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ABSTRACT

Research-based on lignin as a bioproduct has grown due to its high availability, reactivity, physicochemical sta-
bility, and abundance of different aromatic units. Lignin consists of various functional groups, which can react in
various chemical reactions and serve as a raw material in various processes to obtain multiple products. These
characteristics make lignin suitable for synthesizing products from natural raw materials, replacing fossil ones.
Due to a high aromatic variety and complex structural arrangement, lignin isolation and fractionation are still
challenging. The aim and novelty of this work was the modification of severity and enzymatic hydrolysis proce-
dure on an industrial pre-treatment to improve by-products of birch processing as a raw material for the potential
production of different products. Lignin from birch wood enzymatic hydrolysis was obtained and marked accord-
ingly: HS (high severity), MS (medium severity), and LS (low severity) lignin. Samples were characterized by ash
content, analytical pyrolysis, solubility, and viscosity. HS lignin was characterized by a relatively high carbohy-
drate content (16%) and lower lignin content (77%). Meanwhile, LS lignin showed increased lignin content
(83%) and reduced carbohydrate content (9%). It can be concluded that the delignification process greatly influ-
ences the properties of the obtained lignin. HS lignin resulted in a lower polydispersity index (PDI) and more
condensed structure, while LS lignin showed a higher PDI but a lower content of carbohydrates. Therefore, look-
ing for a golden middle way is necessary while finding the conditions according to the use field.
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Nomenclature
PF Phenol-formaldehyde resin
LPF Lignin-based phenol formaldehyde resins
Py/GC/MS Analytical pyrolysis
SEC-UV/RID Size-exclusion chromatography with UV and refractive index detector
FTIR Fourier transform infrared spectroscopy
GC-FID Gas chromatography with flame ionization detection
KL Klason lignin
ASL Acid-soluble lignin
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Ara Arabinose
Xyl Xylose
Man Mannose
Gal Galactose
Glc Glucose
Mw Mass average molar mass
Mn Number average molar mass
PDI Polydispersity index
LOD Limit of detection
LSIWC Latvian State Institute of Wood Chemistry

1 Introduction

With the beginning of the industrial revolution in the 18th century the continued development of modern
chemical processing processes, and the intensive use of fossil sources as raw materials, the demand for this
has grown beyond comprehension. For example, the beginning of the production of phenol-formaldehyde
resin is the beginning of the 20th century, when the population of the world had not even reached
2 billion, but in a little more than 100 years, it reached 8 billion in 2022, and it is predicted that by
2040 it will reach already 9 billion [1]. Consequently, the need for various raw materials has grown and
will continue to grow, but considering the world’s attitude towards fossil raw materials and the transition
to environmentally friendly raw materials and care for the environment, the 21st century is challenging in
this transitional period.

Currently, petroleum is the main raw material used in the production of various consumer products, as
most chemicals and various products obtained from them, various polymers—plastic synthetic materials,
etc., and, of course, a very large segment is also occupied by energy extraction from fossil raw materials
[2]. However, growing concerns about environmental pollution and the depletion of fossil fuel reserves
have driven industries to seek sustainable alternatives to petroleum-based resources [3]. Phenol is a
commonly used chemical from petroleum in various areas, including chemistry, biology, medicine, etc. It
is highly toxic to living cells and can easily be absorbed through intact skin. Therefore, it is crucial for
users to be aware of phenol’s properties and adhere to proper handling procedures. Adequate training and
the use of personal protective equipment, such as aprons and eye protection, are recommended when
working with phenol. Additionally, phenols are prevalent in household products. It is used as a raw
material to make phenolic resins and bisphenol A, which in turn is a raw material for epoxy resins. It is
also used as a raw material for a variety of dyes, surfactants, disinfectants, agricultural chemicals,
pharmaceuticals, and intermediate chemicals [4]. The substitution of phenol with renewable and cost-
effective bio-phenols offers significant advantages in terms of cost reduction. The search for alternative
sources of phenol from renewable resources plays a crucial role in promoting sustainable development.
Over the past few decades, numerous studies have explored the utilization of renewable phenol
alternatives obtained from lignocellulosic biomass materials such as bark, wood, and lignin in the
production of phenol-formaldehyde (PF) resin [5]. Lignin is a natural polyaromatic, amorphous, three-
dimensional, formed through the polymerization of three phenylpropane monomers: sinapyl (S), coniferyl
(G), and coumaryl (H) alcohols highly branched, and second most abundant macromolecule after
cellulose (see Fig. 1). Lignin is found in almost all plants cell walls and it makes up approximately 15%–

35% of plant cell walls by weight [6]. Lignin is of natural origin; therefore, lignin is a viable alternative
to fossil nonrenewable resources [7], has very high physical-chemical stability, and is available in large
quantities, as it is obtained as a by-product of cellulose or bioethanol production. As the world
increasingly abandons the use of oil products to produce various products and seeks green alternatives,
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lignin will definitely play an important role in the future as a raw material for the production of various
products and chemicals in various sectors of the economy. Research based on lignin as a bio-based
feedstock has grown due to its high availability, reactivity, and abundance of different aromatic units.
Lignin is composed of 3 building blocks: guaiacyl (G), syringyl (S), and p-hydroxyphenol propane (H)
units. The relative proportions of these units in the lignin structure are influenced by the original source
of lignin and the delignification process [8–11]. Consequently, the G and H-type units possess reactive
sites (ortho to the phenolic hydroxyl group) that readily interact with other reactive groups. Conversely,
the S-type unit has both C3 and C5 positions occupied by a methoxy group, resulting in lower reactivity
compared to the G-type and H-type units.

The composition of lignin units varies among plant species due to the positioning of methoxy groups on
the phenolic moieties of phenylpropanoid units, which are formed through photosynthesis in plants. These
phenolic moieties are biosynthesized and polymerized with different C-C and C-O bonds, particularly β-O-4,
β-O-5, α-O-4, 5-5, β-5, β-1, 4-O-5, and β-β linkages. Among these, β-O-4 linkages are relatively weak and
are primary targets for cleavage, while the other linkages are more complex and harder to degrade [13–15].
For example, these characteristics potentially make lignin suitable for the synthesis/production of lignin-
based phenol formaldehyde (LPF) resins as an alternative to phenol-formaldehyde resins—the most
widely used binder for glued wood composite materials. The substitution of lignin for phenol can be
achieved through the following process (see Fig. 2): lignin and phenol are subjected to
hydroxymethylation, which involves their reaction with formaldehyde in the presence of NaOH as a
catalyst. Subsequently, the hydroxymethylated lignin and phenol derivatives undergo copolymerization,
resulting in the formation of a LPF copolymer [16].

Due to a high aromatic variety and complex structural arrangement, lignin isolation and fractionation is
still a great challenge. Different sources and pulping processes can produce various types of lignin, each
containing varying amounts of monomers and bonds. The lignin in hardwood consists mainly of G and S
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units, while softwood consists of G and H units [11]. These types include milled wood lignin, alkali lignin,
Kraft lignin, and enzymatic lignin [15]. Despite this, lignin’s structure is difficult and complex to
characterize. The delignification process significantly impacts lignin’s chemical structure, molecular
weight, thermal properties, functional groups, and color [17,18]. In the pulp and paper industries, lignin is
entirely removed through the sulfite process and is considered an unwanted by-product. Lignin is known
to be a rich source of phenol and its derivatives. However, it is challenging to extract lignin from its
source and break it down into phenol and its derivatives. Common methods for lignin removal and
decomposition include enzymatic processes, the organosolv process, selective pretreatment with ionic
liquids, etc. [19].

In both traditional and modern biomass pretreatment and fractionation processes, the breaking of
chemical bonds between lignin-lignin and lignin-polysaccharides allows the production of lignin
(delignification). The nature and degree of delignification affect the size of the resulting lignin
macromolecules, the modifications they undergo during extraction, and the resulting chemical
composition. In addition, the chemical structure of lignin varies with biomass source, species, and
geographic location. This results in samples with varying degrees of heterogeneity, which directly affect
the quality of lignin for further conversion and commercialization [20]. Indeed, the complexity and
variability of extracted lignin present a common challenge across the spectrum of lignin valorization,
from extraction to conversion and final processing. Thus, the development of new strategies to selectively
process lignin into more homogeneous fractions is likely to be a significant challenge in successfully
converting lignin into desired aromatic bioproducts.

The aim and novelty of this work were to modify the enzymatic hydrolysis procedure on an industrial
scale to improve the raw material that could potentially be used for the production of LPF resin. The main
criteria for successful LPF resin production were the solubility of lignin in NaOH solution, admixture content
(organic/inorganic matter), functionality, and viscosity. Enzymatic hydrolysis lignin samples obtained with
different severity were characterized and compared.

2 Materials and Methods

2.1 Materials
Birch wood lignin (provided by Fibenol OÜ, Estonia) was obtained after a modification of severity and

an enzymatic hydrolysis procedure during an industrial pre-treatment. Severity is a combination of
temperature, pH, and mechanical grinding in the extrusion-based Sunburst pretreatment. It is patented
technology, which provides rapid pretreatment of woody biomass by heating the wood for a short time in
a dilute acid solution. Because the pretreatment is quick, minimal inhibitory chemicals are produced,
resulting in materials with distinct properties [21]. Due to patented technology and confidential changes
in the industrial parameters, it was not allowed to inform about the precise conditions. Therefore, the
lignin from hardwood enzymatic hydrolysis was obtained and marked accordingly: HS lignin—(high
severity, standard hydrolysis); MS lignin—(medium severity, long hydrolysis followed by a standard
washing step) and LS lignin—(low severity, long hydrolysis followed by a specific washing procedure).

2.2 Ash, Klason Lignin (KL), and Acid Soluble Lignin (ASL) Content
The inorganic (ash) content of the lignin samples was determined through dry mineralization

following the Tappi standard 211om-22, conducted at a temperature of 525°C [20]. Approximately 1.5 g
of lignin was weighed into a quartz crucible and heated on an electric stove for 3 h for initial
mineralization. The partially mineralized sample was then transferred to a muffle furnace and heated at
550°C for 4 h until white ash was formed. The quantities of acid-insoluble lignin (KL) and acid-soluble
lignin (ASL) were measured using the TAPPI T-222 standard method. A 0.5 g. lignin sample (free of
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extracts) was treated with 7.5 mL of 72% H2SO4 and maintained at 25°C for two hours [21]. The sample was
then diluted with 260 mL of deionized water, refluxed for 4 h, and filtered through a P100 glass filter. The
resulting precipitate was washed with hot deionized water until a neutral reaction pH = 7, then dried at 105°C
until a constant mass was obtained.

2.3 Analytical Pyrolysis–Gas Chromatography–Mass Spectrometry (Py-GC/MS)
The gas chromatography–mass spectrometry analysis was performed using a Frontier Lab (Japan) Micro

Double-shot Pyrolyser Py-2020iD (pyrolysis temperature 500°C, heating rate 600°C s−1) directly coupled
with the Shimadzu GC/MS-QP 2010 apparatus (Japan) with capillary column RTX-1701 (Restec, USA),
as described in [22] Identification of individual compounds was performed using a GC/MS chromatogram
using library MS NIST 147.LI13. The relative peak areas of the compounds were calculated using
Shimadzu software based on the GC/FID data. The molar areas of the respective peaks were summed and
normalized to 100%, and the results were averaged from five pyrolysis experiments.

2.4 Carbohydrate Analysis
Total monomeric carbohydrates were determined by gas chromatography with flame ionization

detection (GC-FID) using the alditol acetate derivatization method [23,24].

2.5 Determination of Total Hydroxyl Groups
The total quantity of hydroxyl groups was determined by acetylation according to the methodology

developed by LSIWC [25]. The method is based on an aliphatic and phenolic hydroxyl group’s reaction
with acetic anhydride in the presence of a pyridine catalyst, resulting in a free acetic ion.

2.6 Fourier Transform Infrared Spectroscopy (FTIR) Analysis
Fourier transform infrared (FTIR) spectra of the samples were recorded in KBr pellets by a Spectrum

One (PerkinElmer, UK) FTIR spectrometer in the range of 4000–450 cm−1 (resolution, 4 cm−1; number
of scans—64). The resulting spectra were normalized to the maximum intensity of 1510 cm−1, which was
assigned to the aromatic skeletal vibrations in lignin samples.

2.7 Size-Exclusion Chromatography with UV and Refractive Index Detector (SEC-UV/RID) Analysis
Weight average molecular weight and number average molecular weight of lignin samples were

determined by size-exclusion chromatography (SEC) using a Waters Instrument System. 5 mg of dried
lignin sample was dissolved in HPLC-grade DMF, and the solution was filtered through a 45 μm syringe
filter. HPLC-grade DMF, filtered through a 45 μm polytetrafluoroethylene membrane filter and degassed,
was used as the mobile phase. The flow rate of the mobile phase was set to 0.3 mL/min. Separation was
achieved on Waters APC XT 450 2.5 µm, APC XT 200 2.5 µm, and APC XT 45 1.7 µm columns. A
sample volume of 20 μL was injected into the SEC instrument, and UV signal was recorded at different
wavelengths 254 and 280 nm and RI detector at the same time. Calibration was performed using
polystyrene standards with nominal MW ranging from 480 to 130,000 Da.

2.8 Lignin Solubility in NaOH
Lignin (2 wt%) was mixed with a freshly prepared 1.5% NaOH solution and left at room temperature for

24 h under vigorous stirring. The mixture was then filtered through a glass filter with a pore size of P100, and
the resulting precipitate on the filter was washed to get rid of NaOH residues. The washed precipitates were
dried to constant weight in a vacuum oven under phosphorus pentoxide, and a sample was obtained, which is
labeled as the NaOH insoluble part.
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3 Results and Discussion

When analyzing the ash content of all industrially obtained lignin samples, it did not show any
significant changes between themselves. An average value of 0.44% ± 0.03% was for HS and MS lignin
samples and 0.42% ± 0.03% for LS lignin (Table 1). Such values were within the limits of most data
found in the scientific literature on the ash content of biorefinery lignin samples (Kraft, enzymatic
hydrolysis, and organosolv) [26]. The industrial lignins analyzed were relatively pure in terms of
inorganic impurities, with an ash content not exceeding 0.45%. This means that pure birch wood was
used as a raw material for lignin production.

Results of Py/GC/MS showed that severity was directly proportional to the relative content of the lignin
derivatives (see Fig. 3) and inversely proportional to the relative content of carbohydrates.

The more severe the pre-treatment, the more carbohydrates were formed. LS lignin was obtained under
low severity, but long hydrolysis followed by a specific washing procedure and there we can see that the
carbohydrate relative content was only 9%, but lignin content was the highest (83%) in comparison to HS
lignin where the standard pretreatment conditions were applied (carbohydrate content was 16% and lignin
content was 77%). In addition, using Py/GC/MS, it was possible to obtain additional information about
the sample characteristics in a faster period than KL + ASL, which are time-consuming analytical
methods. KL + ASL analysis needs to be performed to determine the distribution of KL and ASL in
lignins according to Tappi standard 222 [27]. Such distribution cannot be determined by Py/GC/MS.
Classical lignin analyses are more appropriate for the samples delignified in mild conditions. The
potential for pseudolignin formation from various impurities (such as proteins, carbohydrates, cellulose,

Table 1: Klason lignin (KL), acid-soluble lignin (ASL), and ash content in lignin samples

Sample HS lignin MS lignin LS lignin

Ash cont., % 0.44 ± 0.03 0.44 ± 0.03 0.42 ± 0.03

KL, % 87.1 ± 1.6 85.9 ± 1.4 86.8 ± 1.5

ASL, % 5.5 ± 0.2 4.3 ± 0.2 1.7 ± 0.1

KL + ASL, % 92.5 ± 2.9 90.2 ± 2.3 88.5 ± 2.5

Figure 3: Lignin and carbohydrate derivatives in obtained lignin samples
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and others) increases at pretreatment temperatures above 180°C, which can lead to an overestimation of the
actual lignin content and misinterpret the results [28]. Pseudolignin is formed from a melted lignin-protein-
carbohydrates complex. Therefore, KL and ASL will always be higher for technical lignins and should be
evaluated in context with other impurities. Since these lignins were obtained by treating the samples with
enzymes and the samples also contain nitrogen, this clearly indicates that the KL content will be
increased. Therefore, Py/GC/MS is a more informative method than the classical KL method (Table 1).

This phenomenon was more extensive for the biorefinery lignins. The content of basic lignin monomer
units in the samples was determined from the Py/GC/MS data (Table 2). By modifying the process
conditions, the chemical composition of the obtained lignin samples was different (Fig. 4). It can also be
observed that the basic units forming lignin, such as phenyl, guaiacyl, and syringyl, do not differ
drastically between the samples (see Table 2), meaning that the same raw material was used for the process.

To reveal details of lignin chemical structure, peak areas of lignin pyrolysis products were normalized to
100%, and peak areas of p-hydroxyphenyl- (H), guaicyl- (G), and syringyl- (S) derivatives were calculated as
relative percentages. Natural lignin is mainly built from these three monomers. The ratio between these
monomers differs among lignins of different plant species and in different parts of the plants. As such,
the lignin in hardwood contains a higher quantity of S-lignin units, while softwood lignin contains more

Table 2: Py-GC/MS-FID data. Contents (%) of the summarized portions of phenyl, guaiacyl (G), and syringyl
(S) derivatives in the obtained lignin-related volatile products

Lignin derivates HS lignin MS lignin LS lignin

Phenyl and benzyl derivates 8.23 ± 0.25 7.29 ± 0.21 6.63 ± 0.18

Guaiacyl derivates 27.52 ± 1.05 28.28 ± 0.92 27.28 ± 1.01

Syringyl derivates 64.25 ± 2.14 64.43 ± 2.38 66.09 ± 1.94

Figure 4: FTIR spectra of birch wood lignins obtained after modification of severity and enzymatic
hydrolysis procedure on an industrial pre-treatment
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G-lignin units. H-lignin units are less abundant in wood; they can mainly be found in other plants. The most
common bond connecting the monomers in all-natural lignins is the β-O-4 ether bond. About 45%–50% of
the bonds in softwoods and 60%–69% in hardwoods are β-O-4 ether bonds [10].

The FTIR spectra for all three lignin samples examined in the fingerprint region exhibited significant
variations in the OH, C-H, C-O, C=O groups, and aromatic rings, characteristic of the carbohydrate and
lignin components found in plant cell walls [29]. The FTIR analysis results (Fig. 5) indicated a decrease
in absorbance intensity at 1735 and 1242 cm−1, corresponding to carboxylic groups of acetylated xylans,
a finding that was further supported by the yields of individual carbohydrates shown in Table 3. Notably,
the HS lignin sample had the highest yield of xylose, which was also corroborated by the FTIR spectra.

At the same time, the proportion of carbohydrate components in the lignin samples decreased, leading to
a reduction in absorbance intensity in the 1200–1000 cm−1 range, consistent with the component analysis
data (Fig. 3). Following pretreatment under varying severity conditions, higher severity resulted in
increased absorbance intensity at 1650 cm−1 (associated with conjugated C=O groups in lignin [19]),
while lower severity showed a decrease in absorbance. Additionally, the increased absorbance at
1705 cm−1 (related to non-conjugated carbonyl stretching) and 1605 cm−1 (due to C=C bond vibrations)
suggests that condensation processes were occurring within the lignin macromolecule. These FTIR
spectroscopy results were corroborated by the changes in pentosanes and hexosanes content in the lignin
samples obtained under different conditions, as discussed in Table 3. The solubility of lignin samples in
an alkaline solution is important because LPF resins are produced in alkaline conditions. Despite the
modification, it was not possible to completely dissolve lignin samples in 1.5% alkaline solution

Table 3: Characterization of lignin samples isolated from birch wood using different pretreatment conditions
in a pilot scale in terms of anhydro sugars and PDI (all values expressed on a dry-weight ash free basis)

Lignin sample Ara (%) Xyl (%) Man (%) Gal (%) Glc (%) Total (%) PDI

HS 0.19 1.02 0.11 0.03 2.81 4.17 5.7

MS <LOD 0.82 0.11 0.05 3.05 4.03 7.6

LS <LOD 0.52 0.07 0.02 0.85 1.45 8.1

Figure 5: Lignin and carbohydrate derivatives in LS lignin and LS lignin NaOH insoluble part
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(Table 4). After testing the alkali-insoluble part using Py/GC/MS, it was found that the insoluble part of
lignin is more condensed. This explains its poor solubility in alkali solution (see Fig. 5).

Likewise, the solubility experiments showed that the carbohydrates present in the LS—lignin did not
dissolve in the alkali solution and remained in the insoluble part.

LS lignin was dissolved in NaOH, and its insoluble fraction was compared with the original LS lignin,
and it contained much less C-O bonds in the side chains of the propane unit of the lignin molecule (3.37 and
11.37, respectively), which showed that the insoluble part has a condensed system, and it can also be
observed by the lignin content from the Py/GC/MS data. This can explain why LS lignin has a higher
lignin yield than HS lignin. In the pre-treatment process, lignin condenses due to different hydrolysis
conditions. In addition, the insoluble part contains many lipophilic compounds, which also are insoluble
in alkaline solutions. Aliphatic, aromatic, and cyclic monomers indicated the content of degradation
products of both polar and lipophilic extracts, from which the heterogeneity of the sample from the point
of view of the chemical composition can be characterized (see Table 4). For example, it may show higher
levels of carbohydrate compounds in Py/GC/MS, as aldehydes and ketones are among the products of
carbohydrate degradation and may also be formed from aliphatic, aromatic, and cyclic monomers in
pyrolysis.

Also, a significant difference in the structure of lignin can be observed after dissolution in an alkaline
solution (see Table 4). It can be seen that all lignin monomer units changed. Phenyl and guaiacyl
derivatives are insoluble in alkaline solution because their content increases in the insoluble part.
Meanwhile, syringyl derivatives are soluble, which can be seen by their decrease. Such monomer unit-
forming derivatives like syringaldehyde contribute to the differences in condensed systems, which
dissolve in the alkali solution and do not remain in the insoluble part.

As can be seen in Table 3, the content of arabinose (Ara), mannose (Man), and galactose (Gal) in the
lignin samples were negligible and did not show any notable deviations. The most significant changes in
the reduction of xylose (Xyl) and glucose (Glc) were observed for the LS lignin when a longer hydrolysis
time in the pilot plant was used, followed by a specific washing procedure. While performing the
molecular mass distribution Mw and Mn and calculating the polydispersity index (PDI), it can be seen
that this particular sample was characterized by the highest PDI compared to HS-lignin (see Table 5).

Table 4: Py-GC/MS-FID data. Contents (%) of the summarized portions of phenyl, guaiacyl, and syringyl
derivatives in the obtained LS lignin and LS lignin NaOH insoluble part related volatile products

Compounds LS lignin LS lignin NaOH insoluble part

Aliphatic and cyclic monomers 1.97 ± 0.07 23.25 ± 1.15

Phenyl and benzyl derivates 6.63 ± 0.29 20.38 ± 0.86

Guaiacyl derivates 27.28 ± 0.93 32.11 ± 1.27

Syringyl derivates 66.09 ± 2.25 47.51 ± 1.65

Table 5: Characterization of lignin samples isolated from birch wood using different pretreatment conditions
in a pilot scale in terms of PDI

Lignin sample HS MS LS

PDI 5.7 7.6 8.1

JRM, 2025, vol.13, no.1 123



Higher pre-treatment severity reduced PDI while having the highest content of the total carbohydrates in
the sample. Low/medium severity produced similarly high PDI (low and medium severity were quite
similar). Still, to be sure that lignin has the highest potential for LPF production, it must be tested in resin
production, which is the main aim of future research on the project.

4 Conclusion

In conclusion, it can be stated that alterations in the process conditions of enzymatic hydrolysis, as well
as the severity and washing procedures, significantly impacted the structure of lignin. The purity of lignin,
particularly its separation from carbohydrates like cellulose, was influenced by both the duration of
enzymatic hydrolysis and the washing technique used on the filter cake. The effectiveness of enzymatic
hydrolysis was evidenced by the reduction of monosaccharide xylose in the carbohydrate results. Despite
varying modes in industrial-scale enzymatic hydrolysis processes, the primary monolignols of lignin—
specifically, the amounts and ratios of sinapyl (S), coniferyl (G), and coumaryl (H) alcohols—remained
consistent. Notably, specific washing procedures had the most significant impact on reducing
carbohydrate content in the lignin samples. The degree of delignification was altered by the disruption of
lignocellulosic bonds, which affected lignin’s structure and, thus, potential reactivity as well.

It can be concluded that the delignification process plays a crucial role in determining the properties of
the resulting lignin. HS lignin was found to have a lower PDI and a more condensed structure, whereas LS
lignin exhibited a higher PDI but a lower carbohydrate content. Therefore, it is essential to strike a balance
and optimize the conditions according to the intended application. Achieving effective delignification does
not necessarily imply that the resulting lignin is suitable as a raw material for obtaining other products.
Moreover, additional changes in lignin during processing can adversely affect the production processes of
various products by increasing viscosity and creating heterogeneity, which must be taken into account
choosing lignin as raw material for further processes.
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