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ARTICLE INFO ABSTRACT

Keywords: Fast pyrolysis is a promising method for converting lignin into valuable bio-oils, yet it faces significant processing
Lignin ) challenges related to melting and agglomeration. In this study, the use of a twin-screw reactor for lignin fast
E?St glyrolysm pyrolysis at pilot scale was investigated. The twin-screw reactor design was changed to promote mechanical
1o0-o1 breakup and better address the issues encountered with melting and agglomeration. Two types of lignin were
Twin-screw reactor . .. . . . s Qi . .
Miscanthus tested: Indulin AT, a Kraft lignin, and Miscancell, a Miscanthus-derived alkali lignin. The experiments with

Indulin AT encountered significant challenges related to melting and agglomeration, which ultimately led to its
interruption. Changes in the screw reactor design successfully reduced agglomeration inside the reactor, which
led to the feeding system becoming the bottleneck for long term operation in terms of agglomeration. In contrast,
pyrolysis of the Miscancell lignin proceeded successfully without any agglomeration issues. The difference in
processing behavior between the two lignins can be explained by their distinct chemical nature and properties.
Analysis of the bio-oils showed that the Indulin AT oil is rich in phenolics, particularly phenols and guaiacols,
while the Miscancell oil displayed a broader variety of components, including phenols, guaiacols and syringols,
as well as sugars and furans. These findings highlight the potential of the twin-screw reactor for lignin pyrolysis,
particularly with Miscancell lignin or similar types that do not exhibit severe melting behavior. However, further
optimization of the feeding system is essential to address the issues encountered with Indulin AT, and enable
continuous processing of lignins prone to severe melting behavior, such as Kraft lignin.

Residue valorization

1. Introduction

Lignin, along with cellulose and hemicellulose, is one of the three
main components of lignocellulosic biomass. It is a complex phenolic
and aromatic polymer, and it’s particularly noteworthy due to its high
carbon content and unique chemical structure, making it a promising
renewable source of fuels and aromatic chemicals. Lignin is mainly
produced as a waste in the pulp and paper industry, during the Kraft
process, generating over 50 million tons per year, most of which is
simply combusted to recover energy [1]. Additionally, lignin is expected
to be produced as a byproduct in the new biorefineries, which can
produce biofuels usually through processes aimed at the valorization of
biomass sugars [2,3]. Therefore, lignin valorization is essential for
developing sustainable biorefineries and advancing the transition to-
wards a bio-based economy.

Fast Pyrolysis is a promising method for converting lignin-rich or
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isolated lignin biomass into valuable bio-oil and chemicals. The bio-oil
derived from lignin is rich in phenolic compounds, which can serve as
precursors for the production of high-value chemicals such as phenols,
guaiacols, and syringols and BTX aromatics [4,5]. In addition to liquid
products, lignin pyrolysis yields biochar, which is gaining increasing
attention for its potential in carbon sequestration and soil applications
due to its high aromaticity and stability [6]. However, the process is not
without challenges. During pyrolysis, lignin tends to soften and melt
before it fully decomposes, which leads to processing difficulties, espe-
cially in the reactors and feeding systems [7]. Melted lignin can adhere
to equipment walls and other surfaces, which can lead to heavy fouling
and operational inefficiencies [8]. Moreover, as lignin melts, small
particles can stick together, forming larger agglomerates which can
cause blockage and clogging of equipment, leading to operational dis-
ruptions for cleaning and maintenance, or even shutdown of the process

[8].
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One approach to mitigate melting issues involves the pretreatment of
lignin with additives, such as calcium hydroxide or mineral clay [9,10].
Such pretreatments have been shown effective in preventing lignin from
melting. However, their mechanism of action is not well understood,
and they can lead to undesirable side effects, such as increased ash
production. In addition, pretreatments can be expensive.

Another strategy to address such challenges is to enhance pyrolysis
units by using equipment specifically designed for lignin conversion.
Feeding systems can be optimized to work with lignin. Feeding screws
can be cooled to prevent lignin from melting, but they only have been
proved effective to a certain extent [8,11]. Slug injectors have been
tested as feeders for lignin pyrolysis and proven more efficient in pre-
venting melting and blockage [12,13]; the system works by using a
pneumatically activated pinch valve to release small amounts of lignin
into a tube, forming a slug, then intermittent pulses of inert gas,
controlled by a solenoid valve, propel the slug into the reactor.

Reactor selection and design plays a curtail role in the processing of
lignin, besides, they also have a great impact on the efficiency, yield, and
scalability of the pyrolysis process. Fluidized beds are the most
commonly used reactors for lignin fast pyrolysis experiments, but this
choice can present challenges for the process [14]. Agglomerates can
disrupt the fluidization of particles within the reactor, leading to poor
mixing, uneven temperature distribution and in worst cases blockage of
the reactor [8]. To overcome problems with bed agglomeration, Gooty
et al. [12] and Pienihakkinen et al. [15] inserted a mechanical stirrer
inside the fluidized bed to break up the agglomerates formed. Besides
fluidized bed, a small number of studies is reported for other types of
reactors [14]. The fixed bed reactor has shown promising results but this
is only for experiments performed in small scale [16,17]. The pyrolysis
centrifuge reactor was successful in pyrolyzing lignin, with rotational
forces inhibiting the formation of agglomerates inside the reactor [18].
However, this reactor type may face difficulties when scaling up since its
process is surface area dependent. The entrained flow reactor also
proved capable to pyrolyze lignin but shows the disadvantages of having
poor heat transfer and also being hard to scale up [19].

Auger reactors, though untested for lignin pyrolysis, could poten-
tially be a viable option. Widely applied across slow, intermediate and
fast pyrolysis [20-22], they are capable of handling diverse feedstocks,
including challenging materials like what straw and Miscanthus, vali-
dated at Technology Readiness Levels (TRL) 6-7 [23,24]. The
twin-screw auger reactor, in particular, may be a good choice due to
their enhanced mechanical mixing, which makes them more suitable for
sticky and cohesive materials, such as lignin [20]. The screw-driven
transport and mixing inherently features mechanical break up [20],
which has been proven necessary for processing lignin for pyrolysis in
fluidized bed reactors.

The objective of this study is to evaluate the performance of the twin-
screw reactor for fast pyrolysis of lignin in terms of yield, efficiency, and
operational stability. To address the challenges related to melting and
agglomeration, modifications were made to the design of a pre-existing
reactor. Specifically, the positions of the biomass and heat carrier inlets
were reversed to prevent the lignin from melting on the screw. For the
study, two types of lignin were tested: Indulin AT, a Kraft lignin repre-
senting the traditional technical lignin from the pulp and paper industry,
and Miscancell, a sulfur-free alkali lignin derived from Miscanthus,
representative of the lignin streams entering the market through alter-
native biorefinery routes beyond the Kraft process. To validate the yields
of the pilot runs and the chemical composition of the bio-oils produced,
comparative micro-pyrolysis experiments were conducted. The bio-oils
produced were analyzed to determine their physicochemical proper-
ties and chemical composition.
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2. Materials and methods
2.1. Materials

Two types of lignin were used for the fast pyrolysis experiments.
Indulin AT lignin, a purified Kraft lignin from pinewood, free from
hemicellulose, manufactured by Ingevity, North Charleston, S.C. USA
and supplied by DKSH Switzerland Ltd. And, Miscancell lignin, a sulfur-
free lignin extracted from Miscanthus via alkaline pretreatment, pro-
duced, manufactured, and supplied by Exegi IP Management B.V.

2.2. Micro-pyrolysis experiments

Micro-pyrolysis experiments (Py/GC-MS) were carried out in a
Multi-Shot Micro-Pyrolyzer (EGA/PY-3030D, Frontier Laboratories,
Japan) connected to a gas chromatographer-mass spectrometer system
(GCMS-QP2010, Shimadzu) for fast screening of lignin pyrolysis. For
each experiment, a sample of 1 mg of lignin was loaded in a stainless-
steel cup, which was quickly dropped into the hot reactor/furnace and
pyrolysis was conducted at 500 °C for 12 s. The interface temperature
between the micropyrolyzer and GC was set to 320 °C. Helium (99.999
%) was used as the carrier gas at a flow rate of 156 ml/min. The analysis
was performed using a capillary column (Ultra Alloy-5, 30 m x 0.25 mm
and 0.25 pm film thickness), injector split ratio of 1:150 and column
flow 1 ml/min, according to the following temperature program: initial
temperature 40 °C, hold for 4 min and heating (5 °C/min) up to 300 °C,
hold for 7 min. Both the injector and the detector temperatures were set
at 300 °C. The mass spectra were recorded in the range of m/z = 45-500
with a scan speed of 5000 amu/s. Identification of mass spectra peaks
was achieved using of the scientific library NIST11s. The derived com-
pounds were classified and categorized into 16 groups: mono-aromatics
(AR), aliphatics (ALI), phenols (PH), acids (AC), esters (EST), alcohols
(AL), ethers (ETH), aldehydes (ALD), ketones (KET), polycyclic aromatic
hydrocarbons (PAH’s), sugars (SUG) nitrogen compounds (NIT), sulfur
compounds (SUL), oxygenated aromatics (OxyAR), oxygenated phenols
(OxyPH) and unidentified compounds (UN).

2.3. Fast pyrolysis pilot unit

For the lignin fast pyrolysis experiments, the “Python” Processing
Development Unit, operated at the Institute of Catalysis Research and
Technology at the Karlsruhe Institute of Technology, was used. A
flowsheet of the plant can be seen in Fig. 1. The unit operates at a
biomass feed rate of 10 kg/h and features a twin-screw mixing reactor
that ensures thorough mixing of solid biomass feedstock with a pre-
heated heat carrier. The reactor design accommodates a range of feed-
stocks with varying bulk densities, including lignin powders, without
compromising feeding consistency. The residence time of biomass and
heat carrier within the reactor is between 10 and 15 s at a rotational
frequency of 2 s~ [25]. The heat carrier (steel beads) is recirculated
using a bucket elevator to enable continuous flow and consistent ther-
mal conditions, maintaining a heat carrier-to-biomass mass ratio of
100:1. The temperature of the steel beads leaving the reactor, measured
as the ’reactor temperature,’ is maintained using an electric heater. An
inert gas flow (Ng) of 1 m3/h is supplied during the experiments to
maintain an inert atmosphere. Pyrolysis gases, vapors, and char fines are
removed from the top of the pyrolysis reactor, with particles separated
at reactor temperature in two serial cyclones. The primary product, fast
pyrolysis bio-oil, is recovered using a quenching system typically oper-
ated at around 90 °C, followed by an electrostatic precipitator. This
organic-rich condensate (ORC) is cooled and recirculated to quench the
incoming vapor, avoiding the use of an additional quenching medium.
In a second condensation step, aqueous condensate (AC) is recovered in
a tubular heat exchanger, operated at around 20 °C. Vapors are
condensed by direct contact with recirculated and cooled aqueous
condensate in a countercurrent flow. Non-condensable gases are
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Fig. 1. Flow scheme of Python fast pyrolysis unit [21].

analyzed online by gas chromatography and subsequently vented by a
compressor. Gas yields are determined by introducing a tracer gas
(neon) with controlled mass flow rate to the reactor. Neon is also
quantified by gas chromatography every 15-20 min and the mean of
these values are used to determine the gas flow rate over the experiment.
The pyrolysis reactor operates under slight underpressure conditions
(pressure difference <2 kPa), and the condensation process is similarly
under slight underpressure. Ethylene glycol is used as the entrainer
material for the first quenching system, while water is used for the
second; the mass balance to the condensates refers to the mass of the
final product discarding the initial mass of entrainer. A detailed
description of the experimental procedure can be found elsewhere [26].

In the original setup of the Python unit [21], the feedstock enters the
twin-screw reactor at the cold inlet of the screw, while the heat carrier is
added later by dropping it onto the feedstock transported by the screws,
ensuring fast mixing and minimizing heat losses to the reactor material
and the sweeping gas. Although this is not an issue for most biomasses
tested in this unit, this arrangement has proven prone to heavy plugging
when processing lignin, due to agglomerates forming on the screw
shafts. Severe plugging problems were observed in a test run with
Indulin AT lignin, leading to complete blockage and shutdown of the
unit after just a few minutes of feeding. To mitigate these issues, the
feedstock and heat carrier inlets were reversed, as shown in Fig. 2. By
dropping the feedstock onto the moving bed of hot steel particles, it is
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Fig. 2. Scheme of changes to reactor setup to reduce agglomeration at the
screw shaft.

expected that agglomerates will form within the moving bed rather than
on the shaft of the screws, where the mechanical agitation could break
them up.

Several other hardware modifications were made to facilitate the use
of lignin, including adjustment of the gas outlet to avoid fine lignin
particles bypassing the agitated bed of heat carrier. Previously, the gas
outlet covered the entire length of the reactor from the heat carrier inlet
to the solid particle outlet, posing a high risk for shortcut flow of biomass
particles if they were inserted instead of the heat carrier particles. The
gas outlet was moved to the end of the auger reactor and reduced to a
pipe with a small cross-section (around 60 mm). All experiments re-
ported in this manuscript have been conducted with this modified setup.

2.4. Analytical methods

Characterization of the lignin feedstocks and pyrolysis products is
crucial for understanding the pyrolysis process and the resulting prod-
ucts. The feedstocks and products were characterized using various
techniques. Total solids, moisture, and ash content were determined
gravimetrically according to the NREL protocols (NREL/TP-510-42621
and NREL/TP-510-42622) by heating air-equilibrated samples at 105 °C
and 575 °C, respectively. Elemental analysis of C/H/N/S content was
performed using an Eurovector EA3100 Series CHNS-O analyzer. The
oxygen content was calculated by difference. Higher Heating Values
(HHV) were computed according to Demirbas [27] using Eq. (1), where
C, H, O, and N, refer to the mass fractions of carbon, hydrogen, oxygen
and nitrogen in the material, respectively. Molecular weight of lignins
were determined by Gel Permeation Chromatography (GPC), using a
Shimadzu Corporation instrument with Shodex KF-801, KF-802.5, and
KF-803 columns. THF was used as eluent at 0.5 mL/min, with columns
and injection system maintained at 42 °C. Results were given relative to
polystyrene standards within the calibration range (162-500.000 Da).
Prior to the measurements, lignin were dissolved in THF (1-2 mg/mL)
and filtered.

Thermal degradation profiles and residual mass of the lignin feed-
stocks were determined via thermogravimetric analysis (TGA/DTG).
The samples were heated from room temperature to 950 °C at a heating
rate of 10 °C/min, under N, gas at a flow rate of 50 mL/min. Fourier
Transform Infrared Spectroscopy (FTIR) spectra were obtained using a
PerkinElmer spectrometer with the KBr pellet method, covering a range
of 4000 to 400 cm L. Inorganic materials were analyzed via Inductively
Couple Plasma (ICP) spectroscopy according to the DIN EN ISO 11885
standard. Modified Karl Fischer titration was used to determine water
content in the pyrolysis condensates. Gas chromatography-mass
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spectrometry/flame ionization detector (GC-MS/FID) analysis of the
pyrolysis condensates were performed by the Thiinen Institute
(Hamburg, Germany), for identification and quantification of compo-
nents, using internal standards and calibration procedures. A detailed
description of the applied method can be found in Windt et al. [28].

Energy balances were calculated based on the mass yields of the
pyrolysis products and their respective HHVs. The HHVs of the lignin,
ORC and char were estimated according to Eq. (1), using the Demirbag
[27] correlation, and the HHV of the gas was calculated from the gas
composition using the standard combustion enthalpy for each species.
The aqueous condensate (AC) was excluded from the energy balance due
to its high water content and negligible energy contribution.

HHV = (33.5[C] + 142.3[H] — 15.4]0] — 14.5|N]) x 1072 @
3. Results and discussion
3.1. Lignin characterization

The physicochemical properties of the lignin feedstocks are pre-
sented in Table 1, highlighting the differences between Indulin AT and
Miscancell lignin. The moisture and ash content in the Miscancell lignin
are significantly higher compared to Indulin AT, while elemental anal-
ysis indicates that Indulin AT has a higher carbon content than Mis-
cancell, which corresponds to higher lignin content and greater purity,
with less ash and fewer cellulose/hemicellulose impurities. Indulin AT
also shows the presence of sulfur, expected as it is resulting from the
Kraft process, whereas Miscancell is sulfur free, as advertised. On the
other hand, Miscancell shows a higher content of nitrogen, which could
be attributed to the higher protein content of Miscanthus compared to
pinewood [29]. Molecular weight values, determined through gel
permeation chromatography, suggest that the Indulin AT lignin is
composed of larger fractions, while Miscancell is composed of smaller
molecules. The similar polydispersity index (PDI) values indicates that
both lignin show a broad distribution of molecular weights.

Due to the elevated ash content found in the Miscancell lignin, an
inorganic material analysis was conducted. The results of ICP analysis
reveal that Miscancell lignin contains more calcium compared to Mis-
canthus samples values from the literature [24,30]. This could be related
to the specific Miscanthus type used as feedstock for the lignin extraction,
or it could be a consequence of the extraction process itself, where the
calcium content is increased as it is concentrated in the lignin fraction,
while the overall biomass is reduced to about one-third (see Table 2).
The high silicon content present in the sample can be attributed to the
characteristics of the original biomass. Miscanthus, classified as grass, is
known to exhibit high amounts of silicon both through natural uptake
and from residual soil or mineral debris during harvesting [30,31].
These sources may contribute to the elevated levels observed and can
persist through the lignin isolation process. The content of the other
compounds analyzed are consistent with values for Miscanthus biomass
[24,30].

The thermal decomposition profile of both feedstocks is depicted in
the thermogravimetric analysis (TGA) and differential thermogravi-
metric analysis (DTG) curves shown in Fig. 3 The initial weight loss of
2.4 % for the Indulin AT lignin and 12 % for Miscancell lignin at tem-
peratures up to 120 °C is related to the evaporation of physically
adsorbed water molecules (moisture), the numbers are consistent with

Table 1
Physicochemical properties of lignin feedstocks.
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Table 2
Inorganic components determined in Miscancell lignin.

Element Miscancell (ppm)
Aluminum Al 886
Calcium Ca 6220
Iron Fe 851
Potassium K 6070
Magnesium Mg 526
Sodium Na 326
Phosphorus P 732
Sulfur S 1430
Silicon Si 51700
Titanium Ti 51
100 2
80
- 0
& 60 =
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3 ! 8
40 H =-
B | g
i . L -4
20 vl Indulin AT (TGA)
v = Miscancell (TGA)
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Fig. 3. TGA and DTG curves of Indulin AT and Miscancell lignin.

their moisture content shown in Table 1. The steep weight loss of 39 %
for Indulin AT and 46 % for Miscancell in the range of 120 °C-500 °C is
attributed to the decomposition of the lignin. The Indulin AT curve re-
sembles a typical lignin decomposition curve, with a wide temperature
range and a small decomposition rate, whereas the Miscancell curve
shows a high decomposition rate in a rather small temperature interval.
The narrow degradation temperature range of Miscancell lignin could be
related to its lower molecular weight compared to the Indulin AT [32].
Additional factors, such as its degree of condensation, interlinkages
within the structure, and higher inorganic content — which can poten-
tially act as catalysts — may also influence its decomposition behavior
[32-34]. Moreover, the small shoulder around the temperature of
250 °C on the Miscancell DTG curve could indicate the presence of
hemicellulose impurities in its composition. The residual char produced
from the Indulin AT (27 %) and Miscancell (35 %) were consistent with
typical lignin values [35]. The higher residual mass of Miscancell lignin
can be correlated with the higher content of inorganic materials, in
accordance with the higher ash content.

The structural properties of the lignins were determined via FTIR. In
the spectra shown in Fig. 4, the characteristic functional groups were
identified. Indulin AT lignin exhibits a strong band at 853 cm ™! due to
deformation vibrations of C-H bonds and at 625 cm™! due to sulfonic
groups (C-S) remaining after the Kraft pulping process [36]. Other sig-
nificant differences between the two lignins are observed in the finger-
print region (800-1700 cm ™~ 1). Miscancell lignin shows stronger bands at

Lignin Sample Moisture (wt. %) Ash” (wt. %) C (wt. %) H (wt. %) N (wt. %) S (wt. %) 0" (wt. %) My (g/mol) My (g/mol) PDI
Indulin AT 4.4 2.4 67.7 6.0 1.0 1.7 21.2 1318 4377 3.3
Miscancell 13.4 14.1 55.8 6.7 2.9 0.0 20.5 844 2587 3.1

@ Ash content and elemental analysis data are given on dry lignin basis.
b Calculated by difference.
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Fig. 4. FTIR of Indulin at and miscancell.

1320 and 1150 em ™}, attributed to syringyl groups, related to its grass
nature; In contrast, Indulin AT lignin displays higher intensity bands at
1270, 1030, and 850 cm*, attributed to guaiacyl units, which are more
prominent due to its softwood origin [37].

3.2. Micro-pyrolysis experiments

Micro-scale pyrolysis experiments were performed using the micro
pyrolyzer system with on-line GC-MS to investigate the decomposition
profiles of lignin and to validate the chemical composition of the bio-oils
from the pilot scale runs. The vapor residence time in Py-GC/MS systems
is usually much shorter than in larger scale reactors, thus minimizing the
secondary reactions which are responsible for char/coke formation,
being able to reveal the intrinsic kinetics of lignin fast pyrolysis. On the
other hand, the pilot scale reactors refer to relatively longer residence
times, allowing (to some extend) secondary reactions thus affecting the
products yields (and composition) of liquid oil, gases and char. This
combination of scales enables a more complete understanding of lignin
pyrolysis, linking intrinsic decomposition behavior with process-scale
product distributions. The tests were carried out at 500 °C.

As can be observed in Fig. 5, pyrolysis of Indulin AT identified mainly
alkoxylated phenols (OxyPH: 75.8 %), alkoxylated aromatic compounds
(OxyAR: 3.9 %), alkylated phenols (PH: 5.6 %) while low amounts of
sulfur containing compounds (SUL:1.3 %) were also formed due to the
sulfur impurities remained from Kraft pulping. The product distribution
obtained within this study is in accordance with other works focused on
the pyrolysis of Kraft lignin [38]. Regarding the alkoxylated phenols, all
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compounds are substituted with one methoxy group, such Guaiacol,
4-vinylguaiacol, Creosol, Isoeugenol, etc. and can be attributed to the
softwood nature of pine. The S/G (syringol to guaiacol) ratio of OxyPH is
0/100. For the Miscancell lignin alkoxylated phenols (OxyPH: 56.7 %)
and alkoxylated aromatic compounds (OxyAR: 9.4 %) were the most
abundant. This lignin also produced more nitrogen containing com-
pounds (NIT: 4.8 %) compared to Indulin AT due to the higher nitrogen
content confirmed via elemental analysis. On the other hand, there is the
absence of sulfur containing compounds, since the Miscancell lignin is
sulfur free. Furthermore, compounds such as sugars (Levoglucosan),
furans (Benzofuran, 2,3-dihydro-), acids (acetic acid) are also observed
and can be attributed to the degradation of sugar impurities remained
from the lignin extraction process [39]. The relative abundance of these
compounds accounts for approximately 16 %, suggesting that the car-
bohydrate content of Miscancell lignin is relatively low. The presence of
carbohydrate impurities in Miscancell lignin is also supported by the
elemental analysis (Table 1). The weight ratio of C/H is 11.3 for Indulin
lignin (similar also to other typical technical lignins) while the ratio for
Miscancell lignin is 8.3. The lower C/H ratio indicates the presence of
oxygen-rich, non-lignin constituents such as carbohydrates. Regarding
the alkoxylated phenols, the five most abundant compounds, shown in
Table 3, are substituted with one (guaiacol, 4-vinylguaiacol, Isoeugenol,
etc.) and two methoxy groups (syringol), with respect to the grass nature
of Miscanthus. These results are in line with other studies on
Miscanthus-derived lignins, which also report a predominance of
guaiacyl and syringyl compounds as major pyrolysis products [40,41].
The S/G ratio of OxyPH is 33/67.

3.3. Fast pyrolysis pilot scale experiments

With the changes to the order of biomass and heat carrier inlets of the
reactor completed, the pilot-scale experiments with the new configura-
tion started using the Indulin AT lignin. The modifications successfully
reduced blockage inside the reactor and plugging issues were no longer
observed in the reactor (see Fig. 6A and B). However, agglomerates
started to build up at the inlet of the biomass feeding drop pipe, even-
tually leading to blockage of biomass supply into the reactor (see
Fig. 6C). This is likely due to hot lignin particles being spun off the
rotating shaft/heat carrier bed and hitting the relatively cold drop pipe
walls. These melted or partially pyrolyzed particles stick to the surface of
the pipe, leading to a gradual buildup. The blockage required mechan-
ical breakup, indicating it had solidified and was no longer the original
free-flowing material. Since the experiments with the Indulin AT only
ran for a short amount of time due to the blockages, steady state and
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Fig. 5. Relative composition of Indulin AT and Miscancell lignin derived bio-oils in the Py-GC/MS system.
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Table 3
Five most abundant compounds identified in lignin’s pyrolysis vapors.
Compounds Structure Category  Relative
abundance
(%)
Indulin AT
Guaiacol P OxyPH 22.9
e 0’
4-vinylguaiacol OGN OxyPH 10.9
\n/\[\\/l\///
Creosol P ﬂim OxyPH 10.5
trans-Isoeugenol 6.7
7-(3,4-Methylenedioxy)- 6.6

tetrahydrobenzofuranone

Miscancell

4-vinylguaiacol HO. ///\[ OxyPH 15.6
N X Z
o

Syringol OxyPH 9.3

Guaiacol P OxyPH 9.2
\
N N

Benzofuran, 2,3-dihydro- e FUR 7.5
0

3',5-Dimethoxyacetophenone ﬁ OxyAR 6.6
255 W

mass balances were not achieved; still some bio-oil samples were
recovered for analysis.

In contrast to Indulin AT, no issues were observed when processing
the Miscancell lignin. Visual inspection post-run confirmed the absence

;
[

-y
)
,’!
2
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of buildup material on the shaft or drop pipe surfaces, as shown in Fig. 7
A and B respectively. The differences in processing the two lignins could
be attributed to their distinct chemical nature as well as their physico-
chemical properties, such as molecular weight distribution. Higher
molecular weights, which is the case for Indulin AT, have been corre-
lated with faster polymerization and higher char yields, which can
contribute to agglomeration and processing challenges [42]. On the
other hand, Miscancell lignin, with its lower molecular weight and
different structural characteristics, processed smoothly with no
agglomeration issues, highlighting how specific structural features and
properties can significantly influence pyrolysis behavior. Similarly, hy-
drolysis lignin has been reported to exhibit no severe melting problems
[15,32], further supporting the role of the chemical properties in pro-
cessing outcomes. These observations show how the lignin structure and
properties are important for successful processing, as well as the need for
further optimization of feeding systems for efficient pyrolysis of
different lignin types.

Two batches of the Miscancell lignin were processed in the Python
unit. The overall experiments were rated as successful, and the mass
balances of the runs are summarized in Fig. 8. The ORC and AC yields of
the Miscancell lignin experiments (36.5-39.8 wt% and 7.6-10.7 wt%)
seem reasonably high; however, they are skewed by a surprisingly high
solids content that passed the two serial cyclones as well as high water
content. Organic liquid yields are 22.9-29.2 wt% and thus significantly
lower that reported by Pienihakkinen et al. [15] (around 40 wt %). It
should be noted that the lignin used in the present study contained a
high amount of potassium, which is known to catalyze pyrolysis re-
actions and consequently leads to lower condensate yields [43]. The
larger deviations in char and gas yields can be due to an underestimation
of gas yield in the Miscancell batch #1 run. However, higher gas and
lower solid yields are not typical for such process. One reason for the low
char yield could be in char agglomeration in the heat carrier cycle,
leading to unaccounted for char not reaching the cyclone systems. This is
typically not observed in this unit but might be promoted to liquefied
lignin sticking to heat carrier particles and subsequent charring. In
larger scale facilities this would not pose a problem since the char is
partially burnt and steady state conditions are achieved over a pro-
longed period [23]. Short term agglomeration of solids in the heat car-
rier cycle significantly affects the mass balance for the comparably short
duration of these pilot runs (3-4 h).

Carbon balance results support the previous observation that con-
version to organic liquids was comparably inefficient (see Table 4).
Since yields are in a similar range as other feedstocks with high ash
content [21], it is likely that the high lignin ash content is causing these
low organic liquid yields. Moreover, it is very likely that there was a
problem in gas metering during the first Miscancell run.

Fig. 6. A) Melted lignin on screw shaft from experiment with Indulin AT before reactor modifications; B) Clean screw shaft and C) Built-up in reactor inlet from the

experiment with Indulin AT after reactor modifications.
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Fig. 7. A) Clean screw shaft and B) Interior of biomass drop pipe (showing no blockage) after the experiment with Miscancell lignin.

Miscancell # 1 36.5%

S

0.0% 20.0% 40.0%

m Organic-rich Condensate

Aqueous Condensate

14.2% 19.9%

20.2% 35.8%
60.0% 80.0% 100.0%
mSolids mGases

Fig. 8. Mass balances of pilot runs with the Miscancell lignin in wt. %.

Table 4 Table 6
Carbon balances of lignin fast pyrolysis experiments (wt.% of feedstock carbon). Properties of organic-rich condensates (ORC).
Char ORC" AC Gases Property Indulin AT Miscancell
Miscancell #1 24.3 24.7 4.1 15.6 Water content (wt. %) 6.7 12.5
Miscancell #2 30.8 28.7 4.2 28.7 Density at 60 °C (g/ml) 1.1521 1.1073
: - - C* (wt. %) 68.3 60.4
Excluding solids. H (wt. %) 6.9 6.1
N (wt. %) 1.4 2.7
The energy distribution calculated is summarized in Table 5. For S (wt. %) 0.0 0.0
. .. . O (wt. %) 23.5 30.7
both Miscancell lignin runs, the energy recovery ranged from approxi HHV (MJekg ) 299 256

mately 60 %-75 % of the initial energy content of the feedstock. The
ORC represented the largest energy carrier (around 40 % of the energy
recovery), followed by char and gases. Run 2 showed an improved en-
ergy recovery, which is consistent with its more balanced mass and
carbon results. The lower gas energy observed in run 1 is in agreement
with a possible underestimation of the gas phase during that experiment.

3.4. Product characterization

3.4.1. Pyrolysis condensates

Properties of bio-oils/ORCs from Indulin AT and Miscancell lignin
can be seen in Table 6. The Indulin AT bio-oil has a very low water
content of only 6.7 wt%, whereas the Miscancell oil has a higher water
content of 12.5 wt%. The higher water content of the Miscancell lignin
ORC may be attributed to the higher moisture content in the feedstock,
as well as the decomposition of sugar impurities, which yields more
water in its decomposition compared to lignin [39]. In addition, the
condensation temperature profiles could also have influenced the re-
sults. The temperature of the first condensation stage was aimed at 90 °C

Table 5
Energy balances of lignin fast pyrolysis experiments (MJ/kg of dry feedstock).

ORC Char Gases Energy Recovery (%)
Miscancell #1 9.5 2.9 2.1 60
Miscancell #2 10.3 4.4 3.9 75

? Elemental analysis data given on dry basis.

for all experiments. This was verified for the two successful runs with the
Miscancell lignin; however, due to the short duration of the Indulin AT
experiments, the temperature profiles might have encountered more
significant fluctuations. Moreover, the composition of pyrolysis vapors
and vapor-liquid equilibrium interactions during condensation can
impact the amount of water that is condensed [24]. The density of the
two oils is quite comparable, with Indulin AT oil at 1.1521 g/ml and
Miscancell oil at 1.1073 g/ml, showing no significant difference. The
elemental composition of the oils falls within the ranges documented in
literature for lignin bio-oils [44,45]. The carbon content of the oils
(60.4-68.3 wt%) aligns with values reported for lignin oils [44,45], and
is notably higher than the carbon content typically found in bio-oils from
whole biomass, which generally remains below 55 wt% [46]. Similarly,
the oxygen content (23.5-30.7 wt%) is within the expected range for
lignin pyrolysis oils [44,45] and is lower than the 35-40 wt% commonly
observed in biomass-derived oils [46]. Comparing the oils, Indulin AT
oil shows a higher carbon and lower oxygen content than Miscancell oil,
which correlates to the feedstock characteristics, with Indulin AT being
a more purified and richer in lignin, while Miscancell lignin appears to
contain sugar impurities. The nitrogen content follows a similar trend,
with Miscancell oil containing more nitrogen (2.7 wt%) than Indulin AT
(1.4 wt%), also in line with the feedstock composition. Surprisingly, the
Indulin AT oil does not show the presence of sulfur, which likely ended
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up in the gases during the pyrolysis process [47]. The HHV values for the
organic-rich condensate (ORC) of the lignin oils are in good agreement
with those reported in the literature [44,45,48]. The HHV of
lignin-derived bio-oils, typically around 30 MJ/kg, is notably higher
compared to oils obtained from lignocellulosic biomass (usually around
17 MJ/kg [46,48]). This difference arises because lignin typically has a
higher carbon content and lower oxygen content than lignocellulosic
biomass, contributing to a greater energy density, making lignin-derived
oils promising intermediates for upgrading into fuels.

Table 7 displays the main functional groups of compounds identified
and quantified through GC-MS/FID in the pyrolysis condensates. Results
are reported as approximate weight percentages. A detailed list of all the
components and amounts identified in the analysis is available in the
supporting information. Regarding the composition of the ORCs, the
Indulin AT oil predominantly consist of phenols (6.2 + 0.4 wt %) and
guaiacols (11.4 + 3.0 wt %), with guaiacol, creosol, isoeugenol, and
phenol being the most prevalent compounds. There is no presence of
syringol, as in the micro-pyrolysis experiments, due to the softwood
nature of the biomass, and no sugar compounds in the oil, confirming
the purified nature of this lignin. In contrast, the Miscancell lignin ORC
shows both the presence of syringol, due to the grass nature of the lignin
feedstock (that contains S, G and H units) and of sugar compounds
(mainly levoglucosan), also confirming the result of the micro-pyrolysis
experiments. Additionally, the Miscancell lignin ORC also exhibits the
presence of acids (8.2 + 0.1 wt %) and furans (0.4 + 0.0 wt %), which
are related to the degradation of sugars [39]. The total content of
phenolic monomers of the Indulin AT oil is around 18 wt % which is
slightly higher than for the Miscancell oil, which is around 14 wt %,
which again correlates to the more purified nature of the Indulin AT
lignin.

These profiles closely match the results obtained from the micro-
pyrolysis (Py-GC/MS) experiments, where the same dominant
phenolic monomers were identified. The agreement between the two
techniques confirms that key structural features of the lignins were
retained during fast pyrolysis and reinforces the reliability of the pilot-
scale experiments in capturing the representative product distribution.

It is worth noting that, besides the water content, only about 20-27
wt% of the composition of the ORC could be identified through the GC-
MS/FID analysis. This is due to the limitation of volatility of high mo-
lecular weight compounds that are often too heavy to be detected by
standard GC-MS equipment [49]. This high molecular weight fraction of
the bio-oil, often referred to as “pyrolytic lignin”, is composed of olig-
omers derived from the decomposition of lignin, which explains its
significant presence in lignin-derived oils [50,51].

For the AC, the main components identified were non-aromatic
organic acids for Miscancell and non-aromatic ketones for the Indulin

Table 7
Main groups of compounds identified by GC-MS in organic-rich condensate
(ORC) and aqueous condensate (AC).

Indulin AT (wt. %) Miscancell (wt. %)

Compound ORC AC ORC AC

Non-aromatic Compounds

Acids 0 0.3+0.0 8.2+ 0.1 1.1+0.1

Ketones 0.7 + 0.0 1.2+02 14+£01 0.7+0.1

Heterocyclic Compounds

Furans 0.1 +0.0 0 0.4+ 0.0 0.1 £0.0

Aromatic Compounds

Benzene 0.4 + 0.0 0 06+00 O

Lignin-derived Phenol 6.2 + 0.4 05+0.0 39+0.1 0.2+ 0.0

Guaiacols (Methoxy Phenols) 11.4+3.0 0.2 +0.0 6.1 £ 0.5 0.2 +£0.0

Syringols (Dimethoxy 0 0 36+05 0
Phenols)

Carbohydrates

Sugars 0 0 21+0.1 0

Other Organic Compounds

N-compounds 1.1+0.2 1.0£00 02+00 05+0.1
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AT. Small amounts of phenols, guaiacols and nitrogenated compounds
were also encountered. These components are typically lower molecular
weight compounds with lower boiling point, which are likely to
condensate on the second condenser and end up on the AC, which
operates near room temperature. In addition, Karl Fischer titration re-
sults show that the AC is composed of mainly water, 91.8 + 1.0 wt % for
the AC of Indulin AT and 92.6 + 1.0 wt % for the AC of Miscancell.

3.4.2. Char

Pyrolysis chars were analyzed for their elemental composition and
ash content, HHV values were calculated based on the elemental
composition. Table 8 shows the values obtained for the two Miscancell
batches. Analysis shows that the char is rich in ash, which was antici-
pated given the high ash content of the Miscanthus feedstock. This
elevated ash content affects the carbon content, resulting in lower-than-
expected levels and also contributes to a lower higher heating value
(HHV) compared to both the bio-oil and the feedstock. The low oxygen
content, below 10 wt%, is consistent with reported values for pyrochar
from other biomasses pyrolyzed in the unit [52]. The nitrogen content
observed in the char was lower than the one observed in the bio-oil.

In addition to potential energetic use as a solid fuel, biochar is
increasingly regarded as a valuable product for carbon removal and
material applications. Lignin-derived chars, in particular, can exhibit
high aromaticity and structural stability, making them promising for
carbon sequestration and advanced uses [6].

3.4.3. Pyrolysis gases

Table 9 presents the composition of the non-condensable gases
produced during the Miscancell lignin fast pyrolysis, expressed in vol-
ume percent of the total dry gas, and excluding the nitrogen supplied to
create the inert environment required for the pyrolysis. The main
components identified in the pyrolysis gases were carbon monoxide
(CO), carbon dioxide (CO2) and methane (CHjy), typical results for
biomass and lignin fast pyrolysis [52,53]. The higher deviations that can
be seen for the run of Miscancell batch #1 could be somehow related to
the underestimation of gases during this run. Overall, the produced
pyrolysis gases presents the primary components of syngas, making it
suitable for energy generation.

4. Conclusion

This study investigated the use of a twin-screw reactor for the fast
pyrolysis of lignin at a pilot scale, comparing the performance and
resulting bio-oils of two types of lignin: Indulin AT, a Kraft lignin, and
Miscancell, a Miscanthus-derived alkali lignin. The effectiveness of this
type of reactor was evaluated based on its ability to process the lignins
and the properties and composition of the bio-oils produced.

Initial tests with the original reactor setup, where the feedstock
entered at the cold inlet of the screw and the heat carrier was added
later, revealed significant challenges with Indulin AT, leading to severe
agglomeration inside the reactor. Modifications to the reactor inlet,
which reversed the order of biomass and heat carried, successfully
minimized blockage inside the reactor. This confirmed the hypothesis
that the mechanical forces associated with the twin-screw reactor could
break up agglomerates formed during lignin pyrolysis. However, a new
issue arose with agglomerates building up at the biomass feeding drop

Table 8
Elemental analysis and ash content of Miscancell lignin chars (dry basis).
Char C (wt. H (wt. O (wt. N (wt. Ash HHV
%) %) %) %) (wt. %) (MJ/kg)
Miscancell 56.3 2.4 9.5 1.5 30.4 20.6
#1
Miscancell 58.9 2.3 7.1 1.5 30.3 21.7
#2
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Table 9
Lignin fast pyrolysis gas composition (N free, dry basis).
H, (vol CO (vol %) CO,, (vol CH4 (vol Cy-Cs+
%) %) %) (vol %)
Miscancell 7.3+13 27.7 £ 2.3 45.2 + 3.7 15.7 £ 1.6 5.7 £ 0.6
#1
Miscancell 6.6 + 0.1 29.4+1.2 45.7 £ 2.6 15.2+ 0.5 6.1 +£0.3
#2

pipe during the pyrolysis of Indulin AT. In contrast, processing of the
Miscancell lignin in the modified reactor setup proceeded smoothly
without any plugging or significant material deposition, highlighting its
potential as a suitable feedstock for fast pyrolysis. The pilot runs with
Miscancell lignin yielded little organic liquids; however, the observed
yields were in line with results from feedstock with a similar high ash
content. The differences in processing behavior between the two lignins
can be attributed to their distinct chemical nature and physicochemical
properties. Analysis of the oils showed that, Indulin AT produced a
phenolic-rich oil, composed of mainly phenols and guaiacols, while the
Miscancell lignin generated a broader range of components, including
syringols, sugars, and furans, suggesting the presence of sugar impu-
rities. Additionally, the consistency between the oil analysis and micro-
pyrolysis experiments provides validation of the pilot-scale runs and its
operational reliability.

These findings suggest that the twin-screw reactor design used in the
study is effective for breaking up agglomerates during lignin pyrolysis,
proving its suitability for this process. Still, further investigation is
necessary to optimize feeding conditions for Indulin AT lignin and other
lignins with pronounced melting behavior. Ultimately, Miscancell lignin
and other lignins that do not exhibit severe melting behavior stand out
as promising candidates for conversion via fast pyrolysis, due to their
smooth processing and lack of operational issues.
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