 40 psi, auxiliary gas flow 
at 10 psi, ion source temperature at 300 °C, spray current 
at 4 µA, scanning range of 100–1000 Da, injection flow of 
80 µL min−1, and capillary temperature at 300 °C.

The determination of statistical values such as the num-
ber-average molecular mass (Mn) and the weight-average 
molecular mass (Mw) were calculated from Eqs. 1 and 2, 
respectively:

where Mi is the m/z value of peak i and Ii is the peak inten-
sity [25]. Both parameters represent a weighted average of 
the molecular mass of the components, with Mw slightly 
overestimating the heavier ones.

Data processing was performed with Xcalibur 3.0 soft-
ware (Thermo Scientific) and PetroMS 2.3.0 software (Petro-
bras, Rio de Janeiro, Brazil, and UNICAMP, São Paulo, 
Brazil), employing specific bio-oil composition assign-
ment algorithms. For the elemental compositions that were 
observed concurrently within the sample and blank spectra, 
final intensities were determined as difference of sample 
and blank spectra intensities. Mass peaks relevant to iso-
topic distributions were identified and deleted. Criteria for 
the assignments of elemental compositions were tolerance 
error of ± 3 ppm, charge equals to − 1, and DBE less than 
30. Regarding the elements, normal conditions for bio-oil
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data (CcHhNnOo, 0 ≤ c ≤ 100, 0 ≤ h ≤ 200, and 0 ≤ o ≤ 15) 
were used for these calculations [26]. Only ions with signal/
noise ratio higher than 3 were analyzed.

Double-bond equivalence (DBE) values, which repre-
sent the number of rings plus the number of carbon double 
bonds in a given molecular formula, were calculated using 
the Eq. 3:

Kendrick mass (KM), which effectively converts the mass 
of CH2 from 14.01565 to exactly 14.00000, was calculated 
by Eq. 4:

The Kendrick mass defect (KMD), which represents the 
homologous series (namely, compounds with the same con-
stitution of heteroatoms and number of rings plus double 
bonds, but different numbers of CH2 groups), was calculated 
by the Eq. 5:

3 � Results and discussion

3.1 � Extraction and fractionation of PyL

After separation the aqueous phase from the organic phase 
of the beech wood bio-oil the fractionation of the organic 
phase was performed, and the yields obtained in each solvent 
fractionation step are presented in Table 1.

The water content, determined by Karl Fischer technique, 
of 14.5 wt% present in the organic phase of BWBO cor-
responds to the water that is interacting with the organic 
molecules in the bio-oil through strong intermolecular inter-
actions forming a single stable phase. The water content 
present in the organic phase varies from 15 wt% until a limit 
up of 30–50 wt% water, depending on the moisture of the 

(3)DBE = C −

(

H

2

)

+

(

N

2

)

+ 1

(4)Kendrick mass = experimental mass ×

(

14.00000

14.01565

)

(5)KMD = round (Kendrick mass) − Kendrick Mass

starting biomass and the way of production and collection 
of the bio-oil [29].

Extractives are composed of fatty acids, fatty alcohols, 
terpenes, resin acids, and terpenoids, which have lower oxy-
gen content than pyrolysis liquid compounds in general, and 
for this reason, the formation of an upper phase occurs that 
has a higher viscosity and heating value than the bottom 
phase. The phase separation was found to be enhanced by 
an increase in temperature and/or in storage time [21]. The 
organic phase was composed of 35.3 wt% of low molecu-
lar mass LMM lignin, a caramel-like product, and 11.05 
wt% of high molecular mass HMM lignin, obtained as a 
fine powder, which was insoluble in DCM due its complex 
structure and high polymerization degree [18]. Solvent frac-
tionation of PyL shows similar yields as those obtained by 
condensation and water precipitation of pyrolytic lignin from 
beech wood bio-oil, which returned 14.4% and 34% for PyL 
fractions with low and high molecular mass, respectively, 
according to Ruiz et al. [30]. Solvent fractionation of PyL 
shows different yields as those obtained by condensation and 
water precipitation which returned 14.4% and 34% for PyL 
fractions with low and high molecular mass, respectively, 
from beech wood bio-oil [25]. While compared to other 
studies that have isolated pyrolytic lignin from different bio-
oils and fractionated it in LMM and HMM in Table 1, beech 
wood bio-oil showed higher yields of pyrolytic lignin, which 
was mainly composed of low molecular mass compounds. 
It has been proven that the origin of the biomass signifi-
cantly affects the quantity of pyrolytic lignin present in bio-
oils. Compared to other studies that have isolated pyrolytic 
lignin from different bio-oils and fractionated it in LMM and 
HMM, beech wood bio-oil showed higher yields of pyrolytic 
lignin, which was mainly composed of low molecular mass 
compounds.

3.2 � Elemental characterization and higher heating 
value (HHV)

The elemental analysis results with the respective carbon 
(C), hydrogen (H), nitrogen (N), and oxygen (O) contents, 
beyond the higher heating values (HHV) for the BWBO, 
LMM, and HMM samples are presented in Table 2.

Table 1   Yields of organic phase 
fractionation

BWBO organic phase 
(wt%)

Forest residues 
[27]

Pine wood [28] Eucalyptus [28]

Water content 14.50 24.4 23.4–27.3 21.1
Solid 0.79 – – –
Extractives 9.79 – – –
Water solubles 28.57 56.5 41.7–43.6 51.9
LMM 35.30 14.5 18.6–20.1 15.7
HMM 11.05 4.6 12.4–12.9 11.3



The values of nitrogen content were negligible for all 
of lignin fractions, which is in accordance with the values 
obtained for wood-derived pyrolytic lignin [33]. Regarding 
hydrogen content, the HMM showed the lowest value. As 
for the carbon content of both fractions, LMM and HMM 
exhibited values 19.5% and 15.5% higher than those deter-
mined in BWBO, respectively. On the other hand, the oxy-
gen content in LMM and HMM decreased when compared 
to BWBO, approximately 26.7% and 18.8% lower, respec-
tively. This behavior results from the extraction process of 
the pyrolytic lignin. When water is used, the most polar 
compounds of the bio-oil, the most oxygenated ones, are 
extracted [34]. On the other hand, PyL is the non-water-
soluble fraction due to its high degree of polymerization, 
resulting in a sample with a higher carbon content com-
pared to the BWBO. Consequently, both fractions showed 
higher HHV compared to the original bio-oil. The LMM 
fraction showed the highest carbon content (approximately 
65%) and HHV (28 MJ kg–1), in agreement with results 
reported by Wang et al. [10]. The higher content of oxy-
gen and hydrogen observed for the organic phase can be 
a result of the water content (14.5 wt%), as the results are 
given in wet basis. LMM and HMM elemental results are 
close with those of raw alkali lignin and it THF soluble 

fraction, suggesting that HMM fraction is representative 
of the original lignin source in biomass [35].

3.3 � Characterization of pyrolytic lignin samples 
by FTIR‑ATR analysis

Based on the FTIR-ATR data (Fig. 1A and B), it is notable 
that beech wood PyL fractions (LMM and HMM) are com-
posed of the same functional groups. However, they differ in 
absorption peak intensities. The main functional groups of 
pyrolytic lignin are observed to absorb in the wavenumber 
region at 1800–700 cm−1. Hence, this spectral region was 
chosen as the fingerprint of the samples [10, 36].

In the fingerprint region of the samples, the peak that 
was absorb at 1705–1699 cm−1 corresponds to the non-
conjugated C = O stretch vibration from ketone and ester 
groups. The presence of aromatic structures of the sample 
constituents resulted in the absorption peaks at 1602, 1515, 
and ~1430 cm−1 due to the aromatic ring vibration, and the 
peak at 1034 cm−1 is a result of the C–H deformation in 
plane of aromatic ring [10, 36]. The peaks at 1271 cm−1 
and 1152 cm−1 correspond to C–O aromatic skeletal vibra-
tions of guaiacyl (G) units [10], while the bands at 861 and 
817 cm−1 were the results of C–H out-of-plane vibrations in 

Table 2   Elemental analysis of 
organic phase and pyrolytic 
lignin

Elemental compo-
sition (wt%) (wet 
basis)

PyL BWBO PyL from:

LMM HMM Organic phase Beech wood [31] Lauan 
sawdust 
[10]

Waste woods 
[32]

C 64.9 62.7 54.3 67.5 64.38 66.8
H 7.1 5.9 7.5 6.0 5.99 6.7
O* 28.0 31.0 38.2 26.3 29.55 26.0
N < 0.2** 0.4 < 0.2** < 0.2 0.08 0.5
O/C 0.32 0.37 0.53 0.29 0.34 0.29
H/C 1.31 1.13 1.66 1.07 1.12 1.20
HHV (MJ kg−1) 28.0 25.9 23.1 – – –
*Determined by difference; **below limit of quantification

Fig. 1   FTIR-ATR (A) full spec-
tra and (B) fingerprint region for 
pyrolytic lignin samples



carbon positions 2, 5, and 6 of the guaiacyl (G) units [37], 
and at 1118  cm−1 corresponds to the aromatic C–H deforma-
tion in the syringyl (S) ring [10].

In addition, when considering the absorption region 
between 2900 and 3650  cm−1, it is observed that the 
most intense band in the LMM sample is the broad band 
of ~3650–3100  cm−1, corresponding to hydroxyl (O − H) 
stretch vibrations. On the other hand, in the HMM sample, 
the peaks at ~2930 and ~2850  cm−1, which correspond to 
strong C−H (sp3) stretch absorptions, are higher [36]. This 
relationship between the strong C−H (sp3) stretch and the 
broad O−H stretch band suggests different scenarios for 
each fraction of pyrolytic lignin. In the LMM sample, the 
decrease in C−H stretching concurrent with an increase 
in O−H stretching vibrations indicates homolytic cleav-
age of the RC−OAr linkage in the aryl−O−alkyl ether 
bonds, resulting in the formation of phenoxy radicals [33]. 
Conversely, the preservation of these linkages leads to an 
increased C−H/O−H ratio, indicating a higher prevalence 
of non-fragmented oligomeric compounds. Therefore, LMM 
represents a product with a higher phenolic monomers con-
tent [36].

3.4  Molecular mass distribution of pyrolytic lignin 
fractions

The GPC plot with the results of molar distribution for the 
components in the LMM and HMM, as well as the respective 
average molecular mass (Mw), average molecular weights 
number (Mn), and the dispersity (D) values, is presented in 
Fig. 2. It is important to emphasize that due to the lignin 
aggregation phenomena as well as interaction between lignin 
and the solid support, GPC can be used only as a rough 

indicator of Mw [38]. A method based in size exclusion chro-
matography was previously developed to quantification and 
characterization of the pyrolytic lignin from beech wood 
bio-oils. The condensation system and water precipitation 
method isolated two fractions of lignin with respective Mn of 
580 and 890 Da, similar of the PL obtained in our work [30].

The Mw and Mn values in HMM are approximately 80% 
and 56%, respectively, higher than in LMM sample, which 
indicates a higher polymerization degree of the HMM con-
stituents. In LMM sample, the Mw (414.1 g mol–1) is in the 
range of molecular average mass corresponding to trimer 
compounds (319–477 g mol–1), while the Mw in HMM sam-
ple (747.3 g mol–1) is in the range attributed to pentamer 
compounds (637–763 g mol–1) [39]. However, the range of 
the compounds present in the samples is larger than these 
two kinds of compounds. The more intense range in LMM, 
from approximately 250 to 500 g mol–1, corresponds to 
dimers until tetramer compounds, and in HMM, the more 
intense range, from 500 to approximately 1200 g mol–1, cor-
responds of tetramers until octamer compounds [39].

The Mw/Mn ratio, denominated as dispersity value (D), 
is used to determine the distribution of the molecular mass 
around the Mw value of compounds in the samples [40]. 
Despite the similar values, the D value of HMM (1.9) is 
higher than of the LMM sample (1.7), indicating the wid-
est molecular weight distribution around the Mw for HMM. 
When compared to the D values reported by Leng et al. [18], 
for hardwood sawdust pyrolytic lignin that presented the 
same value of 1.47 for low LMM and high molecular mass 
HMM, and those reported by Ruiz et al. [30] for beech wood 
PyL (1.4 for both, low and high molecular mass), we can 
suggest that the precipitation parameters play an important 
role on the fractionation of different oligomeric structures 
of PyL.

3.5 � Thermogravimetric behavior of LMM and HMM

Thermogravimetric analyses were carried out to evaluate 
the thermal decomposition profile of the low LMM and 
high molecular mass HMM pyrolytic lignin samples. The 
mass loss curves as a function of temperature (TG) and their 
respective derivative (DTG) are depicted in Fig. 3.

Comparing the TG curves of the samples, LMM sam-
ple exhibits a gradual thermal degradation profile in the 
temperature range from 60 to 500 °C (74.5% mass loss), 
characterized by at least four overlapping thermal decom-
position events, as shown in the DTG curves, which may 
be associated with volatilization of low-mass monomers 
and degradation of oligomeric species [18]. In contrast, 
when analyzing the TG curve of the HMM sample, two 
clearly defined thermal degradation events were identi-
fied, occurring up to the temperature of 200 °C. The first 
event occurred in the range of 30 to 120 °C (2.9% mass 

Fig. 2   Distribution of molecular mass by gel permeation chromatog-
raphy (GPC)



loss) and was attributed to the evaporation process of the 
water adsorbed on the solid surface of the HMM. The 
second event, occurring between 120 and 200 °C (3.1% 
mass loss), was associated with the release of light vola-
tile compounds. The main thermal degradation region, 
associated with the degradation of high molecular mass 
HMM oligomeric structures, occurred above 200 °C and 
extended up to 650 °C, being characterized by at least 
three overlapping thermal decomposition events [22]. At 
1000 °C, the final residue from thermogravimetric analysis 
was 15.3% and 35% for LMM and HMM, respectively. 
The higher amount of residue in the HMM sample can be 
attributed to the higher rate of lignin repolymerization due 
to the presence of higher molecular mass oligomers in this 
sample, as observed in GPC analyses [41].

Evaluating the DTG curves, for both samples, the main 
mass loss region is composed of different overlapping 
degradation stages, which indicates that the thermal deg-
radation process of pyrolytic lignin samples is highly com-
plex and involves multiple reaction mechanisms [18]. The 
higher value of DTGMáx of the LMM sample (362 °C), the 
temperature with the highest rate of mass loss, indicates 
that it has greater thermal stability compared to HMM 
(DTGMáx 292 °C), which suggests a greater presence of 
C–C bonds, which require a higher temperature for its 
rupture due to its stability [36, 37], which is corroborated 
by the CHN data, in which the LMM sample has a higher 
C content than the HMM. After the DTGMáx value, both 
lignin samples degraded slowly over a wide temperature 
range compared to the main pyrolysis stage, due to the 
degradation of the carbonaceous residue forming after 
lignin polymerization and char formation during the main 
mass loss stage [37].

3.6 � LMM and HMM GC/MS analysis

On account of the observed mass loss in the thermogravi-
metric (TG) analyses starting at 100 °C, both fractions 
underwent GC/MS analysis to assess the presence of vola-
tile compounds. Notable disparities were observed in the 
chromatographic profiles of the LMM and HMM samples, 
which are available in Fig. S1 of the supplementary mate-
rial. The LMM sample exhibited a uniform distribution 
of compounds with comparable intensities, resulting in a 
homogeneous chromatogram. Conversely, the HMM sample 
revealed the presence of four prominent peaks, while the 
remaining peaks exhibited significantly lower concentra-
tions. Subsequent integration and compound identification 
led to the characterization of approximately 80% and 84% 
of the total area of the LMM and HMM chromatograms, 
respectively, in the GC/MS analysis.

The identified compounds were grouped into three main 
chemical classes: phenolic monomers, sugar derivatives, 
and carboxylic acids (in which the presence of short-chain 
acids and lipid acids was observed). The list of identified 
compounds, sorted according to their respective class, is 
presented in Table 3.

Considering the pyrolysis process of beech wood bio-
mass, which produced the bio-oil used in the isolation of 
pyrolytic lignin in this study, it is assumed that all thermola-
bile structures at the GC/MS working temperature (300 °C) 
were volatilized. Therefore, the mass loss observed in the 
TG (approximately 36% and 16% of the total mass in the 
LMM and HMM samples, respectively) up to this tempera-
ture was chemically characterized using the GC/MS tech-
nique. It is important to note that the derivatization process, 
prior to the GC/MS analysis, reduces the polarity of the 
molecules, resulting in a decrease in the required volatili-
zation temperature [42]. Thus, it is plausible to assert that 
an even higher percentage of the lignin fractions may have 
been successfully characterized, with the aforementioned 
percentages being the minimum values achieved under the 
specified experimental conditions.

Regarding the chemical class of representative com-
pounds, it was found that the LMM primarily consists of 
phenolic compounds, constituting approximately 53% of the 
total area, with 2-methoxy-4-methylphenol being the most 
abundant compound, accounting for 13.1% of the total area 
in the chromatogram. Additionally, the increasing amount 
of guaiacol, 2-methoxy-4-methylphenol, and isoeugenol (E) 
has direct correlation with the pyrolysis process temperature 
suggesting in our case that the biomass was submitted up 
to 525 °C [35]. In contrast, the HMM predominantly com-
prises of carbohydrate derivatives, covering approximately 
56% of the volatile fraction, which can contribute to the 
intense broadband at 3406 cm−1 in FTIR spectra. Among 
these derivatives, 2-deoxy-beta-D-ribopyranose (26.9%) and 

Fig. 3   Thermogravimetric behavior of low LMM and high molecular 
mass HMM pyrolytic lignin



 

Table 3  Identified volatile 
compounds presents in LMM 
and HMM fractions

Compound Ret. time (min) Precursor units LMM (%) HMM (%) Py-HMM (%)
Total phenolic monomers 53.3 21.7 55.9

Phenol 15.97 H 0.5 – 0.9
Alkylphenols 3.1 1.1 2.6
o-Cresol 18.42 G 0.8 – 0.6
m-Cresol 18.73 G 0.5 – 0.4
p-Cresol 19.07 H 1.4 1.1 0.5
2,4-Dimethylphenol 20.88 G – – 0.2
2,3-Dimethylphenol 21.34 G – – 0.4
3-Ethylphenol 21.66 G 0.4 – 0.3
Chavicol 26.60 H – – 0.2
Methoxyphenols 42.0 13.0 22.6
Guaiacol 21.32 G 6.9 – 8.0
2-Methoxy-3-methylphenol 23.69 G – – 0.6
2-Methoxy-4-methylphenol 23.89 G 13.1 3.1 6.4
2,3-Dimethoxyphenol 26.26 S – – 0.3
Eugenol 28.00 G 5.5 – –
Isoeugenol, (E)-isomer 29.29 G 3.4 – 0.8
Vanillin 29.81 G 3.1 1.5 2.5
Isoeugenol, (Z)-isomer 30.51 G 3.0 1.8 3.1
Acetoisovanillone 31.79 G 2.3 4.5 0.3
3-Vanilpropanol 35.93 G 1.4 2.1 0.7
Coniferyl aldehyde 36.84 G 3.2 – –
Hydroxyphenols 7.7 7.5 29.9
Catechol 23.75 G 3.0 2.8 11.6
3-Methylcatechol 25.71 G 2.5 1.8 7.7
4-Methylcatechol 26.09 G – – 3.1
Hydroquinone 26.12 G – – 0.8
3,4-Dihydroxybenzaldehyde 27.54 G 1.6 2.9 2.6
Methylhydroquinone 27.66 G – – 0.5
3,5-Dihydroxybenzaldehyde 27.69 G – – 2.6
Hydroxychavicol 29.43 G 0.7 – 0.9
Total Sugar Derivatives 8.6 55.8 17.6
1,4-Dioxane-2,5-diol 22.76 C – – 0.3
Maltol 23.22 C – – 0.2
2-Deoxy-alpha-D-ribopyranose 31.01 C 1.0 1.6 1.3
2-Deoxy-beta-D-ribopyranose 31.66 C 5.8 26.9 14.6
isomer of Levoglucosan 32.83 C 0.9 7.5 0.7
Levoglucosan 33.26 C 0.9 16.4 0.5
Methyl a-Arabinofuranoside 31.41 C – 2.3 –
A-Arabinofuranose 32.31 C – 1.1 –
Acids 17.9 6.8 0.0
Glycolic acid 16.47 – 1.2 4.7 –
Octanoic acid 22.29 – 0.6 – –
Butanedioic acid 23.64 – 1.0 1.0 –
Butanedioic acid, methylene 24.59 – – 1.1 –
Palmitic Acid 40.51 – 1.5 – –
9-Octadecenoic acid, (E)- 43.67 – 1.7 – –
Stearic acid 44.10 – 0.6 – –
Pimaric acid 45.59 – 0.6 – –
Isopimaric acid 46.19 – 0.8 – –
Dehydroabietic acid 46.92 – 5.0 – –



levoglucosan (16.4%) are the most prominent compounds 
within this class. The derivatization of HMM fraction to GC/
MS analysis allows to identify the sugar derivatives improv-
ing the overview of the chemical constituents in comparison 
with direct analysis of dichloromethane insoluble fraction 
of pyrolysis oil [43]. It is noteworthy that the presence of a 
significant quantity of volatile or low molecular mass com-
pounds in the samples, even after the isolation process of 
lignin, can be attributed to the strong intermolecular interac-
tions between the compounds present in the bio-oil and the 
pyrolytic lignin structures [18]. The results of the GC/MS 
analysis corroborate with the data obtained by TG and help 
to explain why LMM begins to lose mass approximately 
100 °C before HMM, since, in general, phenolic monomers 
are more volatile than sugar derivatives.

Concerning the chemical composition dissimilarity 
observed in the compounds identified by GC/MS in the two 
lignin fractions, the polarity of dichloromethane (DCM) 
facilitated the extraction of phenolic compounds, leading 
to their enrichment in the fraction soluble in DCM, namely 
the low molecular mass LMM pyrolytic lignin. Conversely, 
the fraction insoluble in DCM, corresponding to the high 
molecular mass HMM pyrolytic lignin, predominantly 
retained derivatives of free sugars. This partition phenom-
enon resulted in the segregation of phenolic compounds in 
LMM and the retention of sugar derivatives in HMM.

In view of the greater degree of polymerization of HMM 
compared to LMM, the high molecular mass fraction was 
subjected to the analytical procedure of Py(offline)-GC/
MS to identify the main constituent units of the HMM 
pyrolytic lignin. The offline pyrolysis yielded a solid prod-
uct with a yield of 54%, consistent with the thermogravi-
metric (TG) mass loss at 500 °C. Additionally, approxi-
mately 33% of the HMM fraction was converted into total 
liquid products, which were subsequently subjected to GC/
MS analysis. Around 74% of the total chromatogram area 
of the HMM pyrolytic product (Py-HMM) was success-
fully characterized. The compositional analysis revealed 
that the pyrolytic product derived from the high molecular 
mass (HMM) fraction exhibited a composition consisting 
of approximately 56% phenolic monomers, derived from 
lignin, and approximately 18% sugar-like compounds. 
These proportions indicate that after the pyrolysis pro-
cess, the content of phenolic monomers, compared to the 
original HMM sample, is increased by approximately 34% 
points, while the content of sugar derivatives reduces by 

~38% points. Notably, despite a significant reduction in 
the content of sugar-like compounds, the presence of 
approximately 15% of 2-deoxy-beta-D-ribopyranose was 
observed in the pyrolytic product (Py-HMM), suggesting 
that a portion of this carbohydrate remained chemically 
bound to lignin, since the lignin is chemically linked to 
polysaccharides in wood [44].

Regarding the phenolic monomers, a noticeable increase 
was observed, with the area of methoxyphenols showing a 
relative increase of about 74% and the area of alkylphenols 
exhibiting an approximate increase of 300%. Among the 
methoxyphenols, guaiacol emerged as the major compound, 
constituting 8% of the total area percentage, which was not 
detected in the original HMM fraction before pyrolysis. 
The second most prominent methoxyphenol compound was 
2-methoxy-4-methylphenol, accounting for 6.4% of the total
area. Among the hydroxyphenols, catechol and 3-methyl-
catechol were the predominant compounds, representing
11.6% and 7.7% of the total area of the total ion current
chromatogram (TICC), respectively. The pyrolysis products
of HMM were classified as hydroxyphenyl (H), guaiacyl (G),
and syringyl (S) type, for the lignin derivatives, in addi-
tion to carbohydrate derivatives (C). Overall, 54% by area
of phenolic monomers produced in the HMM pyrolysis is
derived from guaiacyl units, 1.6% derived from hydroxyphe-
nyl units, and 0.3% of products derived from the degradation
of syringyl units. The predominance of guaiacyl units in the
structure of pyrolytic lignin derived from beech wood bio-oil
is consistent with the results found by Scholze et al. [45].

The distribution of lignin fragments in terms of guaiacyl, 
hydroxyphenyl, and syringyl units was analyzed, revealing 
percentages of 96.6%, 2.9%, and 0.5%, respectively. These 
findings are consistent with previous research conducted by 
Scholze et al. [45] on pyrolytic lignin derived from soft-
wood mixture and pine, which also showed higher levels 
of guaiacyl unit derivatives at 94% and 95.6%, respectively. 
The calculated S/G ratio, based on the contents of guaiacyl 
and syringyl derivatives, was found to be less than 0.01. This 
value is comparable to results obtained by Laskar et al. [46] 
for water-only samples of pretreated Miscanthus (0.13) and 
Scholze and Meier [47] for pyrolytic lignins from mixed 
softwood (0.00) and pine (0.03). In contrast, eucalyptus kraft 
lignin exhibited a higher S/G ratio ranging from 0.89 to 1.21 
[48]. The lower S/G ratio indicates greater difficulty in del-
ignification due to the presence of 5–5′ bonds between the 
lignin guaiacyl units [49].

Table 3   (continued) Compound Ret. time (min) Precursor units LMM (%) HMM (%) Py-HMM (%)
Total phenolic monomers 53.3 21.7 55.9

7-Oxodehydroabietic acid 50.30 – 5.0 – –
Unknows 20.1 15.8 26.5



3.7  HSQC

The HSQC NMR technique is a useful tool for the charac-
terization of complex samples, as it can resolve overlapping 
resonances observed in 1D 1H or 13C NMR spectra due to 
the considerable spectrum data scatter provided by 2D NMR 
methods, obtaining a good resolution of the key resonances 
of the sample components, which allows an interpretation 
of a significant amount of the data obtained [50, 51]. To 
get further information about the structure of the LMM and 
HMM pyrolytic lignin samples, a 2D HSQC NMR was per-
formed and the spectra are shown in Fig. 4.

From the HSQC NMR spectra for pyrolytic lignin, the 
presence of four different regions according to the chemi-
cal shift (δ) for H and C was determined, whether it was 
LMM or HMM. These regions are the aromatic region 
(δC/δH 95–145/6–8.25 ppm), aliphatic C−O region (δC/
δH 50–95/2.75–6.0 ppm), aliphatic C−C region (δC/δH 
5–50/0.5–3.0 ppm), and polysaccharide anomeric region 
(δC/δH 90–110/3.5–6.0 ppm). In the spectra of the LMM 
and HMM samples, Fig. 4, respectively, highlights the main 
regions of component distribution. The same regions of res-
onance distribution, as well as some common correlation 
peaks, were observed in both spectra. The intense correla-
tion signal at δC/δH ~56.3/3.80 corresponds to the methoxyl 
groups [10, 52], while the prominent correlation peaks in the 
aromatic’s region at δC/δH 113/6.7, 115.7/6.7, and 121/6.5 
can be attributed to  C2/H2,  C5/H5, and  C6/H6 correlations, 
respectively, of guaiacyl units (C−H) and ferulate (C−H) 
[53], evidencing that both low LMM and high molecular 
mass HMM pyrolytic lignins are mainly composed of guaia-
cyl units. This result corroborates the observed by the analy-
sis of HMM by Py-GC/MS.

It should be considered that lignin is a complex mac-
romolecule constituted mainly from two primary precur-
sors, coniferyl and sinapyl alcohols, in addition to small 
amounts of p-coumaryl alcohol. The lignin monomers, 
derived from aromatic alcohols, are connected by means 
of C−C and C−O−C bonds, such as β-5, 5–5, β-β, β-O-4, 
and 4-O-5. These bonds give rise to substructures such as 
phenylcoumaran, biphenyl, resinol, alkyl-aryl ether, and 
biphenyl ether. However, it is worth noting that the pre-
dominant β-aryl ether units in lignin involve βO-4 bonds 
[54]. Thus, it is possible to notice that the HMM sample 
presented greater amounts of correlation peaks in the ali-
phatic C−O region (pyrolytic sugars). These correlation 
peaks indicate the existence of various interunit linkages; 
i.e., the signals at δC 65–90 ppm are correlated with the
alkyl−O−aryl, a−O−aryl, and c−O−Alkyl γ-ether bonds,
and the peaks at 4.5–4.2 ppm refer to the presence of ben-
zyl alcohol structures in the high molecular weight mass
pyrolytic lignin [55]. This indicates that the HMM sam-
ple has a higher degree of polymerization than the LMM,
which does not show signs in this region, which is cor-
roborated by the GPC data.

Finally, some signals at δC/δH 60–100/3.0–5.0 ppm 
were assigned to pyrolytic sugars. Most pyrolytic sugars 
were effectively removed during the separation of bio-oil 
through water extraction. However, due to intermolecular 
interactions between sugars and pyrolytic lignins, a small 
quantity of sugars remained in the water-insoluble phase 
even after extraction with a minimal amount of water. 
Therefore, the sugar structures present in the HMM frac-
tion can be associated with lignin oligomer structures 
(mainly guaiacyl structures, possibly through ferulate ester 
linkages) and/or residual amounts of sugars (monomers 

Fig. 4   HSQC spectra of the pyrolytic lignin fractions highlighting the aliphatic C–H, aliphatic C–O (pyrolytic sugars and methoxyl groups) and 
aromatic regions (guaiacol and ferulate). LMM, left side; HMM, right side



structures). These data are also consistent with the analysis 
of HMM sample by Py-GC/MS and elemental analysis.

3.8 � Evaluation of the molecular distribution 
of chemical constituents of LMM and HMM 
pyrolytic lignin by APCI(−)‑FT Orbitrap MS

The APCI(−)-Orbitrap MS data (see Fig. 5) were used for 
a more comprehensive understanding of the types of com-
pounds, their molecular formulas, chemical classes, and 
potential base structures present in both fractions of pyro-
lytic lignin.

The differences in the profile of LMM and HMM frac-
tions were notably visible. In the LMM sample, ions within 
the m/z range of 100 to approximately 700 were observed, 
whereas in the HMM the range extend to m/z 800. Further-
more, the ion distribution shows that molecular ions with 
m/z values greater than 300 are more intense in the HMM 
fraction. This distinguished distribution had an important 
effect on profiles of mass spectrum, in which the LMM frac-
tion showed lower values of Mn and Mw (322.22 and 357.51, 
respectively) than the HMM fraction (Mn and Mw equals to 
347.04 and 395.44, respectively). This trend is in accord-
ance with the of Mn and Mw values obtained by GPC for 
these samples.

Considering the total-ion current, an amount of 8544 
and 10,302 was detected in the LMM and HMM fractions, 
respectively. For the molecular characterization, only ions 
with signal-to-noise ratio above 3 were considered for data 
treatment, which accounted for 2509 and 2773 ions for 

LMM and HMM, respectively. Since molecules with acidic 
characteristics, i.e., oxygenated compounds, are preferen-
tially ionized in the negative mode of analysis, and also tak-
ing into account the low nitrogen content in the samples 
(less than 0.4%), the processing conditions were tailored 
to focus solely on compounds falling within the Ox class 
(where x ranges from 1 to 15). Thus, approximately 74% 
and 66% of the molecules with S/N > 3 had their chemical 
formula attributed.

The characterized ions were sorted into different chemical 
classes according to the number of heteroatoms present in 
their molecular formulas (see Fig. S2). Regarding the chemi-
cal classes identified in the samples, it was observed that 
either in terms of absolute number of molecules or relative 
intensity, the HMM has a greater abundance of more oxy-
genated compounds, mainly in classes O9 to O15. In contrast, 
compounds with a lower number of oxygens per structure, 
from O2 to O6, are more abundant in low molecular mass-
LMM pyrolytic lignin. To promote a greater understanding 
of the chemical composition of the pyrolytic lignin fractions, 
the UHRMS data were plotted on graphs commonly used 
for molecular characterization, such as oxygen number vs. 
carbon number, Kendrick diagrams, DBE vs. carbon number 
graphs, and van Krevelen diagrams, which promote a more 
comprehensive assessment of the distribution of compounds 
(see Fig. 6).

The molecular distribution of ions for evaluation of oxy-
genation degree, as depicted in Fig. 6A, where the carbon 
number (Cn) is plotted against the oxygen number (On), 
demonstrated dissimilarities between the samples. Despite 

Fig. 5   Mass spectra obtained by APCI(−)-FT-Orbitrap MS for the LMM and HMM pyrolytic lignins. For each spectrum, the values of the 
weight-average molecular mass (Mw) and the number-average molecular mass (Mn) are described



both fractions having the same range on the carbon number 
axis, the low molecular mass (LMM) sample exhibited ions 
with up to 11 oxygen atoms, whereas the high molecular 
mass (HMM) fraction extended this range up to  O12. When 
analyzing the total molecular distribution, the compounds in 
both HMM and LMM showed similar overall distributions. 
However, a remarkable distinction was observed when con-
sidering the most intense compounds (with a relative inten-
sity ≥ 10%). The HMM fraction displayed a broader region 
compared to the LMM, where the ions were distributed in 
 Cn ranging from 5 to 36 and  On ranging from 3 to 10. On 
the other hand, in the LMM fraction, the distribution was 
confined to a  Cn region between 5 and 30 and  On between 
2 and 7. This observation indicated a higher abundance of 
larger and more functionally complex phenolic oligomers 
within the high molecular mass pyrolytic lignin fraction. 

Despite the high presence of carbohydrate derivatives in the 
HMM sample, as seen in the GC/MS and HSQC analyses, 
the graph of carbon number vs. DBE (Fig. 6B) corroborated 
this proposition. Since the number of carbons increased, 
there was also an increase in the degree of unsaturation of 
these ions.

In the van Krevelen diagrams of the samples (Fig. 6C), 
it was observed that in the LMM fraction, the ions were 
distributed in three main regions, which correspond to 
compounds belonging to the class of lipid-like compounds 
(region delimited in yellow), sugar-like compounds (region 
delimited in red), composed of carbohydrates and dehy-
drocarbohydrates, and lignin derivatives (region delimited 
in black) [56]. While in the HMM, the ions were distrib-
uted in two regions, referring to sugar-like compounds 
and lignin derivatives, the latter being the region with the 

Fig. 6   Compositional charac-
terization of LMM and HMM 
pyrolytic lignins from BWBO. 
A Diagrams of oxygen number 
versus carbon number; B dia-
grams of DBE versus carbon 
number; and C diagrams of van 
Krevelen for LMM and HMM



greatest abundance of ions, mainly in the high molecular 
mass pyrolytic lignin sample. Due to the clustering of all 
ions associated with lignin-derived compounds within a 
single region in the van Krevelen diagram, conducting a 
more thorough analysis of compounds within this class 
posed challenges. To overcome this limitation and gain 
deeper insights into the lignin-derived compounds, a Ken-
drick mass defect vs. O/C plot was utilized, focusing on 
these ions, as illustrated in Fig. 7. This analytical approach 
enabled a more effective examination of the compounds 
derived from lignin, providing valuable information for 
further investigations.

The compounds in the phenolic region of the van Krev-
elen diagram (see Fig. 6C) exhibit a nominal mass range of 
100 to ~700 Da. Based on their mass range, these ions have 
been classified into monomers (100 to 250 Da), dimers 
(250 to 450 Da), trimers (400 to 600 Da), and tetramers 
(550 to 750 Da) of guaiacyl subunits. These ranges were 
calculated using the results from the GC/MS analysis of 
the pyrolytic lignin fractions, as well as subsequent Py-
offline-GC/MS analysis of the HMM fraction, which indi-
cated that the pyrolytic lignin mainly comprises guaiacyl-
derived subunits (with identified monomers falling within 
the molecular mass range of 108 to 182 g mol−1). Further-
more, it is noted that these subunits can polymerize into a 
multitude of molecular arrangements beyond the typical 
alkyl−O−aryl linkages.

Our interpretation also was supported by the results 
presented to pyrolytic lignin isolated from hybrid poplar 
milled wood pyrolyzed at 500 °C and characterized by ESI-
FT-ICR MS. In this case, the UHRMS analyses presented 
compounds with 1000 > m/z > 500 distributing the pyroly-
sis oligomers in trimers (C28H28O9 m/z 508 to C33H40O12 
m/z 628) and tetramers (C37H38O12 m/z 674 to C40H44O14 
m/z 748) with few variations on the limits considering the 

pyrolysis parameters employed. The work presented pro-
posed assignment of oligomer structures were based on the 
combination of monomer unit of p-hydroxyphenyl, guaia-
cyl, and syringyl as well as the estimation of normal boiling 
point for the oligomers [57]. These proposed ranges of oli-
gomeric compounds align with the dimer and trimer ranges 
(316 to 436 Da and 519 to 639 Da, respectively) identified 
by Asare et al. [58], who determined oligomeric structures 
of synthetic lignin ionized in [M + Li]+ form and fragmented 
through high-energy collisional dissociation. Additionally, 
Prothmann et al. [59] identified dimers with masses rang-
ing from 243 to 395 Da, trimers from 395 to 509 Da, and 
tetramers with masses of 627 to 631 Da in kraft lignin using 
UHPLC/HRMSn.

Furthermore, the NKM vs. O/C graph provides new 
insights not only into the degree of polymerization of pyro-
lytic lignin constituents but also into the chemical class to 
which each ion belongs. It reveals a well-defined decreasing 
trendline for each On value. Consequently, it can be affirmed 
that the composition of the HMM fraction, concerning phe-
nolic derivatives originating from the lignin portion of beech 
wood bio-oil obtained through rapid pyrolysis, exhibits a 
higher abundance of guaiacyl dimers, trimers, and tetramers 
compared to the LMM fraction, primarily belonging to O4 
to O10 classes, distributed within a carbon number range of 
13 to 40 and a DBE range of 8 to 23.

4 � Conclusions

This work presented a comprehensive characterization 
of the pyrolytic lignin obtained from beech wood bio-oil, 
focusing on the low (LMM) and high molecular mass 
(HMM) fractions, 414 g mol−1 and 747 g mol−1 deter-
mined by GPC analysis, respectively. The results showed 

Fig. 7   Diagrams of Kendrick 
mass defect vs. O/C plot for 
LMM and HMM pyrolytic 
lignin of BWBO obtained by 
fast pyrolysis, with highlighted 
regions of the main-lignin 
compounds



that pyrolytic lignin accounted for 46.35% m/m of beech 
wood bio-oil, which is mostly composed of LMM (~76% 
m/m pyrolytic lignin), whereas HMM fraction accounted 
for ~33% m/m of the pyrolytic lignin in BWBO. Compared 
to BWBO (H/C = 1.66; O/C = 0.53), the LMM and HMM 
fractions have lower H/C (1.31 and 1.13, respectively) and 
O/C (0.32 and 0.37, respectively) ratios, which indicates 
a greater predominance of aromatic and less oxygenated 
structures. FTIR analysis confirmed the greater presence of 
aromatic structures in both fractions, with greater intensity 
in the region attributed to the guaiacyl units. TG revealed 
different thermal degradation profiles for LMM and HMM, 
from which it was possible to see that the HMM sample 
has greater thermal stability, due to its greater degree of 
oligomerization. This was confirmed by HSQC and Py-GC/
MS analysis. In addition, Py-GC/MS revealed that HMM 
showed an increased presence of phenolic monomers, par-
ticularly guaiacyl-derived units (54% in relative area), result-
ing from the degradation of the oligomers present in the 
sample. Despite the isolation of pyrolytic lignin, GC/MS 
analysis revealed the presence of sugar derivatives and car-
boxylic acids in both fractions, the result of strong intermo-
lecular interactions between bio-oil compounds and lignin. 
The HMM fraction, in terms of phenolic derivatives, shows a 
greater abundance of guaiacyl dimers, trimers, and tetramers 
compared to the LMM fraction. From the results presented, 
it can be concluded that, from an analytical point of view, 
proposing UHRMS for the characterization of pyrolytic 
lignin facilitates an accurate understanding of the compo-
sition of the product, as well as the process. Furthermore, 
from an economic point of view, the BWBO LMM fraction 
can be used as an alternative source of phenolic monomers 
due to the higher concentration of these compounds (~53% 
in area by GC/MS) in this fraction. With regard to HMM, 
due to its higher degree of polymerization, it is necessary to 
use depolymerization techniques to further produce phenolic 
monomers. Future work should therefore focus on optimiz-
ing and upscaling the pyrolytic lignin extraction process, 
bearing in mind environmental and economic aspects, as 
well as investigating the chemical stability of these fractions 
and studying the conversion and/or integration of pyrolytic 
lignin into chemical products. In conclusion, this work pre-
sented a comprehensive characterization of pyrolytic lignin 
obtained from beech wood bio-oil, with a focus on the low 
molecular mass (LMM) and high molecular mass (HMM) 
fractions. The lignin samples were subjected to an array of 
analytical techniques, including FTIR, GPC, TG, GC/MS, 
multidimensional NMR spectroscopy, and high-resolution 
mass spectrometry (UHRMS). Elemental analysis revealed 
higher carbon content and lower oxygen content in both 

fractions, leading to elevated heating values compared 
to the original bio-oil. FTIR analysis indicated the 
presence of aromatic structures, as well as higher intensity 
in the region attributed to guaiacyl units and lower 
absorption intensities in the region attributed to syringyl 
units in the lignin frac-tions. GPC analysis demonstrated a 
higher degree of polym-erization in the HMM fraction. 
The TG revealed different profiles of thermal degradation 
for LMM and HMM, from which it was possible to 
visualize that the HMM sample presents higher thermal 
stability. Despite the isolation of pyrolytic lignin, the GC/
MS analysis identified the presence of phenolic 
monomers, sugar derivatives, and carboxylic acids in 
both fractions, the result of strong intermolecular 
interactions between the bio-oil compounds with lignin, with 
the HMM fraction exhibiting a greater abundance of 
sugar-like compounds due to lignin fractionation in 
LMM and HMM with DCM. Py-GC/MS analysis of 
HMM revealed an increased presence of phenolic 
monomers, particularly guaiacyl units, resulting from the 
degradation of oligom-ers present in the sample. HSQC 
NMR spectra confirmed the presence of guaiacyl units 
and phenolic compounds in both fractions, with HMM 
showing a higher degree of polymerization and a 
broader range of compounds. Mass spectrometry 
analysis highlighted the distinct molecular distributions 
in HMM and LMM, with the former contain-ing a higher 
abundance of oxygenated compounds. Together with the 
previous data, it was possible to determine that the polar 
composition of the HMM fraction, in terms of phe-nolic 
derivatives, exhibits a higher abundance of guaiacyl 
dimers, trimers, and tetramers compared to the LMM frac-
tion. These findings contribute to an improved 
understanding of the structure and composition of pyrolytic 
lignin and have significant implications for its potential 
applications in the biofuels, chemicals, and materials 
industries. Furthermore, the use of UHRMS has been 
proposed for the determina-tion of the composition of 
pyrolytic lignin, considering the monomers and oligomers 
present in each fraction.
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