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ABSTRACT

Pore size distribution is a key parameter in the performance of bio-based pyrolytic char in novel
applications. In industrial-scale production, the size of feedstock particles typically exceeds a few
millimeters. For such particle sizes, it is a challenge to tailor the final properties of the char based
only on the process conditions (experimental and modeling-wise). Pyrolysis studies of single
particles larger than a few mm provide datasets useful for modeling and optimization of the
process. Part 1 of this research focused on the pyrolysis of single particles of beech wood,
secondary cracking, and its effect on the char porous texture. It contains a quantitative assessment
of the effects of five conversion temperatures (from 300 °C to 840 °C) and two particle dimensions
(0810 mm and ¥8x16 mm) on the composition of the pyrolysis vapors and pore morphology of
the char. Results from real-time temperature and mass changes are presented along with release
profiles of 15 vapor constituents measured by infrared spectroscopy. Furthermore, characterization
of the collected bio-oil (using GC-MS/FID) and the textural hierarchical structured char (through
Nz and CO> adsorption, Hg porosimetry, and SEM) was performed. Cracking of vapors above 500
°C was compound-specific. The polyaromatic hydrocarbons (PAHs) yield, between 680°C and
840 °C increased 5 times for 10 mm particles and 9 times for 16 mm ones. Besides the temperature,
the PAH yield was suspected to correlate with particle length and PAHs/soot deposition in the
micropores. Results showed that the macropores accounted for over 80% of the total pore volume
regardless of the temperature and particle length. Increasing the particle length by 60% caused a
reduction in the specific surface area (ca. 15% at 840 °C) of the resulting char, mainly due to a
reduction in microporosity. Based on the findings, the production conditions for a specific char
application are suggested. The obtained data will be used in a consecutive modeling Part 2 of this

research, devoted to subsequent CFD modeling of the process.



1. Introduction

Bio-based pyrolytic chars are interesting for the adsorptive removal of pollutants and the
production of electrodes.! They are recognized by the Intergovernmental Panel on Climate
Change (IPCC) for soil application (biochar) to reduce greenhouse gas emissions.* However, there
are limitations in the application of chars by uncertainties surrounding consistent properties.™ ¢
Although slow pyrolysis of biomass has been known since ancient times, a detailed understanding
of certain processes during pyrolysis is limited, especially how the morphology of the char
particles develops and how that should be quantified.” This translates to difficulties in the
consistent production of biomass-derived chars for a given process with variability in the biomass.
To improve this, more efforts need to be focused on the development of pyrolysis experiments and
modeling to enhance the understanding of the chemical, physical, and morphological phenomena
at the particle scale and its pores. The outcome may then be implemented in designs at the reactor
level scale.®

Most laboratory studies on the slow pyrolysis of bio-based materials use wood, finely ground to a
size of less than a few mm. Trunk (or stem) wood is usually preferred due to its low nitrogen,
sulfur, alkali, and alkaline earth metal (AAEM) content, which allows for easier interpretation of
the results.”!* Industrially, however, the size of wood particles used is typically significantly larger
.7 Wood reacts in the kinetic regime as a fine powder (size < ca. I mm, for T < 550 °C), but with
larger particles, internal heat transfer becomes non-negligible, and the conversion moves into the
thermally thick regime.!>!” This regime is characterized by an inhomogeneous heating rate
distribution.'® !° This in turn, leads to differences in the conversion route between specific points

within a particle, which may have an impact on the overall structure development within a particle.



Studies of the pyrolysis of large wood particles (size > 1 mm) have often been limited to the effect
of temperature and mass change along the conversion pathway.'* 2928 Nonetheless, some detailed
single-particle studies also have been conducted. Gauthier et al. measured real-time changes in
temperature and evolution of vapors during pyrolysis, and analyzed the composition of the
collected condensable fraction, but did not report on the mass-loss profiles.?’ Anca-Couce et al.
studied the temperature, mass loss, and release profiles of compounds during pyrolysis of wooden
pellets without a change in particle size.>* However, since the production of wood pellets requires
milling and additives or binders, there is concern about inferring or extrapolating data from the
pyrolysis of pellets to virgin wood. Lang et al. and Almuina-Villar et al. recorded the temperature,
mass, and in-situ release of targeted species during pyrolysis of wooden particles, and assessed
heterogeneous secondary reactions of primary volatiles, and the related formation of polyaromatic
species and exothermicity in the process to intra-particle transport limitations.'* 2’

The behavior of the vapors within the wood particle during pyrolysis affects the extent of pore
development in the char. Studies indicate that the intensity of secondary reactions of vapors is
directly related to the temperature and retention time of vapors in the reactor zone (even below 1
s).>13% In favorable conditions, vapors evolved in biomass pyrolysis can convert into PAHs and
next into carbon/soot.>® 37 When the phenomenon occurs intrinsically (within a particle), it may
lead to solid deposition and affect the morphology of the pores. Most of the vapors from pyrolyzed
wood particles are released through the particle surface at the end of the wood vessels/tracheids
(longitudinal direction).® 3° Therefore, increasing the particle length affects the residence time of
evolved vapors and, possibly, their secondary cracking at favorable temperatures. Westerhof et al.
showed a significant relationship between particle length and yield of evolved vapors during

pyrolysis of beech wood at 500 °C. However, in the study, the effect of particle length was created



artificially, and the authors did not have high confidence in the effects observed.*” Nonetheless,
the correlation was proven in a study by Okekunle et al., who pyrolyzed single wood particles
under non-isothermal conditions up to 700 °C.*! Notably, previous studies focused on the relation
between secondary cracking and retention time in the reactor zone and bio-oil yield as response
variables.’* “° Therefore, the available information on the intrinsic occurrence of secondary
reactions does not allow for quantification of its effect on the pore size distribution of the chars.
Since wood and its chars have pores over several length scales in the micro-meso-macropore
range (conventionally measured from 0.35 nm to 500 um), they can be treated as materials with a
hierarchical structure. The properties of the chars derived from their pore size distribution (PSD)
are attractive for several applications. For (electro)chemical applications, micro- and mesoporosity
(0.35 nm — 2 nm and 2 nm — 50 nm, respectively) are required, and for soil applications,
macroporosity (in the range of 0.1 um — 500 pum) is a prerequisite. Information about how the
micro- and mesoporosity of wood-derived char change with temperature can be found in the
literature, but conclusive trends are not established yet.>® Recently, an analytical method has been
suggested, which may help to obtain more consistent quantitative trends.*? Despite the vast amount
of data available in the literature on the macroporous PSD of virgin woods, there is little
information regarding the changes in the macroporous PSD with conversion temperature.*-*
Aside from two very recent studies based on micro-scale X-ray computed tomography (XCT), to
the best of our knowledge, there are no previous single-particle studies reporting detailed
investigations on the changes in pore morphology of chars.’® 3! This makes the possibility of
finding and quantifying the key factors that affect pore structure development extremely difficult.
The aforementioned knowledge gaps generate uncertainty during modeling, since thermal

conductivity and gas permeability (among other properties) depend on structural changes.® In the



end, there is an inability to make reliable predictions based only on the process and feedstock
parameters.

The first part of the research, referred to as Part 1, is related to the experimental assessment of
single wood-based particle pyrolysis and data collection. It was structured to provide insights on
the dependencies of the micro-, meso-, and macropore size distributions of chars with respect to
the process parameters, as well as to provide a better understanding of the evolution of the char
porous texture. A comprehensive experimental investigation of the conversion of a single beech
wood particle is presented and covers: (1) the assessment of the effect of particle length for
different pyrolysis temperatures on the composition of evolved products, with a focus on
secondary cracking and related carbon deposition; and (2) the assessment of changes in bulk
parameters (densities, shrinking) and detailed pore morphology (pore size distribution over micro-
, meso-, and macroporosity domains) with the mentioned process parameters. Emphasis in the
study was laid on quantitative assessment and data reliability and repeatability. It was made to
ensure an appropriate foundation for consecutive parts of the research (Part 2) related to

Computational Fluid Dynamic (CFD) modeling of single particle pyrolysis.

2. Materials and methods

2.1. Feedstock

European beech wood cylinders with diameter x length (d x [) dimensions of § mm x 10 mm and
8 mm x 16 mm were provided by Rundstdb, Meyer & Weigand GmbH (Germany). The cylinders
were cut in the longitudinal direction to align the cylinder’s length dimension to the wood
vessels/tracheids. All cylinders were drilled with a drill bit (d = 0.6 mm) to mount a thermocouple

(d = 0.5 mm) into the geometrical center of the cylinder. Beech wood from the trunk was selected



due to its low content in ash-forming elements, especially alkali and alkaline earth metals
(AAEMs).'* 2 Beech wood composition is presented in Table 1, with measurement details
presented elsewhere.’? The cylinders were dried overnight at 105 °C for moisture removal and
thereafter kept in sealed glass vials to prevent subsequent moisture reabsorption.!® For
simplification, the cylinders were denoted by their length (i.e., “10 mm” and “16 mm”).

Table 1. Bio-components content and elemental and inorganic composition of beech wood.

2127

Parameter Unit Value (dry basis)
Cellulose [wt.%] 40.0+ 0.3
Hemicellulose [wt.%] 34.1+£0.3
Lignin [wt.%] 259+0.5
C [wt.%] 46.9+0.3
H [wt.%] 6.4+0.1
N [wt.%] 0.1£0.0
0] [wt.%] 46.5+£0.3
K [mg/kg] 921
Ca [mg/kg] 891
Mg [mg/kg] 315
]

all AAEM's [mg/kg

2.2. Single-particle pyrolysis setup

The wood cylinders were pyrolyzed separately in a single-particle pyrolysis reactor located at
BEST - Bioenergy and Sustainable Technologies GmbH (Austria). A scheme and validation of
the reactor is presented by Sommersacher et al.>>>* An image of the device is given in Figure S1
(Supporting Information 1). The experimental procedure included single-particle pyrolysis trials
for both lengths at five aimed temperatures of the particle (Ty;,,): 300 °C, 400 °C, 500 °C, 700 °C
and 900 °C to investigate primary conversion of biocomponents and secondary reactions in the
gas phase.” Online mass measurement was conducted by a balance (Mettler Toledo XS105DU),
while the temperature at the center and surface of the particle was determined with two N-type

thermocouples. Additional information on mounting thermocouples is provided in Section S1.3.



To avoid confusion between the aimed, applied, and obtained final temperatures, each conversion
scenario investigated in this study will be denoted as TX YY, where TX represents the
temperatures for the scenario and Y'Y indicates particle length, e.g., T1 10 represents the scenario
where: Ty;;m = 300 °C and using a 10 mm particle with corresponding final temperatures of reactor
wall (Ty,), flue gas (T;) after the reactor and gas dilution (applied to hinder secondary reactions of
vapors after the particle) and center (T;) and surface (Ts) of the particle. A summary of the

conversion parameters for each scenario is presented in Table 2.

Table 2. Temperatures and gas flows during pyrolysis of a single cylindrical particle of beech
wood (I — particle length, T— temperature, V — volumetric flow rate, t — time and subscripts aim —

aimed value, W —reactor wall, G — flowing gas, B —reactor bottom, D — diluter and ¢ — conversion).

Scenario l Taim Tw T Vs v, t.
[-] [mm] [°C] [°C] [°C] [Nm?/min] [Nm?/min] [min]
T1 10 300 353+ 13 330+7 10 B 15
T2 10 400 475+ 6 404 + 4 10 B 10
T3 10 10 500 570+ 3 485+ 5 10 B 10
T4 10 700 820+ 1 485+4 10 10 10
T5 10 900 1050+ 1 508 +4 10 10 5
T1 16 300 360 £ 16 367 +4 10 B 15
T2 16 400 475+ 6 404 +3 10 B 10
T3 16 16 500 569 +2 406 + 6 10 B 10
T4 16 700 820+ 1 490+ 3 10 10 10
TS5 16 900 1050 = 1 534+3 10 10 5

The inlet temperature of the N> (99.99 vol. %) was 20 — 30 °C. The reactor was initially heated to
the requested wall temperature (T};,), which was chosen to be slightly higher than Ty;,,. Such an
approach was chosen to compensate for heat dissipation and the cooling effect of the flowing gas,
which was important, especially at higher temperatures. The inert gas was supplied to the reactor

only from its bottom when T;,,, < 500 °C. For scenarios where T;;,, > 500 °C, the inert gas was



provided from the bottom of the reactor and through a porous tube diluter, coupled to the flue gas
outlet. The sample, located on the balance and equipped with thermocouples, was initially inserted
into the reactor with a thermal protective cooling jacket to prevent premature sample
decomposition and keep it at a temperature of ca. 20 — 30 °C. The conversion time (t.) and the
recording of the online measurement data (temperatures, mass, release of vapors) were controlled
corresponding to the time of removing and placing the cooling jacket back again. The mass and
temperature recording started immediately after the insertion of the sample into the reactor. The
measurement of the released volatiles started after the removal of the cooling jacket. The offset
between both measurements was ca. 10 s. This time was required to check if the reactor was sealed
correctly (no oxygen detected), if the balance worked appropriately, and to synchronize the start
of the FT-IR measurements with the removal of the cooling jacket. The conversion time required
to obtain a constant mass (less than 1 % variation in relative terms for more than 10 s) varied
among the aimed temperatures. When the cooling jacket was placed back, a high flow of N; was
applied to quench the sample to room temperature and stop its further conversion. Finally, the
sample was removed from the reactor, dismounted from the thermocouples, removed from the
balance, and placed in a sealed glass vial.

Recording of the vapor release profile and collection of bio-oil was made in triplicate for all
investigated scenarios. However, some measurements had to be repeated due to experimental
outliers (elevated moisture content, sample oxidation, or incorrect mass loss measurement). Details
are provided in Section S1.2. The char was collected in one piece to allow for consecutive
measurements of geometrical changes and mercury porosimetry. Therefore, additional replicates
had to be made when a char sample split (or exploded, in some cases). A video of an explosion of

a cylindrical particle is presented in Supporting Information 2.
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2.3. Analysis of released vapors and collection of bio-oil

The real-time release of vapors during pyrolysis was monitored with a FT-IR analyzer (Ansyco
Gasmet DX 4000). Details about the calibration of the FT-IR can be found in the work of Anca-
Couce et al.** The measurement included 15 evolved volatiles: CO2 (carbon dioxide), CO (carbon
monoxide), CHs (methane), CoHs (ethene), CoH» (acetylene), C3Hs (propane), C3Hg (propene),
HCHO (formaldehyde), CH3CHO (acetaldehyde), CH3COOH (acetic acid), C.HsCOOH
(propanoic acid), CH3OH (methanol), CoHsOH (ethanol), CsH4O> (furfural) and H>O (water).
Additionally, compounds with similar characteristics were grouped, where light hydrocarbons
(LH) included C>Hs4, C2H2, CsHs, and CsHg; and light condensables (LCS) included HCHO,
CH3CHO, CH3COOH, C2HsCOOH, CH30H, and C;HsOH. The mass yield was obtained as a time
integral of the release profile (sum of released masses). The yield per initial biomass was obtained
by dividing the mass of vapor/gas by the initial mass of the wood particle. The data recording was
started manually and simultaneously with the removal of the cooling jacket, and it lasted until the
jacket was put on back again (t.). The device recorded the spectra with an approximate interval of
ca. 1 s. Releases of COz and CO were analyzed simultaneously with a flue gas analyzer (ABB
EL3020), based on nondispersive infrared spectroscopy (NDIR), to validate the release profiles
and yields obtained from FT-IR for these two gas species. Both analyzers were assessing the flow
of the vapor/gas compounds on a volumetric basis ((m*/m?)/s), which was further re-calculated
into concentration on a mass base (kg/s). Detailed information about the smoothing, recalculation,
and averaging can be found in Section S1.2. The comparison between the release profiles and
yields obtained with FT-IR and NDIR is provided in Section S2.1.
For bio-oil collection, the reactor outlet was connected to a tar collection setup based on the

CEN/TS 15439 tar protocol. An image of the bio-oil collection setup used for this purpose is
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provided in Figure S2. In brief, the device was equipped with scrubbers organized in sequence.
Each scrubber was filled with 80 mL of isopropanol cooled by an external cooling circuit to a
temperature of -20 °C. The flow through the scrubbers was induced by a pump connected to the
outlet of the last scrubber. The under-pressure generated by the pump was adjusted to match the
set flow (Table 2). For Ty, <500 °C, only two scrubbers were filled with isopropanol. For
Taim > 500 °C, an additional scrubber was added (3 scrubbers in total) to ensure complete
condensation of the vapors. The liquids obtained (isopropanol with dissolved bio-oil and water)
were stored in polypropylene vials (50 mL) at room temperature on the assumption that the
significant dilution of bio-oils should prevent further reactions (e.g., re-polymerization) during
storage.

2.4. Bio-oil analysis with GC-MS/FID

Details of the procedure used to prepare the liquid samples, the GC-MS/FID measurement
procedure applied, and the compounds identified can be found in Section S3. The liquid samples
initially collected (bio-oil dissolved in isopropanol) were too low in concentration to be analyzed,
so their bio-oil concentration had to be increased. Therefore, samples from 3 replicates of each
scenario were pooled and evaporated at 45 °C and 100 mbar in a rotary evaporator (Heidolph
Instruments, Hei-VAP) and consecutively dissolved in 4 mL of acetonitrile.

The liquid sample was injected by an automatic sampler into the gas chromatograph (GC) (Thermo
Fisher Scientific Trace GC Ultra). The GC oven was equipped with a Restek RTX-1701 capillary
GC column (60 m x 0.25 mm X 0.25 um), and helium (> 99.99 vol. %) was used as the carrier gas.
The output of the GC column was connected to a single quadrupole mass spectrometer (MS) with
electron ionization (Thermo ISQ MS) for qualitative assessment and a flame ionization detector

(FID) for quantitative assessment. Compounds were identified manually, based on their retention
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times and fragmentation patterns (NIST database) and in relation to literature sources.?>-*° Each
compound identified with GC-MS/FID (n > 90) was assigned to one of the specific groups related
to its chemical structure: AOX — aliphatic oxygenated compounds (linear compounds with
oxygen), COX — cyclic oxygenated compounds (cyclic compounds with oxygen not incorporated
into a ring), FU — furanic compounds (heterocyclic compounds with oxygen incorporated into a
ring), PH — phenolic compounds (phenol and its derivatives) and PAH — polyaromatic
hydrocarbons (compounds with more than one benzene ring).

The calibration of the FID was made with 5 compounds: acetic acid, furfural, phenol, guaiacol,
and naphthalene, which were considered as representative compounds for the obtained bio-oils
according to the classification provided above. Since the number of identified compounds was
much higher than that of calibrated compounds, their concentration was calculated using the
Effective Carbon Number method (ECN). In the literature various newly developed methods for
ECN calculation can be found, but in this study, the method presented by Scanlon and Willis was
applied since its use was validated in other studies.®-63

2.5. Dimensional changes

The particle dimensions were measured using a digital micrometer with a spherical anvil (Hogetex
IP54, from 0 mm to 25 mm, + 0.004 mm). The obtained chars had the shape of elliptic cylinders.
Therefore, their dimensions in the longitudinal, radial, and tangential directions were measured.
The dimensional changes of the particles are based on average values from several measurements
(n>2). Measurement details are presented in Section S5.1.

2.6. Helium pycnometry

Prior to helium pycnometry, the solid samples were ground in an agate mortar to reduce any

intraparticle diffusion limitation in the subsequent measurements.** > For char, samples from at
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least two replicates were ground and homogenized to provide enough material for analysis. Helium
pycnometry measurement was conducted using an AccuPyc 1330 pycnometer (Micromeritics
Instrument Corporation).

2.6. Gas adsorption with N2 and CO2

Gas adsorption isotherms were acquired using a Nova 4000e gas adsorption analyzer
(Quantachrome Instruments). Sample degassing was performed at 180 °C (for at least 24 h). N»
adsorption data were recorded at —196 °C, at relative pressures from 107> to 0.99. CO, adsorption
data were recorded at 0 °C, at relative pressures of 5x107> to 107>. Adsorption isotherms were
presented in a previous study.>? Pore size distributions (PSDs) were calculated using the SAIEUS
software (v. 3.2), which shows good reliability for the assessment of porous carbon materials.** 6¢-
% Further details on the calculation method can be found in Section S5.2.

2.7. Mercury intrusion porosimetry (MIP)

Mercury intrusion porosimetry (MIP) measurement was conducted on whole char particles using
an AutoPore IV 9500 mercury porosimeter (Micromeritics Instrument Corporation). Prior to
intrusion, the sample was evacuated to 10.67 Pa for 5 min. Applied pressure started at 0.0036 MPa
and ended at 414 MPa. Particle bulk density was assessed at the pressure of 0.0036 MPa. Pore
diameter at a specific pressure was calculated using the Washburn equation with contact angle
correction for carbonaceous materials. Further details regarding MIP data processing and PSD of
each replication are available in Section S5.3. and Section S5.4.

2.8. Assessment of hierarchical porous structure (micro-meso-macro)

The full PSD (0.35 nm — 500 um) was analyzed to assess the porosity of the resulting chars, which
exhibited a hierarchical structure. The full PSD was obtained using CO adsorption data (0.35 nm

— 1.5 nm), N> adsorption data (1.5 nm — 20 nm), and MIP data (20 nm — 500 um). The merging of
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the PSDs from CO; and N, was calculated according to the work of Maziarka et al.*? The starting
point of PSD obtained with MIP was selected at 20 nm. This choice was made because of concerns
about the reliability of evaluating smaller pores with MIP (e.g., deformation of the material at high
pressure).””

Two classifications of pores available in the literature are not fully compatible, and, to some extent,
neither is suitable for evaluating materials with a hierarchical structure (micro-meso-macropore
classification). One classification, established by the International Union of Pure and Applied
Chemistry (IUPAC), is devoted to materials whose application is related to their specific surface
area (SSA), such as adsorbents and catalysts.”! The other, established by the Soil Science Society

of America (SSSA), is devoted to materials whose application is related to pore volume (Vorc)
such as soils and their components.”> The proposed new classification, based on a combination of
the IUPAC and SSSA classification, is presented in Table 3. On its basis, the SSA and V., for
specific pore groups have been obtained. As in SSSA classification, pores larger than 500 um (0.5

mm) are not treated as structural pores, and pores above that size have, therefore, been excluded.

Table 3. Classification of pore size ranges for hierarchically structured materials (e.g., chars

derived from pyrolytic biomass) with comparison to [UPAC and SSSA classifications.

IUPAC SSSA This study Abv. Range
Ultra micropores Cryptopores Small micropores Mi-S 0.35nm - 0.7 nm
Micropores Cryptopores Large micropores Mi-L 0.7 nm — 2 nm
Mesopores Cryptopores Small mesopores Me-S 2 nm — 50 nm
Macropores Cryptopores Large mesopores Me-L 50 nm — 100 nm
Macropores Ultra micropores  Ultra small macropores ~ Ma-U 0.1 pm—35 pm
Macropores Micropores Small macropores Ma-S 5 pm—30 pm
Macropores Mesopores Medium macropores Ma-M 30 pm — 75 pm
Macropores Macropores Large macropores Ma-L 75 pm — 500 pm

15



2.9. Scanning electron microscopy (SEM).

Scanning electron microscopy (SEM) images were taken to assess the morphology of the char
solid structure. Analysis was performed using a JSM-7000 (JEOL) microscope. The char samples
were ground beforehand in an agate mortar, and the powdered material thus obtained was placed

on the stud coated with double-sided adhesive tape.

3. Results

3.1. Temperatures and mass change profiles

Averages (n > 2) of the surface (Ts) and center (T ) temperatures of the particle, as well as the char
mass yields (Y),) for all investigated scenarios are presented in Table 4. It was noted that the final
temperatures and solid yields were quite similar. T, depends on the gas temperature, reactor
temperature, gas flow rate, and radiative heat transfer at temperatures above 500 °C — 600 °C. The
latter explains the differences between the aimed and measured temperatures at higher
temperatures. The precise calibration of the conversion conditions to match the aimed temperature
was not conducted since the obtained final particle center temperature was within the desired range
to observe the investigated phenomena. Deviations in T, Ts and Y, were most noticeable for
scenarios T1 and T3 between particles of different lengths. Especially for scenario T1, T, and Ts
were higher by ca. 10 °C for the 16 mm cylinder (in comparison to the values recorded for the 10
mm particle). This may explain the lower Yy, by ca. 5 wt.% in scenario T1_16. The cause of such
deviation was a ca. 30 °C higher temperature of the carrier gas (see Table 2). In scenarios T3, T
was higher by ca. 70 °C in T3 10 than in T3 16, which also translated to a lower Y), in the latter
scenario. While in scenario T1, the effect of T; was distinguishable in the T value, for scenario

T3, it showed a negligible effect. In scenario TS5, the reactor conditions and final temperatures were

16



similar, while Y;, was distinguishably higher for scenario TS5 16 (by ca. 2 wt.%). It was suspected
that the secondary vapor reactions were more profound in the longer particle, i.e. in scenario T5 16
compared to T5 10 and led to the observed effect on the char yield. Overall, despite a deviation in
T; between scenarios, it did not have a drastic effect on T, Ts and Yj,. Therefore, the obtained
results are considered reliable, but further analysis should consider the implications of deviations
in the process conditions. The typical temperature-related trend of the reduction in char yield and

increased yield of released vapors observed in this study is also well-explained in the literature.”"

77

Table 4. Comparison between the averaged (n > 2) temperatures at the particle surface (Ts) and in

the center (T) and char yield (Y},) for all investigated scenarios.

Scenario l Taim T Tc Yu
[-] [mm]  [°C] [°C] [°C] [wt.%]
T1_ 10 300 307+5 305+5 66.7+0.1
T2 10 400 412 +1 404+1 26.8+0.1
T3 10 10 500 485+ 1 488 £ 1 16.6+1.0
T4 10 700 691+9 677+9 133104
T5 10 900 868+ 6 839+8 10.7+0.2
T1_16 300 32243 3171 62.0+2.6
T2 16 400 414+ 1 4051 257+04
T3 16 16 500 488 + 1 479+3  20.0+0.1
T4 16 700 702 £ 4 681+4 129+0.7
T5 16 900 8724 829+ 1 12.0+0.8

Time-dependent curves of the average (n > 2) temperatures and mass are shown in Figure 1 for the
studied particle lengths and pyrolysis temperatures. The differences in the temperature of the
surface and center of the particle are a signature of a thermal driving force in the radial/tangential

direction with a colder center. The origin of the specific shape of the center temperature profile
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and the overall exothermicity of the pyrolytic conversion process have been discussed in the
literature.'® 7378 Therefore, since both those subjects are not the main aim of this work, an in-depth
discussion on this matter will be omitted. Nevertheless, in Figure 1, for scenarios T2 10 and
T3 10, a peak in the temperature evolution at the particle center temperature can be noticed
(around 120 — 130 s), where the center temperature also exceeds the surface temperature, as is
shown for scenarios T2 10 and T3 10 in Figure 1. A similar peak can also be observed in other
pyrolysis studies of single particles, as well as at reactor -scale pyrolysis, mostly around 500 °C.?!"
22,30, 55, 7981 The literature indicates that the main reason for this peak formation is related to
exothermic heat generation due to condensation reactions of the carbon structures.'® 8183 The
difference in the rate of heat production is presumed to be the cause for a less pronounced
exothermic peak in scenarios T2 16 and T3 16 in comparison to scenarios T2 10 and T3 10,
respecitively. Regardless of the occurrence, the presence of this peak can be hidden when the rate
of heat production becomes lower than the heat influx from the particle’s exterior to the volume
in the vicinity of the center of the particle. When the conversion temperature exceeds 500 °C, the
magnitude of the heat influx to the center of the particle increases (i.e., the radiative component
starts to impact the heat transfer). Then, the thermal effects (i.e. exothermicity) of the condensation
reactions are insufficient to induce a visible peak of the temperature at the center of the particle.'®
Therefore, for scenarios T4 and T35, this peak was no longer noticeable (c.f. Figure 1).

As it can be seen in Table 4, the final temperature of the surface exceeded the temperature of the
particle center for scenario T3 10. Nonetheless, the excess was in the range of 2 °C, so relatively
low. It is suspected that the main reason for the occurrence of a higher final temperature at the
particle’s center compared to its surface was related to an imperfection in the temperature

measurement by the applied thermocouple mounting. It cannot be ruled out that, due to the

18



shrinkage of the particle, the thermocouple located on the particle surface detached from the
surface and started to show the temperature of the gas phase in the vicinity of the particle. More
details on the subject are provided in Section S1.3.

As pointed out in Section 2.1., particles were dried to a moisture-free state prior to conversion.
Therefore, the replicates that indicated re-absorption of moisture from the environment were
excluded from the dataset (or repeated, if necessary). The possible source of moisture in the sample
was related to improper sealing of the storage vial or a too long time between opening the sample
vial and insertion of the sample into the reactor. Therefore, the results presented in Table 4, as well
as in Figure 1, are results from the successful conversion of moisture-free particles. As it can be
observed in Figure 1, the conversion of the sample did not start immediately at the beginning of
the plot (0 s). The reason is related to the applied time offset for the measurements (see Section
2.2). More details on the exclusion of results from replicates contaminated with moisture and the

measurement time offset are additionally provided in Section S1.3.
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Figure 1. Averaged (n > 2) temperature profiles (top: solid line — center, dashed line — surface)

and mass profiles (bottom) for all investigated scenarios (faded band - standard deviation).

Additional averaged profiles of differential temperature for all scenarios are presented in Figure
S7. Unfortunately, a global value of the Biot number cannot be provided for the investigated
scenarios due to the high complexity of the investigated material. The main reasons are the
transient (conversion and temperature) and anisotropic character of thermal conductivity and of
the characteristic length of the particle. Nonetheless, a rough estimation is provided to indicate a
range of Biot numbers encountered in this study. The external convective heat transfer coefficient
for the @8 mm cylinder, calculated according to Churchill-Bernstein equation, was ca. 20 and 30

W/(m?-K) for conversion temperatures of 300 °C and 840 °C, respectively.’* 35 The thermal
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conductivity of wood and char in the radial direction were sourced from the work of Lee et al.’¢

The estimation with applied assumptions suggests that in the investigated cases, the Biot number
(radial direction) for wood should be within a range from 1.5 to 2.5 and for char within a range
from 2.0 to 3.5. The estimated ranges are in agreement with values found in literature. For cases
where the Biot number is higher than 0.1, the internal thermal conduction is the limiting factor of
heat transfer, in opposition to heat delivered to the particle by external convection.!® > The
estimated Biot number ranges indicate that for all investigated scenarios, temperature gradients
were not negligible inside the particle during conversion, which also can be noticed in Figure S7.
Additionally, the literature indicates that a non-negligible gradient of heating rate can be expected
during single particle conversion, which is directly related to the conversion temperature.'s
Therefore, a similar situation was expected for the investigated samples. For a conversion
temperature of ca. 300 °C, the heating rate gradient was assumed to be negligible due to a high
similarity between the center and surface temperature profile (cf. Figure 1) and relatively low
difference between them (e.g., ca. 25 °C for 16 mm particle, Figure S7). For a conversion
temperature of ca. 480 °C, the gradient of heating rate increased, and its effect became noticeable
when the temperature at the center of the particle exceeded ca. 200 °C. For scenarios T2 and T3,
the thermal effects of the bio-polymer conversion were assumed to be the main factor that caused
the deviation in the heating rate distribution. For scenarios T4 and TS5, the conversion temperature
exceeded 500 °C. For those scenarios, the deviation between the temperature profiles was well
pronounced, which resulted in a noticeable difference in temperatures, especially in the initial
times of the conversion (above 100 °C in the first 50 s, Figure S7). Therefore, the results from
scenarios T4 and TS5 indicated the presence of a heating rate gradient within the particle.

Additionally, such results indicated that for scenarios T4 and T5, the conversion occurred in a
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layered way, whereas in the outer layer (volume close to the surface), the conversion occurred with
a much higher heating rate than in the internal volume. Particle conversion in a layered way may
affect yields, which needs to be taken into account in further discussion.'®
To conclude, the results obtained were consistent and the standard deviation from averaged
replicates was very low (cf. Table 4). Apart from the scenarios T1 10 and T1 16, the 10 mm
sample reached the target temperature slightly faster in all other cases, leading to a faster mass
loss. In Figure 1, a difference in time location and extent of the exothermic peak can be observed
between scenarios T3 10 and T3 16. However, for scenarios T2 10 and T2 16, this difference
was marginal. Therefore, it is likely that for the T3 10 and T3 16 scenarios, the discrepancy is
caused by slight differences in reaction conditions (cf. Table 2). Additionally, it can be pointed out
that since the 10 mm particle converts faster, the exothermic effect at its center could occur with a
higher rate, leading to a higher temperature peak than in scenario T3 16.
3.2. Release of volatiles and their yields

The effects of temperature and particle length on the component-specific yields are shown in
Figure 2. The observed dependencies were highly repeatable. Over the range of investigated
temperatures, it can be observed that the concentration of COz in the outflow gas was higher than
that of CO only up to T¢ = ca. 480 °C. Above that temperature, the share of CO rose, and at the
final temperature, ca. 840 °C, the pyrolysis gas contained more CO than CO., which is consistent
with the literature. This trend is related to the formation of CO in secondary reactions of volatiles
(cracking).’® 77 The yield of LCS and furfural increased gradually up to 480 °C, and a further
increase in temperature led to their significant yield reduction. For LCS, the temperature at which
this reduction occurred was between 680 °C and 840 °C, while for furfural, it was between 480 °C

and 680 °C. The drop in yield can be attributed to the secondary cracking reactions of compounds
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included in LCS and furfural and a clear difference in thermal stability towards the cracking
reaction between both groups of compounds. For conversion temperatures up to ca. 500 °C, higher
CO» and lower CH4 and LCS yields were observed for shorter particles. Then, with the temperature
increase, the difference in yields between both particle lengths became inconclusive, but
noticeable. The particle length could have affected the extent of primary degradation of the bio-
components ascribed to differences in the heating rate or evaporation of evolved anhydrosugars.®”
8 However, the evaporation effect is inconsistent with the higher yields of CO and H,O observed
for the longer particle. The increase in H>O yield with temperature did not show the same steep
rising trend as for CO or CHa. It is suspected that the Boudouard reaction could be an enhancing
factor for the rise in the CO yield, especially at 840 °C (indicated also by a slight drop in CO2
yield).3*2 Between 680 °C and 840 °C, a drop in the H,O yield for both particles can be observed.
HO is mainly formed in primary degradation processes.!® The yield reduction is expected to be
related to steam gasification of char, which becomes relevant above 600 °C, but is more effective
at higher temperatures.'® An additional factor of water yield reduction could be attributed to water
gas shift and/or steam cracking of evolved vapors, since the process occurs in temperatures above
800 °C. The origin of specific compounds in pyrolytic vapors from initial bio-components, as well
as their secondary decomposition, has already been extensively discussed in the literature.'® 3 77
9395 Therefore, this work will not elaborate further on this subject.

The average mass yields of specific compounds measured with FT-IR for all investigated scenarios
are presented in Tables S7 and S8. In Section S2.2, the averaged (n > 2) profiles of all released
volatiles (mg/s) are presented for all investigated scenarios. The profiles show typical trends,

which can also be found in the literature.?® 7788

23



In Section S2.4, comparisons of yields of CO,, CO, and CHj4 in relation to conversion temperature
between this study and data presented in the literature are shown.?® 2% 30 35, 56, 38, 59, 77, 88 Tpe
comparison indicates good agreement in the yields and their trend with temperature. The yield of
CO and CH4 up to 500 °C matches previous studies, while yields above that temperature seem to
be slightly higher in the present study. The yields of specific compounds obtained in single-particle
experiments are sparse in the literature. Therefore, part of the data used in the comparison refers
to the results obtained in setups of other types (fluidized or fixed bed reactors), where the heating
conditions of particles can significantly differ from those of a single particle unit. As indicated by
Williams and Besler, a rise in heating rate (from 10 °C/min to 40 °C/min) contributes the most to
the increase in the release of CO; (X2) in comparison to other gas components in the pyrolytic
gas.”® It is suspected to be one of the factors that led to elevated CO> yields.”” Part of the results
shown for comparison purposes are based on the conversion of smaller particles. The effect of the
particle size can be considered another influencing factor. As indicated in a study by Chen et al.,
where wood particles were converted at 800 °C, an increase in particle size from 0.8 mm to 6 mm
led to a rise in the CO; yield by ca. 2 wt.%.%° The yield of CO differs noticeably from the results
reported by Anca-Couce et al., who used the same setup. Nonetheless, in the Anca-Couce et al.
study, a wood pellet particle was used instead of a single wood particle, which, considering the
significant difference in structure and/or composition between both materials, could have affected
the yields.*°

In this study, the evolved H>O yield was 5 — 8 wt.%, which is close to the amount of pyrogenic

HO in the study by Anca-Couce et al.*°

H>O yields in literature are reported to be as high as 20
wt.% in the temperature range of 400 — 500 °C.?% 35 56:38 However, Westerhof et al. showed that

for pyrolysis at 500 °C of particles with similar length to those used in the present study, the H,O
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yield should be close to 12 — 14 wt.%.%° Also, Hoekstra et al. reported H>O yields at 500 °C in the
range of 10 wt.% regardless of the retention time of vapors in the heated zone.*> Moreover, a broad
comparison by Neves et al. does not give a precise answer about the expected H,O yield.”” It is
suspected that conversion in the single-particle reactor may lead to a difference in the conversion
route of a particle, resulting in lower H>O yields. Another suspicion is that the applied FT-IR
analyzer could omit a part of the evolved water for every measurement, while still capturing the
overall trend with temperature (assumed constant bias). The objective statement on this matter
would require a directed experimental trial. Such research may be demanding since, for permanent
gases, ready-to-use mixtures are widely available (which eases the calibration of devices).
Unfortunately, such options are not available for water vapor. Moreover, calibration of FT-IR
devices for water vapor content requires an adaptation of the quantitation model to changing gas
atmospheres. So, if from the experimental setup different atmospheres can be expected, adapted

models for each stage/data point had to be applied.
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Figure 2. Averaged (n > 2) total release of compounds and their groups as a function of T for all

investigated scenarios. Top: CO2, CO, and H>O; middle: LCS (light condensables) and furfural;

bottom: CHs4 and LH (light hydrocarbons).

In general, the FT-IR based profiles and yields presented can be considered representative and

reliable for the selected pyrolysis conditions and initial particle properties (see Table S2). Precisely

controlled pyrolysis conditions are essential for obtaining representative results in repetitive

measurements in a single particle reactor as the process is not continuous. The results indicate a

very significant effect of temperature on yields. Nonetheless, although visible, the effect of particle

length on yield cannot be clearly demonstrated for specific compounds or their compound groups.
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The FT-IR apparatus was not calibrated for all compounds released during the wood pyrolysis
process. Therefore, it is suspected that the presence of non-calibrated compounds (e.g., other
furanic compounds or phenolics) could affect the measurement in FT-IR with a shielding/shading
effect. Such an effect will also be related to the absolute concentration, so its effect will be more
profound for a larger sample and higher heating rates. There is a possibility that FT-IR
measurement overestimates the furfural yield by the imperfection of the calibration routine. It
cannot be ruled out that compounds evolved during the conversion absorb a similar wavelength to
the wavelength assigned to furfural (e.g., other furanic compounds or phenolics). Therefore, their
presence would artificially increase the furfural yield during the FT-IR assessment.

3.3. Bio-oil composition

The secondary conversion of pyrolysis vapors can occur intrinsically (within the particle) and
externally (in the reactor zone).>®> Particles of both lengths were converted under the same
conditions, so the observed differences should relate to the impact of the particle length, since the
impact of the reactor is assumed to be equal for both particles. The total yields of specific
compound groups in relation to T, for both particle lengths are shown in Figure 3. These data
resembled well the temperature-related trends observed for LCS and furfural (cf. Figure 2).

For those groups of compounds, the yields increased up to ca. 480 °C. At higher temperatures, the
yields of FU noticeably dropped, while the yields for COX remained constant. At 840 °C, the
yields of both compound groups dropped to near zero. The yields of PH showed qualitatively a
similar trend with T, to those of COX, but at the highest T the yield of PH did not become
negligible. The detection of PAH started above ca. 480 °C, and their yields rose steadily to 680 °C,
followed by a sharp increase at 840 °C. Similar trends for the PH and PAH yields with respect to

temperature can be found in literature.'-3% 3 The results confirm that secondary cracking reactions
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become more pronounced above 500 °C. However, the observed susceptibility of compounds to
undergo thermal cracking is compound-specific, as suggested by other studies too.>* 37> Due to
the sample preparation procedure, it was not possible to obtained a standard deviation over the
repetitions (see Section S3.1.). Therefore, an assessment of the repeatability of obtained results

cannot be provided.
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Figure 3. Relationship between the yield of grouped vapor-phase compounds from pyrolysis and
T for particles of both lengths: 10 mm and 16 mm (top: COX — cyclic oxygenated compounds
and FU — furanic compounds; bottom: PH — phenolic compounds and PAHs — polyaromatic

hydrocarbons).

The GC-MS/FID and FT-IR data trended similarly for the yields of the pyrolysis vapors versus the
length of the particles. Below 500 °C, the yields of all condensable groups were generally higher

for the 16 mm particle. It seems to be in contradiction with the expectations, considering, for
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example, studies of Westerhof et al. and Wang et al., from which one could have expected higher
yields for smaller particles.*® %8 However, in the mentioned studies, the diameter, and hence the
heating rate, and not the particle length, was an investigated variable. At 680 °C, the COX, FUR,
and PH yields were higher for the 10 mm particle (see Figure 3). A consistent outcome was
observed by FT-IR for LCS and furfural (cf. Figure 2). Results from both GC-MS/FID and FT-IR
indicate that an increased particle length favored secondary cracking of the primary pyrolysis
vapors. The trend agrees with the study of pyrolysis of wood particles at 700 °C by Okekunle et
al.*! At 840 °C, an unclear trend was observed with respect to the particle length, but additional
factors were recognized to have an influence on the results (see Section S3.1). In Figure 3, a trend
favoring the PAH formation for longer particles is noticeable, especially for temperatures above
680 °C.

The bio-oil yields and mass shares of identified bio-oil species using GC-MS/FID are shown in
Table S6. Identified compounds accounted, on average, for ca. 40 wt.% of the total obtained bio-
oil per sample. Such a level of compound identification is in agreement with levels previously
obtained in the literature.”’'% As is shown in Table S6, light aromatic compounds like benzene,
toluene, or xylene are missing at higher temperatures, while those compounds are present in other
studies.?® 31 36-3 It needs to be highlighted that all observations, especially those related to the
effect of particle length on the secondary reactions of pyrolysis vapors, are based only on the
identified compounds (compounds identifiable by GC-MS/FID). Therefore, it cannot be ruled out
that the length of the particle had an influence on the evolution of heavy compounds (e.g., lignin-
derivatives) in exchange for the lighter compounds (e.g., PH group). If true, such an effect could
explain a higher yield of PH compounds for 16 mm particles in comparison to 10 mm particles for

T>500 °C.
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It should be stressed that the bio-oil collection method used here was far from optimal (see Section
S3.1.) in comparison with other studies.?®: ® Nonetheless, despite the possible distortion of results
by the applied preparation method, the quantitative results matched with reasonable proximity to
other results from the literature.?® > Details on the subject are provided in Section S3.4. Even
though a consistency between sources can be noticed, there is still no certainty about the yields of
specific compounds. The latter is mainly related to the application of different setups, wood
species, or process parameters (temperatures and/or particle size). Therefore, statements based on
the yield of a single component should be made with caution. The trends obtained in this study
with GC-MS/FID show satisfactory agreement with FT-IR. Moreover, trends of yields and the
extent of secondary cracking with temperature are in agreement with the literature.?® 3> 563 In
general, it was noticeable that the length of the particle had an impact on the bio-oil composition
(below and above 500 °C). Also, the effect related to the PAH formation was relatively
straightforward. Nonetheless, the trends with particle length still remain inconclusive over the
relatively broad temperature range investigated in this study. It is presumed that multiple factors,
specific at a certain temperature, could affect the results. Additionally, the imperfection of the
applied experimental method (like difficulties in bio-oil measurement or lack of identification of
heavy tars) could not account for information that would allow for unambiguous statements. More
directional experimental work is necessary to make a conclusive statement about the effect of
particle length on the yield of evolved pyrolysis vapors and provide a quantitative correlation.
3.4. Mass and elemental balance

As other studies indicate, pyrolysis at 500 °C of wood particles with a similar size and shape to
those investigated in this study should produce an organic liquid fraction (water-free bio-oil) with

a yield close to 40 wt.% on a feedstock basis.*’: 8 Combined results from FT-IR (LCS + furfural)
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and GC-MS/FID measurements at T, = ca. 480 °C showed a total organic yield of ca. 20 wt.%
(excluding furfural and compounds with evaporation temperatures lower or comparable to
isopropanol). It suggests that the collection, preparation, and analysis of liquid samples led to
quantification losses of ca. 50 wt.% of the organic liquid fraction. In a relative manner, this value
can be assessed as high. However, the mass of the wood particle was in the range of 300 — 500
mg, so at optimal conditions, 120 — 200 mg of the organic liquid fraction could theoretically be
obtained. Considering the extensiveness of the pyrolysis setup and the number of preparation steps
(see Section S3.1.), such a loss of quantification seems unavoidable. Another point is that the
analysis did not include heavy tars, which adds to the missing mass.

Mass and elemental balances (C, H, and O) for the pyrolysis of beech-wood pellets are presented
in Figure 4 (samples assigned as in Table 2), and details are given in Section S4. The balances
include feedstock mass, char mass, and summed masses of gas/vapor phase compounds as
quantified by FT-IR. The mass of individual vapor-phase compounds quantified by GC-MS/FID
were excluded from these balances for a number of reasons. Firstly, the total bio-oil yield exceeded
5 wt.% only in a few cases, but its identified part did not, in any scenario. So, the mass quantified
by GC-MS/FID represented only a minor fraction of the total volatile mass. Moreover, due to the
preparation procedure, measurement of the bio-oil from each replicate was not possible, and the
obtained GC-MS/FID results did not include standard deviation. Additionally, in any scenario, the
mass of the collected bio-oil did not exceed 100 mg (even under the most favorable conditions).
Such mass did not allow for replicable, conventional elemental analysis of the bio-oil (even for

bio-oil pooled from 3 replicates).
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Figure 4. Mass balance (top left) and carbon (top right), hydrogen (bottom left), and oxygen

(bottom right) balance of averaged chars and averaged FT-IR (gas-phase) results (both n > 2) from

pyrolysis of beech wood particles.

The share of missing mass increased from 300 °C to 480 °C, decreased at 680 °C, and increased

again at 840 °C. While char yields showed a typical trend with T,, the changes in missing mass by

FT-IR had the most substantial effect on the observed trend. A temperature around 500 °C is

considered as the optimal temperature for turnig wood into bio-0il.3® A significant part of bio-oil

was outside of the quantification capacity of this study, up to 480 °C, an effect which is presumed

to be the main factor adding to the missing mass. With a further increase in temperature, more bio-

oil constituents (i.e., volatiles) crack toward non-condensable gases, which was within the
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detection and quantification by FT-IR. This is in agreement with the increase in mass
quantification and consequent reduction in missing mass at 680 °C. It is suspected that at 840 °C,
the drop in total mass quantification was caused by the presumed elevated formation of
monoaromatic hydrocarbons (MAHs) and PAHs as well as the increased formation of hydrogen
gas.3! 3377 These compounds were indeed not detectable by FT-IR, resulting in a consecutive
increase in the share of missing mass.

Up to 500 °C, the proportion of the mass represented by FT-IR was similar for particles of
different lengths. Slight deviations were presumingly related to differences in process conditions
(see Table 2). However, above 500 °C, the 16 mm particle showed a noticeably lower proportion
of the total mass, carbon, and oxygen quantified by FT-IR. At 840 °C, the char yields had similar
values for particles of different lengths, while the carbon yields were higher for the 16 mm particles
(difference by 0.51 = 0.08 wt.% of C). Since PAHs are the precursors of soot, their high formation
might cause carbon (soot) deposition in the pores of the material.*® 37 This would lead to an
increased carbon content of the obtained chars. Considering the elevated formation of PAH for 16
mm particles at 840 °C (see Section 3), it may be expected that the increase in particle length leads
to greater secondary cracking of the vapors released and the consecutive formation and deposition
of solid carbon. Therefore, the concentration of PAHs in pyrolytic vapors may be considered a
good indicator of the deposition of solid carbon formed secondarily in the char structure.

The missing mass of pyrolysis products quantified with the methods used seems relatively
excessive (between 16 and 41 wt.%). Nonetheless, the result is within the upper range of mass
missing in comparison to prior research on the same single-particle pyrolysis setup.’* Among the
investigated elements, carbon showed the best mass balance closure, while the missing mass was

the highest for hydrogen (from 32 to 58 wt.% H of feedstock). Another study carried out with the
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same setup also observed a significant missing mass of hydrogen, and the high missing mass of
hydrogen there related to a lack of direct hydrogen gas measurement (but in the mentioned study,
bio-o0il compensation was applied).*® Other studies indicate that the mass of hydrogen released up
to 500 °C is relatively low (not more than ca. 1.5 wt.% H of feedstock). The yield of hydrogen gas
rises sharply above 500 °C, and at 800 — 850 °C, it may account for even 10 wt.% H of feedstock.?:
53,3977 Therefore, it would be incorrect to attribute the lack of hydrogen gas measurement in the
outlet gas stream as the sole factor leading to a high missing hydrogen mass. In this study, where
bio-oil compensation was not applied, unquantified bio-oil can be referred to as the main factor in
the missing hydrogen. However, two factors already mentioned in Sections 3.2 and 3.3 also need
to be highlighted with regard to missing mass and hydrogen. The first is the incomplete
quantification of the mass of H>O released which, at 480 °C, can be estimated at ca. 5 — 10 wt.%
of the total mass of feedstock. The second, and a less obvious factor, is a presumed overestimation
of furfural by FT-IR. Overestimation could lead to an apparently better closure of the mass balance
but could simultaneously create a bias not only in the hydrogen yield, but also in the carbon and
oxygen yields.

3.5. General structural changes

The trends for the true density, bulk density, and porosity with respect to T, for particles of
different lengths are shown in Figure 5. Both true and bulk density have a relatively low standard
deviation, while the porosity had a more noticeable uncertainty. The trends for both particle lengths
for true and bulk density are in agreement with the literature data.!?" 192 Apart from a notable
deviation in true density at 840 °C, both particles did not show a significant difference in bulk
density and porosity values at any T,. It seems that for parameters such as the density and porosity,

the 6 mm length difference between particles was insufficient to create a substantial effect. The
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discrepancy in the true density at the end of the temperature range may be attributed to soot

deposition, but further validation needs to warrant this in the future.?
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Figure 5. Bulk density, true density, and porosity of char particles as a function of T, for particles

with a length of 10 mm and 16 mm.

The dimensional changes in the longitudinal (L), radial (R), and tangential (T) dimensions of a
particle, as well as the volume change (V) are presented in Figure 6 as a function of the final 7.
Up to ca. 480 °C, the dimensional and volume changes of particles with both particle lengths were
relatively similar. Above this T, the dimensional changes started to be affected by the initial
particle length. For both lengths, the dimensional change of the radial and tangential direction
caused a change in the overall geometric shape of particles from cylinders to elliptic cylinders.
Conversely to the modeling studies, the particles did not show a noticeable deviation in radial and

transverse dimensions between the top/bottom and the middle of the particles.'® 1%
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Also, above 480 °C, cracks and fissures in the particles started to become profound. It was
observed that they commonly started on the growth rings of the wood, causing a layering of the
structure and deformation in the radial direction (see Figure S19). The cracks and fissures created
additional lower-resistance pathways through which, theoretically, evolved vapors could escape
from the particle. Hence, the formation of fissures should affect secondary cracking (providing a
shorter vapor escape route) or possibly the conversion by changes in heat transfer within the
particle. Additionally, structural deformation patterns within particles should be specific, rather
than homogenous for all particles within a given pyrolysis scenario. So, the occurrence of

deformation should result in a more visible deviation in the results, in terms of length or volume,
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as well as the amount and composition of volatiles and gases released. No such effect was observed
in the FT-IR results (see Figure 2).

Theories on the origin of the anisotropic shrinking of wood during pyrolysis can be found in the
literature.® % 87 The observed changes in the longitudinal direction with temperature and its
asymptotic trend, together with the changes in the radial and transverse directions, are consistent
with these theories. An ambiguity can be observed in the literature regarding the increase in the
particle dimension with temperature.®* % 194197 Davidsson and Pettersson stated that differences
in heating rate might explain this, and the increase in the tangential dimension in this study may
be related to the fact that the cracking or layering was not observed on medullary rays.'% It is
assumed that temperatures above 500 °C and sufficiently high heating rates could create
mechanical stresses within the particle and lead to its (physical) cracking at the weakest structural
points. Given that the cracks most often appear on the growth rings (annual rings), it is suspected
that these parts of the wood may have a chemical composition that, during pyrolysis, is more
susceptible to thermal breakdown and results in a discontinuity of the structure. However, due to
insufficient information available in the literature about the difference in composition between
wood and its growth rings, the hypothesis cannot be confirmed at this moment.

Above T, = ca. 480 °C, some of the particles cracked into pieces during conversion, which was
also observed in previous studies.?!* 1919 An example of this situation can be found in the video
provided in Supporting Information 2. Such cracking was often observed at T, = ca. 680 °C, where
the particles also exhibited the greatest brittleness and were most prone to damage upon removal
from the reactor. Literature indicates a minimum in crushing strength, so the weakest mechanical
durability of bio-based chars corresponding to those produced between 550 °C and 750 °C.!%% 110

It has been ascribed to an offset in the minimum ductility at 550 °C, followed by a re-gaining in
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hardness and elasticity of the material, both at 750 °C.!% ! The origin of such mechanical
behavior is rooted in the changes that the carbon matrix structure undergoes and, since the subject
is beyond the scope of the present study, further discussion will be omitted.

The change in the volume of the particle had a similar trend for both particle lengths, with a
reduction close to 40 vol.% up to 480 °C. At higher temperatures, the volume increased, and
cracking and fissures were more profound. The particle volume changes should also be reflected
in its bulk density, but the latter was not observed (see Figure 5). In this study, the bulk density
measured by MIP refers to the mass divided by the volume of the particle, excluding pores larger
than 500 pm (see Section 2.8). Assuming that the physical cracking as such does not affect the
bulk density, the main structural defects appearing in particles above T, =480 °C do not relate to
the overall porosity. Therefore, the increase in particle volume in this study was purely geometric.
It should be pointed out that if the occurrence of structural deformation in the particles cannot be
ruled out during conversion, the bulk density derived from the geometric assessment (i.e., the
particle volume calculated from the particle dimensions) will be subject to significant error. If the
risk of structural deformation appears, more advanced methods, such as MIP, should be applied
for volume assessment.

3.6. Analysis of char structure and morphology

SEM images of chars from 16 mm particles for all T, are presented in Figure 7. Particular interest
was devoted to changes in the vessels/tracheids and the pits visible on the images, and these were
also assessed with the MIP experiments. The roughness of the edges on the particles obtained at
T, = ca. 320 °C was relatively low, and the edges looked soft. The visible channels were slim, and
pits were barely visible. At 320 °C, the char structure resembled virgin wood. At higher

temperatures, the morphology of the particles changed significantly. From 400 °C to 480 °C, the
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edges of the material became sharper, and the channels became wider with more noticeable pits.
The most profound changes were observed after pyrolysis at temperatures of 480 °C to 680 °C.
Here, the surface of the material became smooth and edges sharp. Lines of the vessels/tracheid
channels became strongly visible with relatively wide channels and thin walls. Pits became
strongly visible at that temperature and had a wider opening. A further increase to 840 °C elevated
the observed effects at 680 °C, where the channel became wider, making the walls thinner.

Davidson and Pettersson observed a similar behavior of the morphologies of the chars as analyzed
by SEM.!% They assigned the changes observed between 770 °C and 850 °C to elastic deformation
(stretching and relaxation). Stretching and volume reduction occurred in their study up to 500 °C,
above which the structures “swelled” and increased in volume. In the mentioned study, the
phenomenon was observed only above 770 °C and not above 600 °C. Therefore, it is suspected
that their observation might be related to the selection (possibly) of non-representative SEM
images. The SEM images in this study do not indicate any stretching or relaxation of the structures.
The images confirmed our hypothesis that the particle expansion was not volumetric but related to
particle geometry. Therefore, the increase in particle volume (“swelling”) derived from
measurement with basic tools (e.g., ruler or digital micrometer) does not translate directly to the

bulk density of a particle (defined as a porous structure with pores that do not exceed 0.5 mm).
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Figure 7. SEM images of beech wood chars obtained between 320 °C and 840 °C for a 16 mm

particle in two magnifications (left — x100, right — x500).
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3.7. Specific effects on char porous texture

A detailed description of changes in the PSD down to 20 nm is provided in Section S5.5. These
changes provide insights into the mechanisms behind the evolution of micro- and meso- pores as
a function of conversion temperature. However, such a discussion needs to be held with caution.
The precise location of the peaks for the micro- and meso-porosity distribution strongly depends
on the applied calculation methods (e.g., kernel), which holds true even in this study, where the
most novel approach was applied. In this regard, the use of complementary analytical methods
such as small angle X-ray scattering (SAXS), transmission electron microscopy (TEM), and
absorption of specific molecules can be useful for the validation of the gas adsorption results.*
12-115 Nonetheless, the parameters derived from micro- and meso- PSD (e.g., Vpore and SSA) can
serve as indicators of the structural changes within the selected pore range. They are validated by
theoretically embedded estimators (e.g., BET or Dubinin-Radushkevich calculation methods), so
their use to describe changes should not be biased.”” Conversely, the calculation of the
macroporous PSD is based on a straightforward, well-proven theory. Therefore, there is no risk
regarding miss-assignment of the peak location if the right material properties are used in the
calculation procedure. Nonetheless, a validation of PSD for the material macrostructure can be
made with the results of 3D reconstructions of X-ray micro-computed tomography (known as p-
CT or XCT).>%>!

For quantitative assessment of changes in PSD with T, the V,ore and corresponding SSA were
divided into specific ranges (see Section 2.8.). The Vpore as a function of T, for all investigated
scenarios are presented in Figure 8 and, in addition, Tables S9 and S10 report the values of Vpore
and SSA, respectively. The volume of the smallest pores (Mi-S, 0.35 nm — 0.7 nm, see Table 3)

increased for both particle lengths from 300 °C to 480 °C, decreased from 480 °C to 680 °C, and
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then increased again from 680 °C to 840 °C, as seen from Figure 8. The volume of slightly larger
pores (Mi-L, 0.7 nm — 2 nm) increased up to a temperature of 680 °C, after which it decreased to
some extent. The shape of the Mi-L curves resembles the shape of the curve for the CO; yield of
the 16 mm particle (cf. Figure 2). Both, Me-S (2 nm — 50 nm) and Me-L (50 nm — 100 nm) trended
downwards with increasing pyrolysis temperature. The Ma-U (0.1 um — 5 pm) trended upwards
until a limiting temperature. Also, an upward trend was noticeable for Ma-S (5 um — 30 um). For
Ma-M (30 pm — 75 pm) and Ma-L (75 pm — 500 um), the pore volumes increased significantly,
especially at the highest temperatures. The dependency on the particle length was negligible or
absent for most of the pore diameter ranges. Nonetheless, the Mi-S volume was significantly

higher for chars prepared from 10 mm particles than for 16 mm particles.
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Figure 8. Averaged (n > 2) Vyore for specific pore size ranges and as a function of T for all

investigated scenarios (dashed line — 10 mm and solid line — 16 mm).
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Virgin beech wood is composed of basic structural units with distinctive diameters, such as: vessels

from 5 pm to 100 pm, tracheids/fibers from 15 pm to 20 pm, and pits from 4 pm to 11 pm. 16117

The smallest structures (below 5 um) relate to micro-pits in radial/transverse direction, micro-
voids, and cell wall capillaries.** The pore volume trends for Ma-U/S/M/L can be assigned to
changes related to those structural formations in wood. Changes in the PSD for a specific particle
with temperature are shown in Figure S20 (results of each repetition from Hg porosimetry) and
Figure S21 (separate PSDs of the micro-, meso- and macro-pore range). Additionally, Figure S22
presents complete PSDs from 0.35 nm to 500 um for all investigated scenarios, which allows for
a visual assessment and comparison of changes in the pore volume over the whole pore size range.
The increase in conversion temperature distinctively leads to an increase in the size of the smallest
structures and shifts the peak location from 0.05 pm — 0.2 pm to 0.5 pm — 4 um. A similar result
was observed by Pfriem et al.** The widening of the formations (probably due to the thinning of
the walls) started to be noticeable above 480 °C, as shown in the PSDs and SEM results. It needs
to be highlighted that, above 500 °C, PSDs in Figures S21 and S22 do not show any reduction of
peak height or width (for pores with sizes up to 500 um). It additionally confirms that the structural
deformations leading to geometric “swelling” are related to structures that have not been counted
as pores (such as macroscopic cracks and fissures).

The contribution of pore volume from a specific pore group to the total pore volume, presented in
Figure 9, indicates that the macropore share did not drop below 80 vol.% in any investigated
scenario. The macropore volume reached its minimum at ca. 400 °C, and at 840 °C, it accounts for
ca. 90 vol.%. The share of mesopores with T, drops from an initial value ca. 15 vol.% to a few
vol.% at 840 °C. The share of micropores increases from an initial few vol.% to ca. 10 vol.% at

680 °C, followed by a slight drop at 840 °C. Results indicate that thermo-physical parameters
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(effective thermal conductivity, permeability) of chars should be related to parameters derived
from the macroporous structure (e.g., average pore diameter). Additionally, it should be considered
that vessels and tracheid have cylindrical/cuboid shapes, and their ratio of length to diameter may

vary significantly, e.g., the ratio for beech wood vessels is ca. 7000, and for tracheids, it is 50.!7
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Figure 9. Relationship between volume share of pores within specific size ranges (top) and SSA
of specific pore size ranges (bottom) and the final temperature at the particle center for both particle

lengths (dashed line — 10 mm and solid line — 16 mm).

The micropore volume directly corresponds to the highest share of the SSA for investigated
materials. Therefore, SSA derived from other pore groups will be significantly lower, if not
negligible (as for macropores). The chars prepared from 10 mm particles showed a higher
microporous SSA than those from 16 mm particles. The difference was relatively constant up to
480 °C but increased slightly at 680 °C, and, at the final temperature of 840 °C, it became

significantly visible. The SSA of macropores and mesopores stayed relatively low and constant
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regardless of the applied temperature. A noticeable exception here was the higher value of the
mesoporous SSA for the chars from the 10 mm particles at 840 °C as compared to that derived
from the 16 mm particles.
3.8. Tradeoffs and char tailoring for a given application

The most relevant parameter for the application of carbon material in (electro-)chemical and
adsorption processes is the PSD in the micro-mesopore range and the related SSA. However,
pyrolytic carbons are rarely used directly for these applications, while their derivatives, activated
carbons, have a wide industrial application. It should be pointed out that a process for producing
activated carbon precursors, so-called carbonization, takes place at lower temperatures (400 — 500
°C). According to the DIN EN 1860-2, the charcoal (precursor) must contain 80 wt.% of fixed
carbon (irrespective of other parameters), which corresponds to a production temperature close to
500 °C.!® This corresponds to the Food and Agriculture Organization of the United Nations (FAO)
recommendation for industrial charcoal production.''” Next, physical activation, commonly
applied in industry, takes place at temperatures between 800 °C and 1200 °C using flue gases from
natural gas combustion (also with an additional injection of steam) as an activating agent.'?* While
chars for use in pollutant adsorption applications may not always require activation, it is required
when the material is intended to be used as a supercapacitor. Chemically activated carbon (e.g.,
KOH or K2CO3 at 400 —700 °C) is often preferred for such applications. Materials intended to be
used in electrochemistry have rigorous requirements regarding irreversible capacity, voltage
hysteresis, and cycling stability. The mentioned properties directly relate to the chemical
composition of the material, regardless of the PSD. For application in supercapacitors, the material
must have most of its SSA in the 1.2 — 2 nm pore region, as smaller pores are not easily accessible

to ions.'?% 12! The relationship with pollutant removal (pharmaceuticals or heavy metals) is not yet
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fully understood, since multiple adsorption mechanisms are at play and depend on the chemistry
of the carbon surface in addition to the properties of the absorbed molecules.® ?*!2> For this
purpose, it can be assumed that the SSA must be located in the pore size range above the size of
the absorbed molecules (e.g. for pharmaceuticals compounds), while for heavy metals, the entire
microporous range of the SSA can be considered usable.

Considering that the precursor for activated carbon should have the highest PSD in the range of
Mi-L (0.7 nm — 2 nm), the results show that it might be better to carbonize the material at higher
temperatures (around 840 °C), since the SSA obtained for that specific range was the highest at
those temperatures. The risk of pore closure/collapse due to re-organization of the carbon structure
at higher temperatures cannot be ruled out.'?® 27 Therefore, higher temperatures cannot be
recommended in this study as they could lead to the opposite of the desired result. However, if the
yield of the pores (char yield x pore volume) in the Mi-L region would be considered, then the
highest yield of pore volume per initial biomass is obtained at 680 °C. Also, the mesoporous
volume, which acts as a micropore connector, is not the lowest at this temperature. Furthermore,
at 680 °C, relatively short particles should be used for production to reduce carbon deposits in their
structure. It is questionable whether such a tradeoff is favorable, given that between 500 °C and
700 °C, the char yield decreases by ca. 3 —5 wt.%. Another question is whether it is worth
producing char intended for activated carbon at a temperature required by standards if, in any case,
the char will be heated above this temperature during activation. One might also ask whether
producing char at temperatures above 500 °C would not reduce the energy needed to crush/grind
the material, and thus balance out total energy requirements. Answering these complex questions

is beyond the scope of this work.
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Bio-based chars (biochar) can straightforwardly be used as a soil amendment after fulfilling
restrictions imposed by the International Biochar Initiative (IBI) and European Biochar Foundation
(EBC) standards.!?® 1?° In terms of general properties, biochars must have a H/Corg lower than 0.7,
which, for wood, relates to production temperature equivalent of 350 — 400 °C. An additional point
to be mentioned is the chemical stability of chars, which reflects the carbon sequestration potential.
Considering only abiotic factors, higher pyrolysis temperature leads to higher char stability, so the
trend with temperature is very straightforward.!?® Nonetheless, the mass loss against temperature
must also be considered for estimating sequestration potential per initial quantity of biomass.

The standards indicate that the concentration of PAHs within the char must be relatively low.
PAHs formation depends on the pyrolysis temperature, where temperatures above 500 °C strongly
enhance their formation.** 3’ Studies of the subject indicate that temperature above 500 °C leads
to an increase in PAHs in chars.!*! 132 It needs to be highlighted that PAHs are formed not only
within the particle (intrinsic PAHs) but also in the reactor zone (via secondary reactions of
vapors).>® Therefore, elevated concentrations of PAHs in the collected bio-o0il do not necessarily
indicate their occurrence in char. When the temperature is favorable for PAHs formation, the
exposure time of particles to vapors should be minimized, not to cross-contaminate char, which
can be obtained by, e.g., elevated sweep gas flow. Such an action should also lead to a reduction
of the intrinsic retention of vapors within the char due to the enhancement of their convective
removal from the surface. Nonetheless, the intrinsic retention time depends also on the particle
size, especially length. As this study shows, for similar conditions in the reactor zone (flow,
temperature), the conversion of the longer particle led to elevated PAHs yields (and possible higher
soot deposition related to it). It is suspected that a partial cause of such a result is the higher

absolute pore volume of longer particles, where more residual vapors stay after conversion (e.g.,
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in areas close to the center of a particle), so more vapors are exposed to conditions favorable to
form PAHs (and soot). Therefore, it can be stated that a reduction of the PAH formation, as well
as a reduction of risk related to char contamination with PAHs, can be obtained by a reduction of
the particle size. However, temperature still needs to be pointed out as a critical factor.
Macropores are critical for chars in soil applications. As far as water retention is concerned,
pores with a diameter >75 pum allow the movement of water in the soil but may cause faster
drainage. Pores with diameters ranging from 5 pm to 30 um and from 30 um to 75 pum are related
to water retention in the soil, but only the latter ones retain water that is entirely available to
plants.!33 134 In smaller pores, < 5 um, water is also retained but is not available to plants. However,
as they retain moisture, they can provide a habitat for beneficial microbes, such as phosphorus-
solubilizing bacteria whose size ranges from 0.2 pm to 10 um (e.g., Bacillus megaterium, approx.
4 um long and approx. 1.5 um in diameter).!* The results show that volume and yield per biomass
of pores, which retain plant available water, drops slightly from 300 °C to 500 °C and rises rapidly
up to 840 °C. However, the water-draining pores also show a similar tendency. For pores with a
diameter from 0.1 um to 30 pm, the best yield per biomass is obtained at 300 — 400 °C, and it
drops noticeably with a further increase in pyrolysis temperature. The influence of the particle
length does not play a significant role for those structures. Overall, in the case of the soil
applications of char, a conversion temperature of 700 °C can be advised to obtain favorable water
retention properties. Nonetheless, particular attention must be paid to PAHs content in the char
when conversion is conducted at such an elevated temperature. On the other hand, the temperature
should not exceed 500 °C if char is considered as a bacterial habitat.
The PSD results obtained, and therefore, the recommendations refer to beech wood. However,

given the similarity in composition and structure to other wood species, the recommendations
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should also be valid for other wood species.!!” Further research should be carried out to confirm
this assertion and assess whether the trends observed are accurate for different types of biomass

(fruit stones, shells, husks, and herbaceous biomass).*

5. Conclusions

In this study, it has been shown that secondary cracking of vapors evolved during pyrolysis of
beech wood started to become relevant above 500 °C. The compound-specific behavior of the
phenomena was confirmed. The effect of particle length on the secondary cracking was ambiguous
for specific compounds, so a quantitative relation for all investigated compounds could not be
provided. Overall, the results showed an acceleration of cracking with conversion temperature (on
average for both particles), a decrease in condensable vapor (without PAHs) yield of 14.4 £ 1.0
wt.% between 480 °C and 840 °C. Between 680 °C and 840 °C the increase of the PAHs yield was
higher for 16 mm particles than for the 10 mm ones (x9 and x5, respectively). The higher PAHs
formation for 16 mm particles at 840 °C promoted higher carbon yields in chars (by ca. 0.25 wt.%)
and reduced microporosity (specific surface area, by ca. 140 m?/g). Interestingly, the effect of
particle length was pronounced in the micropores region but negligible in the macropores range.
The increase in the geometrically assessed volume of the particle was not uniform volumetrically,
but it was related to the appearance of cracks. Furthermore, the term “swelling” should be used
cautiously in further studies. A detailed assessment of the pore morphologies of the chars indicated
reliable, quantitative trends with conversion temperature, which can be implemented in subsequent
modeling works.
As observed in this study, the low-temperature conversion (below 500 °C) had an impact on the

pore morphology. Therefore, despite the fact that the study presents an example of a
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comprehensive approach, even more detailed studies on the subject are recommended. Future
studies should enhance investigation by providing a more detailed assessment of the release of
vapors, especially heavy compounds. Those insights will extend the understanding of the
mechanisms behind the secondary reactions of vapors, also at high temperatures, which relate to
PAHs and secondary char/soot formation. With such information, the quantifiable effect of the
particle size (lengths and radius) on the pore morphology could be derived.

The study proves that despite the difficulty of assessing the various interconnected phenomena
involved in biomass pyrolysis, it is possible to understand the reproducible production of tailored-
made chars. Of course, these efforts will have to be combined with application trials, in order to
validate the tailoring procedures. Additionally, the comprehensive dataset obtained in this study
lays the foundations for extending the research to Computational Fluid Dynamic (CFD) modeling
of single-particle pyrolysis. In doing so, the particle behavior can be represented with greater
accuracy, which could lead to an improved understanding of the process and further optimization

of char tailoring. This will be the subject of Part 2 of our forthcoming work.
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