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This thesis investigated the fractionation of pyrolytic lignin from bio-oil using ethanol-water,
acetic acid-water, combined solvent systems, temperature, and mixing time variations. The
aim was to investigate how these parameters affected lignin yield, molecular weight
distribution, and chemical composition. The resulting fractions were characterized using
analytical methods, such as Karl Fischer titration, moisture and ash content analysis, ICP-
MS, UV-Vis spectroscopy, and HPLC.

The results showed that the variation in yield values was partly due to water retention in the
lignin structure. The addition of ethanol lowered moisture content and led to lower apparent
yields. UV-Vis analysis indicated that all the normalized samples had similarly developed
aromatic structures, whereas HPLC results demonstrated that they contained similar
amounts of pyrolytic lignin, with the main differences in the chromatograms originating
from differences in molecular size distribution. The 30 % ethanol-water sample produced
the most uniform and highest molecular weight lignin, while the 5 % ethanol-water sample
had a more balanced profile. Notably, three samples contained a fourth chromatographic
peak, indicating the presence of other molecular compounds.

Overall, the study demonstrates that solvent-based fractionation is an effective method for
modifying the properties of pyrolytic lignin. Future studies could explore the reproducibility
of the methods tested in this study. They could also evaluate whether higher ethanol
concentrations improve the purity and yield of pyrolytic lignin.
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1 Introduction

Biomass has proved to be a potential replacement for fossil fuels due to its adaptability in
being converted to solid, liquid, or gaseous fuels and chemicals. Biofuels have several eco-
friendly characteristics, such as being a clean fuel, having a carbon-neutral cycle, and
emitting very low levels of sulphur oxides (SOx) and nitrogen oxides (NOx). First-generation
biofuels are however limited, including food crop competition and poor energy efficiency.
This has led to the production of second-generation biofuels based on lignocellulosic

biomass, which avoids related constraints (Kumar et al. 2020).

The complexity and heterogeneity of lignin have long hindered its utilization, primarily
because it tends to condense and degrade under conventional biomass conversion
techniques. Cellulose-processing industries and bioethanol producers have traditionally
recovered sugar-based compounds of commercial value and perceived lignin as an
undervalued secondary product or process residue. However, this is changing with the
emergence of technologies that are aiming for utilizing lignocellulosic resources by
extracting value from each structural component. Fast pyrolysis is a good example, where
pyrolysis oil is produced from biomass. The resulting oil can be split into a water-soluble
phase rich in sugars and a water-resistant phase dominated by lignin-derived aromatic
compounds, known as pyrolytic lignin (PL). Pyrolytic lignin, which represents about 25-30
% of bio-oil, is a significant contributor to properties of bio-oil, such as stability. Lignin is
promising but largely wasted, either burned for energy recovery or discarded, reducing
carbon efficiency and biomass utilization cost. To maximize the value of biomass
conversion, it is essential to investigate how pyrolytic lignin forms and to develop strategies
that either minimize its generation or transform it into economically beneficial outputs, such
as renewable energy sources or industrial intermediates. (Figueiredo et al. 2022; Figueiredo
et al. 2020; Li et al. 2020).

Fast pyrolysis is especially appealing for biomass liquefaction due to its adaptability to
diverse feedstocks, cost-effectiveness, impressive energy output efficiency, and the ability
to yield up to 75 % by weight in pyrolysis oil. The water resistant fraction of pyrolysis oil
containing high lignin-derived products possesses great potential for the production of

renewable chemicals and fuel. The capability to determine pyrolytic lignin and specifically
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those processes that lead to the production of pyrolytic lignin might put scientists in a better
position to more effectively improve techniques for biomass conversion value and to design

more sustainable value-added products. (Figueiredo et al. 2020; Li et al. 2020).

This review underlines the potential of fast pyrolysis, particularly in targeting the non-
aqueous phase of biomass-derived pyrolysis products. The review begins with an
introduction to the basics of biomass. It then moves on to discuss several complex pyrolysis
routes and the potential products resulting from these reactions. Finally, it covers compound
detection methods and the separation techniques involved in the processes.
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2 Lignocellulosic Biomass

Lignocellulosic biomass, one of the most common renewable resource on Earth. It serves as
one of the largest energy source globally, ranking just after coal, petroleum, and natural gas
(Wang & Yin 2021). It is made of various lignocellulosic elements from plant matter. In
addition, lignocellulosic biomass ranks among the leading renewable carbon sources and
serves as a key input for the synthesis of biochemicals, bioethanol, and biofuels. (Phanthong
et al. 2018). This biomass offers significant advantages as a provider of bio-based fibres,
serving as a sustainable substitute for conventional petrochemical polymers due to its
environmentally friendly characteristics. (Phanthong et al. 2018). Moreover, residual
byproducts from crop cultivation and wood processing, such as plant stems, straw-like fibres,
chipped timber, leafy matter, and perennial grasses, represent key non-food lignocellulosic

resources grown for next-generation bioenergy production. (Yin & Wang 2022).

With an estimated 150 billion tons of biomass produced annually all over the world, most of
this biomass is wasted or burned, leading to a double loss of resources and environmental
pollution (Liang et al. 2020). Even so, such residues have significant recyclability potential
as fuel or as a feedstock for high-value products, without interfering with food webs of
animals and humans (Phanthong et al. 2018).

2.1 Structure of Lignocellulosic Biomass

As seen from Figure 1, lignocellulosic biomass is predominantly consist of three organic
polymers: cellulose, hemicellulose, and lignin, in different composition based on the species,
nature, and origin of biomass. Cellulose, which accounts for 30-70 % of the biomass by
weight, is made up of p-1,4-linked D-glucopyranose residues forming extended chains that
organize into crystalline and non-crystalline domains. Its compact structure that stabilized
by hydrogen bonding both within and between polymer chains, gives resistance ability
against water and most organic solvents (Kumar et al. 2020; Yin & Wang 2022; Phanthong
et al. 2018). Hemicellulose makes up between 18-50 % of biomass. It is a heteropolymer
that is composed of short, branched chains of pentoses (like xylose) and hexoses (like

glucose). It is thermally and chemically more sensitive than cellulose. Hemicellulose forms



14

hydrogen bonds and also cross-links with cellulose and lignin, giving support to the plant
cell wall structure (Kumar et al. 2020; Yin & Wang 2022; Phanthong et al. 2018). Lignin,
which makes up 5-26 % of biomass, is an amorphous, multifunctional phenylpropane
polymer (p-coumaryl, coniferyl, and sinapyl alcohols) that provides compressive strength,
stiffness, and resistance to microbial attack and decay. It also makes cell walls waterproof
and facilitates water transport in plants (Kumar et al. 2020; Yung et al. 2015; The Editors of
Encyclopaedia Britannica 2025).

Lignin
HO

Sy, A JOH
OH "o” N\

0~

" oH O .. OH

OR1
O\gtgg"gaﬁ;ﬁ‘/5‘9}::"7 Hemicellulose

(o]
OR1

Ho. OH
0 o Cellulose

Figure 1. Structure of lignocellulosic biomass. (Ojo 2023)

These three polymers are held in the form of a heteromatrix, with cellulose microfibrils
distributed in hemicellulose and lignin. Typically, the proportion of cellulose, hemicellulose,
and lignin is about 4:3:3 in biomass, though it depends on the type of the feedstock. For
example, hardwoods have a greater amount of cellulose, whereas hemicellulose is the major
component of straw and leaves (Kumar et al. 2020; Phanthong et al. 2018). Despite the fact
that lignin contains 40 % of the energy in biomass, it is not used to the maximum in the
industrial sector and is mostly burned or dumped as waste. However, its use as a source of
renewable energy and bio-based chemical products is gaining increasing attention (Kumar
et al. 2020; The Editors of Encyclopaedia Britannica 2025). Due to the structural complexity
and resistance of these polymers (especially lignin), the processing cost of lignocellulosic

biomass is increased. As a result, pretreatment is necessary both to degrade lignin and to
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disrupt the crystalline structure of cellulose, allowing it to be processed more effectively.
(Yung et al. 2015; Yin & Wang 2022)

2.2 Types of Lignin

One of the key challenges in effectively utilizing biomass is to break it down into key
components. The structure of the plant cell wall is very complex, and in addition, cellulose
has high crystallinity. This combination of features makes separation particularly
challenging. Single-step conversion methods, such as pyrolysis or liquefaction, are often
inefficient, because they produce bio-oils that contain a complex mixture of over a hundred
compounds. Thus, this makes it difficult and impractical to isolate specific chemicals or
fuels. (Kumar et al. 2020)

Based on different pretreatment methods of biomass, it is possible to categorize lignin into
different groups. According to Kumar et al. 2020, the most common types are: Kraft lignin,

lignosulfonate lignin, Organosolv lignin, and soda lignin.

2.2.1 Kiraft Lignin

The Kraft lignin, obtained as a co-product during wood chemical pulping by the Kraft
process, is the most common technically made lignin worldwide and accounts for more than
85 % of global lignin production (Chen at el. 2021). The Kraft process, which is well-studied
and widely used in the wood-based chemical industry, involves cooking wood chips with a
concentrated aqueous mixture of sodium hydroxide (NaOH) and sodium sulphide (Na2S).
This mixture is generally referred to as white liquor. Operating temperatures between 150-
180 °C are maintained for several hours during the process. (Chio et al. 2019; Gaudenzi et
al. 2023). In this procedure, lignin macromolecules are degraded into smaller alkali-soluble
fragments that dissolve into the liquid phase, staining the liquid phase a dark-brown colour
and therefore has been name as "black liquor” (Anukam et al. 2021; Gaudenzi et al. 2023).
The cellulose-rich solid fraction is divided for subsequent process, while black liquor (lignin

in solution) evaporates to 65-80 % dry matter. (Gaudenzi et al. 2023).
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Kraft lignin is typically separable from black liquor through acid precipitation. This is
usually done by lowering the pH to 5.0 or below, or through advanced methods such as
LignoBoost or LignoForce (Anukam et al. 2021; Chio et al. 2019). Besides lignin recovery,
this method can regenerate and recycle sodium and sulphide ions to be used again in the
Kraft process, which is beneficial both economically and environmentally (Chio et al. 2019).
In comparison to native lignin, this type of lignin has a considerably altered molecular
structure, including a diminished polymer size (10,000-50,000 g/mol) and a lower charge
density (0.1-0.9 meg/g) that are primarily influenced by reactive sites during its synthesis
(Anukam et al. 2021). The lignin consists of 1-3 % sulphur, mainly aliphatic thiol groups
that transmit a recognizable odour to the lignin and hinder certain downstream utilizations
of the lignin, such as poisoning transition metal catalysts (Gaudenzi et al. 2023; Chen at el.
2021).

Although Kraft lignin has some difficulties in practical application, it is used as an additive
in biomass pelleting, improving mechanical durability, pellet length, and energy efficiency
during pressing (Anukam et al. 2021). Owing to its water-repellent features and reduced
chemical reactivity, Kraft lignin is still put to primary use as a source of energy, unless
chemically modified (Chio et al. 2019). The harsh alkaline conditions of the Kraft process
also lead to lignin degradation and repolymerization. Thus, it forms recalcitrant C-C bonds
and contaminants the lignin with carbohydrates and fatty acids, which further limits its
valorization (Chen at el. 2021). Kraft lignin is, however, more attractive than natural lignin
by virtue of its higher purity and its smaller molecular size for use as feedstock in industrial

applications (Gaudenzi et al. 2023).

2.2.2 Lignosulfonate Lignin

Lignosulfonates, which are produced as co-products of wood delignification via sulphite,
were important in many fibre processing industries but have faded in importance nowadays
with the advantage of the Kraft process, which currently dominates global lignin production
(Chen at el. 2021). Historically, sulphite pulping was the primary method for lignin
extraction from the 19th to the 20th century, producing lignosulfonates as a key output.
Currently, this method of lignin extraction is now the second most popular method of large-

scale lignin production. It is estimated that around seven million tons of lignin are formed
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every year (Gaudenzi et al. 2023). The method uses a combination of sulphurous acid with
sulphite salts (magnesium, calcium, sodium, or ammonium sulphite) at different pH
conditions, leading to the sulfonation of lignin. The process leads to the attachment of
sulfonic acid to the a-carbon molecules of lignin, which increases the hydrophilic properties
and its solubility in the cooking liquor, as the cellulose remains intact as the solid (Chen at
el. 2021). The resulting degradation of the lignosulfonates is extensive, with a reduced
capacity to form B-O-4 linkages and produced more sulphur content (4-8 wt%), compared
to Kraft lignin (Chen at el. 2021; Gaudenzi et al. 2023).

The sulphite pulping process can take place under acidic or neutral conditions that further
will have an impact on the properties of the resulting lignosulfonates. Following pulping,
the spent liquor, containing approximately 50-80 wt% lignosulfonates, it is filtered through
a press to separate the pulp. The content and structure of the lignosulfonates usually varies
widely depending on the conditions, but they typically contain 3.5-8 % sulphur (Gaudenzi
et al. 2023). These compounds are anionic and soluble in water as a result of the sulfonic
groups, attached to their structure, making them useful as surface-active agents in
applications such as biomass pelleting. However, lignosulfonates have a lot of inorganic
salts, which may create a higher ash content when combusted. Due to this, lignosulfonates
are typically used at 1-3 % as additives in biomass pelleting to try to maintain the quality of
the pellets. (Anukam et al. 2021)

Lignosulfonates also have relatively high molecular weights (1,000-100,000 g/mol) and an
ash content of 4-8 %, along with a sulphur content. These characteristics complicate their
further valorization (Patil et al. 2020). Despite these limitations, lignosulfonates have been
used as concrete additives. They can also be depolymerized into value-added chemicals such
as guaiacols, with fairly good conversion utilizing nickel-based catalysts (Patil et al. 2020).
Moreover, lignosulfonate pretreatment is a viable path for lignocellulosic biomass pre-
processing since it is effective in removing hemicellulose and lignin at various pH ranges of
2-12. This low-energy technique consumes just a fraction of the input required for standard
mechanical pretreatment. It has proven effective across a wide range of bioresources,
ranging from waterborne flora to agricultural residues. As a result, it enables substantial
recovery of lignin and hemicellulose recovery. However, lignosulfonates face several
challenges, such as sugar degradation, high water usage for post-pretreatment washing, and
the cost of chemical recovery. (Kumar et al. 2020)
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2.2.3 Organosolv Lignin

Organosolv lignin, obtained through the solvent extraction of biomass, is generally a very
high purity lignin and it has been found to be a suitable substitution for traditional pulping
techniques, such as that of Kraft and sulphite process (Haq et al. 2020). This approach
employs organic solvents, such as alcohols, formic acid or acetone to dissolve lignin and
hemicellulose. This produces a solid cellulose fraction that may be hydrolyzed or fermented
to produce bioethanol (Chio et al. 2019; Gaudenzi et al. 2023). Organosolv process is
particularly ideal for the generation of lignin with minimal contaminations due to it being
sulphur-free with low ash and carbohydrate content. These qualities make the resulting
material highly desirable for subsequent applications in biorefineries (Chio et al. 2019; Chen
at el. 2021).

The Organosolv lignin's structure is very similar to that of the native lignin, with a highly
dominant percentage of easily cleavable $-O-4 aryl ether linkages, which contributes to its
low molecular weight and homogeneity (Kumar et al. 2020). During extraction, a-aryl ether
linkages (and to a limited extent B-aryl ether linkages) are broken down, resulting in new
phenolic groups, which lead to production of a highly phenolic but relatively hydrophobic
lignin (Hag et al. 2020). This resulting combination of properties makes Organosolv lignin
suitable for application in biomaterials manufacturing and green chemical production, as its
purity and lack of sulphur reduce the requirement for substantial modification on processing
(Chio et al. 2019; Bilal et al. 2021).

One of the benefits of the Organosolv lignin is its environmentally friendly process,
compared to Kraft and lignosulfonate lignin, as it does not use the process of sulphides and
aggressive chemicals (Chen at el. 2021). In general, this process usually consists of acid-
catalyzed delignification at temperatures ranging from 180-210 °C using agqueous solutions
of organic solvents like ethanol or formic acid. This results in the efficient fractionation of
biomass into three streams: cellulose, hemicellulose-derived sugars, and high-purity lignin
(Gaudenzi et al. 2023; Bilal et al. 2021). However, there are certain issues that confront the
Organosolv process, and these issues include the high costs involved in solvent recovery as
well as an extraction setup that requires a lot of energy, which have limited its industrial
scalability. (Haq et al. 2020; Bilal et al. 2021).
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Organosolv lignin has emerged as a promising technical lignin in the biorefinery sector, and
its applications range from biomaterial production to high-value chemicals (Chio et al. 2019;
Chen at el. 2021). Due to its lack of sulphur content and minimally altered molecular
structure, along with its purity, Organosolv lignin can become a viable alternative to Kraft
lignin in the near future as industries worldwide seek greener and more efficient routes for
lignin valorization (Chen at el. 2021). Nevertheless, the industrial adoption of the
Organosolv lignin is still fairly limited, however, considering its advantages in terms of
environmental impact and product quality, it appears as a viable option for the maximum

utilization of lignocellulosic biomass. (Gaudenzi et al. 2023; Bilal et al. 2021).

2.2.4 Soda Lignin

Soda lignin is sulphur-free lignin and is derived from soda or soda-anthraquinone pulping.
It differs from Kraft and lignosulfonate lignin by the unique chemical composition and
structure (Kumar et al. 2020). This lignin is prepared by treating non-woody biomass such
as flax, straw, grass, and sugarcane bagasse with a highly concentrated solution of sodium
hydroxide (NaOH) at 140-170 °C (Gaudenzi et al. 2023; Chen et al. 2021). Unlike Kraft
pulping, which uses sodium sulphide (Na.S), the soda process only uses NaOH and making
it simpler and more environmentally friendly since it does not use sulphur-based chemicals
(Chen at el. 2021). It is also possible to enhance the delignification by introducing a small
amount of anthraquinone (AQ) as a catalyst, which will catalyze the ether bond cleavage and
carbohydrate stabilization, even though the delignification rate is still lower than that of

Kraft pulping due to the absence of strong nucleophiles like HS™ (Chen at el. 2021).

One of the major benefits of soda lignin is its chemical structure, which is more similar to
native lignin than sulphur-based process lignin (Gaudenzi et al. 2023). This is because the
soda process avoids the harsh conditions that result in extensive condensation and
recalcitrance in other forms of lignin, even though it still forms a more condensed structure
than natural lignin (Kumar et al. 2020). Generally, soda lignin contains low levels of ash and
carbohydrate impurities, making it comparatively purer and more acceptable for a variety of
applications (Kumar et al. 2020). Moreover, this process is also suitable for small-scale

industrial manufacturing and can handle a variety of raw materials, and therefore it is very
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beneficial in developing countries like India, where it is being used to produce paper and

packaging materials from non-woody fibres (Haq et al. 2020).

The soda pulping process also provides environmental benefits, because it facilitates the
recovery of reagents from cooking liquor, reducing chemical oxygen demand (COD) in
effluents by up to 50 % when lignin is recovered, thereby increasing the economic viability
of pulp mills (Haq et al. 2020). However, the process experiences difficulties such as lower
production capacity due to the annual variations in feedstock and the need for the further
enhancement of lignin recovery technologies (Haq et al. 2020). Nevertheless, soda lignin is
considered as a good candidate for biorefineries and other industries mainly because of its
sulphur-free nature and its structural similarity to native lignin, especially with the growing
demand for sustainable and environmentally friendly lignin sources (Chen at el. 2021;
Gaudenzi et al. 2023).
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3 Biomass Conversion by Pyrolysis

Lignin’s primary energy extraction methods include combustion, pyrolysis, gasification, and
hydrothermal liquefaction (Kumar et al. 2020). Combustion is an exothermic process in
which lignin undergoes full oxidation in the presence of air, releasing heat as a result.
However, due to its low efficiency of approximately 10 % in conventional combustion
processes, it faces certain limitations in practical application. Gasification, also an
exothermic reaction, which partially oxidizes lignin in order to produce a gaseous fuel, while
pyrolysis combines combustion and gasification and operates under conditions of oxygen
absence to yield bio-oil, biochar, and gas. Hydrothermal liquefaction is an endothermic
process that uses water at elevated temperatures and pressures to convert lignin into bio-
products. Each method has its own advantages and disadvantages, and they all can find
applications depending on particular requirements in renewable energy production (Kumar
et al. 2020).

3.1 Pyrolysis

Pyrolysis is the heat treatment of organic materials in the absence of oxygen, resulting in a
range of bio-based products. (ETIA SAS 2025; Boslaugh 2025). Unlike combustion or
gasification, which occur in oxidised environments, pyrolysis occurs in the oxygen-free
environment; hence, it being an endothermic reaction preserves the energy content of the
product (ETIA SAS 2025; Boslaugh 2025). It can be applied to pure materials and blends,
where it breaks down materials into smaller molecules due to the heat instability of their
chemical bonds (ETIA SAS 2025). The three largest products of the pyrolysis process
include solid residues (e.g., charcoal or biochar), liquid bio-oil, and non-condensable gases
(e.g., H2, CH4, CO, and CO) (ETIA SAS 2025; Boslaugh 2025). These outputs typically
have a better quality than the original material, and pyrolysis is thus a valuable way of

transforming waste and regular materials into higher-value products (ETIA SAS 2025).

The rate of pyrolysis increases with the increase of temperature. The industrial processes are
usually carried out at around 450 °C or even higher (Boslaugh 2025). However, there may

be lower-temperature operations on a smaller scale of production (Boslaugh 2025). Pyrolysis
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differs from combustion in the sense that it does not release pollutants commonly released
on combustion, for example, heavy metals and polycyclic aromatic hydrocarbons (PAHS)
(Boslaugh 2025; Onnu 2025). It rather decomposes organic impurities into smaller, less
harmful compounds or separates them from the material (Boslaugh 2025). Even though
pyrolysis does not destroy inorganic materials like metals, it can make them inert. In overall

this process can treat a wide range of materials (Boslaugh 2025).

Some of the most promising applications of pyrolysis are in waste management and resource
recovery (Boslaugh 2025; Onnu 2025). For instance, it is capable of decomposing vehicle
tires into reusable resources such as gas, oil, and carbon black, minimizing environmental
contamination and landfill space (Boslaugh 2025). Likewise, it can also treat sewage sludge
by eliminating organic pollutants and stabilizing the heavy metals so that the sludge becomes
safe to be used as fertilizer (Boslaugh 2025). Pyrolysis also plays a major role in green
technological innovation, especially through pyrolysis application in converting biomass,
for example, wood, sugarcane, and agricultural residue, to biofuels (Boslaugh 2025; Onnu
2025). In pyrolysis, the biomass decomposes into gaseous products, which upon cooling
condenses as bio-oil, and the remaining solid is biochar (Boslaugh 2025; Onnu 2025). This
biochar can be used to improve the quality of soil by increased water and nutrient retention

and reduced application of chemical fertilizers (Onnu 2025).

The process itself is very flexible, with its various techniques customized for specific needs
(Onnu 2025). Slow pyrolysis is carried out at relatively lower temperatures (lower than 500
°C) and longer residence times to maximize the biochar yield, which makes it the best
application for carbon sequestration (Onnu 2025). On the other hand, fast pyrolysis has
greater heating rates and shorter processing times, which helps to achieve greater bio-oil
yield, while flash pyrolysis achieves still greater bio-oil yields with optimal heating rates
and lower reaction times (Onnu 2025). Pyrolysis versatility is also applied to its ability for
plastic recycling, breaking down the plastic to oils and chemical fractions that can be
recycled and reused in industrial applications or used to create new materials (Repsol 2025).

Pyrolysis is not only an excellent solution for waste management but also an emerging
carbon removal and energy production technology. Pyrolysis locks in the carbon in the
biochar, hence not releasing it into the atmosphere and therefore lowering greenhouse gas
emissions. Furthermore, the pyrolysis gas, produced during the pyrolysis process, can further

be used to generate heat or electricity, which makes the process self-sustaining. (Onnu 2025)
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The equipment used during pyrolysis process, also known as a pyrolyzer, facilitates
continuous operation since the systems have been designed to accommodate large feedstock
quantities, such as agricultural or forestry wastes. The process includes feeding the material
into a reactor, where it is exposed to heat and continuous rotation to enable even
decomposition. The gas produced by pyrolysis is filtered and utilized as a heat energy source
for the process. The biochar and bio-oil are meanwhile collected for downstream application.
The generated heat can also be converted to thermal or electrical energy, which increases the

overall system efficiency. (Onnu 2025)

Pyrolysis is one of the most flexible and environmentally friendly technologies available for
waste minimization and resource recovery, carbon capture, and renewable energy generation
(ETIA SAS 2025; Boslaugh 2025; Repsol 2025; Onnu 2025). With its potential to convert
organic material into valuable products and reduce environmental impact, pyrolysis is a

promising contributor to sustainable resource use and climate change efforts (Onnu 2025).

3.2 Types of Pyrolysis

Based on the heating rate, temperature, and processing time, pyrolysis can be classified into
slow pyrolysis, fast pyrolysis, flash pyrolysis, and intermediate pyrolysis. Each of these
types has unique characteristics, advantages, and applications (DVA Renewable Energy
2024; Ragula et al. 2019; Malyan et al. 2021; Kumar et al. 2020).

3.2.1 Slow Pyrolysis

Slow pyrolysis is the most established and widely practiced form of pyrolysis. It has low
heating rates between 0.1-0.8 °C/s or lower than 50 °C/min. Processing times are considered
to be long, varying from minutes to hours (DVA Renewable Energy 2024; Malyan et al.
2021; Kumar et al. 2020). This process is carried out at low temperatures, usually between
400 and 600 °C, which allows the complete breakdown of biomass and, at the same time,
the increase of the solid product rich in carbon, called biochar. (DVA Renewable Energy
2024; Malyan et al. 2021).
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Another typical feature of slow pyrolysis is high yields of biochar. Studies have revealed
that biochar yield decreases with increase of the temperature and heating rate. For example,
Angin (2013) observed that an increase in heating rate from 10 °C/min to 50 °C/min at 400
°C decreased the biochar yield from 34.18 % to 29.70 %. (Malyan et al. 2021). Hossain et
al. (2011) mentioned that when the temperature of pyrolysis was increased from 300 °C to
700 °C, the amount of biochar yield had gone down from 72.3 % to 52.4 % (Malyan et al.
2021). Slow pyrolysis is efficient when the feed has a high potential of char formation. The
process is mostly used for the soil treatment in the agricultural field, since biochar can
improve the retention of water and nutrients, and enhance the activity of microbes. (DVA
Renewable Energy 2024; Malyan et al. 2021).

Slow pyrolysis has several environmental benefits. Biochar produced through this
technology has the capability of trapping and storing carbon for hundreds of years and
therefore is a beneficial technology for mitigating climate change (DVA Renewable Energy
2024). In addition, its application in soil enhances physical and chemical properties of the
soil, which can decrease the application of chemical fertilizers. (DVA Renewable Energy
2024; Malyan et al. 2021).

3.2.2 Fast Pyrolysis

Fast pyrolysis is generally performed to maximize liquid bio-oil production. It operates with
high heating rates and a processing time of less than two seconds. Temperatures of this
process are moderate, approximately 500-550 °C (DVA Renewable Energy 2024; Malyan
et al. 2021; Kumar et al. 2020). The process requires very fine particle size of the biomass,
normally below 1 mm, for effective and even heating to reduce temperature gradients
(Ragula et al. 2019; Malyan et al. 2021).

One of the key features of fast pyrolysis is its ability to produce a high bio-oil yield, which
usually ranges between 40 % and 70 %. It also produces smaller amounts of biochar, ranging
from 10% to 25%, and pyrolysis gas, which makes up 20% to 40%. (Malyan et al. 2021;
Kumar et al. 2020). The bio-oil obtained consists of a mixture of water (20-25 wt%) and
organic compounds (75-80 wt%). The mentioned composition can be further processed into

biofuel or the chemical industry can use it as a raw material (Malyan et al. 2021). Because
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of short residence times, fast pyrolysis bio-oil has no secondary cracking or polymerization,
which increases the quality of bio-oil (Malyan et al. 2021; Kumar et al. 2020).

Fast pyrolysis has many applications, as illustrated in Figure 2. These include biofuel
production, chemical feedstock, and plastic waste management. This technique provides a
renewable alternative to fossil fuels and a way to reduce plastic pollution: the conversion of
non-recyclable plastics into liquid fuels (DVA Renewable Energy 2024; Malyan et al. 2021).
Fast pyrolysis offers environmental advantages by generating renewable energy and
reducing waste. It helps prevent agricultural leftovers, forest debris, and non-recyclable
plastics from ending up in landfills. This process cuts down pollution and creates a more

sustainable circular economy (DVA Renewable Energy 2024).
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Figure 2. Fast pyrolysis production flow. (Bridgwater 2007)

3.2.3 Flash Pyrolysis

Flash pyrolysis is a relatively new, technically advanced process that evolved from the fast
pyrolysis method. Flash pyrolysis has the highest heating rates (generally more than 1,000
K/s) and the fastest processing times (generally less than one second). (Ragula et al. 2019;
Kumar et al. 2020). This method performs at temperatures between 450 and 600 °C. Like
fast pyrolysis, flash pyrolysis is intended to have maximum bio-oil yield. However, it results
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in a higher liquid yield of as much as 75 %, hence being a more efficient process. (DVA
Renewable Energy 2024; Kumar et al. 2020).

Extremely high heating rate during the flash pyrolysis breaks down the biomass very
effectively, thus leaving behind a minimal amount of solid residues and gases. (Ragula et al.
2019; Kumar et al. 2020). It is perfect for the generation of renewable energy and
transportation fuels as the bio-oil produced can be transformed into biodiesel or bioethanol
(DVA Renewable Energy 2024; Kumar et al. 2020). Flash pyrolysis is also useful for energy
generation. The bio-oil can be burned to produce heat or electricity (DVA Renewable Energy
2024; Kumar et al. 2020).

Flash pyrolysis environmental advantages include high energy efficiency and being a source
for sustainable fuels. Through its conversion of biomass into high-in-energy bio-oil, flash
pyrolysis offers a renewable alternative to fossil fuels with lower greenhouse gas emissions
(DVA Renewable Energy 2024).

3.2.4 Intermediate Pyrolysis

Intermediate pyrolysis performs at moderate heating rates and temperatures, usually between
500 and 600 °C. The residence times range from 300 to 1000 seconds (Ragula et al. 2019;
Malyan et al. 2021). This process aims for a balanced yield of biochar, bio-oil, and pyrolysis

gas, making it useful for various applications (Malyan et al. 2021).

One of the benefits of intermediate pyrolysis is its balance of product distribution, usually
producing 15-25 % biochar, 20-30 % pyrolysis gas, and 40-60 % bio-oil (Malyan et al.
2021). Intermediate pyrolysis can handle 1-5 mm biomass particles with significant thermal
gradients within them. Intermediate pyrolysis has no requirement of separate units for
separating the products, which makes it more efficient for certain processes. (Ragula et al.
2019; Malyan et al. 2021)

Ahmed et al. (2018) provides a valuable example of intermediate pyrolysis in their research.
They achieved a biochar yield of 38.78 % from Acacia species at 500 °C when the heating
rate was 25 °C/min. This is in the range that would be expected from research on agro-
residues and woody biomass that will produce biochar yields ranging from 27.5 % to 40 %
under intermediate pyrolysis conditions. (Malyan et al. 2021)
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3.2.5 Specialized Pyrolysis Techniques

In addition to the main types, specialized pyrolysis methods include catalytic pyrolysis and
hydropyrolysis. Catalytic pyrolysis refers to the use of catalysts to decompose biomass and
produce biofuels and chemicals of higher quality and improved yield (DVA Renewable
Energy 2024). Hydropyrolysis heats biomass under high hydrogen pressure to produce high-
quality liquid fuels that have low moisture and oxygen content. This is an excellent method

for producing fuel-grade chemicals and reducing unwanted by-products (Kumar et al. 2020).

3.3 Pyrolysis Equipment

The pyrolysis reactor is another key component of the pyrolysis process. It transforms the
feedstock into bio-oil by using controlled heating and maintaining vapour residence times.
The pyrolysis reactor significantly affects the quality, yield, and efficiency of the pyrolysis
reaction. As a result, it has received a main focus for ongoing research and development.
Over the years, many different reactors have been developed. Each has unique features, such
as adjustable feed sizes, varying heating rates, and customizable vapour residence times.
These features aim to improve the final product output. Developments in the field keep
improving the quality of bio-oil, increasing process capacity, and optimizing overall yield.
(Yan & Salman 2023)

Pyrolysis reactors are versatile devices that convert solid waste to valuable liquid, solid, and
gas products. The type of the reactor and its configuration play a key role in defining the
pyrolysis process. The choice greatly affects the properties and yields of the final products
(Adhikari et al. 2018). Each reactor type has benefits and disadvantages. Therefore, it is
important to select the appropriate reactor type to achieve the goal of the project or
experiment (Adhikari et al. 2018). Reactor designs often differ based on how heat is
transferred during the process. Some of the common methods are heating through the reactor
walls, using a gas heat carrier to transport the heat to the feedstock, or utilizing a solid heat

carrier. (Gerasimov et al. 2021).

The most popular types of pyrolysis reactors are fixed-beds, fluidized-beds, conical spouted
bed, rotating cone, rotary drum and auger/screw. These devices have different structures and

ways of working. Because of this, each one is better suited to specific pyrolysis needs and
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applications. Choosing the right reactor is crucial, as it affects how efficient and effective

the pyrolysis process will be. (Qiu et al. 2022).

3.3.1 Fixed-bed Reactor

Fixed-bed reactors have been widely recognized as simple and reliable and therefore are a
favourable choice for slow pyrolysis processes. A fixed-bed reactor has a simple structure
in which solid biomass feeds in the top of a vertical flow path moving downwards, while the
product gas (primarily syngas) moves upward. Figure 3 presents a simplified schematic for
a fixed-bed reactor. A conventional fixed-bed reactor outer shell is often made of steel and
employs bricks or ceramic materials inside to withstand any high temperature. A basic fixed-
bed reactor has three main components: a feed inlet mechanism, an extraction section for
biochar, and a syngas outlet. To supply clean gas output, the system generally combines
cyclones and wet scrubbers for biochar separation and cooling. The major benefit of fixed-
bed reactors is low ash production and high carbon conversion efficiency, making them
suitable for compact energy systems applied in electric and thermal applications. However,
a major limitation is the challenge in successfully extracting bio-oil, even though ongoing
research has proposed solutions such as heat and catalytic processing methods to address
this issue. (Yan & Salman 2023)
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Figure 3. Simplified diagram of the fixed-bed reactor (Jahirul et al. 2022).
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In fixed-bed reactors, an inert gas flows through a bed of small solid particles (catalytic or

non-catalytic). The rate of flow of gas is kept below that required for fluidization so that the
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solid particles are immobile and constitute a porous medium for percolation of the gas. This
setup provides high thermal inertia and an extensive surface area due to the reduced particle
dimensions, but it also results in relatively low heating rates. Since the granular bed stays
still, heat spreads unevenly through the biomass. This causes it to break down at different
temperatures, which affects how uniform the pyrolysis reaction is. (Soria-Verdugo 2020).

Despite these disadvantages, fixed-bed reactors are very simple to build and to control,
having a basic design that includes a power module, an electric heater, a catalyst interface,
a temperature control system, and a purification unit. These reactors are usually set up
vertically in a cylindrical shape and serve two purposes: supplying both biomass and heat
energy. Some of the main benefits include even temperature distribution, geometry that
supports quantitative analysis, effective conversion of carbonaceous material, and the ability
to process biomass with high ash content. Disadvantages include limited catalytic surfaces
that often lead to thermal-lag time, and delay reactions. Nevertheless, the simplicity and
mechanical integrity of fixed-bed reactors make them a useful piece of technology for

pyrolysis, especially from a small scale or experimental point of view. (Santos et al. 2024)

3.3.2 Fluidized-bed Reactor

Fluidized-bed pyrolysis systems are very effective units for fast and flash pyrolysis
applications and thus are very popular from laboratory to commercial scales (Yan & Salman
2023; Guda et al. 2015). Fluidized bed units are made up of a vessel with heated particles
(typically sand), surrounded by a layer of particles that behave like a fluid when gas (neutral
carrier gas or reused syngas) is pushed through the layer of particles. Organic feedstock is
fed into the reactor below or within the fluidized layer through an injection system, where it
mixes with the fluidized particles as shown in Figure 4. The configuration allows efficient
heat transfer, short and manageable residence time of the material, and control over the
thermal decomposition reaction, thus ideal for achieving high bio-oil yields. The high
concentration of particles within the bed guarantees good interaction between the phases of
the solid and gas, and the strong relative velocity between them allows for greater thermal

transport in the reactor. (Yan & Salman 2023)
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Figure 4. Simplified diagram of the fluidized-bed reactor (Trishna 2021).

Fluidized-bed reactors have the advantage of continuous operation, which enables
uninterrupted addition of feedstock to the reactor, and continuous production of bio-oil. A
fluidized-bed reactor relies on a heat carrier made up of small inorganic particles (i.e. sand)
to provide complete and uniform bed temperatures and high heat-transfer rates. The
feedstock enters the bottom of the reactor, rises through the thermally-activated granular
medium, and the granular medium is fluidized using pressurized gas introduced at the bottom
of the reactor. The feedstock is in close proximity to the thermal medium, thus allowing for
rapid and effective heat transfer, which supports higher rates of bio-oil production.
Fluidized-bed reactors also have a "self-cleaning™ feature in which the portion of char left
over from reactions is expelled from the reactor with the exiting gases and vapours, assuming
the feedstock consists of particles in a uniform range of size. Thereafter, cyclone separators

remove char particulates from the pyrolysis vapours before condensation. (Guda et al. 2015)

Fluidized bed reactors give an intermediate level of agitation between packed bed reactors
and stirred-tank bioreactors (STB), and fluidization can be supplied by liquids, gases, or a
mixture of both. Flow of the medium in the upward direction results in expansion of the bed
at high rates of flow, resulting in constant motion of the particles and preventing issues like
channelling and clogging. Over the last couple of decades, fluidized-bed bioreactor systems
have received significant interest, particularly for applications involving cells attached to

particulate surfaces. Such configurations permit high particle density, along with
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independent regulation of flow velocity regardless of the total rate of processing. Fluidized-
bed reactors offer significant benefits such as enhanced mass and heat transfer, efficient
phase contact between gas, liquid, and solids, minimal energy consumption, and gentle
hydrodynamic conditions, ideal for the biotreatment of delicate cell forms like plant cells.
Fluidized-bed reactors have been widely used in ligninolytic enzyme production, refinery
wastewater treatment, and raw wastewater treatment, often with adsorbed cells on glass or

ceramic carriers. (Fernandes et al. 2017).

3.3.3 Conical Spouted Bed Reactor

The conical spouted bed reactor (CSBR) was designed to overcome many problems
associated with fluidized bed reactors. The gas, typically air or nitrogen, is injected into the
reactor through a central jet located at the bottom of the reactor (as seen in Figure 5) that
causes a high-velocity spout to arise and penetrate a shallow bed. This spout entrains solid
particles through the interface between the spout and the annulus, with an upward particle
stream moving above the bed. The cyclic circulation within the reactor promotes mixing of
the bed material as well as good thermal transfer throughout the bed, ensuring homogeneous
biomass distribution and better mixing that reduces segregation compared to bubbling
fluidized beds. (Soria-Verdugo 2020; Jahirul et al. 2022). Additionally, the CSBR can
accommodate a variety of particle shapes, sizes and densities while the high collision rate

lowers particle agglomeration and increases coating of fused polymers (Jahirul et al. 2022).
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Figure 5. Conical spouted bed reactor process diagram. (Jahirul et al. 2022)

Despite these advantages, the CSBR has operational limitations, including catalyst
entrainment, pyrolysis product feeding and product withdrawal issues, and a more complex
construction process than fixed or fluidized bed reactors. The system requires multiple
pumps and advanced equipment, making it more expensive in terms of capital investment
(Soria-Verdugo 2020; Jahirul et al. 2022). However, the CSBR may be a good alternative to
reactors where there has to be close contact between phases and particle circulation, because

it has an effective mass and heat transfer ability.

3.3.4 Rotating Cone Reactor

In a rotating cone reactor, biomass is supplied near the base of a conical reactor, and it
experiences an upward spiral movement due to the centrifugal force developed by the
rotation of the reactor (Yan & Salman 2023). The horizontal and vertical motion of the
biomass promotes strong mixing between the biomass and heat transfer. The char generated
during pyrolysis exits the reactor outward from the apex section of the reactor (as illustrated

in Figure 6), while sand and biomass are propelled upward by centrifugal forces (Jiang et al.
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2015). Pyrolysis vapours are harvested and processed using traditional methods, while
granular media and solid residues drop to a fluidized zone surrounding the cone where
combustion is performed to reclaim heat which is then cycled back into the rotating cone
(Jiang et al. 2015).

Condensables / gas

Char/ ash

Figure 6. Simplified diagram of the rotating cone reactor. (PennState 2023)

The cone reactor does not use an inert gas to convey the pyrolysis vapours, making it cost-
effective, raising the concentration of pyrolysis products, and reducing the vapour treatment
system size (Yan & Salman 2023). A very high ratio of sand to biomass of 10:1 to 30:1 is
used to optimize heat transfer and reduce temperature differences in the reactor (IEA
Bioenergy 2025). The vapours exit the reactor from the top and are sent through a quenching
system to condense the bio-oil, while sand and char are drained from the bottom and sent to
a combustor that heats the sand again (IEA Bioenergy 2025). This setup precisely replicates
a circulating fluidized bed reactor, except in the use of mechanical mixing (via the rotating
cone) instead of gas mixing (IEA Bioenergy 2025). Hence, the resulting permanent gases
are clean and mostly composed of carbon monoxide, carbon dioxide, and methane (IEA
Bioenergy 2025).
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3.3.5 Rotary Drum Reactor

The rotary drum reactor is a practical and effective system for biomass carbonization that
can produce biochar, among other products. The rotary drum reactor is defined by a rotating
drum that rotates on a horizontal axis at a certain inclination angle, allowing biomass to be
supplied from the inlet to the outlet of the reactor by gravity and by the drum rotation as it
is shown in Figure 7 (Slezak et al. 2023). The reactor is contained in an inner concentric
steel tube, held within a cylindrical, insulated mantle, which together form the rotary
element. Radially arranged steel fins are used to increase surface area/heat exchange with
the biomass material. Two stationary units on the rotary end regulate the input and output of
both solid materials and gaseous products (Ragula et al. 2019; Garcia-Nunez et al. 2017).

Inside the carbonization chamber, the biofuel is processed by an internal tube that gradually
heats it through different temperature zones. Temperatures can reach around 500 °C, boosted
by fumes from biomass added to the furnace. This heat comes from burning the gases and
vapours produced during pyrolysis (Ragula et al. 2019). The system runs on its own energy,
except during startup, when an external heat source is needed (Ragula et al. 2019). The
reactor is designed to provide uniform heat distribution for slow pyrolysis, providing biochar
and syngas (Kintek Solution 2025). Char production efficiency is typically 20-40 %, oil
yields are between 35-60 %, and there are systems that are able to treat up to 290 tons/day
(Slezak et al. 2023).

Biomass

Char

Figure 7. Simplified diagram of the rotary drum reactor. (Slezak et al. 2023)

One of the most significant advantages of the rotary drum reactor is that it has a simple
design and low maintenance requirements, which makes it suitable for continuous

processing (Kintek Solution 2025). They have shown to be very efficient in waste
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management and biomass pyrolysis (Kintek Solution 2025). Moreover, they also don’t need
the feedstock to be highly fragmented which makes the preparation process easier (Slezak
et al. 2023). However, one major disadvantage of this reactor lies in the complicated sealing
system of the rotating drum that could bring certain technical challenges (Slezak et al. 2023).
Overall, the rotary drum reactor has a good compromise in terms of oil and char yield
(Garcia-Nunez et al. 2017). The reactor’s high efficiency and sustainable operation make it

a strong candidate for biochar production.
3.3.6  Auger/Screw Reactor

Auger or screw reactors (Figure 8) are continuous, cylindrical reactors where biomass is
conveyed through a heated chamber by a spinning auger. Thermal energy required for the
endothermic pyrolysis reactions is typically supplied externally through the reactor walls or
internally using a solid heat carrier (e.g., ceramic or steel pellets) that interacts directly with
the biomass particles. Screw movement improves overall mixing and improves heat transfer,
and at the same time, enables precise control of biomass residence time in the reactor (Yan
& Salman 2023; Guda et al. 2015). They are portable, small, and scalable reactors, making
them ideal for decentralized processing of biomass near the source and therefore reduce the
cost of feedstock transportation (Yan & Salman 2023; Zanli et al. 2022).
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Figure 8. Diagram of the auger/screw reactor (Sharifzadeh et al. 2019).
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Screw reactors have several advantages. They are effective on a small scale, can work with
various types of feedstock, and produce large amounts of biochar. They also generate heat
and energy as by-products, and certain systems are self-sufficient after preheating. For
example, Pro-Natura International designed the Carbochar series, which consisted of three
models with production capacities ranging from 1 to 5 tons per day and biochar yields of
around 40 %. These reactors have better fluid flow and heat exchange, leading to higher
production and lower energy use compared to older designs. They have been effectively
producing biochar as well as bio-oil, and various facilities on the African continent already

use them for agroforestry waste treatment. (Zanli et al. 2022)

Screw reactors have some limitations. The heating rates are lower than in fluidized bed
reactors, which may negatively affect the quality of the obtained products. Large systems
use solid heat carriers to improve heat transfer. After pyrolysis, the vapours are condensed
into bio-oil, and the char residue is collected. The char and heat carrier are separated through
sieving for further recycling and reheating (Guda et al. 2015). However, the screw reactor’s
design is difficult to scale up, and an even heating of the biomass material may be an issue
(Yan & Salman 2023; Guda et al. 2015). However, their portability, flexibility, and ability
to work well on small-scale operations make them promising for the decentralized pyrolysis
of biomass (Yan & Salman 2023; Zanli et al. 2022).
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4 Pyrolysis Products: Bio-oil, Pyrolysis Gas and Biochar

As it has been already mentioned in the previous chapters, biomass pyrolysis produces three
primary energy carriers: biochar, bio-oil, and pyrolysis gas (Chen et al. 2016). These energy

carriers are generated from two main types of pyrolysis: fast pyrolysis and slow pyrolysis.

4.1 Bio-Oil

Bio-oil is the dark brown-black liquid generated from biomass by pyrolysis. It is highly
oxygenated and free-flowing, with a high water content ranging from 20 % to 40 %. It arises
from both the initial water content of the biomass and the pyrolysis processes. Fast pyrolysis
is one of the most used methods for producing bio-oil. It yields approximately 75 % liquid
product (bio-oil), 12 % solid residue (char), and 13 % gas. (Basu & Kaushal 2024; Basu
2010).

Bio-oil consists of a highly complex chemical structure that contains water, soluble
oligomeric compounds (28-36 wt%), water-insoluble compounds such as pyrolytic lignin
(15-23 wt%), and a broad variety of organic molecules that can be detected by gas
chromatography coupled with mass spectrometry (GC/MS) (Awogbemi & Kallon 2023).
These organic compounds encompass various chemical groups, including carbohydrates,
carboxylic acids, and oxygen-rich hydrocarbons such as alcohols, aldehydes, ketones,
phenols, esters, ethers and furans. Some bio-oils contain nitrogen and sulphur, which come
from the thermal breakdown of cellulose, hemicellulose, and lignin (Singh et al. 2014). Bio-
oil is a complex mixture, with a watery base made up of small molecules from degraded
cellulose and hemicellulose. Suspended in this are larger fragments of pyrolytic lignin,
forming a colloidal system. (Basu & Kaushal 2024; Basu 2010). This structure allows bio-
oil to flow freely, yet its high water content results in high viscosity and an acrid, smoky

odour that can irritate the eyes with prolonged exposure (Basu & Kaushal 2024).

Despite its potential as a renewable alternative to petroleum-derived oils, bio-oil has several
limitations. Its high water and oxygen content result in characteristics such as low energy
density, high viscosity, and high acidity, which make it corrosive, thermally degradable, and
less compatible for immediate fuel applications (Awogbemi & Kallon 2023). Over time, bio-
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oil separates into phases as a result of chemical changes, such as molecules reacting with
one another or transforming into other compounds like ethers and esters. These changes
make it less stable than mineral oils (Basu & Kaushal 2024). Bio-oil is insoluble in water
but soluble in polar solvents like methanol and acetone. However, it doesn’t work well with

petroleum-derived oils (Basu & Kaushal 2024).

Bio-oil can be used in several ways, mainly as a clean-energy source and to produce green
chemicals. Bio-oil can be used as a liquid fuel in the conventional combustion engine (e.g.,
diesel-based compression ignition engine) for transportation and as an energy source in
power-generating facilities using combustion systems such as boilers and gas turbines
(Awogbemi & Kallon 2023). Bio-oil can also act as a feedstock for bio-based chemicals and
as additives to improve the performance of asphalt binder in pavement materials (it has a
low sulphur and nitrogen content) (Bridgwater 2025; Awogbemi & Kallon 2023).
Furthermore, bio-oil is a more eco-friendly and cleaner alternative to petroleum oils, and it
presents a "green" alternative for industrial applications with low CO2, NOy, and SOx
emissions. For example, blending 2.5 wt% bio-oil with heavy fuel oil lowers NO and SO>
by 2.6 % and 7.9 % (Hu & Gholizadeh 2020; Basu & Kaushal 2024).

Bio-oil also encounters stability issues in the long term. After pyrolysis, biochar will
continue to undergo chemical reactions and degrade over time (Singh et al. 2014). Since it
is volatile and has a complex structure, the effective handling and usage might be challenging
(Basu & Kaushal 2024; Awogbemi & Kallon 2023; Singh et al. 2014).

4.1.1 Pyrolytic Lignin

Pyrolysis oils obtained from lignocellulosic biomass are rich in pyrolytic lignin (PL). PL is
the water-insoluble component of pyrolysis oils, consisting of aromatic parts due to lignin
degradation (Figueiredo et al. 2020). Lignin is the largest natural source of organic aromatic
carbon compounds, so PL from lignin is an important feedstock for cost-competitive
biorefineries. However, the structural complexity of lignin makes PL valorization difficult
(Figueiredo et al. 2020).

Pyrolysis oil is a complex mixture, which typically contains approximately 20-30 %

moisture, 10-20 % low-molecular-weight volatiles, and 10-20 % sugar-derived compounds
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such as anhydrosugars. It also contains 1-5 % monomeric phenolics and furan derivatives.
The biggest fraction of the bio-oil (30-60 %) is composed of higher molecular weight
compounds, including pyrolytic lignin (15-30 %), humins, and hybrid oligomeric species.
These heavier fractions, with molecular weights exceeding 200 g/mol, are typically formed
during the pyrolysis and repolymerization of lignin. They make up roughly 33-50 % of the

total oil and are difficult to characterize and upgrade. (Terrell 2024)

Pyrolysis oil can be separated into three main fractions: pyrolytic lignin (PL) through the
degradation of lignin, cellulose sugars, and an aqueous phase containing small organic
molecules like acetic acid (mainly from hemicellulose) (BTG Bioliquids 2020). BTG’s
research shows that PL could be a sustainable replacement for petrochemical phenols in
producing resins for wood products. It can also find application as a replacement for
petroleum-based bitumen in asphalt. A few other possible uses include the manufacture of
eco-friendly phenolic compounds for coatings, composites, and preservatives. (BTG
Bioliquids 2020)

Some main pyrolysis conditions such as thermal intensity, applied pressure and vapour-
phase residence time strongly influence the presence of these heavier fractions, which could
be purely lignin oligomers, or humins derived from holocellulose (or mixtures of both the
lignin fragments and carbohydrate components) (Terrell 2024). Despite such complexities,
pyrolysis liquids in general are new biorefinery feedstocks that either may be used directly
or fractionated by different strategies, where PL offers particularly important possibilities
for the establishment of new bio-based value chains (Figueiredo et al. 2020; BTG Bioliquids
2020).

4.2 Pyrolysis Gas

This gas mainly consists of carbon dioxide (CO3), carbon monoxide (CO), hydrogen (Hz),
methane (CHa), ethane (C2He), and ethene (C2Ha), with trace amounts of ammonia (NHz),
nitrogen oxides (NOx), sulphur oxides (SOx), and low-carbon alcohols (Purkait & Haldar
2021; Martinez et al. 2013). Those gases’ heating values are between 10 and 20 MJ/Nm? but
varied by their chemical compound (Purkait & Haldar 2021).
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These gases are produced through complicated chemical reactions. CO and CO; are
produced through decomposition of carboxyl and carbonyl groups, while light hydrocarbons
like ethane and methane are produced through the breakdown of methoxy and methylene
structures and then through degradation of oxygenated organic compounds. Hydrogen is
produced at elevated temperatures by breaking double carbon-carbon and carbon-hydrogen
bonds in aromatic rings, thus pyrolysis is a potentially useful source of hydrogen-rich gas.
Wet biomass, for instance, can yield up to 40 % more hydrogen than dry biomass.

Temperature and catalysts significantly enhance hydrogen yields. (Purkait & Haldar 2021)

The gas composition is influenced by the type of feedstock, temperature, and system design.
For example, thermal breakdown of substances like butadiene rubber (BR) and styrene-
butadiene rubber (SBR) causes the formation of C4 compounds, such as butane (C4H10) and
butadiene (C4Hs) (Martinez et al. 2013). Trace amounts of sulphur and nitrogen compounds,
such as hydrogen sulphide (H2S) and ammonia (NH3), may also be present, depending on
the feedstock (Martinez et al. 2013). Trace amounts of sulphur and nitrogen compounds like
hydrogen sulphide (H.S) and ammonia (NH3) may also form depending on the feedstock
(Antoniou et al. 2014).

Pyrolysis gas, a by-product formed from the high-temperature degradation of biomass, is
composed of important components such as carbon monoxide (CO), carbon dioxide (CO>»),
and hydrogen (H2), the primary components of syngas. Whereas pyrolysis gas is a fuel in
itself, other methods such as gasification tend to be used for syngas generation because they
are more efficient and lead to less product stream contamination (Banks & Bridgwater 2016).
Pyrolysis gas brings a great value in many applications. For instance, in some pyrolysis
setups, it is used for fluidizing the reactor. When pyrolysis gas is used to fluidize the reactor
bed, it has the potential to increase the hydrogen-to-carbon ratio in the reaction system,
which means that the concentration of hydrocarbons in the final-product bio-oil is increased
(Banks & Bridgwater 2016).

Pyrolysis gas has many uses beyond its role in becoming stabilized as a gas for fluidization.
Pyrolysis gas can be used for heat or electricity through combustion, either alone or co-fired
with coal, making it a flexible source of energy. It may also be processed into target entities
within the gas stream, such as methane (CH4), hydrogen (H), or volatile compounds, which
have various industrial and energy applications. In some designs of pyrolysis reactors, high

temperature-generated pyrolysis vapour may be used to preheat the purge gas and/or



41

function as a transport medium for the inert purge, both of which are capable of improving
the thermal efficiency of the system. (Purkait & Haldar 2021)

4.3 Biochar

Biochar is a carbon-rich solid by-product of pyrolysis of biomass. It is similar to charcoal
and generally contains over 60 % carbon in the form of aromatic compounds, graphene-like
structures, or pure elemental carbon (Chen et al. 2016; The Editors of Encyclopaedia
Britannica 2025; Phiri et al. 2024). Biochar has a fine structure, lots of tiny pores, and high
carbon content, which make it more stable than the original biomass (both biologically and
when heated). The stability makes biochar an eligible material for carbon sequestration and

climate change mitigation (Chen et al. 2016; The Editors of Encyclopaedia Britannica 2025).

Biochar has become widely known for its numerous applications, specifically in agriculture
to improve soil fertility, nutrient absorption, and water retention (The Editors of
Encyclopaedia Britannica 2025; Phiri et al. 2024). Biochar can be made through different
methods like pyrolysis, gasification, torrefaction, and hydrothermal carbonization. Each
method produces biochar with unique features, which can be adjusted to suit different uses
(Antonangelo et al. 2021).

Fast and slow pyrolysis are the most widely used methods for producing biochar. Fast
pyrolysis involves heating the feedstock to very high temperatures of greater than 200
°C/min for less than 10 seconds, yielding a product with bio-oil (primary product) and
biochar (secondary product). The biochar produced from fast pyrolysis has low specific
surface area (SSA) as a result of tar-like materials contaminating internal pores. Slow
pyrolysis involves heating the feedstock to lower temperatures (< 10 °C/min) longer than 1
hour providing a product that results in more biochar and a better buildup of surface
properties since the longer residence time allows for re-polymerization of the condensable
compounds. Biochar made through slow pyrolysis usually has larger and smaller pores that
are useful for soil applications. Torrefaction, also called mild pyrolysis, happens at lower
temperatures (200-300 °C) and slower heating rates. It removes gases like CO», water, and
oxygen, resulting in biochar with less energy loss compared to other methods. (Antonangelo
et al. 2021)
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The properties of biochar can be adjusted further by manipulating the conditions of the
pyrolysis. For instance, biochar made from pyrolysis at temperatures greater than 500 °C is
more hydrophobic, has greater surface area, and greater amounts of micro-pore volume,
which may make it more effective for sorption of carbon-based contaminants. Conversely,
pyrolysis carried out at lower temperatures (less than 500 °C) creates biochar with higher
amounts of oxygen-containing surface functionalities, making it more effective for binding
metal ions and other inorganic contaminants. Using biomass with larger particle size
improves biochar production because heat moves more slowly from the outside to the inside.
Lower heat and slower heating also help keep more biochar by reducing the amount of gas
released during the process. Catalysts can affect how much biochar is made: acidic ones

usually increase the yield, while basic ones tend to reduce it. (Antonangelo et al. 2021)

Biochar is a flexible material used in many areas like catalysis, pollutant removal, and energy
storage. Its large surface area and porous structure make it useful as a support for catalysts,
an active catalyst itself, or for absorbing substances. For example, biochar has been modified
to incorporate the yeast cells demonstrating its potential suitability in some biocatalytic
processes. There have also been research studies showing its suitability for hydrogen
generation, which demonstrates its value for clean energy. Furthermore, biochar contains
valuable nutrients, including nitrogen, phosphorus, potassium, calcium, magnesium, and
sulphur - all of which make biochar useful for environmental and industrial applications.
(Hadiya et al. 2022).
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5 Bio-oil Compound Detection

Bio-oil consists of a complex mixture of chemical components from the rapid
depolymerization of lignin, cellulose, and hemicellulose through fast pyrolysis. Bio-oil
consists of many types of organic compounds, such as acids, aromatic compounds, phenols,
and related compounds. The composition is determined by the nature of the feedstock and
the method used for pyrolysis. The changes in thermal conditions, the speed of heat
application, and the duration of heating have a significant impact on the levels of compounds
formed. (Kinnarinen 2014; Sfetsas et al. 2011)

In order to obtain accurate and reliable analyses of chemical structure it is important to
combine chromatographic (GC) and spectroscopic techniques. Commonly used techniques
include 1D-GC (one-dimensional gas chromatography), GCxGC (two-dimensional gas
chromatography), LC (liquid chromatography), HRMS (high resolution mass spectrometry),
NMR (nuclear magnetic resonance), and FTIR (Fourier transform infrared spectroscopy),
which can provide a complete understanding of the molecular composition and structural
characteristics of bio-oil, and assist in optimizing pyrolysis parameters for targeted product
properties. The complexity of the pyrolysis oil usually requires a sample pretreatment before
any accurate analytical results can be obtained. (Kinnarinen 2014; Karvinen 2016)

5.1 Pyrolytic Lignin Detection

Pyrolytic lignins and bio-oils are typically analyzed using advanced techniques. One of the
most common techniques is gas chromatography-mass spectrometry (GC-MS), which
identifies chemical structures in pyrolysis oil. However, this technique has several
disadvantages: poor chromatographic separation, difficulty in detecting non-volatile
substances like sugars and lignin oligomers, lack of symmetry of the peaks caused by polar
substances which makes their separation impossible. Derivatization has been proposed as a
solution to reduce polarity and improve analysis, but GC-MS still has limitations with
complicated molecules that are difficult to volatilize, potentially losing critical information
(Li et al. 2020; Cleanroom Technology 2025).
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For more detailed lignin analysis, techniques such as ultraviolet-visible (UV) absorption,
near-infrared spectroscopy, nuclear magnetic resonance (NMR), and Fourier transform

infrared (FTIR) spectrometry are used to estimate total lignin content.

Ultraviolet-visible spectroscopy (UV-Vis) is a versatile analytical technique to characterize
lignin that provides both quantitative and qualitative information. UV-Vis spectrometry
quantifies lignin concentrations by using unique absorbance of lignin at 280 nm - the
majority of which corresponds to the absorbance of the aromatic structures. Other absorption
bands 200-230 nm (non-conjugated aromatic units) and 260-280 nm (guaiacyl and syringyl
units) provide structural information (Lee et al. 2013). Besides, phenolic hydroxyl group
content can be quantitated using alkaline difference spectroscopy, where spectral shifts
resulting from ionization are calibrated against phenolic OH content by employing model
compounds (Ruwoldt et al. 2022).

The UV-Vis detects structural changes through specific spectral changes in the structure
detected through the ultraviolet- and visible-light regions of the spectrum. Bathochromic
(longer wavelength) shifts indicate the introduction of unsaturation, while hypsochromic
(shorter wavelengths) shifts with hypochromic effects (less intense absorptions) indicate
blockage of phenolic OH (Ruwoldt et al. 2022). Comprehensive lignin characterization,
however, can require chromatographic methods, which are often followed by chemical
reactions like oxidation, acidolysis, or aminolysis to degrade the lignin to be analyzed
(Kinnarinen 2014).

To overcome some of the limitations in conventional approaches, Ruiz et al. (2019) suggest
a new concept following their previous work with Size Exclusion Chromatography (SEC)
combined with Differential Refractometer Index (DRI) and Multi Angle Laser Light
Scattering (MALS) detectors. The SEC-MALS-DRI method, far utilized in synthetic and
bio-polymers like natural rubber, proteins, and polysaccharides, offers a new way to
determine and examine the oligomer fraction of bio-oils in terms of absolute molar mass. It
makes it possible to directly measure pyrolytic lignin within raw bio-oil samples, with
known refractive index (dn/dc). The method is faster and less time-consuming than
conventional techniques like dropwise water precipitation, which can cause inter-laboratory
variability. However, empirical confirmation must be conducted to permanently determine
its dependability. (Ruiz et al. 2019)
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Despite these drawbacks, GC-MS is still widely used for relatively low operating costs and
wide availability. In the separation of more complicated mixtures, GCxGC-MS has proved

to be useful in separating compounds with very similar structures. (Cleanroom Technology

2025)
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6 Standards and Methodologies

Standards are formal documents that establish specific requirements, guidelines, or
characteristics for making materials, products, processes, and services suitable for their
intended purposes (Kelly 2024). While governments enforce some standards through law,
others are not mandatory, despite non-compliance still incurring fines (Harvard University
2025). To remain relevant in rapidly changing industries, standards are updated from time
to time (Harvard University 2025).

Although standardized procedures are yet to be developed, one can modify relevant existing
methods and standards to assist in enhancing pyrolytic lignin fractionation process

efficiency.

The ASTM D7544-12 (Standard Specification for Pyrolysis Liquid Biofuel) standard
specifies key quality requirements of crude pyrolysis bio-oil, including water content (15-30
wt%), acidity (pH 1.5-3.5), ash (<0.1 wt%), and viscosity. In other words, it ensures the
minimum level of stability for downstream pyrolytic lignin recovery for bio-oil. (ASTM
International 2012)

The NREL/TP-510-42619 (Determination of Extractives in Biomass) is a guide for
measuring solvent-soluble components in biomass and has direct value for initial bio-oil
investigation; particularly helping to identify the solvents to explore for isolation of products
derived from lignin. While pyrolysis will degrade, many of the original extractives, and some
of the thermal by-products (e.g., volatiles, etc.) are retained in the bio-oil. Research
describing the behaviour of extractives helps to describe co-solubility behaviour when
phenolic lignins are recovered, specifically when ethanol and water are coupled. For
instance, if extractives will dissolve in ethanol (per NREL/TP-510-42619) then it makes
sense to explore the use of ethanol to recover products from PL fractionation with low levels
of impurities. (NREL 2008)

The TAPPI T204 cm-07 (Solvent Extractives of Wood and Pulp) is a standard way to
quantify solvent-extractable components in wood and pulp. The standard allows for the
isolation of non-structural components which can include resins, fats, waxes, and low-

molecular-weight phenolic compounds which could adversely affect industrial processes.
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The same basic concepts were reproduced with NREL/TP-510-42619 to demonstrate the

efficiency of ethanol and acetic acid to dissolve lignin-related compounds. (TAPPI 2025)

The ASTM D7579-09 (2019) (Standard Test Method for Pyrolysis Solids Content in
Pyrolysis Liquids by Filtration of Solids in Methanol) is a standard gravimetric analysis
method whereby the insoluble particulate content in pyrolysis liquids is determined. Here,
bio-oil is diluted with the appropriate solvent (typically methanol or acetone), vacuum
filtered through a pre-weighed glass microfiber filter, and dried/weighed accurately to
determine the non-volatile residue. When using and comparing alternative solvent systems,
this standard can be utilized to evaluate which solvent system minimizes the oligomeric
lignin impurities precipitation, and can also be utilized to quantify solid precipitates formed
during the fractionation phase (which is critical for detecting purity of the pyrolytic lignin).
(ASTM International 2019)

The SFS-EN 14774-2 (Solid biofuels. Determination of moisture content. Oven dry method.
Part 2: Total moisture. Simplified method) standard describes a simplified procedure for
measuring the total moisture in solid biofuels, for example, wood chips, pellets and sawdust.
The method involves drying a sample in an oven at a constant temperature of 105+2 °C until
a constant mass is achieved. The moisture content is then calculated based on mass loss. This

standard is therefore important for accurately calculating yield. (SFS 2004)

The ASTM D 890-12 (Standard Test Method for Water in Liquid Pine Chemicals) standard
provides a process to measure the water absorption characteristics of cellulosic materials
(like paper, paperboard, and other related products). This testing method describes the
conditioning of a test specimen at a defined temperature and humidity before immersion in
water for a defined duration. The change in mass following immersion is directly measured,
and a percentage of water absorbed is calculated, representing the material's hygroscopic
behaviour and resistance to water absorption. Although this standard focuses on cellulosic
materials, the implications of the method can be applied for the examination of pyrolytic
lignin. (ASTM International 2012)

The SFS-EN 14775 (Solid biofuels. Determination of ash content) standard describes a
method for determining the ash content of solid biofuels. The sample is combusted at 550+10
°C for two to three hours in a muffle furnace until complete oxidation of the sample has

occurred. The residual inorganic material (ash) is weighed, and the ash content is displayed
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as percentage of the original dry mass of the sample. Ash content is a fundamental evaluation
of the biofuel's purity, a high ash content can demonstrate the presence of inorganic

impurities or contaminants. (SFS 2004)

Pyrolytic lignin is a heterogeneous, complex mixture of repolymerized aromatic oligomers,
aliphatic residues, and oxygenated functional groups. Multi-technique methods must be used
for the structural characterization of PL. There are no international standards specifically
dedicated to PL alone, but scientists have adapted available biomass and polymer analysis
techniques to offer diligent characterization. The key techniques and supporting citations for

reproducibility are outlined below.

6.1 Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS is a persistent valuable method for the analysis of low-molecular-weight lignin
fragments (e.g., guaiacol, syringol) released during pyrolysis. The most relevant standard to
GC-MS characterization of lignin is ASTM D7797-18 (Standard Test Method for
Determination of Fatty Acids in QOils by GC), which provides a guideline for sample
preparation (derivatization), column selection (non-polar phases for the separation of
aromatic monomers), and quantification (internal standards for offsetting ionization
heterogeneity) (ASTM International 2018). However, GC-MS only detects about 10-30% of
PL (volatile fraction). In response to this, the research community has employed Py-GC-MS
(pyrolysis-GC-MS), in which pyrolysis at 500-600 °C before the inlet of GC degrades PL
into monomers that are detectable by the GC (Del Rio et al. 2012). Del Rio et al. 2012 also
suggests  volatility enhancement by silylation of PL with BSTFA (N,O-
bis(trimethylsilyl)trifluoroacetamide) for 30 minutes at 50 °C.

6.2 Inductively Coupled Plasma Spectroscopy (ICP-MS)

The ASTM D8110-17 (Standard Test Method for Elemental Analysis of Distillate Products
by Inductively Coupled Plasma Mass Spectrometry (ICP-MS)) standard outlines an ICP-MS
procedure adapted to determine trace metals (Na, K, Ca, Fe, Ni, Zn, As, Cd, Pb, Hg) in
pyrolytic lignin sample materials. Although the procedure was originally developed for

petroleum distillates, the process has been extended to biomass-derived, lignin-rich
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materials. Sample preparation is either dissolving organosoluble fractions in THF
(tetrahydrofuran) or DMSO (dimethyl sulfoxide) or microwave-assisted HNO3z/H.0>
digestion for routine elemental analysis. ICP-MS analysis utilizes He or H> collision gas for
minimizing spectral interferences, and internal standards utilized for matrix correction are
In, Rh, or Re. For pyrolytic lignin and other carbon-rich samples, 2 % nitric acid dilution
and oxygen-enriched plasma conditions stabilize the measurements and minimize carbon
deposition. (ASTM International 2017)

6.3 Fourier Transform Infrared Spectroscopy (FTIR)

The ASTM E168-16(2023) (Standard Practices for General Techniques of Infrared
Quantitative Analysis) standard is applied as a basis for FTIR analysis and defines
procedures for the measurement of functional groups or compounds in complex mixtures
and thus is suitable for the detection of pyrolytic lignin. Unlike straightforward IR methods,
it allows for the decomposition of overlapping spectral features through the focus on
chemometric methods such as partial least squares regression and principal component
analysis, which is crucial when dealing with lignin-abundant bio-oil fractions. (ASTM

International 2016)
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7  Post-Pyrolysis Refining Process

Pyrolysis oil, produced by fast pyrolysis of biomass, is a complex mixture of a wide variety
of chemical compounds. Karvinen (2016) provides an overview of the mass fractions (%) of
the major compound groups found in pyrolysis oil. As shown in the table provided by
Karvinen (2016), the main components by weight include aldehyde (10-20 wt%), carboxylic
acids (4-15 wt%), phenols (including phenolic monomers at 2-5 wt% and phenolic oligomers
at 15-30 wt%), sugars (20-35 wt%), and water (20-30 wt%). Other compounds include
alcohols (2-5 wt%), furans (1-4 wt%), and ketones (1-5 wt%). These compounds make
pyrolysis oil a highly heterogeneous and valuable feedstock for further processing and

utilization. (Karvinen 2016)

The separation/purification of pyrolysis oil is also complicated due to its complexity in terms
of chemical compound characterization. Pyrolysis oil from lignocellulose contains over 300
compounds, and a large number of them exist in trace amounts. While it would be profitable
to separate the major compounds with large mass fractions, the extremely large number of
separation processes required makes it impractical and economically unrealistic on a large
scale. Thus, commercialized separation processes for individual compounds remain limited.
Instead, pyrolysis oil is typically separated into small compound groups, which provide more
realistic opportunities for commercial application. (Karvinen 2016)

7.1 Fractionation

The treatment of pyrolysis oil begins with initial fractionation, which breaks it into simpler
groups of compounds or mixtures. Conventional distillation methods cannot be used as
means of separation because pyrolysis oil contains an unstable complex composition.
(Karvinen 2016)

Lignin fractionation, an important step in bio-oil processing, has been researched with a
variety of organic solvents, including ethyl acetate, acetone, methanol, and hexane. Figure 9
helps to visualize the production flow of the PL. A typical method employs the sequential
use of chemicals, whereby, for example, lignin is initially solubilized in one medium, and

then the remaining residue is treated with a different agent to extract more materials. This
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may be repeated with one solvent of greater polarity to yield additional fractions. Lignin
fractionation may also be accomplished by mixed solvent systems, where the first solvent is
an anti-solvent. These methods fall into four categories: single-solvent fractionation;
successive extractions using multiple solvents; successive precipitation with mixed solvents;

successive precipitation using organic solvent/water mixtures. (Pang et al. 2021)
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Figure 9. PL production flow. (Figueiredo et al. 2022)

Using a single solvent to isolate lignin is a relatively simple and efficient process, which
allows the separation of lignin into soluble and insoluble fractions using solvents such as
acetone, ethanol, or methanol. The soluble fraction generally has a lower molecular weight
and a higher aromatic hydroxyl content than the original lignin. For instance, methanol
fractionated industrial lignins produced soluble fractions with a higher solid-gas ratio and a
lower molecular weight. Although single solvent fractionation is generally limited to

creating two fractions with narrow molecular weight distributions. (Pang et al. 2021)

Natural and cheaper solvent water can be used to improve the solubility of lignin in organic
solvents in moderate amounts. For example, the dissolution of lignin is enhanced by adding
water to ethanol, although too much water will dilute the solvent and decrease its efficiency.
This technique has also been shown to fractionate several industrial lignins, for example,

alkali lignin and sulfate lignin, using solvents like acetone, ethanol, and tetrahydrofuran. By



52

changing the volume and the water-to-solvent ratio, it is possible to obtain fractions of lignin

with progressively lower molecular weight. (Pang et al. 2021)

There have been developed methods with multiple organic solvents for a more precise
fractionation. These processes rely on using organic solvents that have consistently
increasing solubility for lignin, which separates low-molecular-weight lignin (LMWL) into
more specific groups. For this reason, the Flory-Huggins polymer-solvent interaction
parameter (xPS) is generally used to determine the appropriate solvent sequence for lignin
fractionation. Dimethyl sulfoxide is considered a reference solvent as it is capable of a strong
ability to dissolve lignin. (Pang et al. 2021)

In the experiments performed by VTT (Pienihakkinen et al. 2023), water was blended with
pyrolysis oil, and as a result, water-insoluble lignin bio-oil compounds were separated. The
method involved using a 100-liter Teflon-coated stirred vessel and adding bio-oil (FPBO)
and water in a 1:1 mass ratio. The mixture was stirred for one hour at room temperature,
after which it was left to settle. The upper liquid phase was removed by suction, while the
water-insoluble, lignin-rich fraction was collected from the bottom outlet. Separation yielded
31.7 wt% of organics in the lignin-rich fraction and 67.1 wt% in the aqueous layer. The
separation was not completely effective. Small amounts of lignin-derived phenolic
compounds were detected in the water-soluble phase and traces of anhydrosugars were found
in the lignin fraction. Washing the lignin fraction with additional water could make it more
pure. (Pienihdkkinen et al. 2023)

According to Karvinen (2016), one of the most widely used techniques for the primary
separation of pyrolysis oil is solvent extraction with water. This method is particularly useful
for pyrolysis oil with a high moisture content. Water is added to the pyrolysis oil, which
immediately separates the pyrolysis oil to the water-soluble phase (top layer) and the
pyrolysis oil water-insoluble phase (bottom layer), known as pyrolytic lignin. During
stirring, distilled water is introduced into the pyrolysis oil. At the end of mixing, the pyrolytic
lignin was separated via filtration, washed with distilled water, and dried under 40 °C to
avoid darkening or melting at higher temperatures. The water-soluble phase contained
mostly polar components, such as carbohydrates, while the viscous heavier oil phase mostly
contained less polar lignin. (Bridgwater 2025; Karvinen 2016)
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7.2 Solid-Liquid Separation

Depending on the specific objectives, for example, the separation of certain high-valued
compounds, the improvement of product quality, or the preparation of products for
downstream operations, there are different ways of separating the products. These methods
include liquid-solid separation (removal of solids from liquid bio-oil), gas-liquid separation
(removal of gases from liquid bio-oil), liquid-liquid separation (removal of immiscible liquid
phases), and fractionation (breaking bio-oil into fractions based on properties). Since the
subject of the thesis is lignin separation, the main focus remains on solid-liquid separation

and fractionation.

Solid-liquid separation is a technique used to isolate solid and liquid components from a
mixture so that they are presented in the form of distinct phases. This technique is
particularly significant if there is one phase that can be utilized further as a by-product or
waste and the other is kept entirely isolated from the target component (Cleanroom
Technology 2025). This is especially important in industries where solids can affect product

quality, damage equipment, or reduce efficiency. (Slurry Separation 2025).

The separation may be performed through various methods and equipment, such as filters,
centrifuges, or a combination of both methods, based on the requirements of the particular
application. In some cases, an additional stage or operation might be needed, such as drying,
which can be accomplished using separate equipment or integrated into the device that

contains the separation equipment. (Cleanroom Technology 2025)

7.2.1 Filtration

Filtration is a basic mechanical process for separating solid particles from liquids. Filtration
is widely applied in industries from mining to chemical and pharmaceuticals. Among the
many techniques of filtration (e.g., screening, deep bed filtration, cake filtration, and
crossflow filtration), cake filtration is one of the most applied and studied processes. This is
due to the greater effectiveness of cake filtration over other techniques, particularly in the
case of slurries containing high concentrations of solids. (Kinnarinen 2014)
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Cake filtration occurs when a slurry (a mixture of solid particles and liquid) is introduced to
a filtration surface. When the liquid passes through the medium, solid particles are deposited
on the medium surface, accumulating layer by layer to form a structure called the filter cake.
Within the initial stage, particulate matter of minor size may pass through the filtration
barrier or become retained within the barrier porosity. However, if the cake has formed, it
reaches a density that acts as a secondary filter, preventing further flow of fine particles. This
ensures that the filtrate (the liquid that comes through) is nearly devoid of suspended
particles, regardless of how porous the medium originally was (Kinnarinen 2014; Neikov
2019).

The formation of the cake is influenced by many factors, including the size of the particles
in the slurry. Larger particles generally bridge the openings of the filter medium, providing
a structural framework for the cake, whereas smaller particles can move into the pore spaces
of the cake. Over time, the cake becomes dense and fairly dry near the filtration surface,
whereas the outer part remains moist, similar to a suspension. Compaction of the cake occurs
due to fluid drag during flow, enhancing both its density and the effectiveness of filtration
(Neikov 2019; Civan 2023).

Cake filtration can be performed in two primary modes: constant flow rate filtration and
constant pressure filtration. Constant pressure filtration is applied more often in separation
studies, as it makes data analysis easier because the driving force remains constant
throughout the operation. In constant pressure filtration, the flow rate of the filtrate decreases
as the cake height increases. As filtration proceeds, the cake generally becomes denser, thus
increasing resistance to liquid flow under the same pressure difference. This resistance poses
a particular challenge when filtering compressible cakes, such as those obtained from
biomass slurries, where the mean specific cake resistance increases with applied pressure. In
such cases, an increase of pressure differential does not increase the rate of filtration and

might even interfere with the operation, stopping the filtration altogether. (Kinnarinen 2014)

Cake filtration performance is greatly influenced by the properties of the filter cake,
including its thickness, flow resistance, and compressibility. A well-formed cake will have
consistency in cake thickness, which allows filtration to be more predictable and minimizes
the potential for channel formation or ineffective separation. Another important parameter
is permeability, as a highly porous cake allows liquid to flow smoothly and improves

filtration performance. In contrast, a soft cake will limit flow, which will lead to longer cycle
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times and more energy consumption because fluid flow encounters more resistance.
Compressibility is also important since compressible cakes may limit flow and decrease
filtration efficiency. (Kinnarinen 2014; Roxia Oy 2024)

The formation of a cake and its properties is an important variable for effective filtration in
industrial applications. For example, biomass slurry can be very soft and compressible.
Filtration of the slurry requires unique methods that limit cake formation because it changes
filtration rates. Many industries, including mineral processing, industrial chemistry, and
pharmaceuticals, rely on filtration performance for cake formation to ensure product quality
and process efficiency. Ultimately, engineers can use the basic principles of cake placement
and the factors limiting its formation to design filtration systems. Moreover, they can adjust
various parameters for optimal performance of filters. The critical factors limiting cake
placement include particle characteristics, pressure applied during filtration, and slurry
thickness (Kinnarinen 2014; Roxia Oy 2024).

Filtration can generally be categorized into four types depending on the mechanisms driving
the filtrate: gravity-driven, vacuum-assisted, pressure-induced, and centrifugal filtration.
Gravity filtration is a simple method of separating a solid from a liquid in the laboratory
using gravity as the driving force. The mixture is poured through a filter medium (glass frit
or filter paper) so that the solid particles are trapped, and only the liquid portion (termed the
filtrate) passes through. The method is simple to perform, requires minimal equipment, and

can be applied on various laboratory scales. (Saifilter 2025)

Vacuum filtration employs pressure differences across the filter medium to separate solid
particles from liquid solutions. Gravity filtration relies on the force of gravity and is entirely
reliant on natural processes; vacuum filtration differs because a vacuum pump will pull or
reduce pressure beneath the filter and use that pressure difference to accelerate the process
of filtration. The liquid passes through the filter, trapping solids on its surface while the clean
liquid collects in a container or is discarded. The two main factors that define the efficacy of
vacuum filtration are the pressure difference and the pore size of the filter. By controlling
the strength of the vacuum, the filtration process can be accelerated, and can facilitate the
filtration of denser or more difficult samples that gravity filtration cannot handle. By
controlling the pore sizes of the filter, a balance can be achieved between the rate of filtration

and particle retention. (ChemistryTalk 2025)
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Pressure filtration (also referred to as filter presses) function as batch processes and use high
pressure to separate liquids from solids. Pressure filtration pushes mixtures through special
membranes that trap solids as filter cakes while the liquid passes through and is collected.
This method works well for tough mixtures with tiny particles that settle slowly, don’t filter
easily, or have a lot of solids. (Tarleton & Wakeman 2007)

Centrifugation is a separation technique that uses spinning to separate particles from liquids.
The particles can be separated from the liquid because of their difference in density. When
the liquid and particles are spun, the heavier particles move outward while the cleaner liquid
stays towards the centre of the mixture. Centrifugation is a faster way than allowing the
particles to settle on their own. Centrifugation can be especially useful in clearing a liquid

with small suspended particles or even concentrating impurities. (Separator 2025)

7.2.2 Centrifugation

Centrifugation is a physical method of separation that utilizes centrifugal force to divide
particles from a solution based on density, size, shape, and molecular weight. Centrifugation
accelerates natural sedimentation that would otherwise occur over long periods under
gravity. It is a viable method to separate components in a short span of time. By spinning a
sample rapidly, centrifugation exerts a radial force that compels heavier particles to the
outside rim, while lighter particles are closer to the central axis. Employing this principle
allows particles to be sorted even where their densities vary slightly, which has made
centrifugation a valuable tool in industry and laboratory (Najjar & Abu-Shamleh 2020;
Fisher Scientific 2025; Drucker Diagnostics 2025).

There are several factors that affect the efficiency of centrifugation, including the densities
of the particles and medium, medium viscosity, distance the particle travels, and the speed
of rotation of the centrifuge. Relative centrifugal force (RCF), commonly expressed in G-
force, is a main aspect of centrifugal force to consider in evaluating the experience applied
to the sample. When the relative centrifugal force creates an acceleration that exceeds the
resistive and upward forces on the solids, the solids will then move from the centre of the
rotation into an outward arrangement, creating sedimentation. Centrifugation has an

advantage for separating highly dilute solutions because of its ability to achieve high biomass
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concentrations and harvesting efficiencies in a short time (Najjar & Abu-Shamleh 2020;
Fisher Scientific 2025; Drucker Diagnostics 2025).

Centrifuges have various designs and functionalities, with different rotor types and tube
configurations. For example, in fixed-angle rotors, tubes are held at a fixed angle (often 45
degrees) throughout the entire operation. In swing bucket rotors, the tubes swing outward to
a horizontal position during rotation. In a vertical centrifuge, the tube is held vertically
during the entire process. The choice of rotors and tubes is not only a design aspect but
critical for the sample being acquired to achieve optimal separation, as different sample types
will separate in different manners. Properly balancing the centrifuge is also a critical aspect
of how it operates. A centrifuge that is unbalanced can damage the equipment and produce
inaccurate results. To balance a centrifuge, "dummy" tubes filled with water or other liquids
of known density can be inserted to counterbalance the sample tubes (Walker 2012; Drucker
Diagnostics 2025).

Centrifugation can also use filtration methods as part of the process of separation, rather than
just sedimentation. For example, unique centrifuge tubes may include filters that allow them
to separate components of different molecular weights. In this process, the sample is placed
in the top of the tube, and the centrifuge separates the lower molecular weight material by
forcing it through the filter while retaining a larger mass size. The components may then be
collected from the bottom of the tube or the filter may be inverted and spun again to recover
the target material. This is a very useful technique when isolating specific particles or

molecules in biological and chemical usage (Walker 2012; Drucker Diagnostics 2025).

Centrifugation is typically divided into preparative and analytical types. Preparative
centrifugation aims to distinguish between wanted components, whereas analytical
centrifugation aims at measuring properties of sediments such as size and mass
concentration. The rate of sedimentation in centrifugation is a function of the sediment size,
density, and the solution’s viscosity. When the force and fluid thickness remain unchanged,
larger and heavier particles settle quicker than smaller and lighter particles. (Fisher Scientific
2025; Drucker Diagnostics 2025).

Centrifuges, which are used by many industries, are machines for separating water, for
cleaning liquids or liquids that contain solids, and for separating two or more materials that

have different weights. The residence time of the slurry within the centrifuge, regulated by
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its throughput, is one of the most important parameters of process performance.
Additionally, vertical settling distance, also reduced by engineering optimization, plays an
important role in enhanced efficiency. By optimizing these parameters, industries are able
to achieve high separation efficiencies and low processing times (Najjar & Abu-Shamleh
2020; Fisher Scientific 2025).
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8 Previous Research on PL Fractionation

Pyrolytic lignin (PL) is typically extracted from bio-oil through cold water precipitation.
Researchers have noted that temperature and mixing conditions greatly influence the purity
and yield. For instance, Dias et al. (2023), Silva et al. (2025), and Figueiredo et al. (2020)
used high-speed homogenization (17,000-25,000 rpm) at 0-5°C with a water-to-oil ratio of
1:35 to 1:100. Water-soluble and insoluble fractions were obtained by filtration or
centrifugation. The yield of PL was 32.6-39.5 wt%. Zhang et al. (2021) stated that longer
mixing time (four hours) and lower bio-oil feeding rate (0.2 ml/min) enhanced purity by

minimizing water-soluble contaminants.

In the studies conducted by Leng et al. (2017) and Wang et al. (2015), methanol-water
mixtures were used as an additional step after cold water precipitation to further separate PL

into relevant molecular weight fractions.

Other methods have offered some specific advantages. Garcia et al. (2024) and Matos et al.
(2021) developed a sequential acetone-water precipitation method based on the gradual
reduction of acetone concentration from 60 % to 40 % (vol/vol), which selectively
precipitated specific phospholipid fractions. Wang et al. (2014) proposed a method of
extraction based on pH. It involved the dissolution of the water-insoluble phase in NaOH
(pH 14) and subsequent neutralization to pH 6. 4 and pH 1. 5. The fractions were referred to
as high and low molecular weight pyrolytic lignins, respectively. Additionally, molecular
distillation (70 °C, 120 Pa) was reported by Wang et al. (2015) to separate heavy fractions.

Characterization studies show that the structure is similar between products made by
different methods. GPC (Gel Permeation Chromatography) analysis in Figueiredo et al.
(2019) and Wang et al. (2014-07) stated PL molecular weight was 650-815 g/mol, lower
than native lignin. The NMR analysis established that guaiacyl units were the main aromatic
structures present in this lignin, but small amounts of syringyl and p-hydroxyphenyl units
were also observed. According to Figueiredo et al. (2019), guaiacyl units accounted for 53
% of the total aromatic content, whereas the rest were present at 20 % or below.
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Research article’s Qiu et al. (2023) FT-ICR-MS analysis filled an important gap for the
characterization of high-molecular weight components, because GC-MS could detect only
11-20 % of their composition in PL (Figueiredo et al. (2019); Mullen & Boateng (2011)).

Thermal and chemical analyses yielded useful information on PL behaviour. Figueiredo et
al. (2020) applied thermogravimetric analysis (TGA) to study pyrolytic lignin’s thermal
degradation behaviour. Py-GC-MS studies of the simulated pyrolysis behaviour of the
samples were carried out at 500-650 °C as reported by Dobele et al. (2009) and Mullen &
Boateng (2011). Additionally, elemental analysis and characterization of functional groups
were performed by 3'P/F NMR (Figueiredo et al. (2020)) and FTIR (Wang et al. (2015);
Wang et al. (2014); Wang et al. (2014-07)). Overall, these techniques supported determining

the appropriate processing conditions for pyrolytic lignin.

Optimization experiments made the following major observations:

1) Water-to-oil ratios of 10:1 or higher were required to achieve total PL.
2) Processing at low-temperatures (0-5 °C) reduced emulsification.

3) Fractionation with a solvent (such as acetone-water or NaOH-water) made it possible to

isolate lignin with specific properties.

4) The water-insoluble fraction contains 4-6 % water and sugars, thereby preventing the
extraction of high-purity PL without additional purification.
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9  Materials and Methods

This chapter describes the methods used to accomplish the fractionation of pyrolytic lignin
from bio-oil. The aim was to evaluate how different process variables affect both the
separation efficiency and yield of lignin-rich fractions. The following sections provide
details regarding the materials and solvents, sample preparation, and different fractionation
methods employed in this study.

9.1 Materials

The bio-oil used in this study was produced from soft wood biomass via fast pyrolysis. All
fractionation and centrifugation procedures were conducted using 250 ml Nalgene centrifuge
bottles. Fractionation was performed using a mixing device, equipped with a Teflon
propeller head, selected to match the size of the mixing bottle. Preliminary experiments
indicated that a magnetic stirrer did not perform well, because it could not mix properly as
it was stuck in the thick bio-oil matrix. The solvents used for fractionation included
deionized water, ethanol (97.0 % purity, purchased from Anora Industrial), acetic acid (99.0
% purity, purchased from Sigma Alrdich) and methanol (99.9 % purity purchased from
Honeywell.

9.2 General Fractionation Method

The entire precipitation process consists of four main parts: sample preparation, mixing

phase, liquid-solid separation and centrifugation, and yield analysis.

The fractionation process included the use of a primary solvent, which varied based on the
experimental setup. In some cases, deionized water was used as the sole solvent, while in
other experiments the deionized water was mixed with either ethanol, acetic acid, or
methanol. In order to understand the process flow better, a schematic diagram is presented
in Figure 10.
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Figure 10. Schematic diagram of the fractionation process flow. (Figueiredo et al. 2020)

During the sample preparation stage, 20 g of bio-oil was placed into a plastic bottle and
primary solvent was added dropwise at predetermined ratios under constant stirring. For
example, for the 1:5 ratio sample, 100 g of deionized water was added. The mixing was
performed at approximately 420 rpm for 30 minutes to promote the separation of target
compounds. After that, the liquid (water-soluble fraction) was decanted and filtered using
standard vacuum filtration equipment in the laboratory. The water-insoluble fraction was
processed further with 20 g deionized water for another 30 minutes. After that, the liquid
was decanted again. The solid samples were centrifuged at 6000 rpm (9 x g relative
centrifugal force) for 10 minutes to enhance phase separation. The remaining liquid was
gradually removed, and the solid yield was calculated based on the weight difference.

Equation for the PL wt% calculations:

m
PL wt% = (i> x 100 ()
Mpio—oil

9.3 Alternative Primary Solvent

Following the general fractionation method, this chapter focuses on the use of alternative

primary solvents. Three alternative washing solutions were used as primary solvents:
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ethanol-water, acetic acid-water, and methanol-water, as well as acetic acid-ethanol-water
mix. Each solvent was mixed with deionized water to form a total of 100 g washing solution.
The bio-oil-to-solvent ratio was consistent with the standard 1:5 ratio used in general
fractionation method. These solvents were chosen based on previous studies and their
chemical properties related to lignin solubilization and precipitation.

9.3.1 Ethanol-Water Solvent

Several studies, such as Leng et al. (2017) and Wang et al. (2015), suggested the use of
methanol-water wash for enhanced PL fractionation. Due to ethanol’s lower toxicity and

safer handling, it was selected for washing experiments over methanol.

Ethanol was tested in four concentrations: 5 %, 10 %, 20 % and 30 % of the total washing
solution mass. The study aimed to determine the effect of increasing ethanol concentration
on lignin solubility, filtration behaviour, and solid-phase recovery.

9.3.2 Acetic Acid-Water Solvent

Wang et al. (2014) suggested changing the pH to make the precipitation more selective for
high- and low-molecular lignin. Theoretically, it might increase the possibility of obtaining
pure lignin. Acetic acid was chosen for the following experiments, because it is
environmentally friendly, has low toxicity, and is safer to handle. Acetic acid lowers the pH
sufficiently for lignin precipitation, but does not damage the structure of lignin as much as

stronger acids (such as sulfuric or hydrochloric) would.

Acetic acid was tested in four concentrations: 0.5 %, 1 %, 2 %, 5 % and 25 % of the total

washing solution mass.

9.3.3 Methanol-Water Solvent

Methanol is a smaller and more polar alcohol than ethanol, which may affect how it interacts
with pyrolytic lignin components during solubility, precipitation, and filtration.

Furthermore, many studies, such as those by Leng et al. (2017) and Wang et al. (2015), have
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recommended the methanol-water pyrolytic lignin washing method for improved
fractionation. These findings provided a solid basis for comparing the two solvent systems

under similar experimental conditions.

Methanol was tested at the single concentration of 30 %, and the results were compared to

30 % ethanol-water fractionation and to similar research studies.

9.3.4 Acetic Acid-Ethanol-Water Solvent

In view of the acetic acid’s capability to isolate selectively high- and low-molecular weight
lignin fractions, and ethanol’s effect on lignin solubilization, a combined approach might

enhance the features of both methods.

Acetic acid-ethanol-water fractionation experiments were tested at the concentration of 5 %
acetic acid and 5 % ethanol concentrations, which can be compared to general deionized

water fractionation method, single 5 % ethanol-water, and 5 % acetic acid-water results.
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10 Pyrolytic Lignin Fractionation

10.1 Bio-Oil-to-Water Ratio

The first experiments were performed to identify the optimal bio-oil-to-water ratio to

maximize pyrolytic lignin (PL) yield. The tests were divided into two phases:
1. Single-wash samples, where bio-oil was mixed with water only once.

2. Double-wash samples, where after the initial wash, each sample was washed a second
time. This method helps to check for any remaining components, such as volatile compounds

and water-soluble fractions like sugars.

In this part of the experiment, bio-oil-to-water ratios starting from 1:1 and up to 1:7 were
tested. Both oil and water remained at room temperature (20 °C). Fractionation began
immediately after adding the first drop of water into the bio-oil, as seen in Figure 11. The
liquid started changing colour to yellow, and the heavier fraction formed a thicker black

jelly-like layer.

Figure 11. First drops of deionized water added to bio-oil.

10.1.1 Yield Analysis

Experimental results, covering the bio-oil-to-water ratio range and single- vs. double-wash

comparison, are presented in Table 1 and graphically illustrated in Figure 12. These data
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were calculated using Equation 1. Data analysis shows that a bio-oil-to-water ratio of 1:5,
with the double-wash process, yielded the highest PL recovery of 34.85 wt%. This result
falls into the range of 30-40 wt% given by Figueiredo et al. (2022), Figueiredo et al. (2020)
and Zhang et al. (2019). In contrast, the single-wash process with a ratio of 1:3 provided the
lowest PL recovery at 26.55 wt%. Dias et al. (2022) observed that with a higher bio-oil-to-
water ratio levels, the yield is increasing. Interestingly, based on Zhang et al. (2019) the most
commonly used ratio levels used in literature are either very low (e.g. 1:1-1:3) or extremely
high (e.g. starting from 1:20 and up to 1:4000), where yield reaches 60 wt% level. According
to the results in Table 1, the 1:7 ratio did not improve yield and remained less effective than
the 1:5 ratio.

Table 1. Yield comparison: single vs. double wash across varying bio-oil-to-water ratios.

Ratio = Single wash (wt%) Double wash (wt%)

1:1 31.74 29.97
1:2 26.80 28.14
1:3 26.55 30.37
1:4 33.20 34.65
1:5 34.30 34.85
1:6 34.10 34.01
1:7 34.65 33.62

Ratio and double-/single-wash

Yield (wt%)

25
1.00 2.00 3.00 400 5.00 6.00

Ratio

Single wash Double wash

Figure 12. Effect of bio-oil-to-water ratio and wash method on pyrolytic lignin yield.
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10.1.2 Visual Observations

Lower dilution ratios (1:1, 1:2 and 1:3) were consistently less effective. When the water ratio
was low, there wasn't enough water to fully separate the aqueous and organic phases,
meaning some water remained trapped inside the lignin-rich fraction, making it more liquid-
like, as shown in Figure 13 (A), which also made it harder to physically separate both
fractions. This suggests that phenolic monomers, organic acids, and furans stayed in solution
because less water was available. Vacuum filtration also had a slower passing rate, and the
filter paper had small black residue, as shown in Figure 13 (B). Figure 13 (C) helps visualize

the difference between the 1:1 and 1:3 ratios.

Figure 13. (A) PL texture after fractionation at low water-to-bio-oil ratio. (B) Filter paper
after separation of water-soluble and water-insoluble fractions at 1:1 ratio. (C) Filter paper

separation of water-soluble and water-insoluble fractions at 1:3 ratio.

The increased water amount at 1:4 to 1:7 ratios facilitated the solubilization of more
hydrophilic compounds and allowed the lignin-rich fraction to precipitate more distinctly.
As a result, PL was denser and more solidified (Figure 14 A), while the aqueous phase was
clearer (without any black residue) and more yellow, indicating that oxygenated compounds
(like acids and sugars) were removed. Filtration was faster and cleaner, with fewer

particulates and cleaner filter paper, as shown in Figure 14 (B).
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Figure 14. (A) PL after fractionation at 1:5 ratio. (B) Filter paper after fractionation at 1:5

ratio.

Comparative analysis of single- and double-wash methods indicated that the second wash
markedly reduced soluble impurities and enhanced dehydration. The deep yellow colour
after the first wash is likely due to soluble low-molecular-weight compounds, including
phenolic components and other extractable fractions present in the bio-oil. In order to
understand the difference better, visual results of both single- and double-wash are presented
in Figure 15 (A) and (B). After the second wash, the liquid appears much clearer because a
significant amount of these soluble impurities have already been removed. The double-
washed PL appeared more hydrophobic and centrifuged better, resulting in improved

separation of the liquid phases.

;

Figure 15. (A) Water-soluble fraction after the first wash. (B) Water-soluble fraction after

the second wash.
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While higher ratios (1:6 and 1:7) helped to achieve better separation, the yield increase was
insignificant. The 1:5 ratio would be most likely the ideal number at which there was enough
water to efficiently separate PL without overly diluting the fractionation system. The goal of

phase separation at this optimal ratio is accomplished.

10.2 Temperature Impact on the Yield

As mentioned in the “Similar Projects” chapter, several researchers established that
temperature during separation affected the yield and purity of lignin. The next study aimed
to validate this hypothesis. Initial experiments were conducted comparing single and double
wash methods at a wide temperature range (20 °C, 30 °C, 40 °C, and 50 °C). Preliminary
results showed that the double wash approach gave better product yields. Based on these
findings and solubility theory (chapter 8: Similar Projects), double-wash conditions were
selected, and the experimental focus was expanded to lower temperatures (6 °C, 11 °C, and
16 °C) in order to investigate cold-temperature precipitation behaviour. The step-by-step

procedure of sample preparation is described in the Materials and Methods chapter.

10.2.1 Yield Analysis

The results of the experiment at different temperatures and between single and double
washing systems are presented in Table 2 and Figure 16. These values were obtained from
Equation 1. Data analysis shows that the highest PL recovery of 37.38 wt% was achieved at
6 °C. In contrast, the double-wash method at 50 °C resulted in the lowest PL recovery

(30.62 wt%). Figure 16 shows a clear trend of decreasing yield with increasing temperature.

According to Scholze and Meier (2001), PL yield increases at low temperatures (above 20
°C) might be caused by components not getting completely dissolved during the
fractionation process. This supports the findings of Dias et al. (2022), who reported the yield
ranging from 52.40 to 63.70 wt% using the cold-water fractionation at 1:35-1:100 ratios. In
contrast, Zhang et al. (2019) observed a yield of 35.56 wt% at 20 °C. Since there are no
published studies specifically addressing fractionation of PL at elevated temperatures, the
results presented in Table 2 provide valuable insights into PL separation under these

conditions.
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Despite the PL yield being the highest at lower temperatures, the 16-20 °C likely represents
an optimal balance, where PL has fair recovery percent without a need for additional energy

or cost-consuming steps, such as heating or cooling the sample.
Table 2. Yield comparison: single vs. double wash at varying temperatures.

Temperature °C = Single wash (wt%) = Double wash (wt%)

6 - 37.38
11 - 36.46
16 - 36.36
20 34.30 35.20
30 31.67 33.23
40 31.95 32.55
50 31.45 30.62

Temperature Increase

Yield (Dn)

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 25 30 31 32 33 34 35 36 37 3B 39 40 41 42 43 44 45 40 47 48 49 50 51 52 53
Temperature (°C)
Single wash Double wash

Figure 16. Effect of temperatures and wash method on pyrolytic lignin yield.

10.2.2 Visual Observations

Upon visual analysis during vacuum filtration, it was noted that temperature had a substantial
impact on sample staining and behaviour. At lower temperatures (6-20 °C), filter papers
remained cleaner and lighter, and samples appeared more dehydrated. At these temperatures,



71

only minimal thermal energy was available for the solubilization of lignin-derived

compounds, resulting in higher retention of PL in the solid phase and faster filtration.

In contrast, higher temperatures (30-50 °C) facilitated the release and mobility of the soluble
and semi-soluble fractions in the form of phenolic oligomers, carboxylic acids, or colloidal
chromophores that subsequently adsorbed onto cellulose fibres (hence the brown-gold
colour of filter paper). This was especially noticeable during the first wash cycle when the
largest amount of extractable compounds was still available for solubilisation and washing
out. Figure 17 highlights the difference between 20-50 °C fractionation methods, illustrating

the impact of the temperature on the vacuum filter paper.

The first wash removed most soluble fractions, while the second wash served as a tightening
step, yielding clearer liquids and more compact PL.

Figure 17. (A) Filter paper after the first wash at 20 °C. (B) Filter paper after the first wash
at 30 °C. (C) Filter paper after the first wash at 50 °C.

Cold-water fractionation (6-11°C) proved to be effective, with minimal staining and
improved dehydration. However, lower removal efficiency during the first wash led to
darker water soluble fraction after the second wash as shown in Figure 18.
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Figure 18. Colour comparison of the water-soluble fraction after the second wash (6-20 °C

fractionation).

10.3 Ethanol-Water Fractionation

10.3.1 Yield Analysis

The experimental results, covering ethanol-water fractionation as well as a single and double
washing methods, are presented in Table 3 and Figure 19. These values were obtained
through Equation 1. Since there are no published studies specifically addressing
fractionation of PL with ethanol-water solvent, the results presented in Table 3 provide
valuable insights into PL separation under these conditions. The ethanol-water results
obtained in this study can’t be directly compared to those of Wang et al. (2015), as their
methodology involved a different two-step process (an initial cold-water wash followed by
methanol extraction). However, their reported PL yield of 19.88 wt% provides a useful
directional benchmark for interpreting fractionation efficiency.

The data analysis in Table 3 shows that the highest PL recovery (34.63 wt%) was achieved
upon employing a 5 % ethanol-water solvent with a double-wash approach. In contrast, the
30 % ethanol-water method with a single wash yielded the lowest PL recovery (21.08 wt%).
Figure 18 shows a clear trend of decreasing yield with increasing concentration of ethanol
in water the solution. Double-wash method yielded better PL recovery across all ethanol

levels.
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Table 3. PL yield results from ethanol-water fractionation using single and double wash

methods.

Ethanol concentration (%) = Single wash (wt%) = Double wash (wt%)

5 32.98 34.63
10 30.05 31.40
20 27.01 28.52
30 21.08 22.62

Ethanol-water fractionation
36
34
32
30
28

26

Yield (%)

24
22
20
4 9 14 19 24 29
Ethanol concentration (%)

Single wash Double wash

Figure 19. PL vyield results from ethanol-water fractionation using single and double wash

methods.

10.3.2 Visual Observations

Ethanol-water fractionation significantly influenced the solubility, texture, and recovery of
PL. At low ethanol concentrations (5 %), filtration was fast and the filter paper was overall
clean. However, it was slightly darker than after a regular water wash, indicating improved
solubilization of chromophore compounds. As ethanol concentration increased (10-30 %),
filtration became slower and more difficult, where samples appeared more fluid, less
cohesive, and darker, especially after the first wash. Figure 20 (A-D) helps to visualize the
difference between a filter paper after a single-water wash and a filter paper after an ethanol-

water wash at different concentrations.
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7 %

Figure 20. (A) Filter paper after 1:5 single-water fractionation. (B) Filter paper after 5 %

ethanol-water fractionation. (C) Filter paper after 20 % ethanol-water fractionation. (D)

Filter paper after 30 % ethanol-water fractionation.

The use of water in the second wash generally resulted in an improved and more dehydrated
texture in all samples, turning fluid residuals into firm, caramel-like solids. This means that
the ethanol disrupts the lignin matrix, while the water wash compacts and stabilizes it.

Visual inspection revealed that higher ethanol concentrations produced a darker water-
soluble fraction (Figure 21). In contrast, second-wash liquids appeared uniform, indicating
that most ethanol-soluble compounds were removed during the first wash. Overall, moderate
ethanol use enhances lignin solubilization, whereas excessive amounts reduce solid-phase
recovery and complicate sample handling. Two-step ethanol-water wash delivers a useful

and reproducible method for optimizing PL fractionation.
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Figure 21. (A) Water-soluble fraction after 5 % ethanol-water fractionation (first wash). (B)

Water-soluble fraction after 10 % ethanol-water fractionation (first wash). (C) Water-soluble
fraction after 20 % ethanol-water fractionation (first wash). (D) Water-soluble fraction after

30 % ethanol-water fractionation (first wash).

10.4 Acetic Acid-Water Fractionation

10.4.1 Yield Analysis

The experimental results, covering different concentrations of acetic acid-water solvent and
comparisons between single- and double-wash methods, are presented in Table 4. These
values were obtained from Equation 1. The data analysis shows that the highest PL recovery
(34.98 wit%) was at 1 % acetic acid-water solvent with a double-wash approach. In contrast,
the 25 % acetic acid-water solvent with a double-wash method yielded the lowest PL
recovery of 26.70 wt%. Since there are no published studies specifically addressing
fractionation of PL with acetic acid-water solvent, the results presented in Table 4 provide

valuable insights into PL separation under these conditions.
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Table 4. PL yield results from acetic acid-water fractionation using single and double wash

methods.

Acetic acid concentration (%) = Single wash (wt%) = Double wash (wt%)

0.5 34.78 34.43
1 34.88 34.98
2 34.23 33.97
5 33.67 34.10
25 - 26.70

10.4.2 Visual Observations

At low acetic acid concentrations (0.5-2 %), vacuum filtration was fast with the filter papers
remaining clear. The PL sample appeared dehydrated with a solid texture. Minimal
discoloration and good dehydration indicated limited solubilization and mild precipitation.
Compared to samples from water or ethanol-water fractionation, recovered pyrolytic lignin

appeared browner, suggesting better retention of mid-polar aromatic compounds (Figure 22).

Figure 22. Shift between colours of the sample: (A) 25 % acetic acid-water fractionation.

(B) 1:5 ratio bio-oil-to-water fractionation.

At 5 % concentration, samples became softer and more hydrated, with slower filtration and
reduced matrix cohesion. However, a second water wash restored firmness and dehydration,
confirming its stabilizing role. At 25 % concentration (tested only with a double-wash), the
first wash produced a dark burgundy water-soluble fraction (Figure 23), indicating extensive

solubilization of aromatic and low-molecular-weight compounds. The second wash was
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nearly clear, showing that most extractables were removed during the first wash. Final

samples were chocolate-brown, distinct from the darker residues seen in other methods.

—

Figure 23. Difference in the colour of the water-soluble fraction after the first acetic-acid
wash. 5 % acetic acid concentration on the left and 25 % acetic acid concentration on the

right.

It was also observed that several hours after 25 % acetic acid-water fractionation, a thin layer
of sediment formed at the bottom of the bottles containing water-soluble fractions after both
the first and the second washes. This might be happening because the acetic acid
fractionation is more chemically dynamic at this concentration, and some compounds are

only temporarily soluble.

10.5 Alternative Fractionation Strategies

Aside from the main experiments, some mixed-method tests were also conducted to explore
some of my personal ideas and to try out techniques suggested by previous studies. These
additional experiments also helped to understand how flexible the process can be and what

else could be possibly improved in lignin fractionation.
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10.5.1 Acetic Acid-Ethanol-Water Fractionation

Prior studies indicated that both acetic acid-water and ethanol-water techniques
demonstrated promising performance levels regarding lignin recovery and separation. In
view of the acetic acid’s capability to isolate selectively high- and low-molecular weight
lignin fractions, and ethanol’s effect on lignin solubilization, a combined approach was

attempted in order to test the beneficial features of both methods.

The double-wash fractionation experiment of an aqueous solvent composed of 5 % acetic
acid and 5 % ethanol demonstrated a slightly higher yield than single-wash experiment
(31.15 wt% single wash and 31.72 wt% double wash). However, this yield is lower
compared to previous fractionation experiments using single-component ethanol-water
solvents and acetic acid-water solvents at the same concentrations (34.63 wt% and 34.10
wt%). The reduced yield may be explained by the mixed solvent’s ability to extract a broader

spectrum of non-lignin components, thereby producing a purer PL fraction.

This method resulted in very fast vacuum filtration, unlike other techniques (i.e., washes
with water only, ethanol-water solutions, acetic acid-water solution). The filter paper after
vacuum filtration was mostly clear, with only a slightly darker (more yellow) tint than that
of water-filtered samples, which indicates that slightly more coloured compounds were
dissolved. The liquid was orange during the first fractionation step, which is typical for lignin
separation. The liquid became almost clear with a light-yellow tint after the second wash.

The double-wash sample was significantly drier and more solid, which is consistent with the
other methods. This could be attributed to the water wash removing any leftover solubles

and moisture.

10.5.2 Fractionation at Higher Bio-Oil-to-Water Ratio (1:10 and 1:15)

Several studies, including those by Dias et al. (2022), Silva et al. (2025), and Figueiredo et
al. (2020), tested significantly higher bio-oil to water ratios during the lignin separation.
Inspired by these findings, it was decided to test slightly higher ratios, such as 1:10 and 1:15.

Using more water could theoretically help in separating pyrolytic lignin by diluting polar
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compounds and making the mixture less stable, which might lead to a better phase separation

and easier filtration.

After centrifugation, the 1:10 bio-oil-to-water ratio sample yielded 34.73 wt%, which is
slightly lower than the earlier 1:5 ratio result (34.85 wt%) that is shown in Table 1.
Unexpectedly, the 1:15 bio-oil-to-water ratio sample yielded 35.05 wt%, which confirms the
conclusion made by Dias et al. (2022), where with a higher bio-oil-to-water ratio levels, the
yield is increasing. This could be due to a greater precipitation of high-molecular-weight
lignin or better fractionation between water-soluble and insoluble fractions. These results
suggest that the higher water content could enhance recovery effectiveness compared to
previous tests. However, it might also reduce filtration speed and sample consistency after

the first wash.

Both 1:10 and 1:15 bio-oil-to-water ratios were processed using the double-wash method.
Compared to the 1:5 ratio, filtration was slower and filter papers appeared darker. Figure 24
shows a visual comparison of the filter papers of 1:5, 1:10, and 1:15 ratios. After the first
wash, samples were slightly more moist, but the second wash restored typical dehydration
levels. The liquid from the first wash was slightly lighter in colour than that of the 1:5

method, meaning that either the phase separation was better or less pigment was transferred.

Figure 24. (A) Filter paper after the first wash ratio 1:5. (B) Filter paper after the first wash
ratio 1:10. (C) Filter paper after the first wash ratio 1:15.

Interestingly, the second-wash liquid after the 1:15 ratio fractionation was lighter than after

the 1:10 ratio. This may be related to a better dilution and removal of the remaining solubles
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from the matrix during the first wash. Figure 25 shows the visual appearance of the second
wash at 1:10 and 1:15 ratios.

Figure 25. Water-soluble fraction after the second wash. 1:10 (left) and 1:15 (right).

10.5.3 Cold Water-Ethanol Fractionation

Prior experiments indicated that lignin fractionation at 6 °C produced the highest yield
among the tested conditions. Additionally, ethanol assists in breaking the non-polar regions
responsible for holding lignin together, which improves lignin solubility. Based on these
results, a new method was implemented to investigate if combining the low-temperature
process with 30 % concentrated ethanol-water fractionation could improve lignin extraction

further.

The PL yield from the “cold” ethanol wash was 26.87 wt%. For comparison, the ethanol
wash at “room temperature” with the same 30 % concentration was 22.62 wt% (Table 3).
This supports the findings of Scholze and Meier (2001) and Dias et al. (2022), where PL
yield increase at low temperatures (above 20 °C) might be caused by components not getting

completely dissolved during the fractionation process.

The 30 g ethanol-water fractionation at 6 °C showed the slowest vacuum filtration with
darker filter paper, which contained fine particles on it. The texture of the lignin sample
remained moist. Despite this, the filter paper and water-soluble fraction colour was lighter

than previous samples treated with the same ethanol-water concentration at room
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temperature, suggesting reduced solubilization of pigments (Figure 26 and Figure 27).
Lower temperature likely decreased lignin solubility and molecular mobility, slowing
pigment extraction and phase separation but enhancing precipitation. As a result, lignin yield
was slightly higher than in room-temperature fractionation, highlighting that temperature is
an important factor that affects the filtration rate, water content, pigmentation, and separation

quality of the ethanol-water fractionation method.

4

=}

Figure 26. (A) Water-soluble fraction after 20 % ethanol-water fractionation at 21 °C. (B)
Water-soluble fraction after 30 % ethanol-water fractionation at 21 °C. (C) Water-soluble

fraction after 30 % ethanol-water fractionation at 6 °C.

Figure 27. (A) Filter paper after 20 g ethanol-water fractionation at 21 °C. (B) Filter paper
after 30 % ethanol-water fractionation at 21 °C. (C) Filter paper after 30 % ethanol-water

fractionation at 6 °C.
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10.5.4 Methanol-Water Fractionation

After the ethanol-water fractionation experiments, methanol-water washing was selected to
investigate whether there would be any difference in separation and lignin recovery.
Methanol is a smaller and more polar alcohol than ethanol, which may affect how it interacts
with pyrolytic lignin  components during solubility, precipitation, and filtration.
Furthermore, many studies, such as those by Leng et al. (2017) and Wang et al. (2015) and
Zhang et al. (2019), have recommended the methanol-water pyrolytic lignin washing method
for improved fractionation. These findings provided a solid basis for comparing the 30 %

concentrated methanol-water solvent systems under similar experimental conditions.

The PL yield from methanol-water fractionation was 26.50 wt%, which is higher than the
22.62 wt% yield after ethanol-water fractionation. This could be caused by the methanol’s
higher polarity and lower molecular weight, which facilitate the precipitation of larger lignin
fragments and, consequently, minimize solubility losses. The methanol-water result obtained
in this study can’t be directly compared to the results of Zhang et al. (2019) and Wang et al.
(2015), as their methodology involved a different two-step process (an initial cold-water
wash followed by methanol extraction). However, Wang et al. (2015) reported a PL yield of
19.88 wt%, which provides a useful directional benchmark for interpreting fractionation
efficiency. The difference in the PL yield might be caused by a higher ratio of bio-oil and
solvent in Wang et al. (2015) method. Additionally, as it has been mentioned previously,
their approach involved a reverse method. This may influence the solubility dynamics and
fractionation behaviour. Furthermore, both articles did not specify the concentration of

methanol used, which may also contribute to the difference in yield.

Both setups (ethanol-water in the previous experiments and methanol-water in the current
experiment) revealed similar vacuum filtration speeds. However, the filter paper from the
methanol-water wash appeared slightly cleaner, which might mean that finer impurities were
removed better. The colour of the water-soluble fraction after the first wash was lighter than
the one from the ethanol-water experiment. Moreover, several dark spots appeared on the
surface of the liquid, which are presumably lignin-rich fine particles. A visual comparison
between both ethanol-water and methanol-water water-soluble fractions can be seen from

Figure 28.
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Figure 28. (A) 30 % methanol-water water-soluble fraction. (B) 30 % ethanol-water water-

soluble fraction.

Additionally, it was noticed that a thin layer of sediment formed at the bottom of the bottle
with a water-soluble fraction a few hours after fractionation, which is very similar to what

was observed with ethanol-water fractionation.

These findings suggest that the methanol-water and ethanol-water techniques are relatively
similar, yet methanol-water fractionation offers advantages in terms of yield, which might
require a wider research of the methanol-based lignocellulosic biomass fractionation

methods.
10.5.5 Extended Mixing Time During Fractionation

Research article Zhang et al. (2021) emphasized the importance of using extended mixing
times (four hours in their case) for better lignin separation. Following this idea, the standard
30-minute mixing time was increased to 1.5 hours in combination with the 30 % ethanol-
water fractionation technique. This experiment idea was to investigate if the longer mixing
time during fractionation results in better precipitation, solute removal, and/or sample

dehydration compared to the standard 30-minute process.

The lignin yield remained consistent, with 22.64 wt% for the 1.5-hour fractionation and
22.62 wt% for the 30-minute process. This indicates that either the time difference was
insufficient to influence the results, or that the duration of mixing during the fractionation

process doesn’t have an impact on the resulting yield.
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Extending the mixing time to 1.5 hours did not improve filtration speed compared to the
standard 30-minute method. However, the water-soluble fraction appeared darker. In
addition, it also had a high amount of sediment particles, which can be seen from Figure 29.
These findings suggest that prolonged mixing influences pigment release, but does not

significantly affect lignin recovery

Figure 29. Sediment particles in the 1.5-hour water-soluble fraction.

10.6 Interim Summary

The overall PL yield obtained from fractionation at different ratio levels is within the range
reported by other researchers (such as Figueiredo et al. (2022), Figueiredo et al. (2020), and
Zhang et al. (2019)). Due to the excellent performance of the 1:5 double-wash method
(yielding 34.85 wt%), this combination was chosen for future experiments. The method also
consistently provided cleaner filtrates and a well-textured PL fraction. Single wash samples
at lower dilution ratios indicated poor separation and retained excess moisture. Higher ratios

(1:6 and 1:7) enhanced filtrate characteristics, but did not significantly boost yield.

After centrifugation, the 1:10 bio-oil-to-water ratio sample yielded 34.73 wt%, which is
slightly lower than the earlier 1:5 ratio result (34.85 wt%) that is shown in Table 1.
Unexpectedly, the 1:15 bio-oil-to-water ratio sample yielded 35.05 wt%, which confirms the
conclusion made by Dias et al. (2022), where with higher bio-oil-to-water ratio levels, the
yield is increasing. This could be due to a greater precipitation of high-molecular-weight

lignin or better fractionation between water-soluble and insoluble fractions. These results
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suggest that the higher water content could enhance recovery effectiveness compared to
previous tests. However, it might also reduce filtration speed and sample consistency after

the first wash.

Higher PL yields at lower temperatures during bio-oil fractionation are due to reduced
solubility and molecular mobility. At 6 °C and 20 °C, fewer lignin-derived oligomers and
their water-soluble products migrate into the aqueous phase, causing greater retention of the
lignin-rich material in the solid fraction. Inversely, higher temperatures (30-50 °C) supply
more thermal energy to break the weak bonds, and facilitate partial solubilisation. This

permits more material to enter the liquid phase and lowers PL recovery.

The 16-20 °C likely represents an optimal balance, where PL has fair recovery percent
without a need for additional energy or cost-consuming steps, such as heating or cooling the

sample.

Ethanol has a positive effect on lignin solubilisation and mobilization during the first wash,
especially at moderate concentrations. The highest PL recovery (34.63 wt%) was achieved
by employing a 5 % ethanol-water solvent with a double wash approach. Excessive ethanol
use negatively affects solid-phase recovery and complicates sample processing. The second
water wash is a stabilization step that enables matrix compacting for efficient dehydration
and higher yield. Optimal fractionation performance can be obtained at lower ethanol
concentrations by applying the two-stage washing technique. Overall, the ethanol-water
system provides an easily adjustable solvent that affects solubility, texture, and recovery

efficiency of pyrolytic lignin fractions.

The data obtained during the acetic acid-water fractionation suggest that acetic acid
concentration has a significant impact on PL solubility, filtration clarity, and the physical
characteristics of recovered lignin. Low concentrations promote clean separation and
recovery. Moderate concentrations disrupt the texture and retention. High concentrations
improve fractionation, but they also have a negative effect on yield. The second water wash
ensures that the matrix is stable, restoring the product’s desirable dehydration and handling

characteristics.

Overall, the acetic acid-ethanol-water mixture appears to be an efficient solvent system for

lignin fractionation. It offers fast product separation and easy handling. These findings imply
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the need for further research to enhance the technique and determine the ideal conditions for

obtaining high-quality lignin with a higher yield.

Lower temperature during cold fractionation with a 30 % ethanol-water solvent likely
decreased lignin solubility and molecular mobility, slowing pigment extraction and phase
separation but enhancing precipitation. As a result, lignin yield was slightly higher than in
room-temperature fractionation (26.87 wt% vs. 22.62 wt%), highlighting that temperature is
an important factor that affects the filtration rate, water content, pigmentation, and separation

quality of ethanol-water fractionation method.

Methanol-water and ethanol-water techniques are relatively similar, yet methanol-water
fractionation offers advantages in terms of yield (26.50 wt% vs. 22.62 wt% at ethanol-water
fractionation), which might require a wider research of the methanol-based lignocellulosic

biomass fractionation methods.

The lignin yield remained consistent, with 22.64 wt% for the 1.5-hour fractionation and
22.62 wt% for the 30-minute process. This indicates that either the time difference was
insufficient to influence the results, or that mixing duration during the fractionation process

doesn’t have an impact on the resulting yield.

Taken together, the results presented in this chapter highlight how small changes in
fractionation parameters can significantly affect filtration behaviour, pigment transfer, and
lignin recovery characteristics. A more detailed overview of the pyrolytic lignin fraction is

discussed in the following chapter.
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11 Analysis of Pyrolytic Lignin

To better understand the strengths of each technique, how they differ from one another, how
they influence the fractionation process, and which one produces the purest lignin, several
analytical methods need to be applied. These analyses make it possible to compare the

methods, highlight their differences, and identify the most effective approach.

11.1 Gravimetric Determination of Moisture Content

The determination of the moisture content of recovered lignin is significant in assessing the
accuracy and purity of the process. Residual water or other impurities may be present in the
reported yield, which might lead to overestimations. Since there is no specific method for
lignin, the EN 14774-2:2009 standard (developed for solid biofuels) was employed in this
study. The sample is dried in an oven at 105+ 2 °C, and the moisture content is calculated
from the loss of mass. Since water evaporates at approximately 100 °C, the sample is
sufficiently dried to obtain a more accurate lignin yield on a dry weight basis. However, it
also eliminates other volatile organic substances from the sample, which might influence the
sample’s total mass and content. Despite this limitation, the oven-dry method remains a

viable tool for moisture analysis in lignin samples due to the lack of established standards.

A total of eight samples were selected to determine the moisture content of the recovered
lignin. One sample consisted of 5.0 g of untreated bio-oil, while the remaining seven samples
(2.2 g each) were fractionated under various conditions: 6 °C, 16 °C, 20 °C, 5 % acid-water
fractionation, 25 % acid-water fractionation, 5 % ethanol-water fractionation, and 30 %
ethanol-water fractionation. Before the samples were loaded, all the drying containers were
weighed to the nearest 0.01 mg to ensure accurate results. Each sample was placed into the
container and transferred to an oven preheated to 105 + 2 °C for 1.5 hours. The containers
were then placed in a desiccator for 30 minutes to cool down and prevent moisture
absorption. After cooling, the final mass of each sample was weighed and moisture content
was calculated based on mass loss by using Equation 2. The results of this analysis are

presented in Table 5. More detailed scale measurement available is in Appendix 1.
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Moisture content Equation:

M, = (my —m3) +100 )
(my —my)

Where:

Mar is the moisture content; mz is the mass in g of the empty drying container; m; is the mass
in g of the drying container and sample before drying; ms is the mass in g of the drying

container sand sample after drying.
Table 5. Moisture content results using oven drying method.

Sample Moisture content (%)

Bio-Oil 33.62
6°C 20.21
16°C 16.14
20°C 14.02

5 % Acid 16.79
25 % Acid 14.62
5 % EtOH 17.30
30 % EtOH 11.54

The results reported in Table 5 show that the untreated bio-oil sample has a high level of
moisture. After oven drying, the moisture content of the untreated bio-oil sample was 33.62
%, which is much higher than the 17.50 wt% reported by Pienihakkinen et al. (2023). This

might be attributed to a difference in the biomass feedstock used in their study.

The sample fractionated at 6 °C had the highest water content, which supports the hypothesis
that low temperatures reduce dehydration efficiency. The higher lignin content could also be
due to residual water that gets trapped within the PL matrix or contaminants. At increased
temperatures, mass loss was lower, indicating enhanced dehydration. Remarkably, the
lowest moisture content was found in the samples treated with 25 % acetic acid-water solvent
and 30 % ethanol-water solvent. Although the lignin yields were lower, dehydration was

more thorough, and those readings seemed more reliable.
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It is also important to note that the overall moisture content during oven drying was 15.75
% + 2.10 % (95 % confidence level) of the original sample weight. Therefore, the lignin
yields from the previous chapter (expressed as a percentage of wet sample mass) should be
adjusted by this percentage to obtain the more accurate dry lignin content. By applying this
adjustment, it is possible to ensure consistency in yield reporting and improve the reliability

of comparisons across different fractionation techniques.

While oven drying provided valuable insights regarding moisture content, it may not have
been entirely precise because other components (like volatile compounds) might have
evaporated during the process. In order to obtain more accurate data, the Karl Fischer method

was selected for the water content determination.

11.2 Determination of Moisture Content by Karl Fischer Titration

The Karl Fischer titration is a widely used and precise method for determining the moisture
content in different materials. The method relies on the reaction of water and iodine in the
presence of sulphur dioxide and a suitable base within a methanolic medium (Hiranuma,
2025). Since the university did not have Karl Fischer equipment, moisture analysis was done
by an external laboratory. The laboratory performed the measurements according to the

standard ASTM D890-12 for moisture determination in complex organic matrices.

Based on the feedback, the lignin samples were challenging to analyse using standard Karl
Fischer conditions due to poor solubility in the titration medium. To solve this issue, the
laboratory made some changes, including gently preheating the samples to enhance
dissolution and support more accurate titration. These modifications were necessary to
ensure complete reaction of the sample and achieve accurate moisture measurement. The
results of moisture content by Karl Fischer method are presented in Table 6, with values

reported at a 95 % confidence level.
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Table 6. Moisture content results using Karl Fischer technique.

Sample Moisture content (%)  Margin of error
6°C 16.14 +2.08
16 °C 17.19 +3.12
20°C 16.27 +1.92
5 % Acid 14.61 +2.26
25 % Acid 14.41 +2.85
5 % EtOH 13.70 +1.97
30 % EtOH 10.78 +0.84

Based on the results from Table 6, the sample fractionated with 30 % ethanol-water solvent
has the lowest moisture content of 10.78 + 0.84 %, in contrast to the samples fractionated
with solely water, which gave the highest moisture content (16.14 + 2.08 % to 17.19 + 3.12
%). This supports the previously made hypothesis that residual water becomes trapped

within the PL matrix, ultimately increasing the overall yield of the sample.

Comparing the values in Table 5 and Table 6 suggests that the two methods for determining
moisture content gave very close results. Interestingly, the Karl Fischer titration gave slightly
lower moisture content than the oven drying method. This difference can be attributed to the
fact that heat-treated samples lost more volatile organic compounds, while "low" heat-

treated ones retained them.

Although the Karl Fischer samples had to be gently heated to improve solubility (thus
introducing a minor source of uncertainty), the technique still retained more volatiles and
was more selective with respect to water. Thus, despite the challenges in handling, Karl
Fischer titration can be regarded as a more reliable technique for moisture analysis of lignin

samples in this study.

11.3 Ash Content Analysis

Ash content helps to determine the purity of the PL samples from different fractionation
methods. Inorganic compounds, such as mineral residues, salts, or trace metals, may

significantly affect both the calculated yield and the usability of lignin for further



91

applications. Since there is no standardized method for lignin, the SFS-EN 14775 was
selected for this study. Although the method was developed for solid biofuels, it still presents

a reproducible and consistent way of measuring ash content.

According to the procedure, the samples were thermally treated in the muffle furnace at two
different temperatures: 250 °C for one hour (heating rate of 4.5-7.5 °C/min) and then 550 °C
for two hours (with a heating rate of 10 °C/min). The weight remaining after combustion is
the total ash content. This technique permits the comparison of the purity of the sample under
different fractionation techniques.

Originally, the ash content was measured twice since there was an issue during the first trial.
The muffle furnace did not have sufficient oxygen to burn completely, and the samples were
left with char-like residue, which resulted in inaccuracies in determining ash content. The
appearance of these partially combusted samples is shown in Figure 30. The sample load
may have exceeded the capacity of the furnace. To fix this issue, the eight samples were
distributed between two muffle furnaces: five samples were analysed in the bigger unit and

three in the smaller one.

Figure 30. Samples from the initial ash content analysis. Images show samples before

combustion (left) and samples after the combustion process (right).
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All ceramic crucibles were cleaned by soaking them in 0.1 M nitric acid (HNO?3) for 24 hours
and then heated at 600 °C for two hours to eliminate any pollutants and ensure reliable ash
measurements. The new samples consisted of one 5.0 g untreated bio-oil sample and seven
2.2 g PL samples obtained from different fractionation conditions: 6 °C, 16 °C, 20 °C, 5 %
acid-water fractionation, 25 % acid-water fractionation, 5 % ethanol-water fractionation, and
30 % ethanol-water fractionation. All samples were tested immediately after centrifugation
without any additional treatment. After placing the samples in crucibles, they were
transferred to the muffle furnace for further analysis according to the SFS-EN 14775
standard.

Once completed, the crucibles were desiccated for 30 minutes and weighed. After the
combustion process, the samples converted into light brown ash, indicating the presence of
inorganic compounds in each sample. Figure 31 displays the visual appearance of the sample
after combustion. The total ash content was calculated using Equation 2. Results of the
experiment are presented in Table 6, with more detailed scale measurement available in

Appendix 2.

Figure 31. Inorganic residue after sample combustion in ash content analysis.
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Table 6. Ash content test results using SFS-EN 14775 standard.

Sample Ash content (mg) = Ash content (%)

Bio-Oil 0.19 0.004
6°C 0.49 0.019
16°C 0.07 0.003
20°C 1.34 0.055

5 % Acid 0.08 0.004
25 % Acid 0.36 0.015
5 % EtOH 0.29 0.014
30 % EtOH 0.64 0.031

Ash content analysis revealed that temperature played a significant role on the amount of
inorganic residue in the lignin sample. The highest ash content was recorded for the sample
treated at 20 °C (1.34 mg), and the lowest was recorded for the one treated at 16 °C
(0.07 mg). Such fluctuation may be attributed to the efficiency of the removal of inorganic
compounds during fractionation. Temperature may affect how chemicals dissolve,

precipitate on a surface, or interact with washing solvents.

The ash content was low in the samples treated with acid-water solvent (5 % and 25 %),
ethanol-water solvent (5 % and 30 %) and in the sample fractionated with solely water at
6 °C. These results demonstrate that lower temperature and mixed washing solvents might
assist in removing inorganic impurities. The wash solutions probably dissolved and extracted
inorganic impurities from the lignin samples, resulting in purer lignin. Therefore, the
temperature and washing solvents should be appropriately selected and optimized to

minimize inorganic contamination in lignin products.

To further analyse the components of the ash, an Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) method was performed following the ash content procedure. While
the analysis of ash indicates only the total amount of inorganic material, ICP-MS provides
information on the exact metals present in the sample and their concentration. The method

and results of the test are described in the next chapter.
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11.4 1CP-MS Analysis for Detection of Inorganic Elements

As discussed in the previous chapter, Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) was used to obtain a more detailed understanding of the inorganic composition of the
ash. This method allows for quantitative measurements of metallic elements in each sample.
An Agilent 7900 ICP-MS instrument was used for the analysis, using the SFS-EN ISO
17294-1 and SFS-EN ISO 17294-2 standards for trace element analysis of aqueous matrices.

The elemental analysis results are given in Table7. This table provides additional
information about metal concentrations in the bio-oil and lignin samples. More detailed

results are available in Appendix 3.

Table 7. ICP-MS results: metal content in untreated bio-oil and fractionated PL samples.

Bio-Oil 6°C 16 °C 20°C 5 % acid 25 % acid 5 % EtOH 30 % EtOH

(ng/g) | (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g)

Ca 23000 23000 15000 22000 2500 36000 24000 3800

Mg = 6200 5800 3800 5700 6400 9000 6000 9700

K 5600 = 13000 2000 6800 3800 6600 4300 9400

Na 2100 16000 1600 3600 2400 3100 1800 6800

Mn | 2000 2200 1400 2200 2400 3200 2300 3600

Fe 2000 3000 1800 2900 2600 3500 2500 5600

Al 1000 2600 1500 2300 2500 2900 2300 3500
Cu 590 280 1500 300 1200 500 890 800
Zn 450 510 270 870 410 570 410 630
Ni 420 25 7.3 11 12 14 11 19
cd 48 3.8 3.5 41 3.7 48 4.1 4.4
Sb 17 6.7 5.1 6.6 7.6 11 7.2 11
Se 11 5.4 4.9 12 240 140 0.7 3.1
cr 11 11 7.8 8.1 15 17 18 23
As 6.4 38 6.0 84 5.9 6.2 15 55
Pb 5.7 10 190 6.4 12 8.5 6.7 16
Co 2.1 3.6 2.1 2.6 43 2.8 2.6 4.9
Vv 1.6 3.7 2.0 2.8 3.4 45 2.9 6.5
Bi 0.7 0.3 0.1 0.4 0.2 0.2 0.3 3.0
Hg 0.2 0.5 0.5 0.4 0.5 0.5 0.5 0.6

Mo 0.2 34 1.8 31 2.6 7.8 2.3 33
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Based on the results in Table 7, the ICP-MS analysis showed a wide range of metals with
concentrations mostly in the ng/g scale in both the untreated bio-oil sample and the
fractionated pyrolytic lignin samples. This confirms the relatively low inorganic load of the
samples. The total metal content in the original bio-oil was used as a reference point, and it
can be seen that specific metals had either higher or lower levels in the fractionated samples
depending on how the fractionation was done. This means that metals are not uniformly
distributed throughout the bio-oil matrix, and that fractionation either enriches or depletes
metal species in different fractions. Additionally, the loss of volatile structures would have
a concentration effect on the nonvolatile metal-associated structures that remained in the
final fractions. The contamination during the fractionation process is considered highly

unlikely.

11.5 UV-VIS Analysis of Water-Insoluble and Water-Soluble Fraction

The structural characteristics and differences in composition between lignin samples
obtained under varying fractionation conditions were evaluated using UV-Vis spectroscopy.
UV-Vis spectroscopy can reliably detect aromatic and conjugated structures and allow for
the identification of certain compounds that are retained in the solid phase, or removed
during washing. The analysis was conducted using a Jasco V-670 spectrophotometer, which
can be used for measuring and characterizing lignin, and offers a wide range of wavelengths

with higher sensitivity.

A total of 24 samples were analysed, which corresponded to the water insoluble and water
soluble fractions obtained from the first wash of each treatment. The analysis included
samples after fractionation at varying temperatures (6 °C, 16 °C, and 20 °C), samples after
fractionation with acid-water solvent (5% and 25 %), samples after fractionation with
ethanol-water solvent (5 % and 30 %), samples fractionated with solely water at a ratio of
1:10 and 1:15, samples treated with ethanol-water solvent with an extended mixing time (30
% for 1.5 hours), samples fractionated with ethanol-water solvent at 6 °C, and samples
treated with methanol-water solvent (30 %). This would show the differences in the chemical
composition of the samples and help identify which structures were dissolved during
fractionation process and which remained on the solid lignin matrix. Lignin is highly

absorptive at approximately 280 nm due to the existence of aromatic rings, making this
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region an important indicator of lignin. The UV-Vis diagrams of both water-insoluble and

water-soluble fractions are shown in Figures 32-33.

Water-insoluble fraction

1.2

o
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— 1:15 ——30 % EtOH 1.5h —— 30 % EtOH 6C —— 30 % MetOH

Figure 32. UV-Vis spectra of water-insoluble fraction (PL).

The UV-Vis analysis revealed similar spectra for all the normalized samples, indicating that
UV-active lignin structures (e.g., aromatic and phenolic groups) were present. Given that the
sample concentrations were adjusted to be identical, this implies that the relative amount of
pyrolytic lignin was similar regardless of the fractionation method. These results
demonstrate that the fractionation procedures did not change the lignin content (as

determined by UV-detectable components) of the sample significantly.

Overall, the peaks observed in Figure 32 at 280-300 nm correspond to aromatic fractions,

peaks at 240-270 nm and 220-230 nm correspond to phenolic structures and aliphatic acids.
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Water-soluble fraction
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Figure 33. UV-Vis spectra of water-soluble fraction.

The objective of analysing the water-soluble fraction was to identify compounds solubilized
by fractionation and estimate if some structural components of lignin might be lost during
the separation process. Spectra in Figure 33 clearly demonstrate absorbance at 195-200 nm.
This is typical for small water-soluble organic molecules (acids, aldehydes, and ketones).
There is also a wide bump at 245-285 nm that can be attributed to phenolic compounds,

conjugated carbonyls, or low-molecular weight aromatic fragments.

11.6 HPLC Analysis of PL

High-Performance Liquid Chromatography (HPLC) is a critical technique for assessing the
effectiveness of the pyrolytic lignin fractionation process. HPLC enables the assessment of

molecular weight distribution within each fraction (small/medium/large molecules).
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Retention times and peak intensities were analysed to determine the quantity and variety of

lignin-originated compounds in each sample.

It is possible to determine how uniform each fraction is by calculating the polydispersity
index (PDI). PDI is a parameter that reflects the distribution of molecular sizes within a
sample (Fidabio, 2025). It quantifies the degree of heterogeneity by measuring how varied
the molecular weights are (Fidabio, 2025). A PDI close to 1.0 is typically associated with a
pure substance. Higher PDI values indicate greater heterogeneity and the presence of
multiple components. Another important data that can be obtained from HPLC analysis is a
molecular weight value (MW). It indicates the average size of the molecules (higher MW

refers to larger molecules, while lower MW indicates smaller ones).

Twelve samples obtained by different methods of bio-oil fractionation were analyzed using
the Agilent 1260 Infinity system. Each chromatogram had three main peaks, which
represented high, medium, and low molecular weights of pyrolytic lignin compounds. The
results of the HPLC analysis are shown in Figures 34-36 and gathered in Table 8. Samples
in the table have been arranged from lowest to highest PDI, highlighting those with the most

homogeneous fractions.
Table 8. HPLC results covering different PL fractionation methods.

Sample PDI MW (Da)
30% EtOH  1.75 2732
5%EtOH = 2.19 2597
6 °CEtOH = 2.26 2407

5 % Acid 2.28 2603

20°C 2.44 2551

MetOH 2.55 2715

25% Acid = 2.58 2594
16 °C 2.58 2528
1:15 2.63 2386

EtOH 1.5h 2.75 2462
1:10 3.07 2336
6°C 3.09 2407
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Figure 35. HPLC results for all 14 PL samples. Zoomed-in view of the three the most

prominent peaks.

The sample fractionated with 30 % ethanol-water solvent had a strong first peak, along with
decreasing second and third peaks, indicating that the fraction was concentrated with large
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molecules (MW = 2732 Da) of relatively low polydispersity (PDI = 1.75). For comparison,
the sample fractionated with 5 % ethanol-water solvent had greater second and third peaks,
showing greater recovery of mid-sizes and greater distribution (MW = 2597 Da, PDI=2.19).
The sample treated with 5 % acetic acid-water solvent had a greater third peak and better
average uniformity (MW = 2603 Da, PDI = 2.28). The sample fractionated with 25 % acetic
acid-water solvent also showed a low second and third peaks and high first peak with a PDI
of 2.58, indicating the presence of large molecules. The samples that were fractionated solely
with water at 16 °C and 20 °C yielded comparable profiles with average first and second
peaks and high third peaks, indicating selective recovery of smaller compounds and
structural diversity. The sample that was treated with 30 % methanol-water solvent behaved
similarly to the ethanol-water one in regards to the first two peaks but had a noticeably lower
recovery of smaller molecules (MW = 2715 Da, PDI = 2.55). The 6 °C sample with a well-
balanced peak profile had the highest PDI (3.09), which indicated a considerable
heterogeneity of the structure. The 1:10 and 1:15 samples, as well as ethanol-water sample
that had been mixed for 1.5 hours demonstrated low first and second peaks but a high third
peak, indicating the enrichment of low molecular weight compounds and broad distributions.
The 30 % ethanol-water sample at 6 °C notably displayed three early-eluting peaks with the
third peak being the highest (Mw = 2407 Da, PDI = 2.26).

Additionally, the samples obtained after 1.5-hour ethanol-water fractionation and 1:10-1:15
ratio fractionations revealed a weak but distinct fourth peak. This peak appeared closer to
the end of the chromatogram, which corresponds to 400-425 Da. This peak is shown in the
zoomed-in Figure 35. This may be an indication of trace low molecular weight compounds
that were not fully removed during fractionation. Further studies might help in identifying

the chemical structure of these compounds.
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Figure 36. Zoomed-in view of the last (fourth) peak.

Overall, HPLC analyses illustrated that the fractionation methods significantly affected the
molecular structure and homogeneity of pyrolytic lignin. The sample treated with 30 %
ethanol-water solvent yielded a high recovery of the high molecular weight lignin fraction,
which revealed excellent uniformity (MW = 2732 Da, PDI = 1.75). The 5 % ethanol-water
sample (MW = 2597 Da, PDI = 2.19) revealed an optimal balance between all three large
peaks with particularly strong intensity in the second and third ones. This is reflected by the
heavy enrichment for medium and low molecular weight compounds with visibly good
uniformity. This kind of sample is especially convenient when the aim is to obtain
chemically heterogeneous lignin fractions with a wide but controlled molecular weight

distribution.
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12 Conclusions

The study applied several pyrolytic lignin fractionation methods from bio-oil, such as an
ethanol-water mixture, an acetic acid-water mixture, mixed solvents, elevated temperatures,
extended mixing time, and different bio-oil-to-water ratios. The results of the experiments
showed that the fractionation conditions and solvent composition significantly affect the
yield and molecular properties of the recovered pyrolytic lignin.

The overall PL yield obtained during the water-only fractionation at a 1:5 bio-oil-to-water
ratio was within the range reported in previous studies. The yield was 34.85 wt%, while
higher water ratios only slightly increased it, likely due to moisture retention rather than pure

PL recovery.

The elevated yield amounts during “cold” fractionation might be caused by components not

getting completely dissolved during the fractionation process.

In general, yield differences between samples might be coming from the water trapped
within the lignin structure during fractionation, which may result in elevated yield values.
The addition of ethanol to the solvent system was shown to decrease this effect, resulting in
lower yields confirmed by Karl Fischer titration and moisture content analysis. Since the
final mass obtained after fractionation contained moisture, it should be deducted to obtain

accurate yield values.

There are no published studies that have specifically addressed PL fractionation using acetic
acid-water solvent, ethanol-water solvent, or elevated temperatures. The findings presented
in this research offer valuable new insights into pyrolytic lignin separation under these

conditions.

Analytical characterization demonstrated that, although the fractionation conditions and
yields varied, UV-Vis spectra for all normalized samples were highly similar, confirming
equivalent aromatic phenolic structures in every sample. HPLC analysis showed that the
total amount of pyrolytic lignin in the samples was similar, with differences mainly
originating from the molecular size distribution. For applications that require a high-purity,

large-molecule lignin product, the 30 % ethanol-water fractionation method was the most
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suitable. In contrast, the 5 % ethanol-water sample revealed a more uniform molecular size

distribution.

Interestingly, three samples also had a fourth peak in their HPLC chromatograms. This is
something that should be investigated further to determine what molecules are causing the
peak to form. Additionally, such experiments could be repeated with the same parameters in
future studies to see if they yield the same results, and/or how minor differences in technique

or setting affect them.

Since ethanol-water fractionation gave the best results, it would be worth a trying using more
concentrated ethanol in the solvent system. Analysis of moisture content indicates that using
more concentrated ethanol during fractionation would reduce the water content retained in

the fractions, further improving their purity and homogeneity.

Overall, the results of this study are highly dependable and comprehensive, spanning a
variety of fractionation techniques and analytical methods. The results are consistent with
those in the literature and will be valuable for additional process development and

optimization of lignin recovery from pyrolysis oil.
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Appendix 1. Table. Moisture content results using oven drying method.

Sample

Bio-Oil
6°C
16°C
20°C
5 % Acid
25 % Acid
5 % EtOH
30 % EtOH

Cup before oven
(8)
26.81819
22.23967
27.47784
25.83862
30.96787
22.27938
23.77975
24.74427

Sample before oven
(g)
5.07284
2.52203
2.40568
2.42444
2.28440
2.36206
2.13759
2.07094
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Cup after 105 °C = Moisture content

(g)
30.18571
24.25190
29.49518
27.92316
32.86864
24.29617
25.54756
26.57625

(%)
33.62
20.21
16.14
14.02
16.79
14.62
17.30
11.54
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Appendix 2. Table. Ash content test results using SFS-EN 14775 standard.

Sample Cup before Sample before = Cup after 550 °C ~ Ash content Ash
muffle furnace muffle furnace (g) (mg) content

(8) (8) (%)
Bio-Oil 26.81819 5.07284 26.81838 0.19 0.004
6°C 22.23967 2.52203 22.24016 0.49 0.019
16 °C 27.47784 2.40568 27.47791 0.07 0.003
20°C 25.83862 2.42444 25.83996 1.34 0.055
5 % Acid 30.96787 2.28440 30.96795 0.08 0.004
25 % Acid 22.27938 2.36206 22.27974 0.36 0.015
5 % EtOH 23.77975 2.13759 23.78004 0.29 0.014

30 % EtOH 24.74427 2.07094 24.74491 0.64 0.031
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Appendix 3. Table. ICP-MS results: metal content in untreated bio-oil and fractionated PL

samples (ug/g).
Bio-Oil
(ns/g)
Ca 23.01686
Mg | 6.201197
K 5.561439
Na = 2.075395
Mn  2.004323
Fe 1.981676
Al 1.014828
Cu  0.588551
Zn  0.453706
Ni 0.416921
Cd  0.048441
Sb 0.01714
Se | 0.011369
Cr  0.011344
As  0.006439
Pb  0.005721
Co  0.002077
\Y 0.001634
Bi 0.000652
Hg  0.000228
Mo = 0.000197

6 °C (ue/g)

22.97885
5.795125
12.72179
16.20703
2.203865
2.958961
2.592787
0.279247
0.509581
0.025309
0.003788
0.006728
0.005359
0.010604
0.037676
0.009962
0.003554
0.003646
0.000275
0.000446
0.003399

16 °C

(ug/g)

15.33196
3.823535
1.986887
1.570218
1.445674
1.813019
1.505101
1.522136
0.266029
0.007248
0.003506
0.005098
0.004901
0.007812
0.00597
0.189516
0.00214
0.001992
0.000105
0.00047
0.001782

20°C

(ug/g)

22.33202
5.6675
6.845099
3.62064
2.151872
2.864888
2.259468
0.299363
0.866436
0.011206
0.004076
0.006636
0.012475
0.00814
0.084247
0.006382
0.002601
0.002785
0.000436
0.00042
0.003133

5 % acid
(ug/g)

25.42532
6.398555
3.83748
2.398185
2.369521
2.631218
2.460091
1.156839
0.413588
0.011623
0.003687
0.007559
0.239966
0.0145
0.005876
0.012328
0.00432
0.003364
0.000187
0.000476
0.002555

25 % acid
(ug/g)

36.04208
8.956425
6.631469
3.062675
3.216353
3.523908
2.920106
0.49547
0.573424
0.013507
0.004747
0.010557
0.137669
0.017204
0.006197
0.0085
0.002809
0.004473
0.000155
0.000499
0.007837

5 % EtOH

(ug/eg)

24.09225
5.984323
4.263634
1.831106
2.275287
2.490852
2.317995
0.886632
0.407197
0.011286
0.004014
0.00724
0.000709
0.018068
0.0154
0.006649
0.002565
0.002876
0.000266
0.000504
0.002312

30%
EtOH
(ne/e)
37.64994
9.712194
9.385556
6.773451
3.599443
5.590427
3.508359
0.793548
0.633186
0.019047
0.00444
0.01062
0.003079
0.022869
0.055189
0.016057
0.004908
0.006541
0.00297
0.000559
0.003319



