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Abstract

Pyrolysis-gas chromatography-mass spectrometry (Py-GC/MS) was used to analyze
a series of the technical and near-native birch lignins. The main monomeric
components of lignins and their ratios have been determined. The contribution
of the main monomeric units (S/G/H) to the lignin macromolecule was evaluated.
Structural fragments are shown, the content of which is significantly influenced by
the delignification method. Using RDBE (ring double bond equivalents) vs C, and
van Krevelen diagrams allowed to comprehensively characterize the monomeric
composition of lignin pyrolysis products. Differences in the structure of all lignins,
depending on the method of delignification, were visualized using principal component
analysis (PCA). Hierarchical cluster analysis (HCA) allowed to divide studied lignins
into three distinct groups: low-modified/near-native (milled wood lignin); moderately
modified (alkaline ethanol lignin, soda lignin); and highly modified (kraft lignin,
hydrolysis lignin, dimethyl sulfoxide lignin). The application of Py-GC/MS combined
with chemometric techniques provides detailed information on changes in the lignin

structure, depending on the degree of severity of the delignification process.

1. Introduction

Lignin is a complex polymer that is the main
structural component of plant cell walls. Lignin pri-
marily provides rigidity to cell walls, playing a crucial
role in maintaining the plant shape [1]. It also has an
antimicrobial effect, helping to protect plants from
harmful microorganisms [2]. Furthermore, lignin is a
major byproduct in the pulp and paper industry (PPI)
[3]. Approximately 100 million tons of lignin are cur-
rently produced annually as a PPl byproduct [4]. The
largest amount of technical lignin is produced during
sulfate (kraft) pulping (ca. 85% of the total lignin
production) [5, 6]. The great potential for high-value
utilization of lignin lies in its abundance of aromatic
compounds [7]. However, the difficulties in extract-
ing individual components and the lability of lignin
structure determined its main use for heat recovery,
resulting in low-value utilization [8]. Extracting aro-
matic compounds from lignin is a complex process,
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but the lignin-first strategy is a crucial approach for
highly efficient for biorefining [9, 10]. The structure
of technical lignins depends on both the botanical
origin of the feedstock [11] and its processing condi-
tions, particularly related to the delignification pro-
cess [12]. One of the main factors that worsens lig-
nin structure is condensation. This process is directly
proportional to the severity factor of the delignifica-
tion conditions [13, 14].

A detailed characterization of lignin structure is
required to develop effective strategies for its fur-
ther processing. The ratio structural units of lignin
monomers (S:G:H) is one of the main characteristics
of a technical lignins [15], and it is no less important
for assessing native lignin, as the content of mono-
meric units depends on the type of plant biomass
[16]. Pyrolysis-gas chromatography/mass spectrom-
etry (Py-GC/MS) is widely used to quantify syringyl
(S), guaiacyl (G) and p-hydroxyphenyl (H) units of lig-
nins [17-19]. Py-GC/MS has the advantages of using
a rapid, inexpensive and rather accurate analytical
method [20]. The essence of the approach is that,
during pyrolysis, lignin decomposes into smaller
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140 Effect of the Various Delignification Methods on the Individual Lignin Pyrolysis Products

fragments, which are then identified and compared.
We have previously shown that the pyrolysis process
conditions affect the composition and quantitation
of the lignin structural units [21]. Other researchers
have used this method to study the composition of
the bark and wood of Toona sinensis [22].

In order to estimate the impact of different de-
lignification methods on lignin structure, we have
excluded the influence of the botanical origin of
feedstock in this study. Therefore, by studying one
wood species, the influence of delignification meth-
ods on the ratio of lignin monomeric units can be de-
termined. The contribution of each individual mono-
meric unit to the S:G:H ratio depends on the specific
pyrolysis products [23]. The study of these products
makes it possible to accurately determine the de-
pendence of lignin destruction and modification on
treatment methods of lignin-containing feedstocks.

Thus, this work is based on an assessment of
changes in lignin structure under different delignifi-
cation methods, through the study of its monomeric
pyrolysis products.

In studying the effect of delignification methods
on lignin structure, it is important to visualize Py-GC/
MS data sets obtained for each sample in order to
identify differences and correlations. Chemometric
analysis is a promising way to visualize variations
within large multivariate datasets. In particular,
principal component analysis (PCA) and hierarchi-
cal cluster analysis (HCA) provide a comprehensive
overview of systematic variations in complex data
[24]. In addition, these chemometric methods have
been proven effective in the analysis of data from
lignin structural research [25]. The application of
Py-GC/MS combined with chemometric techniques
can provide detailed information on changes in the
lignin structure, depending on the severity of the de-
lignification process.

This work studies the structure of technical and
near-native birch lignins by investigating the mono-
meric composition during pyrolytic decomposition.

2. Experimental

Silver birch xylem (Bétula pendula) was used as
the feedstock for delignification. The 40-year-old
wood was harvested in the Arkhangelsk forestry.
The xylem was ground using an analytical knife mill.
The extractives were removed by 16-hour reflux
with acetone in a Soxhlet apparatus. The chemical
composition of the original birch wood has been
determined as previously described [23] and is pre-
sented in Table S1. The extractive-free birch sawdust
was then delignified in different ways.

2.1 Isolation of lignins

The following lignin preparations were extract-
ed: hydrolysis lignin (Hyd-L) [26], sulfate/kraft lig-
nin (Kraft-L) [27], soda lignin (Soda-L) [28], dimeth-
yl sulfoxide lignin (DMSO-L) [23], alkaline ethanol
lignin (SodaEt-L) [21], dioxane lignin (DL) [21], and
milled wood lignin (MWL) [21], according to previ-
ously reported protocols. Detailed instructions on
lignins isolation can be found in the “Supplementary
Information” file.

2.2 Py-GC/MS

Pyrolysis was performed according to the previ-
ously established mode [21]. For the pyrolysis of the
studied set of lignins, a temperature of 400 °C was
used. This is due to the presence of highly modified
lignin samples, which emit low amounts of mono-
meric pyrolysis products. The Py-GC/MS analysis was
performed using a QP2010 Plus (Shimadzu, Japan)
gas chromatograph-mass spectrometer equipped
with an EGA/PY-3030D pyrolyzer (Frontier Laborato-
ries Ltd., Japan).

The pyrolytic oven temperature was programed
from 50 to 400 °C at a rate of 120 °C/min, with a
1 min holding time at the final temperature. GC/MS
analysis was performed using a HP-5MS fused-silica
capillary column (30 m x 0.25 mm i.d., 0.25 um f.t.)
with a temperature gradient from 40 to 202 °C at
a heating rate of 3 °C/min followed by a post-run
program at 320 °C for 3 min, with a split ratio of
1:20. MS detection was performed in a mass range
of 15-500 Da, at a scan rate of 5 spectra/sec. The
composition of monomeric pyrolysis products was
identified using NIST and Wiley databases.

The lignin samples were powdered by grinding in
an agate mortar before pyrolysis. The sample weight
ranged from 85 to 125 pg. Pyrolysis of each lignin
preparation was performed in triplicates.

2.3 Chemometric analysis

The obtained Py-GC/MS data were subjected to
Hierarchical Cluster Analysis (HCA) and Principal
Component Analysis (PCA) using Origin® 2019b soft-
ware (OriginLab Corporation, US).

Hierarchical cluster analysis (Fig. 1) is a method
of mathematical data processing that uses an algo-
rithm to identify patterns and similarities in data. It
involves grouping similar data points and creating
clusters of data. This method uses pairwise distance
information to create a dendrogram that rearranges
data tables in a hierarchical structure [29].
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Principal component analysis (Fig. 2) is a statis-
tical method used to analyze and visualize complex
datasets. It identifies the most significant patterns or
features in the data and then projects them onto a
new set of variables. It allows us to trace variations
in the data at different levels. It is possible to group
data samples with similar characteristics and identi-
fy possible outliers [24].

During data processing by the PCA method, a cor-
relation matrix and listwise parameters were used.
During data processing by the HCA method, the
group average method and the Euclidean distance
type were used. The number of clusters was deter-
mined experimentally. Score plots, loading plots,
and dendrograms from the cluster analysis were
generated.

Ring double bond equivalents (RDBE) is a mea-
surement of unsaturation. RDBE was calculated ac-
cording to Eq. 1:

RDBE =C—(H/2) + (N/2) +1 (1)
where C, H, N are the number of carbon, hydrogen

and nitrogen atoms in the molecule, respectively.

Intensity (x1,000,000)

The RDBE for the entire lignin preparation was
calculated as the sum of the RDBEs of the identified
pyrolysis products, multiplied by the relative area of
each compound’s peak.

3. Results and discussions
3.1 The study of lignin pyrolysis products

Py-GC/MS pyrograms of all the studied lignins
have been obtained. An example of such a chro-
matogram is shown in Fig. 3. The retention times of
some phenolic pyrolysis products are presented in
Table 1. A detailed analysis of the chromatograms
revealed 30 major monomeric pyrolysis products.
These included 5 compounds corresponding to the
H-units of lignin, 10 compounds corresponding to
G-units, 12 compounds corresponding to S-units,
and 3 compounds with a polyhydroxyaromatic
(PolyOH) structure (Table S2). The peak areas of
the identified monomers were normalized by the
weight of the lignin sample and averaged between
replicates.
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Fig. 3. Chromatogram of the MWL pyrolysis products.
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Table 1. Some identified compounds and their retention times

Peak No Rt, min Name

1 18.022 Phenol, 2-methoxy (Guaiacol)

2 23.161 Phenol, 2-methoxy-4-methyl (Methylguaiacol)

3 26.501 Pyrogallol 1-methyl ether (Methoxycatechol)

4 29.002 2-Methoxy-4-vinylphenol (Vinylguaiacol)

5 30.822 Phenol, 2,6-dimethoxy (Syringol)

6 32.867 Benzaldehyde, 4-hydroxy-3-methoxy (Vanillin)

7 35.048 Phenol, 4-methyl, 2,6-dimethoxy-(4-methylsyringol)

8 35.549 Phenol, 2-methoxy-4-propyl (Propylguaiacol)

9 40.085 Phenol, 4-ethenyl, 2,6-dimethoxy-(4-vinylsyringol)

10 43.858 Benzaldehyde, 4-hydroxy-3,5-dimethoxy (Syringaldehyde)

11 45.361 Phenol, 2,6-dimethoxy-4-(2-propenyl)-(4-Propenylsyringol-)

12 45.597 1-(4-Hydroxy-3,5-dimethoxyphenyl)-ethanal (Homosyringaldehyde)

13 46.77 2-Propen-1-ol, 3-(4-hydroxy-3-methoxyphenyl) (Coniferyl alcohol )

14 48.064 1-(4-Hydroxy-3,5-dimethoxyphenyl)-2-propanone (Syringyl acetone)

15 55.397 (E)-3-(4-hydroxy-3,5-dimethoxyphenyl) prop-2-enyl (Sinapyl aldehyde)

16 55.773 2-Propen-1-ol, 3-(4-hydroxy-3,5-dimethoxyphenyl) (Sinapyl alcohol)

Table 2. Lignin structural units content, %
MWL DL SodakEt-L DMSO-L Kraft-L Soda-L Hyd-L
H 0.5+0.0 0.3£0.0 0.410.0 0.8£0.0 0.7£0.0 0.6+0.0 2.1+0.1
G 29.4+0.5 28.7+0.4 34.7+0.2 36.4+0.1 35.0+0.3 30.9+0.1 31.7+0.3
S 67.7+0.6 69.1+0.4 62.0+0.1 59.5+0.1 60.1+0.3 63.5+0.2 59.9+0.4
PolyOH 2.4+0.1 1.9+0.0 2.940.1 3.3+0.0 4.2+0.1 5.0+0.1 6.0+0.4

Based on the monomeric composition and peak
areas, the percentage of lignin structural units were
calculated (Table 2). According to Table 2, the num-
ber of monomeric units in lignin varies depending
on the delignification method. Near-native birch lig-
nins, such as milled wood lignin (MWL) and dioxane
lignin (DL), have a higher content of syringyl units
(~ 70%) and fewer guaiacyl units (~ 30%). Hydro-
lysis lignin (Hyd-L) significantly differs from other
samples due to its high content of PolyOH and hy-
droxyphenyl (H) structural units, and low amount of
syringyl (S) units.

Then, the contribution of each individual com-
ponent to the S/G/H ratio was analyzed. For the 30
main pyrolysis products (Table S2), the bonds that
are characteristic of these structures have been
identified and the percentage of the total content of
each component has been calculated based on peak
areas (Table S3). Figure 4 shows the relative area
normalization of some phenolic pyrolysis products
for each lignin sample. Only those compounds are

shown that are most significantly affected by the de-
lignification method.

Lignin preparations were conditionally divided
into three groups: near-native (MWL, DL); moderate-
ly modified (SodaEt-L, DMSO-L); and highly modified
(Kraft-L, Soda-L, Hyd-L), depending on the amount
of pyrolysis products. DL and SodaEt-L released vol-
atiles in similar or slightly higher amounts compared
to MWL (line “total peak area” in Table S2). In con-
trast, highly modified lignins released much less vol-
atile pyrolysis products. Hyd-L produced 7 times less
volatile compounds than MWL. A correlation was
found between the type of lignin and the peak areas
of various classes of organic compounds (Table 3).

Thus, MWL tends to produce alkenes, aldehydes,
and alcohols, but not ketones or other non-radicals
structural units. DL does not tend to produce hy-
droxyphenyl- or guaiacyl-types products. Instead,
it tends to be syringyl-types compounds. Regarding
radicals, DLtends to produce aldehydes and alcohols,
rather than non-radical compounds and ketone.
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SodakEt-L is also prone to produce alkenes, alde-
hydes, and alcohols, but not alkanes or ketones.

Soda-L is prone to release p-hydroxyphenyl-type
products, but not alcohols and syringyls with a long-
chain radicals. Regarding radicals—without radicals,
or with alkane, alkene, or aldehyde.

Kraft-L is prone to release non-radicals structural
units, alkanes and ketones, but not aldehydes.

DMSO-L tends to produce alkanes and ketones
with different carbon chain lengths (from 1 to 3 C-at-
oms), but not aldehydes or alcohols.

Hyd-L is prone to release non-radicals structural
units, alkanes and ketones, but not alcohols and al-
dehydes.

Near-native lignins are characterized by an in-
creased content of alkenes, aldehydes and alco-
hols, and a smaller amount of non-radical products,
alkanes, and ketones. DL contains a relatively high
amount of syringyls and long-chain radicals.

A reduced content of aldehydes and alcohols
characterizes highly modified lignins, as well as a
high amount of non-radical structural units, alkanes
and ketones. Mild isolation conditions preserve

double C-C bonds, aldehyde and alcohol groups,
preventing their cleavage and formation of non-rad-
ical products, alkane or ketone groups. On the oth-
er hand, harsh isolation conditions can lead to the
breaking of C=C bonds, the oxidation of aldehydes
and alcohols into ketones, alkanes formation, or los-
ing a radical.

RDBEs of the studied lignins are shown in Fig. 5.
The RDBE for the entire lignin preparation indicate
a higher amount of unsaturated bonds in near-na-
tive lignins (MWL, DL) and a lower amount in highly
modified lignins (DMSO-L, Soda-L, Kraft-L, Hyd-L, So-
daEt-L).

RDBE vs C, diagrams (Fig. S1) allowed us to divide
the lignins under study into two groups. The first
group included MWL and DL, characterized by many
heavy unsaturated molecules (RDBE 5-6 and Cn 10-
11). The second group includes highly modified lig-
nins (DMSO-L, Soda-L, Kraft-L, Hyd-L), characterized
by a smaller number of compounds with RDBE 5 and
6. Based on the features of the RDBE-charts in the
second group, two subgroups can be identified — So-
daEt-L and Soda-L are in one group, and DMSO-L,
Kraft-L and Hyd-L are in the other.
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Fig. 5. RDBE of the studied lignins.

Table 3. The percentage of different classes of pyrolysis products of lignin isolated by various methods

MWL DL SodaEt-L DMSO-L Kraft-L Soda-L Hyd-L
Non-radical 16.5+0.2 18.9+0.9 13.0+£0.8 25.9+0.9 20.83 +0.9 18.2+0.8 21.1+0.9
Alkanes 52.5+0.6 51.4+0.9 55.4+0.9 49.6+£0.9 52.9+0.9 58.4+0.9 60.5+0.9
Alkenes 31.0+0.9 29.8+0.8 31.6+2.6 24.5+0.6 26.2+0.8 23.5+0.9 18.4+0.5
Aldehydes 25.3+0.8 18.2+0.7 18.2+0.9 17.9+0.2 7.1+£0.5 8.3+0.6 9.9+0.1
Ketones 12.3+04 14.4+0.9 20.8+0.9 13.6+0.4 204+1.0 25.2+0.9 26.2+0.6
Alcohols 16.7£0.9 10.7£0.7 15.9+0.9 1.6+0.2 7.2+0.1 54+0.6 0.19 £0.02
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Based on the elemental composition of the pyrol-
ysis products defined in Table S2, the ratios of H/C
and O/C were calculated and van Krevelen diagrams
were constructed. Using van Krevelen diagrams, the
general trends in lignin structure changes in differ-
ent isolation methods were assessed [30-33]. For
this purpose, lines of dehydration/condensation
reactions (+H,0), demethoxylation (+CH,0), and al-
kyl chain length change (+CH,) were constructed on
the basis of syringol molecule (molecular formula
CgH1003). This allowed us to calculate the H/C and
O/C values for these compounds (Table S4). The ob-
tained values were used to calculate the coefficients
a and b of the linear approximation (2) in the van
Krevelen coordinates.

y=ax+b (2)

where y — H/C; x — O/C; a and b — constants of each
reaction type (Table S4, Fig. 6).

The displacement along the solid line (Fig. 6)
towards the lower left corner of the diagram is as-
sociated with water elimination processes (dehy-
dration/condensation reactions). The shift along
the dash-dotted line down to the left is associat-
ed with demethoxylation reactions (elimination of
CH,0). Moving down the dotted line to the right
corresponds to a reduction in the alkyl chain length
(elimination of —CH,—), and the distribution of data
points along this axis shows a variety of homologues
with different alkyl chain length.

Figure 7 shows the van Krevelen diagrams of
pyrolysis products for low-modified (near-native)
lignin preparation (a) and the most modified (b).
The pyrolysis products of lignins on the van Krev-
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Fig. 6. The result of modeling reaction lines on the van
Krevelen diagram.

elen diagrams (Fig. 7, Fig. S2) occupy a region with
0/C0.2-0.5 and H/C 1.0-1.4 that is characteristic of
lignin. The area of pyrolysis products of low-modi-
fied MWL sample stretches along the line of homo-
logues (+CH,). At the same time, this area is com-
pressed along the reaction lines of demethoxylation
and dehydration. Such distribution of methoxyl
groups correlates with the natural abundance of
phenol, guaiacol, and syringol homologues in lignin.
For lignin preparations isolated under harsh con-
ditions, the pyrolysis products are stretched along
the lines of methoxyl groups and water elimination,
and compressed along the homologues (+CH,) line,
which reflects the processes that occur under harsh
isolation conditions — dehydration, polymerization,
and demethoxylation.

0.1 0.2 0.3 0.4 0.5
o/C

Fig. 7. van Krevelen diagrams for MWL (a) and Hyd-L (b) pyrolysis products.
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3.2 Chemometric analysis

Differences in the structure of lignins, depending
on the method of delignification, were visualized
using principal component analysis (PCA) and hier-
archical cluster analysis (HCA) of the contribution of
27 individual pyrolysis products to the S-, G-, and
H-type structures (Table S3).

3.2.1 Hierarchical cluster analysis (HCA)

According to the dendrogram obtained (Fig. 8),
the studied samples have been grouped into two
main clusters. The first cluster contains near-native
lignins, which differ significantly from both the rest
of the samples and from each other (similarity less
than 30%). This indicates a wide variety of struc-
tures in the MWL and DL samples. The second clus-
ter contains lignins with a more limited variety of
structures, due to the harsher isolation conditions
used. This cluster is divided into two subclusters:
the first subcluster contains SodaEt-L and Soda-L
samples with an average variety of structures (sim-
ilarity less than 50%). Kraft-L, DMSO-L and Hyd-L
were included in the second subcluster, indicating
that these samples underwent the most degrada-
tion during the delignification process and have the
least structural diversity.

3.2.2 Principal component analysis (PCA)

The variations in the data can be described by 6
principal components (Fig. S3), 4 of which account
for 96% of the total differences (PC1 — 40.99%; PC2
—30.70%; PC3 — 12.79%; PC4 — 11.48%). Therefore,
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Fig. 8. Dendrogram obtained by hierarchical cluster
analysis of lignin pyrolysis products.

4 is the optimal number of components to take into
consideration. The contribution of the fragments to
the overall difference was analyzed for each of the
4 components and presented in Table S5.

Score plot of PC2 versus PC1 (PC2/PC1) helps to
reveal the main trends in structural variability. On
the left side of the graph, there is a predominance
of unsaturated compounds and aldehydes. On the
right side, there is a predominance of saturated
compounds and ketones. Score plot of PC4 versus
PC3 (PC4/PC3), in contrast, allows to focus on more
subtle differences in structure, while ignoring the
main differences.

The distribution of PC2/PC1 variations (Fig. 9a)
divided the studied samples into 3 main groups.

The first group (Fig. 9a, green circles) included
MWL and DL samples. The predominance of Gua
C=0, Gua-C-C-C-OH, Syr-C=0, Syr-C=C-C=0, Syr-
C=C-C-OH, and Syr-C-C=C are responsible for such
differentiation. Considering the more subtle differ-
ences on the PC4/PC3 score plot (Fig. 9b), it is note-
worthy that MWL is characterized by an increased
content of HPh-C-C, Gua-C=0, Syr-C=0, and Syr
C=C-C=0. While the DL sample is similar in subtle
differences to SodaEt-L, which are characterized by
an increased content of Syr-C-(C=0)-C, Syr-C-C=0,
Gua-C-(C=0)-C, Gua-C-C-C, and Syr-C=C-C-OH.

The second PC2/PC1 group (Fig. 9a, purple cir-
cles) included SodaEt-L and Soda-L samples. These
samples are characterized by a high content of Gua-
C-C-C, Syr-C=C, and Syr-C-C=0. According to PC4/
PC3, the Soda-L sample is characterized by an in-
creased content of Gua, Gua-C, Gua-C-C, Syr, and
Syr-C-C.

The third PC2/PC1 group (Fig. 9a, red circles)
consisted of Kraft-L, DMSO-L, Hyd-L, which are
characterized by the predominance of HPh-C-C-C,
Gua-C, Gua-(C=0)-C, Syr-C, Syr-C-(C=0)-C-, and
Syr-(C=0)-C. In subtle differences, the Kraft-L and
DMSO-L samples are very similar, they are charac-
terized by an increased content of Gua-C-C, Gua-
(C=0)-C, Gua-C-C=C, and Syr.

Special attention should be paid to the Hyd-L
sample, as it has a separate location on both score
plots. According to the distribution of PC2/PC1
variations, this sample is characterized by an in-
creased HPh, HPh-C, HPh-2(-C), HPh-C-C, HPh-C-
C-C, Gua, Gua-C, Gua-C=C, Gua-C-(C=0)-C, Syr, and
Syr-C-(C=0)-C content. The increased content of
Syr-(C=0)-C-C and HPh-2(-C) is responsible for the
separate location of this sample on the score plot
of PC4/PC3.
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Fig. 9. Score plots of PC2/PC1 (a) and PC4/PC3 (b), obtained by PCA analysis of pyrolysis products of various lignins.

4. Conclusions

The monomeric composition of technical and
near-native birch lignins during pyrolytic decompo-
sition has been studied. The studied lignins were ob-
tained by various methods of both mild delignifica-
tion (milled wood lignin — MWL, dioxane lignin — DL)
and harsh delignification processes (alkaline ethanol
lignin — SodakEt-L, soda lignin — Soda-L, dimethyl sulf-
oxide lignin — DMSO-L, sulfate/kraft lignin — Kraft-L,
and hydrolysis lignin — Hyd-L), some of them are
widely used in P&P industry.

The contribution of the main monomeric units
(S/G/H) to the lignin macromolecule was evaluat-
ed. Structural fragments are shown, the content
of which is significantly influenced by the method
of lignin extraction. The difference in the relative
amounts of pyrolysis products of various lignins is
shown. Hyd-L released 7 times less volatiles then
MW.L. Near-native lignins are characterized by an in-
creased content of alkenes, aldehydes and alcohols,
as well as a decreased amount of non-radical prod-
ucts, alkanes and ketones.

The use of RDBE vs C, and van Krevelen diagrams
allowed to comprehensively characterize the mo-
nomeric composition of lignin pyrolysis products.
Thus, the MWL sample was characterized by a wide
variety of bonds, and a large amount of oxygen and
double bonds in the composition of the molecule.
Samples of highly modified lignins were character-
ized by a smaller number of homologues and fewer
double bonds and oxygen atoms.

Hierarchical cluster analysis (HCA) allowed to
divide studied lignins into three distinct groups:
low-modified/near-native (MWL, DL); moderately
modified (SodaEt-L, Soda-L); and highly modified

(Kraft-L, DMSO-L, Hyd-L). At the same time, the sim-
ilarity between the near-native samples was less
than 30%, which indicates a structural variability of
lignins. The samples from the third group had the
least variety of structures.

Differences in the structure of lignins, depending
on the method of delignification, were visualized
using principal component analysis (PCA). Accord-
ing to the score plot of PC2/PC1, it was determined
that the structures of unsaturated compounds and
aldehydes, as well as saturated compounds and ke-
tones, contribute most significantly to the difference
between the samples. The score plot of PC4/PC3
showed more subtle differences in the structure of
lignins. Hyd-L differs significantly from other studied
samples and undergoes the most significant struc-
tural changes during the delignification process.

Based on this study, mathematical modeling of
delignification processes is possible. The investiga-
tion can form the basis for upgrading delignification
and pyrolysis methods, increasing the efficiency and
environmental safety of the processes.

The work complements existing studies in the
field of thermal treatment of lignin, expanding
knowledge about the effect of process parameters
on decomposition products.

The results of the work can be used in industry
for different strategies of lignin processing. Obtain-
ing information on how various industrial delignifi-
cation methods affect the composition and amount
of monomeric pyrolysis products allow optimizing
technological processes into more efficient and tar-
geted ones.

The data obtained can be used to create new types
of fuel, carbon materials or chemicals with improved
characteristics. Understanding the dependence of
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lignin destruction and modification on specific delig-
nification methods allow optimizing processing tech-
nologies that increase the yield of valuable products
during pyrolysis (with an emphasis on reducing the
negative environmental impact).
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