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Abstract

Hybrid thermochemical-biological (HTB) biorefineries were recently proposed as a novel system
for the conversion of lignocellulosic biomass into valuable products. This approach aims to
couple the ability of thermochemistry to fast depolymerise refractory biomass into smaller
molecules (e.g., pyrolysis), and the ability of microorganisms (e.g., microbial mixed cultures,
MMC) to transform a variety of chemicals into a few targets products. Despite attempts were
made to provide an evaluation of pyrolysis-anaerobic digestion (Py-AD), difficulties were found.
These studies highlighted the need to increase the share of easily biodegradable molecules
provided by thermochemistry to microbes. In this work, novel HTB pathways were proposed
and analytically evaluated. Process flows were deeply investigated through a novel array of
analytical techniques, providing a new chemical picture of different process combinations.
Specifically, hydrothermal carbonization-intermediate/fast pyrolysis (HTC-Int-Py-AD and
HTC-Fast-Py-AD), and slow pyrolysis-gasification (Py-Gs-AD) were evaluated in order to
increase the delivery and quality of substrate within the thermochemical step. Gas and liquid
products obtained through the proposed paths were biologically upgraded to volatile fatty acids
(VFA). Results revealed an improved conversion of biomass into biological products, especially
for the Py-Gs-AD route. The combination of hydrothermal carbonization and intermediate
pyrolysis provided liquids with an increased share of sugars which resulted in fermentable,
however did not significantly increase the overall yield of products with respect to the direct Py-
AD. Noticeably, HTC-Fast-Py-AD path was found to be not suitable for the unequivocal higher
toxicity of fast pyrolysis products with or without hydrothermal carbonization. The best results
achieved were 50% chemical energy of biomass (on a chemical oxygen demand basis) converted

into products within Py-Gs-AD pathway, and 40% of the latter with HTC-Int-Py-AD.
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1 Introduction

The Anthropocene refers to the idea that humankind has reached a global influence upon the
elements cycles and energy balances of the earth. Such remarkable increase in resources and
energy availability started during the Industrial Revolution and more rapidly after the Second
World War through the period referred to as “The Great Acceleration”. Fossil coal, oil, and gases
had become the engine of this change providing energy, chemicals, and material which allowed
a deep change in society in just few decades. Chemicals and materials derived from fossil
resources are at the foundation of our modern society, but despite their essential role, they did
not come for free. Environmental impact, and in particular climate crisis, revealed the cost of
the fast development we have undergone, and provide now one of the main challenges for
modern society!. Among the vast benefits of fossil oil, organic chemicals represent one of the
main levers of change. These compounds are obtained from oil and gas in efficient refineries
with minimal wastes of energy and material. The carbon they contain was captured millions of
years ago through a geological timescale process and has been released in large amounts within
less than two centuries. This drastic turn in the carbon cycle strongly impacted the only
apparently resilient balance of thereof, providing a modification in its distribution on our planet,
and starting an engine of changes towards increased greenhouse effects which is now spreading
its shadow upon many aspects of our ecosystems, economies, and society. Thus, to take control
of carbon’s biogeochemical cycles, carbon neutral or negative sources should substitute oil and
gas, enabling the modification and control of GHGs. The key aspect of carbon neutral or negative
sources is their short life cycle, namely materials that can uptake and deliver carbon within a
few decades. Together with carbon dioxide, lignocellulosic biomass is the best candidate to
substitute traditional fossil chemicals. Its high content of carbon-based biopolymers (namely
lignin, cellulose, and hemicellulose), its ability to capture carbon dioxide from the atmosphere,
the relatively short time to grow, and the almost ubiquitarian distribution in the planet, are the
essential ingredients for fighting against the climate crisis2. Moreover, lignocellulosic biomass
is present in many wastes of our society which currently mostly undergo landfill, field disposal,
or energy production (i.e., combustion), such as rice husk, sugar cane bagasse, sawdust, straw,
coconut husk, leaf litter, etc. These materials have minimal or no nutritional value, thus making
them attractive non-food competitive materials?. Another important aspect of lignocellulose
materials is that, so far, their cost is lower than crude oil, thus leaving some margin for its

conversion.

Lignocellulosic biomass is formed by a three-dimensional structure made of three biopolymers.

The core is made of cellulose, a biopolymer with a linear structure having glucopyranose as



the solo monomer. Glucopyranose units are linked by B8-1,4 bonds with a molecular weight of
around 100 KDa3. Cellulose chains have intra and intermolecular hydrogen bonds, which result
in amorphous or crystalline structures coexisting together. Cellulose is further organized in a
complex ultrastructure called microfibrils, whose core is composed of crystalline cellulose.
Externally connected to the cellulose ultrastructure, the second biopolymer, hemicellulose,
grows in several directions. Hemicellulose is a complex polymer formed by pentose and hexose
sugars. The composition depends on the type of biomass, with different quantities of xylan,
glucose, galactose, mannose, and arabinose forming macromolecules of approximately 30 KDa.
Oppositely to cellulose, hemicellulose has a ramified structure and presents peculiar
characteristics such as acetylated groups which provide stronger hydrogen bonds and solidity
to the biopolymer24. Other than surrounding cellulose and providing chemical and structural
resistance to the latter, hemicellulose also interconnects cellulose and the last biopolymer:
ligninZ-4. Lignin is a polyphenolic biopolymer which acts as a structural filler of lignocellulosic
biomass forming a glue between cellulose-hemicellulose complexes. The monomers of lignin are
essentially three: p-coumaryl, coniferyl, and sinapyl alcohols, whose relative abundance
depends on the type of plant®6. This component of wood is highly heterogeneous since its
monomers are linked with a randomized pattern by different covalent bond, such as: 8-O-4, 5-

5, B-B, B-5, B-5/a-0-4, etc’.

Thus, biomass in terms of chemical constituents is a composite made by two-thirds of
carbohydrates and one-third by aromatic biopolymer. Due to the high content of sugar-based
molecules, over time many processes were developed to utilize biomass and waste biomass to
obtain sugars and their derivates. However, despite the punctual composition of the three main
biopolymers, lignocellulosic biomass presents a complex structure evolved to guarantee a
certain resistance to prevent the assault on its structural sugars from the microbial and animal
kingdoms. The result is the characteristic known as recalcitrancy, which is the main obstacle to
the possible utilization of thereof. In the context of biorefinery, this negatively affects
the penetration of liquids or enzymes, increasing the cost of depolymerization and reducing
yields of conversion3. Two main routes exist for the depolymerization and utilization of biomass
constituents: a biological route which aims to use microbes to transform sugars inside the
biomass, or depolymerization through thermochemistry. For both approaches, different
strategies have been proposed, however, without going into details, both present strengths and
problematics. Biological conversion, which can potentially degrade complex mixtures of
chemicals such as biomass, is hampered by the intricated structure of the latter (e.g., dimension
and accessibility of biopolymers) which slows the process with a consequent increase in costs.

Thermochemistry can quickly depolymerise biomass within few seconds, but the products are
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mixtures of mainly low molecular weight compounds from which is not easy to obtain purified
chemicals. However, within the two distinct paths, it is possible to view a third emerging
strategy which can potentially combine the strengths of both processes: hybrid thermochemical-
biological processes (HTB). Firstly proposed in 2007 by Brown®, HTB aims to depolymerize the
biomass through thermochemistry without aiming to obtain an exact separation of the three
main biopolymers, but betting on the ability of microbes to deal with a variety of substrates and

acting as a funnel for thermochemical output towards fewer valuable products (Figure 1).

Agricultural

. Chemicals
residues

Forestry

residues Materials

HTB
1

\

Biomass to X

Herbaceous
woody energy
crops

Figure 1. HTB concept, thermochemistry as a reversed funnel (from few biopolymers to many small chemicals) and
biological conversion as a regular funnel (from many components to few valuable products)

Two strategies are possible following HTB concept and are based on the type of intermediate
products which should be converted by microorganisms. The first approach includes
depolymerization through pyrolysis, the thermal degradation which occurs at relatively high
temperatures and in the absence of oxidant®. The products of pyrolysis are divided based on the
physical phase: a carbonaceous solid called biochar; a liquid called bio-oil which naturally splits
into a water-soluble portion or aqueous phase liquid/aqueous pyrolysis liquid (APL), and a
water-insoluble portion referred to as pyrolytic lignin (PyL); incondensable gaseous products
called pyrolysis gas (Py-Gas). The mass and energy balance of pyrolysis towards the products
depend on the condition of the latter: rapid heating coupled with a low residence time of volatiles
in the hot zone of pyrolizers results in a high yield of liquid (fast pyrolysis), meanwhile low
heating rate and long residence time provide more yield of biochar respect liquid and gases (slow
pyrolysis). Lastly, intermediate values provide a third type of process named intermediate
pyrolysis, which usually is closer to fast pyrolysis but with a lower yield of liquid'®. Coupling
pyrolysis and anaerobic digestion (PyAD) have different strength aspects, such as the possibility
to produce readily bioavailable compounds (APL) which are soluble in the aqueous medium
where microorganisms grow and live, and the presence of sugar-like compounds (e.g.,

levoglucosan).



Drawback although exists: the complex mixture of chemicals differs from the optimal
composition of a biological substrate with no sugars initially present. Anhydrosugars, whose
presence is a key point in HTB, are close enough to sugars and in relatively abundant level,
however their degradation can occur only after a hydrolysis step, which require dedicated
enzymes (e.g., levoglucosan dehydrogenases lgdA, 1gdB1, 1gdB2, and 1gdC) present in some
species (Microbacterium lacusdiani, Klebsiella pneumoniae, Paenibacillus athensensis, etc.) or,
in alternative, an acid hydrolysis of APL prior fermentation!-4, Also, among the mixture
produced by pyrolysis there could be: the possible formation of inhibitory compounds, especially
from the aromatic part of biomass, that can preclude, slow, or inhibit the conversion; the
possibility to produce unconvertible products (i.e., products for which no enzyme exists in
nature); or the presence of high molecular weight compounds (HMW) which can result hardly

to decompose?®.

The second approach is the gasification of biomass to produce fewer gaseous products which can
be fermented by gas-consuming microbes, i.e., gasification coupled with anaerobic digestion (Gs-
AD). Gasification is the thermal degradation with oxidants present in sub-stoichiometric
content (i.e., air, steam, carbon dioxide, etc.), occurring at relatively high temperatures?6. This
results in high yields of gases with minimal production of solids and liquids. In this case, the
big advantage is to provide a simplified substrate than APL (mainly hydrogen, carbon monoxide,
and carbon dioxide). Limitations of this second approach are the need to maximise the gas-liquid
transfer during fermentation due to the low solubility of gases, and to limit the production of
tar during gasification, which can completely inhibit the fermentation even at low

concentrations?’.

For the biological conversion, within Py-AD the complexity of APL liquid forces the utilization
of mixed microbial communities (MMC), which can synergically deal with complex substrates.
However, this increased potential of conversion is typically achieved with a slight loss of
conversion efficiency due to an increased entropy of the system!819, For Gs-AD, it is possible to
think of single-strain or multiple strains bacteria, highly selected to achieve fast conversion and
high yields. However, to date, just a few studies effectively tested and converted real syngas
from gasification of biomass, due to the intoxication even with minimal tar presence?. Thus,

mixed cultures may be a choice also for this HTB path.

To date, different investigations have been made to prove the feasibility of HTB concept20-21, As
a result, the possibility to produce biomethane from pyrolysis APL of wood was demonstrated
using biochar to enhance the conversion and reduce the toxicity of pyrolysis products?Z. Despite

the production of biomethane from PyAD was demonstrated, the latter pathway is nowadays

4



not yet competitive with the fossil-based methane, whatever the feedstock is, thus reducing the
margin of profit and precluding the production of more valuable products. For this reason, the
production of alternative products within MMC metabolic pathways was proposed recently as
an attractive alternative!®. Of particular interest are volatile fatty acids (VFA), precursors of
methane which not only care more energy but also serve as platform chemicals to produce
solvents, fuels and biomaterials such as polyhydroxyalkanoates (PHA)23. Py-AD from fir
sawdust to produce VFA was already demonstrated by Kiigiikaga et al.2* which found that paths
of conversion exist but request an easily degradable co-substrate (glucose) and biochar presence
to obtain sufficient yields of production. Moreover, to date, the available literature regarding
PyAD or GsAD, lacks to give a complete overview upon chemical energy and mass yield of final
products respect the input biomass together with an analytical characterisation of the
thermochemical outputs before and after their biological conversion. Such missing is primarily
caused by the complexity of merging rather different and interdisciplinary subjects as
thermochemistry with its analytical investigation of complex mixtures outputs, and the
biological conversion of the latter in dedicated bioreactors properly monitored. Thus, the
possibility to understand which process is delivering the highest chemical energy into products,
together with an evaluation of the characteristics of the chemicals to be converted within
biological step (e.g., ratio of low and high molecular weight compounds, type of chemical present
and how their concentration is affected by process change, etc.) preclude today a critical

comparison based on a complete overview.

Starting from here, this work aims to find novel conversion pathways within HTB scheme, able
to convert thermochemical products into VFA, through a rigorous analytical approach. For Py-
AD, hydrothermal carbonization (HTC) was employed as a pre-treatment before pyrolysis. HTC
1s a wet thermal treatment which occurs at relatively high temperatures (up to 250°C) under
an inert atmosphere. The main effect is the solubilization of hemicellulose, providing a solid
with an increased share of cellulose and lignin and a liquid rich in sugars which can undergo
anaerobic digestion?-28, Thanks to a preliminary degradation of hemicellulose, resulting in a
production of a sugar rich liquid (HTC liquid) prior pyrolysis, an improved overall yield of sugary
compounds from biomass is achieved since, usually in pyrolysis, hemicellulose tends to produce
dehydrated molecules (e.g., furans, aldehyde, etc.) than simple depolymerisation to pentose and
hexoses?®. Moreover, HTC provide a solid, called hydrochar, which respect the original
lignocellulosic material result in a decreased content of ashes and in particular alkaline and
alkaline-earth metals2?®. Since the latter act as acid catalyst for the degradation of cellulose and
hemicellulose, application of HTC as pretreatment improve the yield of depolymerization

products during pyrolysis (e.g., levoglucosan)3®. Combining this characteristic with the
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increased ratio of cellulose in hydrochar than original lignocellulosic biomass, the result is an
increased share of anhydrosugars in APL, namely, the possibility to have a more bio convertible
aqueous liquid output from pyrolysis. Both intermediate and fast pyrolysis were evaluated in
this study, comparing the biological conversion of direct pyrolysis and HTC followed by pyrolysis
(HTC-Py-AD). Additionally, within Gs-AD scheme, the combination of slow pyrolysis followed
by gasification of the biochar obtained from the latter was evaluated as a promising path to
provide clean syngas for further fermentation (Py-Gs-AD). In fact, the literature shows that
the gasification of biochar, compared to the direct gasification of biomass, results in a reduced
production of tars3:32, However, this solo thermochemical path is not considered highly
attractive due to the production of secondary pyrolysis products (e.g., APL) which can be hard
to valorised in a chemical approach. However, since the idea is to test Py-Gs-AD within a hybrid
thermochemical-biological, the production of APL in the pyrolysis step results in an extra
feedstock for the latter biological process33. An overview of all the pathways proposed and

investigated in this thesis work is presented in Figure 2.
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2 Aim

This work aims to propose and evaluate new thermochemical-biological approaches for
the conversion of lignocellulosic biomass to improve the yield of valuable products obtainable
with a logic of analytical approach from the source to the products, carefully following all the
steps of conversion. Volatile Fatty Acids (VFA) were selected as target molecules within HTB
process since they are a key and common product of a vast selection of mixed microbial cultures
(MMC), with the latter been the most suitable biological microorganisms to deal with complex
mixtures and thus, to be used in hybrid thermochemical biological approach. VFA, moreover,
have not only a higher market value than methane, but serve as platform thus opening the
possibility for a more extended chemicals and materials production. The coupling of direct
pyrolysis/ gasification of biomass with mixed microbial cultures (MMC) fermentation is the
starting point of this work. Beyond this, the main focus of this work was to apply different pre
or post-treatments to pyrolysis, aiming to deliver a higher share of the initial feedstock (in
gaseous of water-soluble form) to the biological step. An analytical approach was applied for a
critical evaluation of different potential pathways providing, for the first time, a precise
experimental evaluation of the conversion yield with different configurations. This finally
allowed to compare various strategies and identify the best options from the point of view of

conversion yield.



3 Materials and Methods

For all the thermochemical tests performed fir was used as solo lignocellulosic biomass. The
ratio of this choice has a double reason: firstly, allows a direct comparison of all the pathways
investigated; secondly, it represents an abundant and typical source of lignocellulosic biomass.
However, for clearness and honesty, results obtained in this work can vary also significantly
when considering other sources of lignocellulosic which deeply differ in type and content of

lignin, cellulose, hemicellulose, and ash (e.g., switchgrass, rice straw).

Along the study, chemical oxygen demand (COD) was used as tracer of the chemical energy from
the input of HTB until the products. More information about this approach can be found in
section 3.6 and in Torri et al.'® Material and methods for this work are divided into three
sections: sections 3.1 to 3.3 describe the analytical methods used in all the works presented;
section 3.4 describes the apparatus used for the thermochemical processes, including a general
description of reactors and their equipment; section 3.5 describes the bioreactors/batch utilized
for fermentation of both liquid and gaseous outflows from thermochemical steps. Among the
results and discussion paragraph (4), methodologies will be cited through the sub-section

number of material and method.

3.1 Analytical characterisation of solids

3.1.1 Moisture
Moisture determination was performed by weight loss. Samples were left overnight at 105°C

until constant weight.

3.1.2 Ash
Ash determination was performed by complete combustion of the samples at 600°C for 5 hours

under an air atmosphere according to ASTM E1755-01(2020)

3.1.3 CHNSO

For the elemental composition of solids and liquids, a Thermo-Fisher's CHNSO analyser (Flash
2000) equipped with a copper/copper oxide column and calibrated with 2,5-bis-(5-tert-butyl-2-
benzo-oxazol-2-yl) thiophene (BBOT).

3.1.4 XRD
X-ray diffraction (XRD) was performed to determine the crystallinity index (CI) of cellulose
through the peak height method (Park et al.3%). An INEL XRG-3000 was used equipped with

copper radiation (Cu Ka, A Ka1=1.5406 nm) generated at 30 kV and 25 mA. Measurements were
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recorded in the range of 0—82° (20) with a step size of 0.029° according to Buendia-Kandiaat et

al.3®

3.1.5 2D heteronuclear correlation solid-state NMR (HETCOR)

Solid-state NMR experiments were performed on an AVANCE 750 MHz wide bore spectrometer
(Bruker™) operating at a frequency of 188.5 MHz for 13C and equipped with a triple resonance
MAS probe designed for 3.2 mm o.d. zirconia rotors (closed with Kel-F caps). Other details on
the instrument configuration and acquisition parameters can be found in the supporting

information of Le Brech et al.36

3.2 Analytical characterisation of liquids

3.2.1 Chemical Oxygen Demand (COD)

The COD content of water solutions was obtained through direct combustion of liquid samples
by QuickCOD (LAR Process Analyzer AG) following the ASTM D6238-98 standard method
based on thermal oxidation at 1200 °C. External calibration was performed with phthalate

standards in a range between 200-2000 mgQO2 L1

3.2.2 Silylation of polar compounds

Silylation was used as derivatization technique for the quantitative GC-MS determination of
compounds with low volatility and high polarity (e.g., levoglucosan, sugars, furans, etc.). In brief,
100 pL of sample and 50 uL of methyl arabinose (Sigma Aldrich, internal standard at 100 ppm)
were dried under nitrogen at room temperature in a 2 mL GC vial and thereafter silylated using
100 pL  of acetonitrile with 10%volume of pyridine and 100 pL  of N,O-
bis(trimethylsilyl)trifluoroacetamide with trimethylchlorosilane (Merk) as silylation agent. The
mixture was heated at 75°C for 1 hour and 30 minutes, then 0.5 mL of ethyl acetate were added
to dilute the solution before GC injection using the instrument configuration previously

described 37.

3.2.8 Acetalization of aldehydes

Reactive aldehydes (e.g., hydroxy acetaldehyde) were determined by solvent extraction,
methoxylation and GC-MS following the procedure described by Basaglia et al. 38 with slight
modifications. Briefly, 0.5 mL of the dimethyl carbonate solution obtained as for VFA analysis
method (3.2.4 see below) was added in 0.5 mL of methanol (HPLC grade, Sigma Aldrich) and 5
mg of methanol-washed Amberlyst® resin (Sigma Aldrich). The vial was then sonicated for 10
minutes before GC-MS analysis following the parameters described in the above-mentioned

reference.
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3.2.4 VFA analysis

Light volatile polar compounds, such as VFA, were analysed using the method described by
Ghidotti et al. 3° which uses a flash dimethyl carbonate extraction directly inside the GC vial.
In brief, 100 pL of the sample were dosed in a GC vial with 100 uL saturated water solution of
KHSO4 and 100 pL saturated water solution of NaCl. As an internal standard 100 pL of 2-
ethylbutyrric acid at 100 ppm in water was added, and lastly 1 mL of dimethyl carbonate which
at these conditions results immiscible with the water solution and also stays upon the latter.
The vial was then energetically shaken and, after the separation of the two phases, the upper
one was injected into the instrument for the qualitative and quantitative determination with

the conditions reported here3.

3.2.5 Furrier Transformed Ion Cyclotron Resonance Mass Spectrometry

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS 7T, SolariX 2xR,
Bruker Daltonics, Bremen, Germany) was performed using two complementary ionization
techniques: electrospray ionization in positive and negative mode (ESI+ and ESI-) and
atmospheric pressure photoionization (APPI, positive-ion mode). Utilization of different
lonizations sources is meant to widely describe the composition of the fractions since, as
previously reported by other studies, ESI targets mainly mid to polar bio-oil compounds with a
selective ionization towards acidic or basic compounds (negative and positive modes,
respectively), meanwhile APPI is more prone for the investigation of the non- to mid-polar
compounds, and more particularly of lignin derivatives44l, PyLL and APL were diluted in
methanol (LCMS grade, VWR-Prolabo) prior to analysis as follows: 10 pL of PyL or 20 pL of
APL were diluted with methanol to reach 1 mL total volume for ESI negative, methanol with
0.01 gLt of sodium acetate (Fischer Chemical) to reach 1 mL for ESI positive to promote
[M+Na]* ion formation and better control ionization parameters*?, and for APPI a 90/10 (v/v)
methanol/toluene mixture was employed for dilution to reach 1 mL. The addition of sodium
acetate was done in accordance with previous research which highlights the importance of
adding compounds which help the ionization of the sample, increasing their detection 2. FTMS-
Control V2.3.0 (Bruker Daltonics) was used to control both ion source and instrument
parameters. Prior to the acquisition, mass spectrometer was externally calibrated and ICR
detection cell was shimmed and gated with a 0.1 mg/mL sodium trifluoroacetate solution. Three
hundred scans were accumulated on a m/z 107.5 — 1500 range, with a 4 megaword time-domain.
Mass resolution of 450 000 was achieved at m/z 300. Samples were infused in the ESI source
with a 3 pL/min flow rate and the capillary voltage was set at 3.9 kV, in positive, and 3.7 kV, in
negative. ESI source was tuned with drying gas temperature and flow rate at 200 -C and 4

L/min, respectively, and the nebulizer pressure at 0.5 bar. In APPI, samples were infused with
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a b pL/min flow rate and the capillary voltage was set at 0.9 kV. APPI source was tuned with
drying gas temperature and flow rate at 220 C and 4 L/min, respectively, and the nebulizer

pressure at 2.5 bar.

DataAnalysis 5.0 software (Bruker, Daltonics) was used to internally calibrate the FT-ICR mass
spectra with a list of known bio-oil compounds with a standard deviation of mass error < 300
ppb. For each mass spectrum, peak lists for of ions with signal-to-noise ratio > 3 were extracted
and aligned according to their m/z value with a 1 ppm tolerance window to generate a matrix.
Molecular assignment of the resulting peak lists was done with Composer software (Sierra
Analytics, Modesto, USA). For ESI (+), molecular formulas were assigned within a + 0.5 ppm
mass error range, with the C, H, O, and N elements, with [M+H]* and [M+Na]* ions considered.
For ESI (-), molecular formulas were assigned within a + 1 ppm mass error range, with the C,
H, O, N, and S elements, with [M-H]- and [M+Cl]- ions considered. For APPI (+), molecular
formulas were assigned within a + 0.5 ppm mass error range, with the C, H, O, and N elements,
with [M+H]* and [M]** ions considered. Achieved data were represented on various graphs such
as heteroatom class distribution, O-distribution, van Krevelen diagram, and DBE vs. #C. More
details can be found elsewhere 4. The main focus was done in the CHO molecular series as it

constitutes the majority of the assignments for the different samples.

3.2.6 Size Exclusion Chromatography (SEC)

Molecular weight distribution (MW) was determined through Size Exclusion Chromatography
(SEC) using the methods described in Facchin et al. 43. In brief, water solutions were filtered
using 0.22 pm nylon filters (Test Scientific) and therefore analysed directly, avoiding any
further manipulation of the sample, using an HPLC (Agilent Technologies, Series 1200)
equipped with a pre-column PL1149-1530 PL aquagel-OH guard and a column L1120-6520 PL
aquagel-OH 20 (range 0.1-20 KDa) and a refractive index detector (RID, Agilent Technologies
Series 1260). All samples were recorded in duplicate and calibration of MW was performed using
polyethylene glycol (PEG, Merk) standards ranging from 0.2 to 10 KDa. This technique, which
uses water as a solvent, circumvented the solubility problems that occur with more conventional
solvents used in SEC (THF, or N-methyl-pyrrolidone) and allowed an accurate investigation of

the actual molecular weight distribution (MWD) of APL#4.

For the determination of the yield of HMW, the mass was calculated based on the mass
concentration found by RI detector, meanwhile, for COD determination, the value 1gCOD Lt
was used as an approximation. Although this value may not represent exactly the COD content
of the HMW fraction, its real values should not be far from the assumption considering that it

originated from holocellulose and lignin#3,
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3.2.7 2D heteronuclear single quantum coherence (HSQC)

Deuterated PyL were analysed by 2D heteronuclear single quantum coherence (HSQC) NMR
on the same day of their production. Spectra were recorded on a Bruker AVANCE NEO 600
MHz spectrometer equipped with BBFO probe at 283 K for a period of three days following the

previously reported protocols published here46,

3.3 Analytical characterisation of gases

3.3.1 GC-TCD

Gas samples from intermediate pyrolysis were analysed by GC equipped with a thermal
conductivity detector (TCD) (7820A, Agilent Technologies) using three packed columns in series
(HAYASEPS80-100 mesh, HAYASEP 0 80-100 mesh, and MOL SIEVE 5A 60-100 mesh, all from
Agilent Technolgies). The temperature program was 50°C for 9 minutes, then 8°C min! to 80°C.

Further detailed can be found in Torri et al. 47.

3.3.2 Micro-GC-TCD

Gases obtained from fast pyrolysis were analysed by a uGC-Varian 490 equipped with four
modules and two molecular sieves 5A (with back-flush), a PoraPlot U (with back flush) and a
CP-Wax 52CB column. GC-490 signals were calibrated using standards (Air Liquide, France).

3.4 Thermochemical treatments

3.4.1 Hydrothermal Carbonization

For hydrothermal carbonization (HTC) a 300 mlL externally heated autoclave (Parr
Instruments) was used. The reactor was equipped with a stirrer, a proportional-integral-
derivative (PID) temperature control unit connected to the reactor through an internal
thermocouple, and a pressure sensor. In a typical experiment, about 15 g dry-based of fir
sawdust was manually mixed with 150 g of distilled water (18.2 MQ) and loaded into the
reaction vessel. Air was removed by multiple purging with nitrogen (>99% purity), thereafter
the mixture was stirred for ten minutes at 300 rpm. Initial pressure was adjusted at 3 bars by
nitrogen to guarantee a minimal initial over-pressure. Thereafter, the system was rapidly
heated at 150 or 200°C keeping the same stirring rate. The reaction lasted 30 minutes since
the desired temperature was reached. After the reaction took place, the system was cooled down
until the internal temperature reached 40°C. Gas volume was measured and collected in a
laminated gasbag for further analysis. Hydrochar was separated from liquid by vacuum

filtration in a Buchner funnel using a quartz filter, hand-pressed and left for 15 minutes until
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no drops were observed. A total of 150 mL ultrapure water (18.2 MQ) was used to rinse in three
equivolumetric steps the hydrochar. Solutions obtained from the primary filtration (HTC-L) and
the rinsing were stored separately at -20°C, meanwhile the hydrochars were dried at 60°C

overnight.

For the characterisation of gases both 3.3.1 and 3.3.2 methods were used. Liquid samples were

analysed just after HTC experiments with several methods: for the determination of energy
COD approach was utilized (3.2.1); for the characterisation of sugars and light compounds

methods 3.2.2, 3.2.3, and 3.2.4 were used upon all the collected water solutions. High molecular

components were determined through size exclusion chromatography (3.2.6). Solid product,
thereafter called hydrochar (HC), and the original fir were characterized by means of several
techniques: moisture and ashes were determined for all the samples, as well as the
characterisation of cations through ICP-OES performed by an external laboratory according to
the international standards. Crystallinity index (CI) of cellulose was determined by XRD (3.1.4)
and the molecular structure was investigated before and after the HTC treatment by means of

solid-state NMR (3.1.5) which was applied onto sieved fractions (< 300 pm).

3.4.2 Intermediate pyrolysis

In a typical pyrolysis 2 grams of fir sawdust or hydrochar reacted at 550°C for 15 minutes, using
a horizontal fixed bed rector as detailed by Cordella et al.’>. The pyrolysis temperature was
selected to maximize the yield of levoglucosan4s. Briefly, pyroliser was a tubular quartz reactor
(length 70 cm; internal diameter 2 cm) placed coaxially within a furnace refractory. The reactor
outlet was connected to the water-impinger (water trap, 30 mL distilled water) kept at 0°C
through an ice bath, a Pyrex pipe containing a quartz wool filter (quartz trap), and a laminated
gasbag (Supel™ 30226-U). A schematic representation of the pyrolysis system is provided in
Figure 3.
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Figure 3. Schematic representation of the intermediate pyrolysis setup

All feedstock/conditions were tested in triplicate. Before each experiment 2 g of fir sawdust or
hydrochar were uniformly inserted into a sliding quartz spoon (length 150 mm; internal
diameter 15 mm) in a cold zone of the system, thereafter nitrogen flow was set at 1000 mL-min-
1 and the oven was turned on. After reaching the desired temperature, to avoid gas dilution, gas
recirculation was started using a peristaltic pump (Watson-Marlow 120 series) with a flow of
250 mL-min-!, the final flow used for pyrolysis. Finally, pyrolysis started by inserting biomass
in the central hot part of the furnace. This setup sweeps off the pyrolysis products in less than
20 seconds. After 15 minutes, biochar was retrieved upstream removed from the hot zone and
left under nitrogen flow until cooling down to less than 60C°. Pyrolysis gases (Py-gas) were
quantified after each run and further analysed by GC-TCD (3.3.1). The liquid collected in the
water impinger was recovered after filtration through the quartz trap. Thereafter,
approximately 50 mL of distilled water was used to wash and recover the water-soluble products
that remained in the impinger and quartz trap. The two water solutions were mixed and
subsequently named aqueous phase liquid (APL). Lastly, 30 mL of acetone (Sigma Aldrich,
99.5%) were used to rinse the impinger and the quartz trap providing a dark brown extract
which was left overnight under a 100 mL/min flow of nitrogen yielding an acetone-free (<1%
residual acetone) dark brown viscous liquid, thereafter called pyrolytic lignin (PyL). No residue

was observed after the described procedure.

Biochar and PyL obtained from the process were analysed for ash content and CHNSO (3.1.2
and 3.1.3, respectively). APL samples were analysed just after each pyrolysis with several

methods: for the characterisation of sugars and light compounds methods 3.2.2, 3.2.3, and 3.2.4

were used upon all the collected water solutions. High molecular components were determined

through size exclusion chromatography (3.2.6), and finally for energy evaluation COD
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measurement was performed accordingly to 3.2.1. Further details of the apparatus and

experiment can be found in Facchin et al. 43.

3.4.3 Fast pyrolysis

Fast pyrolysis was performed in a micro-fluidized bed reactor built in quartz (Figure 4).
Development and configuration of the reactor were performed by the University of Lorrain (Jia
et al.*9). The hydrodynamic configuration of the reactor followed the recommendations of Xu et.
al., of which a detailed study can be found here. Due to the high flows requested for bed
fluidization, to avoid the elutriation of fir and hydrochars small particles, the 300 pm over sieve
was used for the pyrolysis. For typical pyrolysis, 1 gram of feedstock was pyrolysed at 500°C
(temperature of the sand) under a nitrogen flow (99.9%vol) of 750 mL min!. The heat was
provided by an external furnace controlled by a PID. The off-gas line was heated at 300°C until
the first impinger to prevent product condensation in the outline. For the fluidized bed, 20 grams
of Fontainebleau sand (Sigma, 99% Si102) were used for each experiment. During pyrolysis,
feedstock was gradually manually inserted in the reactor at a regular rate (about 0.15 g-min‘!)
and each pyrolysis lasted 11 minutes. The biochar produced remained inside the pyrolizer and
was cooled with the latter under nitrogen flow. The reactor weight difference was determined
to calculate the biochar yield. The bio-oil was collected by means of two impingers kept at 0°C
through an ice bath and connected by a quartz tube (internal diameter 2 mm) filled with quartz
wool (Sigma Aldrich) to trap the tars. Duplicates of pyrolysis were made utilizing normal or
deuterated solvents. In detail, within the first impinger pyrolysis vapours were directly bubbled
into 20 grams of ultrapure or deuterated water (Sigma Aldrich). The second impinger was filled
with glass balls (1 mm diameter) and used to trap stripped water and previously uncondensed
fractions of bio-oil. Before and after each pyrolysis the weight difference of the impingers and
the quartz tube was noted, revealing the bio-oil yield. After weighed, 20 grams of ultrapure or
deuterated water were used to repeatedly wash bio-oil condensation system, thus collecting the
APL. Thereafter, 10 mL of acetone or deuterated acetone (Sigma Aldrich) was used to rinse the
condensation system, collecting PyL fraction which remained inside the condensation system.
No residue was observed after the described procedure. Solutions obtained were stored at -20°C
until analysis. Downstream of the second impinger, a 10-litre gasbag (Supelco) was used to

collect the produced gases, which were then analysed and quantified through micro-GC (3.3.2).
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Figure 4. Schematic representation of the fast pyrolysis apparatus. From the left: micro-fluidized bed pyrolizer, first
impinger filled with 20 mL of distilled water (18.2 MS2) or deuterated water (Sigma), Quartz wool trap for tars
recovery, second impinger filled with glass balls (1 mm diameter).

Biochar obtained from fast pyrolysis was analysed using an optic microscope to identify changes
in macrostructure and surface. PyL collected in deuterated acetone were analysed the same day
of the experiment through HSQC (3.2.7) for collecting insights of molecular structural change
among HTC severity, meanwhile, the same fraction collected in non-deuterated acetone was
investigated by FT-ICR-MS (3.2.5) with three ionization sources: ESI positive, ESI negative,
and APPI. APL resulting from the experiments underwent different analyses in order
to describe as completely as possible the samples. GC-MS was applied for both light volatile and

polar compounds detectable (3.2.2 and 3.2.4), meanwhile for the high molecular weight fractions

SEC was utilized (3.2.6). High-resolution mass spectrometry was also utilized with three
ionization techniques (3.2.5). Finally, COD analysis was performed over non-deuterated

fractions (3.2.1).

3.4.4 Pyro-gasification

Slow pyrolysis and gasification experiments were performed with a similar apparatus
previously described (3.4.2). To allow the process of higher quantities of sample a bigger quartz
tube (70 cm length and 4 c¢cm internal diameter) and sample holder (cylindrical shape, 30 cm
length and 2.7 cm internal diameter) were utilized. This permitted to perform a slower
conversion of the biomass and differentiation of these experiments with respect to the
intermediate pyrolysis. Also, due to the increased biomass input, the recovery system was
modified as follows: between water impinger and quartz wool filter, an additional condensation

apparatus working with cyclonical principle and kept at 0°C was inserted, allowing a more
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efficient separation of the high flow of products produced (Figure 5). This configuration was

used for both slow pyrolysis and gasification.

Gas recycle
(Peristaltic Pump)

Gas
collection

Quartz wool
N2/CO2
supply == = = ——————

w
&
=
k=]
=
@

Impinger
Water (0°C)  Cyclone
Empty (0°C)

Figure 5. Representation of the pyro-gasification apparatus used for the collection of gasification gases. A water-
impinger and a cyclone were used to reduce and collect tars, together with a quartz wool filter prior to the gasbag
used for the collection of the sample.

For the experiments, firstly pyrolysis of fir sawdust (30 grams dry-based) was performed in
triplicate at three different temperatures: 450, 550, and 650°C (temperature of furnace wall).
Prior to heating up the system, nitrogen (>99%vol) was used to remove all air from the
apparatus. Biomass was inserted in the heated zone after the desired temperature was reached
and pyrolysis lasted for 20 minutes. Gases were collected in a laminated gasbag (Supel™ Inert
Foil) and gas recirculation was performed through a peristaltic pump (225 mL min-!) to avoid
dilution with extra carrier gas. After reaction time, the biochar was pulled back into the cold
zone of the reactor and kept under nitrogen flow until it reached room temperature. The system
was washed with 50 mL of distilled water to yield APL fraction, and thereafter with 30 mL of
acetone (Sigma Aldrich) to yield PyL fraction. The latter was evaporated overnight under a
constant 1L-min-! flow of nitrogen at room temperature. COD, silylation, and VFA analysis were
made upon APL fraction (3.2.1, 3.2.2, and 3.2.4 respectively) meanwhile biochar and PyL
underwent ash and CHNSO analysis (3.1.2, and 3.1.3). Gases obtained during slow pyrolysis

were analysed through GC-TCD (3.3.1). Biochar obtained from slow pyrolysis were mixed
accordingly with the temperature of obtainment and kept dry under an inert atmosphere until
gasification. For the latter, COz was used as a gasification agent firstly for all biochar collected
at 850°C for 30 minutes, serving as preliminary tests, thereafter at 950°C and 60 minutes to
maximise the yield of gases from the selected Py-Gs path. Carbon dioxide was chosen as
the gasification agent since provides a high yield of carbon conversion and is safer than other
gasification agents. Also, carbon dioxide is an outflow of anaerobic digestion (namely, can be
recycled) and has no COD content, providing a simplification of the COD balances (paragraph
3.6). Finally, utilization of CO2 allows the conversion of GHGs towards chemicals and

materials®l. Elemental analysis of biochar allowed to calculate the CO2/C mass ratio which was
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set at 1.5 £ 0.1 following Sadhwani et al. 52. Before heating, biochar was inserted in the central
part of the furnace and nitrogen was used to remove all the atmospheric oxygen present. The
temperature was gradually increased (ramp: 10°C min') until 850/950°C, thereafter CO2 was
constantly added accordingly to the CO2/C mass ratio. Gas and liquid collected were investigated
with the same methods used for the pyrolysis as abovementioned. Further details of the

apparatus and experiment can be found in Kiiciikaga et al.?.

3.4.5 Hydrolysis of aqueous phase liquid from intermediate pyrolysis

The first path proposed during PhD work was the hydrolysis of APL obtained from intermediate
pyrolysis. This experiment was conducted with the idea of hydrolyse levoglucosan together with
the HMW fraction which composes APL. Results of this attempt can be found in Appendices,
Appendix B. In brief, three intermediate pyrolysis (at 450, 550, and 650°C) were performed with
the same apparatus and characterisation techniques described in 3.4.2. Int-APL obtained were
hydrolysed using sulfonated biochar whose production is described elsewhere5t. Due to the
increased share of HMW and loss of part of APL’s COD as precipitate, this path was not further

investigated.

3.5 Biological conversions

3.5.1 Liquid feedstocks

Water solutions obtained from the thermochemical experiments (i.e., HTC-L, APL from
intermediate pyrolysis, and APL from fast pyrolysis) were fermented in anaerobic conditions
through batch tests. To sustain the microbial community, a medium with all the macro and
micronutrients for microorganisms was prepared ten times more concentrated following the
receipt which can be found here?4. Each batch test was prepared in duplicate as follows: organic
source concentrate was dosed to reach 10 gCOD L after final dilution of the batch (including
inoculum volume), concentrated medium solution was added for a total share of 10%vol, NaOH
and HCI (both Sigma Aldrich) 0.5 M were used to correct the pH to 5.5 before the inoculation,
and distilled water was added to reach 90% of the total volume of the batch (12mL). After all
the abiotic fractions of the batch were prepared and dosed, inoculation occurred. Before
inoculation, to inhibit methanogenic activity the mesophilic inoculum from a local agricultural
biomethane plant (suspended COD: 50 gCOD L-!; total COD: 80 gCOD L) was sewed to remove
any agricultural residue and pre-treated at 80°C for 30 minutes® and thereafter immediately
inoculated for a total share of 10%vol of the batch (Figure 6). This pre-treatment was provided
to avoid the addition of chemical inhibitors in the batch, which could influence the performance
of microorganisms for the fermentation of the already complex substrate. For clearness,
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although the applied pre-treatment can reduce methane production, it is not effective for the
complete elimination or inhibition of methanogenic consortia and, especially, hydrogenic
producers. Thus, for the determination of gas production, the difference between the initial and
final COD of the liquid was utilized since no COD variation can occur if not for gas formation or
leaks. To avoid any misleading of the data, prior to the fermentation test, leak tests were

performed revealing a complete sealing of the batch utilized.

After inoculation each batch was sealed using a clamped cap and air was removed by flushing
with nitrogen (99%vol). During fermentation, all batches were kept at 55°C inside a thermostat
chamber for 20 days. Since the reduced dimensions of the batch, no agitation system was utilized
and two times per day manual mixing was applied. For the first ten days, VFA production and

gas development were daily monitored (methods 3.2.4 and 3.3.1). In detail, after each gas

analysis, an aliquot for VFA determination was uptake and thereafter the cap was changed and
the gas inside the vial was flushed with nitrogen (>99%vol). After the tenth day, the procedure
was repeated only on days 15 and 20. Also, every 5 days from the beginning of the experiment,
an additional aliquot of liquid was uptake and underwent silylation (3.2.2) to monitor the trend
of molecules with low volatility or not detectable with GC-MS in the VFAs analysis (i.e., sugars,
anhydrosugars, and phenols compounds). Together with thermochemical solutions, two blank
batches were prepared using the same procedure but with chickpea flour as feedstock, a

representative product from agriculture which can easily undergo anaerobic digestion.

10%vol Inoculum

10%vol Medium 10x concentrated

Water and NaOH/HCl for pH adjust

Substrate to reach a final 10 gCOD L!

Figure 6. Schematic representation of each fermentation batch composition.

3.5.2 Gaseous feedstock
Anaerobic digestion of gaseous products requires a peculiar bioreactor which allows an
increased gas-liquid repartition while maintaining wet microorganisms and in a condition of

abundant availability of gaseous substrates. For this task, a novel sparger was developed as
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part of the PhD work together with other researchers at the University of Bologna. The sparger
was made from a biochar composite, and the hole system was named char-based biofilm sparger
reactor (CBSR). A detailed explanation of the development of material used to produce spargers
can be found in a dedicated methodological article already published5. In brief, the sparger was
made from biochar obtained from slow pyrolysis of wood, finely ground and mixed with
polystyrene and acetone to form a dense but malleable composite. The composite was inserted
in a mold and left overnight at 80°C, thus removing the acetone by evaporation. This treatment
allows the homogeneous formation of cavities inside the composite providing high surface area
and gas permeability. The reactor was composed of a 500 mL Pyrex bottle with a special
multiple-way cap and used upside down to ensure gas-tight of the reactor headspace,
meanwhile, the cap was constantly submerged. Connected to the main bottle, a smaller one (200
mL) was used to remove the moisture of the output gas, avoiding liquid unbalance and
preventing failure of equipment (Figure 7). The main reactor bottle was maintained at 36 + 0.5
°C for the whole experiment and was the housing of the biochar sparger. For the duration of the
experiment, the sparger was completely submerged in 300 mL of liquid which contained medium
for the sustainment of microorganisms and 40 g-L-! sodium bicarbonate to maintain a basic pH
while also providing easily accessible inorganic carbon. Liquid input and output, gas
recirculation, and pH measurement were controlled by Arduino™ whose detailed configuration
can be found elsewhwre®¢. Periodically, to the inlet of the gas pump, a 10 L. gasbag containing

the feedstock gases was connected and substituted, after its consumption, with fresh substrate.

Feedstock 20°C 36°C
gasbag
Moisture
remotion

Liquid i
in-out
Gas

pump

Figure 7. Schematic representation of the bioreactor utilized for gas fermentation, utilizing a self-developed biochar-
based sparger.

Liquid mixing was provided by the means of recirculating gases passing through the sparger.
To increase the mixing efficiency, promote the biofilm formation, and avoid the dryness of the

internal part of the biochar sparger, a pulsed gas recirculation was applied with duty cycles of
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2.5 seconds on and 7.5 seconds off. Moreover, the pulsed mode allowed the formation of three
phases inside the sparger which enhanced the biofilm formation, represented in Figure 8. The
net effect of the three phases is a reduced time of contact between gas and biofilm without

precluding a high exchange between gas and liquid.

For the experiment, the bioreactor was inoculated with 50 mL of digestate from a local
biomethane industrial plant, 50 mL of medium, 20 g of sodium bicarbonate, and 400 mL of
distilled water. After one day of operation, the reactor liquid was centrifuged to remove any
suspended microorganisms in the liquid. As a substrate, initially, syngas were fermented as
obtained. Further on, hydrogen was added to correct the molar ratio between H2/CO for the
production of acetic acid (i.e., 1). Lastly, Slow-450-APL was added for the evaluation of co-
digestion of both main products from the Py-Gs approach. For the quantitation of gases GC-
TCD (3.3.1) was utilized during the whole experiment to detect the change in gas composition
and eventually methane production. In case the latter was detected, 10 mM sodium 2-
bromoethanesulfate (BES) was added. Daily COD and VFA concentrations in the reactor
effluents were determined through methods detailed in 3.2.1 and 3.2.4.

Sparging Soaking

Squeezing

Figure 8. Illustration on the main phases occurring inside the biochar-based sparger utilized for gas feedstock
fermentation.

Dilution rate (DR) was the main control parameter during the experiment. Lower DR (0.9) was
used for syngas, whereas higher DR (1.3) was used when extra source of energy was provided

(e.g., hydrogen). DR was calculated through Equation 1 accordingly to Morinaga et al.>"
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L
DR = Qin (E)
VSparger (L)

Equation 1

Where:

Qinis theliquid input or output of the reactor in L-d-1;

Visparger 18 the active volume of the sparger (for this experiment 0.068 L).

Performance evaluation was based on two parameters: VFA concentration trend and volumetric
productivity. The latter is defined as the daily production of VFA per litre of solution (gCOD-L-

1 d-1) as shown in Equation 2.

AC
(#) Viiquia + @ * Cyra

V.S‘parger

]/;)z

Equation 2

Where:

ACvra At'lis the daily increase of VFA concentration (gCODvra-Li1-d1);
VLiquid 1s the volume of the liquid in the reactor (0.5 L);

Q is the daily liquid inflow/outflow (L-d?),

Cvra 1s the VFA concentration in the reactor (gCOD-L?)

Vsparger 18 the active volume of the sparger (for this experiment 0.068 L).

Readers can find further details on the performance of the sparger and the parameters

used for the evaluation of conversion here?6.58,

3.6 Energy balance through chemical oxygen demand (COD)

HTB processes require joining two approaches which usually follow different rationale and
measurement units for the determination of mass/energy paths. This hampers the
understanding of the performance of their combined process. Moreover, dealing with water
environments, required for the biological processing, provides obstacles to the utilization of
units typically used for thermochemistry, such as tons of oil equivalent (toe) for which higher

heating value (HHV) or elemental analysis are required, and which are limited in case of high-
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water content. To overcome such limitations, and to provide a common playground in which
to develop evaluations and strategies, Chemical Oxygen Demand (COD) was utilized in the
study to determine the overall performance in terms of energy conversion. As detailed in Torri
et al.'8, COD is directly correlated with the usable chemical energy contained within a molecule
or a mixture of molecules. Since oxidation involves redox reactions, COD can be directly linked
with the electron transfer, thus resulting correlation with energy exchange. For the experiments
here presented, 1 KgCOD is defined as the mass of molecules (or mixture) which requires 1 Kg
of oxygen to be completely oxidized (e.g., 8 Kg of oxygen is needed to oxidise 1 Kg of hydrogen
and become water, which means Hzhas a COD of 8 KgCOD-Kg!). Moreover, by correlating COD
and HHV a narrow range of energy values can be found resulting in the approximation of 15
MJ of energy exchanged for each KgCOD 18,

The importance of using this unit is also related to its utilization for biological transformations.
In fact, microorganisms act as biocatalysts within the boundaries of thermodynamics, and in

particular according to two well-known rules:

COD of reagents must be equal to COD of products in both aerobic and anaerobic
processes, given that oxidants have a negative COD by definition (e.g., oxygen has a COD
of -1 gCOD-g);

Organisms follow paths which provide favourable COD transformations, i.e., paths

which foresee a decrease of COD for obtained molecules with respect to the input.

For completeness, molecules which are already in the highest form of oxidation, such as COz:

and water, have a null COD content, thus becoming irrelevant to the COD balance.

Thus, for each process investigated COD of input and output was determined, revealing the
yield of COD. For each product p obtained the yield respect the feedstock f was determined with
Equation 3:

y . .cob,
p, %COD — 1%wt CODf

Equation 3

Where:

Yy %cop is the yield of product in %COD respect the COD in input (COD of feedstock);
Yo,we 18 the mass yield of the product respect the feedstock mass in input;

COD,, is the COD of the product in gCOD-g%;

CODy is the COD of the feedstock in gCOD-g};
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The overall balance of yields was calculated by Equation 4:

Pn
z YCOD,pi =1- YCODIOSS —ER
P1

Equation 4

Where:

Ycopp, is the yield of each product respect the COD of the input;
Ycop,,,, 18 provided by eventually uncontrolled oxidant inputs (e.g., air leak) or product
loss (e.g., pyrolysis or fermentation gas leak);

ER is the equivalent ratio between oxygen used in the process (e.g. gasification agent)

and the COD input.

For the determination of COD content of a mixture or molecule, different approaches can be

followed:

Direct measurement with standard procedures or dedicated instruments (3.2.1);

Back calculation from elemental analysis of a mixture, using the following equation:

gCcoD 32
COD(—) =—C+8H+155-0
g 12

Where C, H, S and O are the %wt in the mixture of carbon, hydrogen, nitrogen, sulphur,
and oxygen respectively;
From the general chemical formula C,H,N.S;0, of a compound using the following

equation:

gCOD) 16- (2a + % +3c — 2e)

COD( =
g

" 12a+ b + 14c + 32d + 8e

From the HHV through the following equation:

K]
cop (960D T (?)
) )

In this paragraph, the essential formulas were reported avoiding providing a long list of thereof.
Readers can find the remaining formulas concerning the overall evaluation of the COD yield of

products and compounds in Appendices, Appendix C.
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4 Results and Discussion

In this paragraph, the main results obtained during this work will be presented. Due to the high
number of samples (solids, liquids, and gases) produced in the study, and aiming to highlight

the interconnection among them in straight way, the following wording rules were used:

e The acronyms identify the type of product: e.g., HC is hydrochar, HTC-L is HTC liquid,
BC is biochar, gBC is the biochar obtained from gasification, APL is aqueous phase liquid
of pyrolysis bio-oil etc. These abbreviations will be presented during the discussion and
can also be found in the Abbreviation section;

e Since HTC-pyrolysis paths were investigated through two HTC temperatures, for the
subsequent pyrolysis, the products of one or another hydrochar will be identified by a
hyphenated number after the acronym HTC: e.g., HC-150 is the hydrochar obtained at
150°C, HTC-L-150 is the HTC liquid obtained at 150°C, BC-150 is the pyrolysis biochar
obtained from HC-150, APL-200 is the aqueous phase liquid of bio-oil obtained from
pyrolysis of HC-200, etc. For the sake of comparison, pyrolysis was performed also over
the original biomass (fir), in this case, the label “fir” will be present: e.g., PyL-Fir is the
pyrolytic lignin obtained from fir pyrolysis, etc.

e Lastly, a prefix before the capitalized acronym indicates the type of pyrolysis: e.g., Fast-
BC-150 is the biochar obtained from fast pyrolysis of HC-150, Int-APL-200 is the aqueous
phase liquid of bio-oil produced through intermediate pyrolysis of HC-200, Int-PyL-Fir
is the pyrolytic lignin produced from intermediate pyrolysis of fir, Slow-BC-Fir is the
biochar produced through slow pyrolysis of fir.
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4.1 Hydrothermal Carbonization as pre-treatment of pyrolysis

4.1.1 HTC of lignocellulosic biomass

HTC yields three products: a solid named hydrochar (hereafter referred to as HC), a liquid
(thereafter called HTC-L), and a gas (hereafter referred to as HTC-gas). HTC was performed at
two different temperature conditions: 150 and 200°C. The mass and COD yield of the HTC
products are reported in Table 1.

Table 1. Mass (%w g/g feedstock) and COD (%gCOD/gCOD feedstock) yields of HTC products. All yield refers to the
initial mass or chemical oxygen demand (COD) of the feedstock. "s.d."=standard deviation.

%wt %COD
HTC-150 HTC-200 HTC-150 HTC-200
Mean sd. | Mean sd. | Mean s.d. | Mean s.d.
HC 85% 1% | 73.1% 09% | 91% ™% | 84% 3%
HTC-Gas | 2.3% 01%| 3.3% 0.4% ]| 0.0% 0.1%| 0.1% 0.1%
HTC-L 12% 1% | 23.6% 0.6% | 14.0% 0.4% | 20.9% 0.6%

The main product is hydrochar whose mass yield was 85% and 73% (corresponding to 91 and
84% COD yield) at 150°C and 200°C, respectively. The decrease of the hydrochar yield with
temperature rise is mainly due to the production of HTC-L increasing from 12 to 24%wt respect
to input fir mass (from 14 to 21% for COD). Mass and COD yield of gases was negligible at both
temperatures tested. For both HTC tests, COD yield exhibits a total of 105%COD closure, which
highlights a slight overestimation that can be attributed to hydrocar yield, since the larger
standard deviation. In fact, during the replicas, the yield of the solid product displayed a larger
variation, probably due to the difficulty to perfectly controlling the process. However, these
results were considered in any case reliable since consistent results (<5% error) were obtained
along all the tests for all the HTC fractions and since they are in line with typical values
obtained for HTC in these temperature ranges 252659-62. While hydrocar undergoes further
processes, HT'C-L should be evaluated for direct anaerobic digestion and thus its composition
was investigated. Results are presented in Table 2 for both mass and COD content of the HTC-
Ls. As expected by hemicellulose reactivity, its building blocks (arabinose, xylose, mannose,
galactose, and glucose) and its dehydration products (e.g., furfural, HMF and acetic acid) were
the main GC-MS detectable constituents. Arabinose was the main constituent of HTC-L-150
(3.3%w and 3.1%COD), whereas at 200°C the main component was mannose (10.3%w and
12%COD), while arabinose dropped to minimal concentrations. Such early release of arabinose
could be explained since in softwood, arabinose residues (e.g., in arabinoxylan) are more easily
hydrolysable than hemicellulose backbone, which is made by xylose, hexoses and acetylated

derivatives®s.
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Table 2. Characterisation of HT'C-Ls obtained from HTC at 150 and 200°C. Results are provided in weight and COD
percentage with respect to the organic content of the fraction. "s.d."=standard deviation, “n.d.”=not detected.

%wt %COD

HTC-L-150 HTC-L-200 HTC-L-150 HTC-L-200

Mean sd.  Mean sd. | Mean sd. Mean s.d.
Arabinose 3.3% 01% 0.24% 0.02%| 3.1% 0.4% 0.27% 0.02%
Galactose 0.34% 0.01% 0.50% 0.02% | 0.32% 0.03% 0.59% 0.04%
Glucose 0.23% 0.01% 4.31% 0.04% | 0.22% 0.03% 5.0% 0.2%
Levoglucosan n.d. nd. 0.3% 01% | n.d. nd. 04% 04%
Mannose 0.83% 0.03% 10.3% 0.1% | 0.8% 0.1% 12.0% 0.6%
Xylose 0.9% 01% 1.08% 0.02%| 0.8% 03% 1.3% 0.1%
Furfural 0.28% 0.01% 4.46% 0.02% | 0.42% 0.03% 8.1% 0.3%
5-HMF 0.03% 0.01% 5.6% 0.2% | 0.04% 0.04% 9.3% 0.9%
Acetic Acid 1.65% 0.02% 6.42% 0.02%| 1.6% 0.1% 7.5% 0.4%
Propanoic Acid 0.13% 0.03% 0.16% 0.03%| 0.2% 02% 0.3% 0.1%
Butanoic Acid n.d. nd. 0.11% 0.03%]| n.d. nd. 02% 0.1%
HMW 39.9% 0.9% 21.4% 0.5% | 53.3% 0.7% 24.5% 0.5%

Another characteristic which differs from the two liquids is the concentration of organic acids.
Acetic acid, in particular, derives from direct deacetylation of hemicelluloseb4%5 and increased
in the HT'C-L from 1.7 to 6.4%wt (1.6 to 7.5%COD) when higher HTC temperature was applied,
a result in accordance with the chemical reactivity of hemicellulose as modelled by Garrote et
al.®6. Thus, accordingly to these findings, at lower temperature other than hydrolysis rate also
de-acetylation reaction are reduced. The net effect for the liquid, is an increase in acidification

with a pH drop from 3.37 to 2.95 at 150 and 200°C, respectively.

Particular attention was also given to the high molecular weight fraction (HMW, i.e., >1450 Da)
of the liquid, which was analysed by aqueous SEC coupled with a refractive index detector
(RID). This combination gave the possibility of direct analysis of water-soluble components
without solvent extraction. According to the literature, within 200°C of HTC, the solubilized
molecules with high mass should mainly consist of depolymerized hemicellulose2® making this
fraction a potential source of easily fermentable sugars (pentoses and hexoses). Concerning the
yield, HTC-L-150 is composed of a higher quantity of HMW (Table 2) with 40%wt (53%COD)
respect a 21%wt (25%COD) obtained at 200°C. This result further indicates that hydrolysis of
dissolved hemicellulose occurred predominantly only at higher temperatures, a result reflected

also in the chromatograms obtained from the two water solutions and displayed in Figure 9.
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Figure 9. Chromatographs of HT'C-L obtained at 150 and 200°C through SEC-RID.

When HTC was performed at 150°C the molecular weight in the liquid obtained result widely
distributed, ranging from 180 to over 10000 Da. HTC at 200°C, instead, resulted in a bimodal
distribution among molecular weights, with a group peaking at low molecular weight (i.e., 180
Da), and one at high molecular weight (i.e., 7000 Da). These results are in agreement with the
literature, where was demonstrated that moderate temperatures (150°C) randomly hydrolyse
hemicellulose, resulting in a molecular weight distribution similar to the native biopolymer (>1
KDa)%7, meanwhile temperatures equal and above 200°C tend to shorten the molecular weight
distribution due to hydrolysis 2863.68.69 Besides the hydrolysis effect at higher temperatures, the
bimodal distribution found in SEC analysis can also be explained by the formation of humin-

like polymers within the 200°C experimental conditions68.70-72,

By summarizing the characterisation performed over HTC-L, at 150°C the liquid is composed
of hemicellulose fragments with variable molecular weight, and minimal concentration of furan-
based molecules and organic acids. At 200°C the hemicellulose solubilized is further de-
acetylated and hydrolysed, resulting in a more acidic and sugar-rich liquid with an increased
content of secondary HTC products, such as furan-like molecules, organic acids, anhydro-

sugars, and humin-like HMW components.

Hydrochars obtained from HTC underwent different analyses which allowed to investigate their
composition prior to pyrolysis. In particular, attention was focused on the change in biomass

structure, elemental composition, and alkaline and alkaline-earth metals presence.

[

Original
biomass

H'C-200 /

Figure 10. From the left: original feedstock (fir sawdust), hydrochar obtained at 150°C (HC-150) and hydrochar
obtained at 200°C (HC-200).
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Figure 10 shows the hydrochars obtained from the HTC process and the initial feedstock. The
solid products visually differ by colour, with a darker aspect within the severity of the HTC.
Also, the solids strongly differ by smell, with the fir and HC-150 having a typical wood fragrance,
meanwhile HC-200 having a complex aromatic odour more similar to bark. Elemental analysis

was performed on the three feedstocks for pyrolysis. Results are presented in Table 3.

Table 3. Elemental composition of feedstock and hydrochars provided in %uwt. “s.d.” = standard deviation.

ot C H N S 0
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
Fir 46.7%  0.4% 7.4% 0.2% | 0.08% 0.01% | 0.2% 0.1% 45.6%  0.3%
HC-150| 48.1% 06% | 7.1% 0.3% | 0.06% 0.02% | 0.06% 0.04% | 44.8%  0.9%
HC-200]| 52.5%  0.1% 7.4% 0.3% | 0.07% 0.01% | 0.07% 0.03% | 40.0% 0.2%

Results highlight a similar distribution among HC-150 and fir, with a minimal reduction of
oxygen content in hydrochar respect to the latter one. At 200°C, hydrochar changes significantly
with a 5.6%wt reduction of oxygen in favour of carbon (+5.8%wt), namely was more energy
dense. This result may be explained by two reasons: a reduction of hemicellulose content in
favour of lignin, which has a lower O/C ratio, and the remotion of functional groups containing
oxygen (through dehydration, deacetylation, or demethoxylation). Ash determination was also
performed for fir and hydrochars, revealing a content of 0.36, 0.12 and 0.09%wt for fir, HC-150,
and HC-200 respectively. For the determination of metal types, samples were analysed by ICP-
OES after acidic digestion. Analyses were performed by a certified external laboratory (SARM,
CNRS, France) and results are presented in Table 4.

Table 4. Results of ICP-OES on feedstocks used for pyrolysis. (I.d.=" limit of detection”)

Sample Sc SiOz Al:Os Fe203 MnO MgO CaO Na:0 K:0 TiOz2 P20s
pglg  %wt %wt %wt %wt  %wt %wt  %wt %wt %wt %wt

ld. 0.6 0.05 0.04 0.015 0.015 0.03 0.03 0.02 0.03 0.02 0.10
Fir <ld. <ld. <ld. <ld. 0.020 <ld. 0.09 <ld. 0.05 <ld. <ld.
HC-150 <ld. <ld. <ld. <ld. <ld. <ld. 0.04 <ld. <ld. <ld. <ld.
HC-200 <ld. <ld. <ld. <ld. <ld. <ld. <ld. <ld. <ld. <ld. <ld.

From the results obtained, most of the investigated feedstock inorganics already resulted lower
than the limit of detection, with manganese, calcium, and potassium as the main detected
species. Interestingly HC-150 preserved only calcium as a detectable mineral, while manganese
and potassium were reduced at concentrations lower than the limit of detection. This suggests
that manganese is easily lost during HTC, meanwhile, calcium even if present in a lower
concentration than manganese in the initial feedstock, is partially preserved after the

treatment. Finally, HC-200 displayed a reduction of all the analytes, which resulted below
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the limit of detection. These results are in line with the literature in which a reduction of ash is
reported in the solid residue of HTC73.74, Mineral content reduction can be considered a positive
effect of the HTC-Py approach since ash, and in particular alkaline and alkaline-earth metals
(AAEMs), act as catalysts during pyrolysis promoting secondary reaction of cracking which
decrease the yield of fermentable molecules such as levoglucosan and related anhydro-

oligomers.7,

For the characterisation of the functional groups and the structure of the feedstocks, different
techniques were used. Fourier-Transformed infrared analysis (FTIR) and solid-state nuclear
magnetic resonance (ssNMR) were used to determine the structural change, meanwhile, X-Ray
diffraction (XRD) was used to determine the crystallinity of the cellulose. Starting from FTIR,

results are provided in Figure 11.
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Figure 11. FTIR of fir (black), HC-150 (green), and HC-200 (red). “C”=Cellulose; “H”= Hemicellulose; “L.”<Lignin.

Spectra from fir and HC-150 resulted in almost identical but for a slightly higher absorbance
for the wave number of aromatic functional groups (1500 and 1270 cm-). More marked
differences were found between fir and HC-200 which displayed a reduced absorbance at 1730
cm! that reflects a reduced content of double bond between carbon and oxygen. This peak is
typically related to the presence of hemicellulose’” and remarks the reduction of the biopolymer
after HTC, as demonstrated in literature2866, At 1310 cm! HC-200 recorded an increased
absorbance which can be related to higher content of cellulose or hemicellulose, although the

latter option should be discharged due to the decreased absorbance at 1730 cm™!. Also, increased
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absorbance at 1035, 1270, and 1500 highlight an increased content of lignin in the hydrochar
obtained at 200°C.

Finally, X-Ray diffraction was used to determine cellulose crystallinity in the fir and hydrochars
to assess the possible correlation between cellulose crystallinity and levoglucosan production.
Avicel (Sigma Aldrich) was used as a reference to establish the crystallinity index (CI, Avicel

CI=1). Results are provided in Figure 12.
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Crystalliniy Index (CI)
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Figure 12. Crystallinity Index (CI) of fir and hydrochars

As a result, cellulose contained in the HC-200 showed a higher CI (0.86) than FIR and HC-150
(0.78 and 0.76 respectively). These results suggest a higher reactivity of amorph cellulose during
HTC performed at 200°C, meanwhile at 150°C cellulose seems unchanged, possibly due to the

low temperature in which minimal reactivity of cellulose is expected?26.28.78,

To further understand the nature of hydrochar and provide further support to the results of
FTIR and XRD, 2D heteronuclear correlation solid-state NMR (HETCOR) was performed over
the sieved fraction (<300um) of fir and hydrochars. This technique was largely utilized for the
determination of carbon-based polymers such as biomass, coal, and chars36.79-82, Both 'H and 13C
spectra were recorded to overcome issues related to carbon overlapped signals®3. Results are
shown in Figure 13. Similar 2D spectra were found between fir and HC-150, although some
modifications occurred for the hemicellulose, as highlighted for the peaks related to the carbonyl
groups (0C/0H 172-173/1.9-2.1 ppm)36. Within 150°C treatment, no significant modification
seems to occur on the lignin structure which likely maintained its original structure (region

(0C/IoH 114-147/2.8-3ppm)36. When HTC’s temperature was increased to 200°C, severe
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modification occurred to the biomass structure. Hemicellulose was deeply compromised, with
the rupture of acetyl linkage and the hydrolysis of O-Acetyl galactoglucomannan bonds.
Moreover, HC-200 present the formation of a humin-like structure, detected in the aromatic
reagion®4, which may be the result of carbohydrate dehydration reactions. Moreover, for the
lignin, demethoxylation may have occurred which results in a change of structure of the latter

(signal 0C/0H 111.5/3.6 ppm)?36.
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For a better interpretation of the results, 13C deconvolution was applied to assign the carbon
ppm to a specific functional group as detailed in Le Brech et al.®5. Using the solid yield of HTC,
it was possible to determine which modification in the biomass structure occurred and which

type of carbon structure reacted. Results are provided in Figure 14.
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Figure 14. Results of solid-state NMR deconvolution for fir, HC-150, and HC-200. Results are expressed as %carbon
respect the input carbon, or total carbon for fir.

By following the trends in the different groups investigated, it is clear that HTC mostly affects
carbohydrates which, starting from 68%C, decreases to 65 and 42%C when hydrothermally
carbonised at 150 and 200°C respectively. Hemicellulose is the most affected fraction, with a
complete loss of acetates at 200°C and a significant reduction at 150°C HTC. Combining also
XRD results, for cellulose mainly the amorph form is subjected to modification or hydrolysis.
For what concerns the aromatic fraction, within the severity of HTC, a reduction of aromatic
carbons was recorded, which passed from 24%C in fir to 21 and 20%C with 150 and 200°C
treatment, respectively. Some additional consideration, thus, should be made; HECTOR *H-13C
qualitative analysis highlights a formation of aromatic structures similar to humins only at
200°C, meanwhile, deconvolution provided insights of a significant alteration of aromatic
carbons already at 150°C. Most likely, lignin is affected already at 150°C with a significant loss
of methoxy groups. When the temperature is increased to 200°C, the loss of O-CHsgroups is just
slightly increased, but possibly no other important change in the lignin has still occurred.

However, in addition to lignin, another aromatic feature appears as a result of the increased
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temperature, a humins-like structures, possibly derived from holocellulose, which increase the
complexity of the aromatics in the hydrochar. As a result, the ratio of carbon content in
carbohydrates respects the carbon content of aromatics %Ccu20/%Carom pass from 2.7 in fir to

3.1 and 2.0 in HC 150 and HC 200 respectively.
The effect of HT'C on fir biomass can be summarized as follows:

Liquid product of HT'C within 200°C results in a minimal subtraction of mass and energy
of the biomass (12%wt and 14%COD at 150°C; 24%wt and 21%COD at 200°C). Both
temperatures provide an acidic liquid. HTC-L-150 is a complex mixture containing
mainly hemicellulose polymers solubilised with different MWD, together with a minor
fraction of sugars bound to the backbone of hemicellulose. HTC-L-200 contains a high
share of sugars which derive from almost complete hydrolysis of hemicellulose,
secondary products deriving from pyrolysis-like reaction (e.g., furans and
anhydrosugars), and an HMW fraction which possibly derived from re-polymerization
and secondary reactions.

The solid product which will undergo pyrolysis has an increased carbon content
with respect to the feedstock, obtained by remotion of acetylated and carbohydrate
forms, in particular hemicellulose and amorph cellulose. Aromatic components similar
to humins appear at 200°C, meanwhile at 150°C no formation of such structures was
observed, but lignin conformation may have slightly changed. Moreover, hydrochar has
a reduced content of ashes respect feedstock, resulting in potentially less prone to

alkaline and alkali-earth metal catalysis during pyrolysis.
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4.1.2 Intermediate pyrolysis of hydrochar

Intermediate pyrolysis was performed over fir, HC-150, and HC-200. Each intermediate
pyrolysis provides four products: biochar (therefore called Int-BC), a liquid bio-oil which was
split in two fractions, namely aqueous phase liquid (thereafter called Int-APL) and pyrolytic
lignin (thereafter called Int-PyL), and gaseous products (thereafter called Int-Gas). Readers can
identify the pyrolysis feedstock of the product of discussion by the wording: fir, 150, and 200 for
fir, HC-150 and HC-200 respectively (e.g., Int-BC-Fir, Int-BC-150, and Int-BC-200).

Yields of intermediate pyrolysis from fir and hydrochars obtained from HTC are presented in

Table 5.

Table 5. Intermediate pyrolysis yield of the four products. Results are presented in both %wt and %COD respect
pyrolysis input. "s.d."=standard deviation.

%wt %COD

Feedstock Fir HC-150 HC-200 Fir HC-150 HC-200

Mean s.d. | Mean s.d. |Mean s.d. |Mean s.d. |Mean s.d.| Mean s.d.
Int-BC [20.3% 0.5%|19.4% 0.3%|23.2% 0.6%| 35% 1% | 33% 1% |37.0% 0.5%
Int-APL | 59% 3% | 62% 2% |58.0% 0.8%| 50% 3% | 44% 3% | 46% 2%

Int-PyL | 10% 2% | 10% 1% [10.7% 0.4%| 15% 3% | 15% 2% |15.0% 0.4%
Int-gas 10% 1% | 9% 2% | 8.0% 0.3%|55% 08%| 3% 1% | 3.3% 0.4%

Biochar yields showed minimal differences in terms of both mass and COD. The same was found
for PyL. and Py-Gas in the three different pyrolysis scenarios. COD yields of gases were slightly
lowered in the pyrolysis of hydrochar, as previously reported®s8’. The main pyrolysis gas
detected was CO in all cases, however, the concentration of carbon monoxide increased from
45%vol observed for untreated fir to 72%vol and 79%vol when HC-150 and HC-200 were
pyrolysed, respectively (Table 6).

Table 6. %vol of Int-Gas obtained from pyrolysis of fir and hydrochars. "s.d."=standard deviation.

Int-Gas-Fir | Int-Gas-150 | Int-Gas-200

Mean sd. | Mean sd. | Mean s.d.

%uvol

H: 1% 1% 0% 1% 0% 1%
CHs | 22% 2% 4% 2% 6% 1%
COz2| 32% 1% | 24% 2% | 15% 5%
CO 45% 1% 72% 1% 79% 4%

This increase in carbon monoxide share was correlated with a decrease in methane content,

which passed from 22%vol from fir to 4 and 6%vol with HC-150 and HC-200, respectively. The
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increased share of CO was found also by Magdziarz et al.88 which performed analytical pyrolysis
on hydrochars revealing an increased production of carbon monoxide and dioxide within the
increased severity of HTC conditions. Interestingly, even if hydrochar contains an increased
share of aromatic carbon (Figure 14), Int-PyL yield remained almost identical. Also, by
considering the yield with respect to the original biomass, overall, a reduced yield of Int-PyL is
obtained, i.e., a larger aromatic portion of initial biomass is delivered to other products than
Int-PyL. Such phenomenon, previously observed on pyrolysis of dry torrefied wood?®®, was never
quantitatively studied for HTC and could suggest that the removal of hemicellulose, which is in
direct contact with lignin, may decrease the ejection or volatilization of the latter, thus resulting
in a lower yield of Int-PyL. Another change observed in the products obtained from the pyrolysis
of hydrochars is the carbon and oxygen content of Int-BC and Int-PyL shown in Table 7.

Table 7. Elemental analysis of Int-BCs and Int-PyLs obtained during intermediate pyrolysis of fir and hydrochars.
"s.d."=standard deviation.

%wt C H N S (0]

Mean s.d.|Mean sd. |Mean sd. |Mean sd |Mean s.d.
Int-BC-Fir | 81% 2%| 3.4% 0.1%| 0.2% 0.1% | 0.0% 0.0%]| 16% 2%
Int-BC-150 | 84% 3% | 3.0% 0.2%]0.20% 0.03%] 0.0% 0.0%| 13% 3%
Int-BC-200 | 85% 3% | 3.0% 0.1%]0.13% 0.02%]| 0.0% 0.0%]| 12% 3%
Int-PyL-Fir | 63% 2%| 6.5% 0.1%]0.18% 0.02%] 0.0% 0.0%| 30% 2%
Int-PyL-150| 67% 2% | 6.6% 0.1%]0.13% 0.00%] 0.0% 0.0%| 27% 2%
Int-PyL-200| 68% 2% | 6.7% 0.2%]0.12% 0.01%] 0.0% 0.0%| 25% 2%

Whitin the HT'C severity, an increased carbon content was found in both biochar and pyrolytic
lignin with respect to the direct pyrolysis of fir. Thus, both products increased their energy
content. These data can be explained by the remotion of carbohydrate fractions within HTC
treatment, thus providing a pyrolysis feedstock which is enriched in carbon. Furthermore, the
carbon and oxygen content were almost equal in products from both hydrochars, which may be

explained by the similar rate of demethoxylation that occurred to lignin in both hydrochars.

Int-APL fractions obtained displayed a similar yield of mass, meanwhile a slight decrease of
COD seems to occur. However, by adopting a perspective of the overall process (namely, direct
pyrolysis versus coupling of HTC and pyrolysis), the overall yield of Int-APL respects the fir in
input is lower when the HTC-pyrolysis approach is used. This is because part of the most
reactive fractions (i.e., hemicellulose and amorphous cellulose) were already removed by HTC
and transferred to the HTC-L. Previous studies investigated the yield of bio-oil from hydrochar,
respect to pyrolysis of original feedstock. Chang et al., and Zhang et al. previously reported a
slight increase in bio-oil mass yield from hydrochar pyrolysis (namely APL and PyL combined),

especially when low-temperature HTC were adopted®687, In contrast, Sun et al. observed a
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decrease in bio-oil mass yield when pyrolyzing hydrochar obtained from tobacco straw®.
Moreover, COD balance reveals an overall drop of content in Int-APL from hydrochars. Such
a decrease in COD yield is actually proportional to the decrease of holocellulose content due to
HTC pre-treatment, which is quantitatively similar to what was previously observed by several
authorssé-8891, The main constituents of Int-APL were investigated as detailed in 3.4.2 and

results are provided in Table 8.

Table 8. Mass and COD percentage of the main constituents detected by GC-MS and SEC in Int-APLs derived from
fir and hydrochars. "s.d."=standard deviation; “n.d.”=not detected.

Y%uwt %COD

Int-APL-Fir | Int-APL-150 | Int-APL -200 | Int-APL-Fir | Int-APL-150 | Int-APL-200

Mean sd. | Mean s.d. | Mean sd. |[Mean sd. | Mean s.d. | Mean s.d.

Levoglucosan| 2.7% 05% | 11% 2% 14% 3% | 3.4% 09%| 13% 4% 16% 1%
et e | B:0% 05% | 1.5%  0.3% | 2.4% 0.4%| 4.8% 07%| 2.2% 04% | 2.4% 0.1%
Furfural 0.6% 01% | 0.5% 01% | 1.0% 02%]1.1% 0.4%|1.11% 0.04%| 1.6% 0.3%
HMF 0.49% 0.03% |0.45% 0.07% | 1.4% 0.2%]0.9% 0.1%]0.93% 0.04% |1.96% 0.07%
Aceticac. | 5.2% 0.9% [0.06% 0.04%| n.d. nd | 6% 2% |0.10% 0.08%| n.d. n.d.
HMW 22% 2% 17% 1% | 14.9% 0.7%| 256% 2% | 15% 1% [11.0% 0.4%

Among compounds present in Int-APL-Fir, acetic acid and hydroxy acetaldehyde are the main
two, which represent together more than 10%wt (and almost 11%COD) of the aqueous fraction.
As a result of HTC treatment, acetic acid is reduced in Int-APL-150 and completely disappeared
in Int-APL-200. This major change in the fraction, as a result, is an increased pH, which passed
from 2.41 in Int-APL-Fir, to 2.75 and 2.79 in Int-APL-150 and Int-APL-200, respectively. The
reduction in acetic acid was also reported by other authorss6-8890-94 Ag detailed in literature,
given that hemicellulose is acetylated, the progressive decrease of acetic acid should be linked
to de-acetylation and removal of thereof during HT(C28639.9  Similarly, also hydroxy
acetaldehyde showed a decreased share in the Int-APL derived from hydrochars, as reported in
the study of Magdziarz et al.8® where Py-GC-MS was utilized over different hydrochars, but was
never quantitatively reported. Differently from acetic acid, hydroxy acetaldehyde was not
completely removed and displayed similar yield in both Int-APL-150 and Int-APL-200,
providing insights of just a partial derivation from the portion removed by HTC. Pyrolysis yield
of furfural and HMF were not affected by the HTC pre-treatment, with a slight increase of HMF
in Int-APL-200. Such results slightly differ from most of the currently available literature which

reports a decrease of furfural®-87.97 and an increase in HMF yield%6.92.97 although Xue et al.?* and
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Zheng et al.9? reported that low-temperature HTC (namely, 170°C and 175°C respectively)
increased furfural. Nonetheless, in most cases results were obtained with different analytical
methods or approaches respect the ones used in this study (e.g., Py-GC-MS, qualitative and
semi-quantitative analysis) and therefore is difficult to make a comparison. The most
impressive result was undoubtedly levoglucosan yield, which was increased 4 times in Int-APL-
150 and 5 times Int-APL-200 respect Int-APL-Fir, with a yield of 14%wt (16%COD) in Int-APL-
200. Interestingly, these results are comparable with the levoglucosan yield achievable from
pyrolysis of pure cellulose using the same pyrolysis equipment?. This phenomenon was already
known in literature®6:87.91.92.9499 gnd can be related to the combination of two factors: increased

cellulose content in the hydrochar, and the remotion of AAEMs.

Besides GC-MS detectable compounds, SEC was used to characterize the HMW fraction of Int-
APL. This analysis provided an interesting general picture of the fraction, highlighting an
important impact of HTC on the Int-APL molecular weight distribution (Figure 15).
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Figure 15. Chromatographs of Int-APL obtained through SEC-RID.

From chromatograms obtained, Int-APL-Fir is formed by three peak groups, one displayed after
10 minutes retention time (RT) which corresponds to 200 Da, one peak at 7.2 minutes,
corresponding to 7 KDa and one at 7.0 minutes corresponding to 10 KDa. When Int-APL from
hydrochars was analysed, the peak group corresponding to RT after 10 minutes, corresponding
to anhydro-sugars and anhydro-oligomers, markedly increased together with the peak at 7.0
minutes. Interestingly, the peak at 7.2 minutes completely disappears in both Int-APL-150 and
Int-APL-200. Also, by comparing the HMW fraction of Int-APL and HTC-L-200 shown in Figure
9, the disappeared peak seems to perfectly overlap with the one present in HTC-L-200. Although
tentatively, this could suggest that the 7000 Da peaks are formed by (partially degraded) ejected

hemicellulose or hybrid oligomers arising from hemicellulose pyrolysis!®,
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4.1.3 Fast pyrolysis of hydrochar

Fast pyrolysis was performed over fir, HC-150, and HC-200. Each fast pyrolysis performed
provides four products: biochar (therefore called Fast-BC), a liquid bio-oil which was split in two
fractions, namely aqueous phase liquid (thereafter called Fast-APL) and pyrolytic lignin
(thereafter called Fast-PyL), and gaseous products (thereafter called Fast-Gas). Readers can
identify the pyrolysis feedstock of the product of discussion by the wording: fir, 150, and 200 for
fir, HC-150 and HC-200 respectively (e.g., three biochar were produced with fast pyrolysis: Fast-
BC-Fir, Fast-BC-150, and Fast-BC-200).

Fast pyrolysis is the most promising among HTC-Py approaches since is known in the literature
that can provide a high share of feedstock into bio-oil. Thus, for this experiment, particular
attention was provided to the characterisation of the Fast-APL and Fast-PyL. To deeply
investigate those fractions, over than GC-MS and SEC analysis, further characterisations were
performed involving high-resolution mass spectrometry and advanced NMR techniques. The
purpose of the deep characterisation was to provide insights into the feedstock effect on the
overall composition of the liquid, namely crosslinking the hydrochar information with Fast-APL
and Fast-PyL for a better understanding of HTC contributes to structural modification of the
biomass and the latter pyrolysis products. The yields of the fractions obtained from fast
pyrolysis are presented in Table 9. Due to operational problems in the characterisation of
obtained biochar and PyL, the COD yield was calculated only for the Fast-APL and Fast-Gas

fractions.

Table 9. Fast pyrolysis yield of the four products. Results are presented in both %wt and %COD respect pyrolysis
input. "s.d."=standard deviation.

%wt %COD
Fast-FIR |Fast-HC-150 | Fast-HC-200| Fast-FIR |Fast-HC-150 | Fast-HC-200
Mean sd. | Mean sd. | Mean s.d. |Mean sd. | Mean sd. | Mean s.d.
Fast-BC | 17% 2% 20% 3% 21% 2% - - - - - -
Fast-APL| 64% 5% 62% % | 63% 6% | 57% 3% | 55% 5% 53% 6%
Fast-PyL| 7.5% 0.9% 8% 1% 7% 2% - ; - : . }
Fast-Gas | 11% 2% 10% 2% 8% 1% | 3.2% 0.4%| 3.0% 0.3% | 2.8% 0.3%

As expected, fast pyrolysis provided an increased share of mass and COD to the APL fraction
with respect the intermediate pyrolysis (Table 5). Regardless the feedstock used, no significant
differences were detected in the yield of fast pyrolysis products, but a slight reduction of
pyrolysis gas and increase of biochar along with pre-treatment severity. The main product was
Fast-APL in all the tests, with a mass yield higher than 60%wt for all three feedstocks. Py-Gas

composition was slightly modified only when HC-200 was used, with an increased content of
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methane (from 9 to 17%wt) and a reduction of carbon monoxide (from 38 to 26%wt). Thus, carbon
monoxide did not show an increased share in fast pyrolysis when hydrochar was pyrolyzed

(Table 10).

Table 10. %vol of Fast-Gas obtained from pyrolysis of fir and hydrochars. "s.d."=standard deviation.

%vol | Fast-Gas-Fir | Fast-Gas-150 | Fast-Gas-200
Mean sd. | Mean sd. | Mean sd.
H2 | 21% 04% | 3.1% 0.8% | 2.6% 0.1%
CH4| 9% 1% 13% 2% 17% 2%
CO | 50% 3% 45% 5% 54% 1%
CO2| 38% 3% 35% 8% 26% 3%

As for intermediate pyrolysis, Fast-BC seems to increase in mass yield when hydrochar is used.
However, unlike intermediate pyrolysis, biochar obtained from fast pyrolysis displayed a
peculiar behaviour when produced from hydrochar (Figure 16). When fir was pyrolyzed, a
typical biochar was produced, which displayed no attitude to stick the sand particles onto it.
Nevertheless, already when HC-150 was used as feedstock, Fast-BC-150 fragments were mostly
coated with sand granules (2a, Figure 16). This behaviour was extremized when HC-200 was
pyrolyzed; Fast-BC-200 presented a full coat of sand granules around BC particles (3a, Figure
16), which also displayed signs of partial liquefaction before solidification. This peculiar
behaviour could in some replicas compromise the fluidization by means of a biochar-sand cap in
the region just above the sand bed. Moreover, in the sand withdrawn after pyrolysis of HC-200,
some granules were fully covered by a tiny layer of Fast-BC-200 (3b, Figure 16). This evidence
suggests the formation of a liquid and/or viscous layer at least on the biochar surface, which in
the case of small HC-200 particles, was also able to produce biochar shells empty inside (3c,

Figure 16).
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Figure 16. Biochar produced during fluidized bed pyrolysis observed in an optic microscope. la: hydrochars
pyrolyzed (from left Fir, HC-150, and HC-200),; 1b and Ic: details of Fast-BC-Fir. 2a, 2b, and 2c details of Fast-BC-
150. 3a, 3b, and 3c details of Fast-BC-200.
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Overall bio-oil mass yield remained similar for all three feedstocks with no variation for both
Fast-APL and Fast-PyL. These results were different to what was observed for intermediate

pyrolysis.

Fast-APLs were analysed through several techniques to have an overall view of their
composition. GC-MS was performed only for levoglucosan determination and results, together

with HMW determined by SEC, are provided in Table 11.

Table 11. Mass and COD percentage of the levoglucosan and HMW by GC-MS and SEC in Fast-APLs derived from
fir and hydrochars. "s.d."=standard deviation.

%wt %COD
Fast-APL-Fir | Fast-APL-150 | Fast-APL-200 | Fast-APL-Fir | Fast-APL-150 | Fast-APL-200
Mean sd. | Mean sd. | Mean sd. | Mean sd. | Mean sd. | Mean s.d.
Levoglucosan | 3.2%  0.6% | 10.4% 0.9% | 21% 1% | 3.3% 0.8% | 11% 1% 19% 1%
HMW 27.7% 0.4% | 17.5% 0.2% | 14.0% 0.8% | 21.3% 0.7% | 12.2% 0.7% | 8.8% 0.4%

As for intermediate pyrolysis, fast pyrolysis yields more levoglucosan when hydrochar is used
as feedstock. By comparing intermediate and fast pyrolysis, a net effect was appreciable only
for pyrolysis of HC-200, meanwhile fir and HC-150, when pyrolyzed with intermediate or fast
pyrolysis, yielded a similar content of levoglucosan in their APLs. However, since Fast-APL
yield was higher than Int-APL, overall fast pyrolysis produced more levoglucosan. Interestingly,
in Fast-APL-200 the content of levoglucosan resulted as high as 21%wt and 19%COD, which is
one fifth of the total mass and energy of the liquid. SEC was used for the MWD of the aqueous

fraction, chromatographs obtained are presented in Figure 17.
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Figure 17. Chromatographs of Fast-APL obtained through SEC-RID.

From the results, Fast-APL from fir did not present a double peak for HMW, as in Int-APL-Fir
(Figure 15), but a single peak with a similar weight distribution of Fast-APL from hydrochar.
With respect to MWD, the net effect of HTC before fast pyrolysis was a shifted yield of molecules
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from a high to a low MW, in particular lower than 200 Da. In fact, among the fraction with lower
molecular weight, fast pyrolysis enhanced the fraction with a MW around 200 Da (12 minutes
RT), while the fraction around 600-1000 Da (11 minutes RT) progressively decreased with HTC
severity. Also, the net difference between MWD of Fast-APL-Fir and the Fast-APL from
hydrochar was minimal when HC-150 was pyrolyzed, meanwhile, a profound difference is
present in the MWD of Fast-APL-Fir and Fast-APL-200. These results, together with the
peculiar behaviour of HC-200 during the experiments, provide evidence of a deep change in
the type and consistency of reactions that occurred at this feedstock then fir and HC-150. A
reason could be linked with the rapid heating and thermal degradation of HC-200 which, from
its characterisation, shows a significant structural change respect original wood, a difference
which is less marked among the latter and HC-150. Even with no strong evidence, since the
major change was the content in hemicellulose, it is possible that the physical presence of

thereof somehow hampers the lignin/cellulose degradation.

FT-ICR-MS was applied to Fast-APLs using different ionization techniques: ESI (+), ESI (-) and
APPI. This approach aims to overcome some drawbacks of this analysis, namely the limit of
lonization which can be selective towards some components against otherst. Also,
the utilization of different ionization techniques allows to provide a wider overview of complex
matrixes such as bio-oil. ESI (+,-) allows selectivity towards oxygenated compounds such as
carbohydrates, meanwhile, APPI is targeting compounds rich in unsaturation, such as
aromatics'®!, In Figure 18 features detected among the three Fast-APL analysed are shown
through Venn diagrams. Both modes of electron spray ionization, positive and negative,
highlight the similarity among the solutions, with more than 2400 commons. ESI (-), in
particular, shows minimal unique features among APLs, of which the more similar are the ones
derived from fir and HC-150. Fast-APL from HC-200 is characterized by only 86 unique
features. From ESI (+), the common features among the solutions increase almost to 4000. As
for the positive mode, Fast-APLs from fir and HC-150 result more similar than the one from
HC-200. On the other hand, when targeting molecules with high DBE and lower polarity using
atmospheric pressure photoionization (APPI), Fast-APLs from hydrochar displayed much more
similarity than the one from fir. Although the three solutions share 2070 features, APLs from
hydrochars displayed an extra 1000 signals which were not detected in fir's Fast-APL. This
result suggests that Fast-APLs obtained from hydrochar are similar in terms of type oxygenated
molecules or carbohydrates, but present more molecules with aromatic features, and/or less
oxygens, and/or less polar. Also, despite the high sharing of features, Fast-APL from HC-200
seems to be less complex in polar molecules, in fact, has a total of 10% fewer features respect

the other APLs in both ESI (+,-). On the other hand, Fast-APL from fir present 40% and 35%
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less features when analysed with APPI than Fast-APLs from HC-200 and HC-150 respectively.
By considering the distribution of oxygen number in CHOx compounds, ESI (+,-) provides a
similar distribution of O number among all Fast-APLs, with a mean of 10-11 and 6-7 oxygens
respectively. APPI, instead, detected a lower oxygen content in the less polar fraction of Fast-
APL, with a mean count of 3-4 oxygen atoms. From these data is possible to summarize as
follows: the three solutions share the majority of the features for all the ionization techniques
used. By counting the unique features and shared features among the couples of APLs, it is
possible to detect an increased complexity for the Fast-APL from HC-150 which displayed
a similar composition with fir's Fast-APL when ESI was used, but a much higher count of
features in APPI mode. Fast-APL from HC-200 contained slightly fewer features than the other
solutions when analysed in ESI (+,-), but is the most unique for the APPI protocol, which
highlights an increased number of less polar, unsaturated or aromatic molecules. Also, all Fast-
APL present molecules which most possibly derive from lignin and, from oxygen count, seem

limited to small lignin fractions.

Van Krevelen diagrams of the features obtained from Fast-APLs are presented in Figure 35
(Appendices, Appendix C). Data obtained in ESI were quite informative, especially with ESI (+)
which was already shown to be more specific to carbohydrate detection42. ESI (+), and to a lesser
extent ESI (-), exhibit a significant decrease in the signal intensity relative to carbohydrates
between the original feedstock (FIR) and the HC 200 sample. This decrease in intensity can be
attributed to the conversion of the hemicellulose. Assumptions were made based on some
pyrolytic markers relative to both cellulose and hemicellulose (e.g., 1,6-anhydro-B-D-
mannopyranose, cellobiose and its anhydrous forms). The intensity relative to the putative
cellobiose, marker of cellulose pyrolysis, did not decrease for the three samples, while those
relative to markers of the hemicellulose (xylose, anhydro-xylopyranose, xylobiose) drop from the
Fast-APL-Fir sample to the Fast-APLs of hydrochars. Van Krevelen diagram obtained with
APPI ionization provides information about the non- to mid-polar compounds present in the
water fraction. An increased number of features can be appreciated for the aqueous fraction
obtained from hydrochars. The unique features of the Fast-APLs from HC-150 and HC-200
differ in terms of the type of molecules: the first one has a high concentration of unique features
in the H/C range of 0.5 to 1 and O/C range of 0.2-0.4 which correspond to the region of lignin
derivatives or slightly unsaturated hydrocarbons. Fast-APL-200, instead, presents a
concentration of features in the region H/C 1.5-2.0 and O/C < 0.3 which is typical of lipids and
unsaturated hydrocarbons. These results, anyway, highlight the presence of a variety of classes
of compounds, including derivates from lignin which are water-soluble and thus are not retained

during the washing step after pyrolysis. Figure 36 (Appendices, Appendix C) display the relation
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between double bond equivalent (DBE) and the number of carbons in the CHOx features
detected with all the ionization techniques. DBE is a measurement of the unsaturation and
aromaticity of a molecule and is commonly used to describe results from FT-ICR-MS. All the
distributions obtained are similar, although the results from ESI (+,-) display a reduction of
features within the pre-treatment intensity, especially in ESI (+). By summarizing the results
all the fractions are similar with a tendency of less unsaturation degree in Fast-APLs from
hydrochar for the fraction more polar of thereof. From APPI results, the mid to apolar molecules
present in Fast-APLs seem to be quite similar in terms of DBE, with a slightly higher complexity
in Fast-APL derived from HC-200 which displayed more features at high carbon number and
DBE level.

For this experiment, particular attention was also provided to the water-insoluble product,
pyrolytic lignin, collected in acetone or deuterated acetone. The first one was analysed by FT-
ICR-MS, meanwhile, the latter was investigated using heteroatom single quantum coherence
NMR (HSQC). FT-ICR-MS applied to the non-deuterated insoluble fraction, was performed with
the same ionization techniques used for Fast-APLs. In Figure 19 features obtained for each
Fast-PyL fraction are shown highlighting the common ones among the three solutions (Venn
diagram). ESI (-) evidence a high number of common features among the three Fast-PyLs,
however hydrochars derived present more unique and common features, especially Fast-PyL
from HC-200 which has more than 30% of its features not in common with fir-derived Fast-PyL.
Using ESI (+), on the opposite, results highlight a high similarity among the types of features
produced, with more than 4700 common ones. A similar result was produced using atmospheric
pressure photoionization, which is for this fraction the more interesting. With the latter, almost
4100 common features were produced, highlighting the similar nature of the three Fast-PyL,
despite HTC treatment. Also, the unique features were around 300 for each fraction, a small
number compared with the common ones. These results suggest that most Fast-PyL are similar
in terms of molecules and their structure, with possibly a relatively higher complexity of Fast-
PyL-200 in terms of high-polar oxygenated compounds. In Figure 19 the distribution of oxygen
in CHOx class of compounds for all the ionization performed is also provided. For ESI (-) a slight
difference in the distribution was found for Fast-PyL-200, which presented a peak in the
distribution shifted towards a higher number of oxygens (namely 8) meanwhile Fast-PyL-Fir
and Fast-PyL-150 presented similar distributions with a peak in the range of 7 oxygens. Using
ESI (+) the distributions were similar among all three fractions, with a peak around 5 to 6
oxygen atoms. Since the high number of oxygens in the features detected using electron spray
lonization, the presence in this fraction of carbohydrate or similar compounds, or even hybrid

holocellulose-lignin compounds could be hypnotized. Similar distributions were also recorded
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for APPI, but with a lower number of oxygens (i.e., 4) as the peak of the distribution, which is

expected for aromatic molecules.

Van Krevelen diagrams resulting from the data collected are presented in Figure 37
(Appendices, Appendix C). All the ionization techniques utilized provide a distribution which
has the highest count of features in the region of H/C range 0.5 to 1 and O/C range 0.2-0.4 which
correspond to the region of lignin derivatives. This information suggests that this fraction is
effectively made by mostly lignin-derived molecules. ESI (-) and ESI (+) detected features also
in the range H/C 1.5-2 and O/C 0.6-1.0 which reflect the presence of carbohydrates and highly
oxygenated compounds. These features are, although, less intensively detected when pre-
treatment occurred. To explain this finding, the progressive reduction of hemicellulose in the
pyrolysis feedstock within pre-treatment could be suggested. Since hemicellulose is bound to
lignin, the presence of possible hybrids should also be reduced. APPI, instead, revealed no
difference among the pre-treatment severity, with a high concentration of features detected in
the lignin region for all the solutions analysed. Among the data obtained for PyLs fractions, the
charts between DBE and carbon numbers are of high interest since high unsaturation and
aromaticity are expected for these fractions. In Figure 38 (Appendices, Appendix C) the results
are presented. As for van Krevelen’s charts, all the ionization techniques provide similar
information for all three fractions. Minor differences are present using ESI (+,-), providing
insights into a reduced distribution by means of the type of molecules in Fast-PyLs from
hydrochars. APPI although, did not evidence any difference between the fractions. These results
remark the aromatic and unsaturated nature of Fast-PyL respect Fast-APL, and also suggest
that pyrolytic lignin fraction could be mostly changed only for the less unsaturated portion, i.e.,

type and quantity of holocellulose derivatives.
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Figure 18. FT-ICR-MS data elaboration of bio-oil solutions: Upper: Venn diagram of common and unique features of
Fast-APLs with different ionisation techniques. Lower: number of detected oxygens among Fast-APLs fractions in
CHO-based molecules with different ionization techniques.
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Figure 19. Upper: Venn diagram of common and unique features of Fast-PyLs with different ionization techniques.
Lower: number of detected oxygens among Fast-PyLs fraction in CHO-based molecules with different ionization
techniques.
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Further insights into the similarity among the chemical structure of Fast-PyL were provided by
HSQC, whose plots are presented in Figure 39 (Appendices, Appendix C). For all the obtained
fractions, the same types of links were recorded. For all the fractions, the presence of methoxy
groups (0C/0H 50-60 / 3-4.5) and aliphatic groups (0C/0H 10-40 / 0-3) was recorded, as well as
the presence of carbohydrates (pyrolytic sugars, 0C/0H 60-70 / 3-4 & 100-105 / 4.5-5.5)102, When
integration was performed over the main peaks, results indicated that also the relative

distribution of peaks was not affected by HTC treatment (Table 12).

Table 12. %Area respect G2 peak detected by HSQC of Fast-PyL. MeO=methoxyl group, G2-5-6 are the position of
the aromatic ring of guaiacyle, main constituent of fir lignin.

%Area Ratio respect G2
Fast-PyL-  Fast-PyL- Fast-PyL-
Bond Fir 150y 200y
MeO 4.12 4.06 3.93
G2 1.00 1.00 1.00
G5 1.03 0.94 0.91
G6 0.72 0.73 0.77

Thus, although from solid-state NMR an increased aromaticity and a reduction of methoxy
groups were observed in hydrochar, this did not influence the characteristics of PyL. This result
also suggested that the reason of the peculiar behaviour of hydrochar during fast pyrolysis may
be caused by a ultra-structure modification, rather than the punctual composition of lignin,

cellulose and hemicellulose.
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4.2 Gasification of slow pyrolysis’s biochar

Pyrolysis-gasification (Py-Gs) strategy is not a novel coupling for thermochemical processes, but
its evaluation within an HTB approach has not been performed yet. Thus, the aim of this
experiment was the assessment of the mass and, especially, chemical energy potentially
deliverable to microorganisms. Three temperatures (450, 550, and 650°C) were initially tested
for pyrolysis. Biochar obtained were preliminary tested for gasification at 850°C for 30 minutes,
to select the most promising pathway. Final gasification was performed over biochar selected
under CO:z at 950°C for 60 minutes as detailed in 3.5.2. Data obtained from preliminary
gasification are not reported in the main text of this work, readers can find them in Appendices,
Appendix B. For the purpose of this paragraph, all the fractions obtained were named as follows:
biochar from pyrolysis (Slow-BC), aqueous phase liquid of pyrolysis (Slow-APL), pyrolytic lignin
from pyrolysis (Slow-PyL), pyrolysis gas (Slow-Gas), biochar from gasification (gBC),
gasification tars (Tar), and gasification syngas (Syngas). Together with the given label of each
fraction, the temperature of obtainment will be provided, e.g., biochar obtained at 450°C will be
named Slow-BC-450; syngas obtained at 850°C from Slow-BC-450 will be Slow-450-Syngas,
gasification biochar obtained at 850°C from biochar at 650°C will be Slow-650-gBC. For the
gasification performed at 950°C, the wording “950” will be added at the end of the name (e.g.,
Slow-450-gBC-950). Mass and COD yield of the pyrolysis fractions obtained at the three

temperatures tested are provided in Table 13.

Table 13. Slow pyrolysis yield of the four products. Results are presented in both %wt and %COD respect pyrolysis

input. "s.d."=standard deviation.
%Wt %COD
Slow- Slow- Slow- Slow- Slow- Slow-

.d. .d. .d. .d. .d. .d.

450 ° 550 ° 650 ° 450 ° 550 ° 650 °
Slow-BC | 26.0% 7| 23.3% o6 | 194% oan| 56% 1% | 46% 1% | 363% )
S[i‘;,vl‘:' 44%  su | 42.3% 0% | 38%  au | 24%  su | 264% 05| 27% 4w
Sllgvﬁ" % osu | T76%  O00| 120%  osu| 11%  aw | 12% 1% | 181%  OF
Slow- 1 9960 1| 966% o024 2061% %% 50% 24| sa2% %S| 1220 07
Gas % % % % %

From the results obtained, Slow-BC-450 provided the highest mass and energy yield to the solid
product, as expected. Within temperature increase the share of biochar is reduced toward a
highest yield of Slow-PyL and Slow-Gas, meanwhile Slow-APL mass yield slightly decreased.
Despite mass results, by observing the COD yield a different repartition is observed from Slow-

APL fraction which slightly increased the chemical energy inside the fraction. Results obtained
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are in line with the yield obtained with similar apparatus and with the expected kinetic

behaviour of wood components within temperature increase*7.103.104,

In Table 14 characterisation of the Slow-BC and Slow-PyL is provided for ash and elemental

analysis.

Table 14. Elemental analysis of Slow-BCs and Slow-PyLs obtained during slow pyrolysis of fir. "s.d."=standard
deviation, “n.d.”=not detected.

Ash s.d. C s.d. H s.d. N s.d. @) s.d.
Slow-BC-450 |0.7% 0.1%| 74% 5% | 3.8% 0.3% |0.21% 0.02%| 22% 5%
Slow-BC-550 [0.8% 0.1%| 82% 2% |2.81% 0.02%|0.38% 0.04%| 15% 2%
Slow-BC-650 [0.9% 0.2%| 82% 3% | 2.7% 0.3% | 0.30% 0.05%| 14% 3%

Slow-PyL-450| n.d. - | 64% 1% | 6.6% 0.5% |0.36% 0.06%|28.7% 0.7%
Slow-PyL-550| n.d. - |65.2% 0.6%| 6.7% 0.2% | 0.26% 0.08%|27.7% 0.7%
Slow-PyL-650| n.d. - [63.7% 08%| 6.9% 0.3% |0.28% 0.06%|29.2% 0.7%

Slow-PyLs obtained resulted similar during elemental analysis independently from
temperature. Moreover, despite a reduced yield respect intermediate pyrolysis at 550°C, this
fraction presents a similar elemental characterisation with the Int-PyL presented in paragraph
4.1.2 (Table 7)), providing insights of a similar mechanism of production in the utilised
apparatus. Regarding biochar, Slow-BC-450 differs from Slow-BC-550 and Slow-BC-650. While
biochar from 550 and 650°C are similar among them and to Int-BC-Fir (4.1.2, Table 7), Slow-
BC-450 was richer in oxygen and hydrogen, providing insights of residual content of poorly
converted matter. Slow-APLs obtained undergone GC-MS analysis for the characterisation of
the main class of chemicals which are reported in Table 15 expressed as %COD of the fraction
(gCOD/gCODsiow-apL). Within temperature increase, a higher yield of compounds which are
typically decomposed by secondary reactions appear. Increased yields of ketones and aldehydes
(acetaldehyde in particular) were detected while temperature passed from 450 to 650°C,
together with a higher yield of anhydrosugars (namely levoglucosan). The trend of aldehydes
here reported was already observed for the pyrolysis of fir-wood in similar conditions!©5,
Dissimilarity was observed for furans derivates and phenols which tend to decrease within
temperature. These results align with the available literature investigating temperature effect
over bio-oil composition derived from wood!9519, To be noticed, despite the general trend in the
yield of furans and phenols, which are considered powerful inhibitors for anaerobic digestion07,
the chemical composition of Slow-APL did not change significantly in terms of inhibitory effect

among the temperature tested.
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Figure 20. Chromatographs of Slow-APL obtained through SEC-RID.
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Table 15. Yield of COD (gCOD/gCODSlow-APL) of the main compounds detected by GC-MS in Slow-APLs fractions.
Standard deviation for the analysis reported is 15%. a Sum of the main 13 phenols found in the fraction.

Slow-APL- | Slow-APL- | Slow-APL-

Components 450 550 650
Carboxylic Acids (X) 8.4% 7.8% 6.9%
Acetic Acid 6.9% 6.5% 5.7%
Hydroxyacetic acid 0.3% 0.1% 0.1%
Propanoic acid 0.8% 0.8% 0.8%
Butyric Acid 0.4% 0.4% 0.4%
Aldehydes and ketones (X) 7.0% 9.3% 10.7%
Hydroxy acetaldehyde 2.3% 3.9% 6.7%
Hydroxy acetone 1.3% 1.3% 1.1%
Cyclopentanone 0.1% 0.1% 0.1%
2-Cyclopenten-1-one 0.1% 0.1% 0.1%
2-methyl - 2-Cyclopenten-1-one 0.3% 0.3% 0.3%
2.3-dlmethyl-o2r-lgyclopenten-1- 0.7% 1.6% 0.4%
1.2-Cyclopentanedione 0.8% 0.8% 1.1%
3-methyl-1.2-Cyclopentanedione 1.3% 1.2% 1.0%
Furan derivatives (X) 4.6% 4.3% 3.8%
Furfural 2.1% 1.9% 1.7%
2-Furanmethanol 1.2% 1.1% 1.0%
5-ethyl-Furfural 0.5% 0.5% 0.4%
2-hydroxymethyl-urfural 0.8% 0.8% 0.8%
Anhydrosugars (X) 2.9% 2.4% 4.1%
1.6-anhydromannopyranose 0.5% 0.1% 0.7%
1.6-anhydroglucopyranose 2.4% 2.2% 3.5%
Phenols2 8.3% 7.1% 6.6%
HMW (>1450 Da) 28.0% 25.4% 20.7%
59.2% 56.3% 53.0%

total GC-MS quantified
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SEC analysis provided a general picture of the MW distribution in the Slow-APL obtained.
Chromatograms from the analysis are shown in Figure 20. From the chromatographs, and as
reported Table 15, a tendency of decreasing HMW toward LMW compounds was found when
pyrolysis temperature increased. Also, while HMW content decrease with temperature, the RT
of thereof did not change. This could indicate a tendency of depolymerization of the fragments,
with the possible initial ejection of HMW which then undergo a secondary reaction of

depolymerization.

As a result of slow pyrolysis investigation, the most promising process is the pyrolysis at 450°C
which provide a higher yield of biochar for gasification, an APL fraction which is not
significantly different from process at 550 and 650°C, and also request less energy to be
performed. Moreover, from preliminary gasification test presented in Appendices (Appendix B),
Slow-BC-450 is also producing more syngas during gasification (higher biochar conversion rate,
i.e., 0.6% min?), with no tar production and also with a syngas composition not differing from
other two biochar tested. Thus, Slow-BC-450 was selected as more interesting pathway, and has
been has gasified at 950°C for 60 minutes under CO2. Mass and COD yield are provided in Table
16.

Table 16. COD yield respect the input COD of the Slow-BC-450 gasification at 950°C. "s.d."=standard deviation,
“n.d.”=not detected.

9%COD Gasification 950°C
Mean s.d.
Slow-450-gBC-950 45% 2%
Slow-450-Tar-950 n.d.
Slow-450-Syngas-950 55% 6%

This test is meant to evaluate the maximum achievable conversion with the apparatus utilized.
The results provide a conversion of 55%COD of Slow-BC-450 into syngas with a conversion rate
of 0.9% min'!, much higher than the preliminary test where only 17%COD and 0.6 min! were
achieved. Also, during the gasification no tar formation was detected, providing a clean syngas
which is desirable for the latter anaerobic digestion. A main effect of the temperature change
was the variation of syngas composition, which resulted much higher in carbon monoxide
(57+5%vol) and with a reduced content of hydrogen (0.7+0.1%vol) and methane, the latter

almost not detectable.
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4.3 Anaerobic digestion of thermochemical outflows

4.3.1 Liquid outflows fermentation

Among the proposed paths for HTB approach, two types of liquid outflows are produced: HTC
liquid and aqueous phase liquid of pyrolysis-derived bio-oil. Among the two, HTC-L resulted,
from its characterisation, a quite attractive substrate for fermentation, due to the high content
of free sugars or hydrolysable carbohydrates. For APL, instead, due to its complexity the
fermentability is not easily evaluable. By SEC analysis of the obtained liquids, it is clear that
60-80%wt of APLs is formed by LMW compounds which are in principle convertible for
microorganisms and within inhibitory concentration®18.38, The remaining 20-40%wt formed by
HMW compounds remain more unclear in terms of bio-convertibility, with evidence reviling a

low tendency to degrade2:.

Batch tests were used for the evaluation of these fractions, using an inoculum from local
anaerobic digestion which produces biomethane from agricultural wastes (providing an initial
minimal amount of VFA). Fermentations last 20 days and thermochemical solutions were
fermented simultaneously with a batch containing chickpea flour as control (easily fermentable
substrate). Moreover, all fermentation tests were performed in duplicate and a thermal pre-
treatment was performed in order to minimize the production of gaseous products towards a

higher yield of volatile fatty acids (VFA).

Starting from the HTC solutions, the process at 150 and 200°C provide substantially different
liquids. At milder conditions, the liquid obtained is less rich in free sugars but also products
from secondary reactions such as furans. The main components of the HTC-L-150 are short
oligomers, mainly composed of pentose and hexose sugars and derived from the partial
hydrolysis and solubilization of hemicellulose. HT'C-L-200 is a brownish liquid rich in sugars
and with some minor presence of levoglucosan, in which high concentrations of furfural and 5-
hydroxymethyl furfural (5-HMF) are present. Also, in the latter a bimodal distribution is
present, with the presence of high-mass oligomers and small-mass compounds, but no
intermediate-weight compounds (Figure 9). HTC-L-150 did not present a bimodal distribution,
providing insights into large molecular weight distribution, namely, the presence of a variety of
fragments with continuous mass distribution possibly being oligomers from hemicellulose43. In
Figure 21 the initial and final composition of the batch test is presented divided into weight
yield based on families of compounds and COD yield based on the fermentation products (VFAs
and biogas). Both HTC-L-150 and HTC-L200 started to produce VFA from the first day of
fermentation as the control, although the maximum concentration of the organic acids changed

significantly between pre-treatment at 150 and 200°C. HTC-L-150 at day 20 displayed a
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concentration of almost 4 g L' as well as the control, which confirms its easy degradability.
HTC-L-200, instead, reached a maximum concentration of VFA at day 15 with (2.5 g '%, in line
with control) after which a large amount of biogas started to be produced. Among all the batches
performed, only the two batches containing HTC-L-200 started to predominantly convert VFA
into biogas. This is most likely due to the initial presence of roughly 1 g L-! of sugars (i.e., 10%
of feedstock, Figure 21) in the solution at the beginning of the experiment which could have

provided a boost to the methane and hydrogen producers even after the inoculum pre-treatment.
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Figure 21. Upper: composition of the main detected families by GC-MS of control and HTC-Ls. For HTC-L-200 the

difference of VFA concentration between days 15 and 20 is highlighted. Lower: The COD yield of the main products

respect the initial COD distribution. Biogas COD was determined by the difference between initial and final soluble
COD.

By COD, the high share of biogas in HTC-L-200 is appreciable. Despite this feature, both HTC
liquids proved to highly prone to fermentation, providing similar yields of converted products
despite the complex composition of, especially, HTC-L-200. Notably, furanic compounds present
in the latter did not affect the trend of fermentation and were almost fully converted during the
tests for both batches. From GC-MS analysis, the degradation of thereof occurred in the first
three days. The main components of this family are furfural and 5-hydroxymethyl furfural (5-
HMF), by following the daily variations, it is clear that the conversion occurred in multiple
steps: furfural was more easily degraded, and in just one day yielded furan methanol. In two

day 5-HMF was hydrogenated to produce 2,5-bis-hydroxymethylfuran (BHMF). Thereafter,
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these compounds were degraded by time until day 15 when almost no furans were detected in

the fermentation broth (Figure 22).
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Figure 22. Progression of the main furan-based molecules during fermentation of HTC-L-200.

Although these two chemicals can be inhibitory at levels between 0.1-15 g/Li their concentration
did not reach the inhibition levels!08109  egpecially in the HTC-L-150 which displays just
minimal amounts of these two compounds. The degradation pathway followed the information
available in the literature with the production of alcohol as the first step of degradation!t0.111,
Among produced compounds, HTC-L-200 had also a minor production of phenols, such as benzo
acetic acid, which were not detected in the initial HTC liquid. This may indicate the presence of
molecules not detectable by GC-MS which can, upon hydrolysis, provide small aromatic

compounds. This may be connected to sugars such as the lignin-hemicellulose connection

present in the biomass 104112,
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Figure 23. VFAs produced from fermentation of HTC-L after 20 days respect the control with chickpea flour as
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In Figure 23 the types of VFA detected on day 20 are presented. Control test produced equal

amounts of acetic and butyric acid, with a minor presence of propanoic acid. A similar relative
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distribution was recorded for HTC-L-200 at day 15, before being converted into biogas. A
different distribution was found in HT'C-L-150, where the share of acetic acid was increased,
and minimal concentrations of other organic acids were detected. This result suggested the

instauration of a different bacterial community, as an effect of the different types of feedstock!13,

Pyrolysis products present hundreds of different molecules which are hardly convertible by
chemical route, and which display a wide mass distribution, from smaller molecules to dimers-
trimers and oligomers. Among the main products detectable by GC-MS, an important role is
played by levoglucosan (1,6-anhydro-B-D-glucopyranose), a dehydrated form of glucose which
can be converted into glucose by microbial communities!!12114 However, from the
characterisation of Int-APL and Fast-APL, it is clear that the type of lightweight molecules
differs mainly for their quantity rather than type, meaning that the type of light compounds is
similar among intermediate and fast pyrolysis. Thus, among pyrolysis performed, fast pyrolysis
seems on paper the one more suitable for the production of levoglucosan respect intermediate
one, which can be further increased when hydrochars is used as pyrolysis feedstock. However,
in terms of molecular weight distribution, differences exist among pyrolysis processes (Figure
15 and Figure 17), which may determine a significant difference in terms of fermentability and
accessibility of microbes to the feedstock24115, Also, due to the difficulty of characterizing the
type of macromolecules present in the intermediate and fast APL liquids (type of trimers,
tetramers, etc.), fermentation of the latter may be significantly affected even if the light

compounds present similarities.
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In Figure 24 the characterisation in classes of compounds before and after fermentation is
provided for all APLs and control feedstock. From the test is clear that a deep difference exists
between the fermentation of intermediate and fast APLs. In fact, fast pyrolysis APLs are not
significantly affected even after 20 days, showing negligible production of VFAs or biogas. Only
a minor decrease in anhydrosugars content was observed (namely levoglucosan). On the other
hand, all the intermediate pyrolysis APLs were successfully fermented into VFAs even in
the absence of supporting material such as biochar, suggested in literature to reduce APL
toxicity?247. Furans, phenols, and anhydrosugars were degraded to form VFAs starting, for all
intermediate APLs, from day 7, before which inhibition was observed. Thereafter, until day 15,
VFAs concentration increased significantly reaching 2.5, 2.20 and 2.15 g L! in Int-APL-Fir, Int-
APL-150, and Int-APL-200 respectively. However, the level of VFAs did not reach the control
concentration. This is also explained by the COD analysis which provides the biogas production.
Liquids from pyrolysis provide a higher yield of COD converted into gas (i.e., methane and
hydrogen), although the sum of converted COD, which is VFAs and biogas COD combined, still
tend to decrease with the severity of HTC temperature with 9.8, 9.5, 8.5, 7.5 gCOD L-1 for
control, Int-APL-Fir, Int-APL-150, and Int-APL-200 respectively. Degradations of pyrolysis
products from the intermediate process were also confirmed by GC-MS analysis of the last day
of fermentation, where the analytes were drastically reduced for the majority and not anymore
detectable for most. APLs from fast pyrolysis were further fermented even after day 20, to
evaluate if a longer adaptation time for microorganisms prior to fermentation was required.
Although the test was carried for 100 days, no significant decrease of any component nor
production of VFA or biogas was detected, and even levoglucosan did not change its
concentration during the 100 days, meanwhile the latter in APLs from intermediate pyrolysis

was completely consumed at day 10 (Figure 25).

= 1.25

g OH

-2 1.00

o

E 0.75 O Int-APL

@

2] —0—Int-APL-150

g 0.50

o —— Int-APL-200
0.25 \j —#— Fast-APL
0.00 ® ¢ Fast-APL-150

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 B Fast-APL-200
Days

Figure 25. Levoglucosan trend during fermentation of APL from intermediate and fast pyrolysis.
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Among products of Int-APLs fermentations no aromatic molecules were detected at high
concentrations for all the tests conducted. In the last days, some minor presences of simple
phenols were detected, such as benzoic acid and 4-hydroxybenzyl alcohol (20 and 30 mg L
respectively at day 20) jointly with the decreasing concentration of lignin-derived molecules
such as vanillin and p-cresol (20 mg L for both molecules). Respect the control fermentation,
APLs which produced VFA displayed a different distribution of the latter at the end of
fermentation. Meanwhile, control fermentation produced mainly acetic and butyric acids, APLs
produced more selectively acetic acid and minor amounts of propanoic acid, with no production
of butyric acid from Int-APL-150 and Int-APL-200, and just minor concentration for Int-APL-
Fir. This can be considered an effect of the type of feedstock which tends to select communities

of acetic and propanoic acid producers (Figure 26).
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The behaviour observed for Fast-APL conversion evidences the presence of inhibitory
compounds which are produced from both fir and hydrochars, independently from the treatment
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which biomass undergoes. Although it is difficult to identify any specific reasons, a tentative
explanation can be drawn from GC-MS analysis of concentrated samples (prepared using
method 3.2.2 but five times more concentrated). Looking at some specific lignin (and pyrolytic
lignin) silylated MS markers it was possible to detect an increased ratio between the ions m/z
209, and 297 with respect to the total ion count (TIC). Ions 179 and 209 correspond to the ions
formed by the propyl chain break of coumaryl and guacyl units respectively, which are the two
main monomers of softwood lignin!?6, Ion 297, instead, is a highly present ion formed from lignin
derivatives molecules!'’. Such ions characterize the MS spectra of several pyrolytic lignin
dimers, which are otherwise difficult to detect due to low signal from multiple-peak effect.
Results of integration are shown in Table 17, meanwhile, ions 179 and 209, together with an

example of the ion with a m/z peak of 297 are provided in Figure 27.

Table 17. The ratio between single ion monitoring (SIM 297) and total ion chromatogram (TIC) of concentrated

APLs.
Ion |Int-APL Int-APL-150 Int-APL-200 Fast-APL Fast-APL-150 Fast-APL-200
179| 0.27% 0.25% 0.19% 0.26% 0.23% 0.22%
209| 0.17% 0.16% 0.16% 0.27% 0.26% 0.27%
297] 0.10% 0.05% 0.03% 0.28% 0.26% 0.20%

Data from fast pyrolysis shows a higher relative abundance of ion 209 and 297, meanwhile, ion
179 was similar in all APLs. With HTC pretreatment, the ratio seems to decrease, which can be
explained since both ions 209 and 297 are typical of methoxylated molecules, which are reduced
in number by HTC (Figure 14). Despite the reduction by HTC, when fast pyrolysis is applied to
HC-200 the obtained Fast-APL-200 still presents a ratio at least double that Int-APL from fir
for both 209 and 297 ions. Thus, evidence suggests that Fast-APL contains an increased
abundance, in the APL, of molecules which usually are retained within the PyL fraction. Given
that these compounds are more toxic than smaller phenols and sugars, this could cause an

increased toxicity toward for anaerobic digestion microbial consortium.
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Figure 27. Three ions which are commonly found in silylated PyL.
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4.3.2 Gaseous outflow fermentation

Syngas obtained at 950°C from Py-Gs, as detailed in paragraph 4.2, were subjected to anaerobic
digestion in a lab-scale char-based sparger reactor (CBSR) previously developed for H2/COq
fermentation. Firstly, the system was inoculated with 20 gCOD-L! sludge (obtained from a lab-
scale methanogenic AD reactor) and a content of 12 gCOD-L! of VFA (mostly acetic and butyric
acid). A gasbag containing syngas was connected, and the system was left overnight for the
inoculation of the sparger. The next day, the liquid was removed and centrifugated, to remove
any suspended solids or unattached microbes, and reloaded into the system. The experiment

lasts 180 days divided into four sections:

Firstly, only syngas was used as a source of energy for 20 days;

Secondly the reactor was shifted from continuous to batch mode, where raw syngas was
continuously provided along with minimum liquid input (consisting of a 30 g-L- NaHCOs
solution spiked with N and P sources). An equivalent liquid output was withdrawn for
daily analysis;

Thirdly, syngas was spiked with Hs, providing H2/CO with the ideal molar rate for acetic
acid production (i.e., 1);

Lastly, Slow-APL was added as a co-feed substrate.

Micro-inoculations were periodically provided whenever the system gave a negative response
(e.g., a decreasing trend of VFAs), due to operational issues (e.g., leaks of liquid and or air
entrance in the system). This procedure promotes the formation of an adapted biofilm onto the
sparger, adapting the attached microbial population to the challenging substrates. Initially, the
DR was kept at 0.9 which was expected to maintain a moderate concentration of VFA and ease
the biofilm growth5’. The concentration of VFA initially decreased for the first 20 days of
experiments, suggesting a certain degree of inhibition. This could be due to the high content of
carbon monoxide (57%vol) which is similar or even above the intoxication values of different
microorganisms reported in literature!!8119, Due to the reduced content of VFA, DR was reduced
at 0.1 d* (batch mode) to enhance the conversion and try to maximise the Vp of raw syngas. As
a result, Vp was stabilized around 2 gCOD-L! d! and a concentration of VFA of 6 gCOD-L1.
During the batch mode (days from 21 to 75) and exactly at day 40, the syngas obtained from Py-
Gas were added up with hydrogen. As a result of the correct H2/CO ratio, which also reduced
the content of CO to 36%vol, both VFA concentration and Vp increased, thus achieving, at the
end of the batch mode, 15 gCOD-Li*and 8/10 gCOD-L-1-d1. To assess the maximum productivity,
DR was increased to 1.3 d! at day 70. After the increase of DR, VFA concentration first
decreased (until day 90), then increased to 20 gCOD-L! providing a final Vp (day 148) equal to

12 gCOD-L:*-d-t. This result was comparable 58 to that obtained with the same system operated
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with Hs/ COz which provided a Vp up to 18 gCOD-L! d! This is an impressive value (since in
literature typical values range between 1 and 2 gCOD L d!) which suggests that syngas (even

raw syngas) are actually an easily fermentable substrate.

Lastly, to assess the feasibility of co-processing all pyrolysis products, Slow-APL (with 10
gCOD-L! in the input solution) was delivered to CBSR together with hydrogen spiked syngas.
To evaluate the degradation of also Slow-APL the concentration of the main pyrolysis products
(e.g., levoglucosan) was constantly monitored. Overall. In the last 30 days of the experiment,
the addition of Slow-APL decreased both VFA and the Vp to 7 gCOD-L! and 6 gCOD-L-!-d-1,
respectively. During this time, overall, the contribution of Slow-APL resulted negligible, as well
as the consumption of Slow-APL-450 products (e.g., levoglucosan). These preliminary results
suggest that APL negatively affects the conversion of syngas, but anyway confirmed the
capability of syngas fermenting microorganisms to tolerate the APL presence. Figure 28 shows

the trend of VFAs, pH, and Vp during the three phases of the experiment
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Figure 28. Results from the Syngas and Slow-APL fermentation. Upper: VFA concentration and pH trends among
the experiment. Lower: Vp variations among the experiment.
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4.4 Overall evaluation

4.4.1 Overall COD flows and yields of the investigated pathways

Figure 29 provides the fate of COD through the proposed HTB pathways. The Sankey diagrams
do not include Fast-Py since no production of VFAs or biogas, nor consumption during the batch
test was observed. Also, standard deviation reported in every chapter of this work was not
included here to simplify the Sankey diagrams, anyway the most affected measure was HC-150
with a standard deviation of 7% COD, meanwhile for the other fractions typical values are lower
than 5%COD which can be assumed as a precaution error in this summarization. For Py-Gs
path, syngas conversion of 80% (on COD basis) was assumed considering that for a complete
biodegradable feedstock (as in this case), usually 20% of initial COD goes to bacterial growth!s,
Moreover, the same conversion achieved with Int-Fir-APL was assumed for Slow-APL-450. For
HTC-Int-Py path, the gases produced were also considered as a substrate with the same

conversion applied for Py-Gs approach.

For HTC-Py, the tested paths delivered more bioavailable compounds than direct pyrolysis and,
more importantly, sugars yield increased drastically. The main feature was a higher production
of biogas from HTC-Py pathways which indicate the substrate as more suitable for biological
conversion (i.e., allows archaea methanogens to live and produce methane). However, the
overall yield of bio-converted product respect the initial biomass was negligible respect the
direct Py-AD path. Overall, HTC-Py provides a liquid in the first step (HT'C-L) which solubilizes
most of the hemicellulose, resulting in a fully bio-convertible liquid. However, the remotion of
this fraction affects the net chemical energy delivered to APL which decreased from 48%COD
of the original fir, with direct pyrolysis, to 37 and 36%COD when HTC-150 and HTC-200 were
tested. Moreover, this work demonstrated that APL deriving from hydrochar is less
biodegradable during anaerobic digestion, meaning that the extra solubilized compounds,

respect direct pyrolysis, are molecules hardly bio-convertible.

Py-Gs approach delivered the highest yield of bioavailable COD in this work, a result which, in
principle, can be further improved through an increase in gasification rate, time, or efficiency.
However, due to the low COD yield of biochar even at 450°C pyrolysis, the overall COD of syngas
within the Py-Gs pathway represents only the half of delivered chemical energy, the other half
was provided by Slow-APL-450. As a result of the fermentation of APL and gases, Py-Gs was
the path which provided the highest share to bio-converted products, with almost half of the
COD of fir going into valuable products. In this path, mostly acetic acid is produced from the
syngas fermentation, meanwhile, APL is expected to provide both acetic and propionic acid as

for Int-Fir-APL fermentation. The obtainment of almost pure acetic acid was also achieved
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thanks to the supply of BES, which inhibits the methanogenic activity during the fermentation
of syngas. This inhibitor was not used in the case of HTC-L and Int-APL fermentation to avoid
further complications to the chemical composition of the latter. In principle, BES can also be

used for APL conversion, to push the product type toward VFA.
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4.4.2 Future prospective and scale-up challenges

Pathways proposed in this work are based mostly on intrinsic chemistry of the conversion,
aiming in maximisation of the yield of thermochemical products that are suitable for the
biological step. Indeed, this approach helped to find the best to increase the COD share provided
to fermentation, although the alternatives proposed should in the future be reshaped and tested
to fit a possible scale-up. Thus, it will be necessary to move from batch in a continuous process,
and at this stage, two crucial key aspects emerge for all the proposed paths: the first is the
combination in continuous of the two thermochemical treatments, and the second is to consider
the maximum loading rate for biological processes. Starting from the thermochemical treatment
challenges, HTC provides the most difficult step since product may differ from a fully batch
system. In fact, data obtained in this work refers to a biomass gradually heated from room
temperature to 150 or 200°C and high pressures, meanwhile a continuous operation would
result in a more drastic heating rate. However, due to the low temperature used in this work,
the main change expected would be a slight increase in hydrochar yield with a lower
carbonization degree, since no major difference between batch or continuous mode are expected
below 240°C'20, Looking HTC-Py-AD path, drying is required before pyrolysis, which increases
the energy requirement. The actual cost of this step strongly depends on the type of drying
method that can be used, which in turns depends on feedstock proprieties, namely
hydrophobicity'?1122 and should be assessed in future work. On the other hand, Py-Gs, can be
easily integrated reducing the thermal requirement of gasification. By assuming a hypothetic
10000 ton 'y! production plant with fresh biomass (60%wt moisture), using the obtained yield
in this study, in the HTC-Int-Py plant by simply mixing HTC-L-150 and Int-APL-150, it would
be possible to obtain 4.8 ton h-! of a solution with 43 g-L-! of bioavailable compounds which is
directly utilizable to feed the fermentation step (after slight basification to increase the acidic
pH). Assuming 10 days retention time (RT, in line with the Vp obtained in the work) this would
bring the size of the bioreactor to at least 1160 m3. Py-Gs-AD, requires dilution of the slow
pyrolysis output (preferably made using poor-quality source/wastewater). By implementing the
HTB approach with the same input as the latter, this would lead to a production of 0.20 ton h-!
of Slow-APL products, that would require 5 m? h-! to obtain the same 43 g-L-! dilution of HTC-
Int-Py, keeping a slightly higher reactor size for a similar 10 days RT (1170 m3). However, this
reactor would have to possibly deal with syngas deriving from the mixing of pyrolysis and
gasification gases. By using the yield and Vp achieved in this work for gases, this would lead to
a flow of 0.38 ton-h! or 260 standard m3 h-* with 41%vol carbon monoxide and 6%vol hydrogen
which would require a sparger volume of 187 m3, in fact just a portion of the volume required

for digestion of APL. As a preliminary consideration of technical feasibility of the paths, is
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possible to compare HTB paths with high TRL processes for conversion of biomass into
fermentable compounds. A good benchmark is surely the 2»d generation ethanol production
through steam explosion, enzymatic hydrolysis, and fermentation of lignocellulosic biomass,
which reached TRL 9 since one decade. Steam explosion is a process that require energy and
pressurized reactors which is similar to HTC!23, After steam explosion, the biomass structure is
made accessible, making it degradable by the addition of specific enzymes that convert
holocellulose or cellulose in sugars!23. Hydrolysis step is the source of the main operational costs,
since the typical mass loading of the latter is on the order of 2%wt respect the holocellulose in
input, and considering that degradation yields can be around 70%wt after 5 days for cellulase24
the impact on the final product cost is of roughly 0.075 € L of ethanol with enzymes price
ranging between 20 to 40 € per each kilogram!24125, Moreover, before this step, steam exploded
biomass must be washed to remove any chemical remained on the biomass (e.g., furans) to
prevent any reduction of enzyme efficiency and thus creating a mass and efficiency loss!23. The
material obtained from steam explosion and enzymatic hydrolysis can be considered
fermentable. Overall, this benchmark process has many aspects in common with HTB paths
proposed, especially since it requires different steps involving both thermochemistry and
biology. The HTB can be compared in terms of capital costs (CAPEX) and operational costs
(OPEX) and, since fermentation is a common step, the comparison can be reduced to the cost of
fermentable feedstock delivery. Regarding the CAPEX, steam explosion is actually similar to
HTC, while the higher specific cost of pyrolysis and gasification!26.127 ig counterbalanced by
smaller reaction volumes of thermochemical conversion. Therefore, we could assume that
CAPEX of HTB is roughly similar to that of stream explosion and enzymatic hydrolysis.
However, for OPEX the advantage of HTB is to use simply heat to depolymerize lignocellulosic
material rather than costly enzymes. As a general consideration, enzymes deliver fermentable
material (sugars converted for 100%) at roughly 0.0345 €-Kg-! (yield of ethanol from sugar is
50%wt128) considering only enzyme costs. The equivalent for HTB would be the production of
bioconvertable pyrolysis products (~40%wt) with pyrolysis (e.g., intermediate) which request
around 0.4 MdJw'Kg! of biomass treated'?, namely to have the same cost than enzymatic
hydrolysis, a thermal energy cost of 0.0345 €/ MW which is 2.5 times higher than actual cost in

Europe!30.131,
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Conclusions

The idea of coupling thermochemistry and biology for lignocellulosic feedstocks is to effectively
convert a recalcitrant renewable substrate into biodegradable products, i.e., molecules for which
there is a biological pathway of conversion. In this dissertation, novel pathways for the
conversion of lignocellulosic material were proposed and investigated through an analytical
approach. The study was focused on the maximisation of volatile fatty acids through different
hybrid thermochemical-biological pathways processes based on hydrothermal carbonization,
pyrolysis and gasification. To provide the knowledge required for critical evaluation of each
pathway, a detailed characterisation of the fractions obtained along the different
thermochemical-biological process concepts was performed. This allowed to understand the
change which biomass undergoes, providing a closer look into the chemical phenomena, thus

fulfilling the existing gap of knowledge within this field of research.

All the proposed pathways except those involving fast pyrolysis resulted in improved yield of
bioavailable products. Fast pyrolysis, which shows (as expected) the most effective conversion
actually produces a mix of products that, used as feedstock of fermentation, revealed an
unexpected toxicity. The reason remains mostly unclear, but can be tentatively found in a
significantly higher presence of peculiar water-soluble lignin derivatives in the aqueous
fraction. For HTC coupled with intermediate pyrolysis, the improvement obtained was not in
terms of share of converted products, which remained similar to direct Py-AD (40%COD of
biomass converted into fermentation bioproducts), but in terms of types of substrates provided
to MMC. A higher presence of sugars was found in both HTC-L and Int-APL from hydrochar,
providing an easy source of energy for the microbes, which can help to deal with the challenging
substrate. Thus, the main advantage of HTC-Py over direct pyrolysis is the delivery of
fermentable substrates rich in sugars, but which do not result in an overall increase of
conversion extent, but could ultimately just lead to faster conversion rate (not evaluated in this
thesis). For dry and high-quality biomass, the costs of adding HT'C process are poorly balanced
on this minor and not proven relative advantage. However, looking to different wastes and by-

products, other different advantages of HT'C-Py combination can be noticed:

HTC can be performed directly onto fresh biomass without waiting for biomass to dry.
This step could also be performed in small factories, providing a delocalized supply of
bio-methane even for small municipalities. Alternatively, HTC could be performed in
centralized factories, where the HTC-L rich in sugars can be mixed with APL providing

an easy convertible substrate which can boost the APL fermentation24.
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Both HTC-L and Int-APL are liquids and could be potentially processed together with
the same technology.

This path is more suitable for different biomass which can have more difficulties being
converted through gasification (e.g., biomass with high water content, nitrogen content,
etc.)

This process could potentially be considered for the production of alcohols using microbial

“workhorse”, such Saccharomyces Cerevisiae.

Beyond HTC, Py-Gs-AD resulted as the most promising pathway, with the conversion of
50%COD of fir into AD products. Tar production, the stronger inhibitor in this approach, was
not observed thanks to the utilization of pyrolysis as a “skimmer” for tar precursors during
gasification. The biochar-based sparger developed helped to achieve very high volumetric
productivities, thus reducing the time of fermentation and finally enabling the conversion of
gaseous products to be competitive respect to water soluble compounds. However, some

considerations should be taken into account:

the complete conversion of syngas can be achieved only in the case of hydrogen addition
since direct fermentation of syngas without proper adjustment of H2/CO ratio did not
perform as well as with hydrogen;

In this path, the bio-converted products came half from syngas and half from Slow-APL,
1.e., two fractions with different physical states. This has two implications: both fractions
are equally important thus two different reactors (with different features) should be

used.

In conclusion, the attempt of this dissertation to improve the HTB approach was successful. The
yield of fermentation products was increased or, at least, the process was made easier to manage
due to the increased sugar production. The aspects that remain to be defined are the possibility
of increasing the conversion of APL from hydrochar, and the evaluation of the maximum yield
obtainable from Py-Gs with further optimisation of the gasification step. Also, the reasons of
the inhibitory effect displayed by fast pyrolysis APL require a deeper investigation which could
enable to tackle this specific issue. Furthermore, as a result of the thesis, new biomass
conversion routes, even outside the HTB approaches, have emerged. The extremely high yield
of levoglucosan (a chemically defined interesting chemical) from the intermediate and, above
all, fast pyrolysis, invite the testing of this path for the production of anhydro-sugar as a
platform chemical for other conversions. Finally, the Py-Gs combination, which is usually

considered unattractive for wastes produced in the pyrolysis step (e.g., APL), can take on a new
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light as a route for the production of clean CO and H: for further chemical upgrades and the

conversion of APL through HTB.
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Appendix B: other experiments and characterisations

Hydrolysis of Int-APL with biochar-based acid catalyst

Before the investigation of alternative pathways which included two thermochemical stages,
the hydrolysis of Int-APL was performed to investigate the possibility of converting
levoglucosan and HMW fraction into sugars. For this task, an acidic catalyst was produced from
the sulfonation of biochar obtained from starch, as detailed elsewhere®t. In brief, starch was
pyrolyzed at 420°C for 15h in the same apparatus used for pyrolysis. Biochar collected was
sulphonated with H2SO4 at 105°C for 15 hours under nitrogen and then washed with distilled

water until neutral pH was obtained in the washing liquid.

Initially, three temperatures of Intermediate pyrolysis were used to produce APLs with the
same method described in 3.4.2. COD distribution is provided in Figure 30. Results provide
insight into a similar yield between Int-APL obtained at 550°C and 650°C, for both COD and
HMW yield (Figure 31), meanwhile, Int-APL obtained at 450°C recorded lower yields. Since
these preliminary results, Int-APL obtained at 550°C was selected as the best candidate, due to

the lower temperature request for its production.

80% @Py-Gas

60% I @DAPL

%COD vield

40% mryL

B Biochar

450 °C 550 °C 650 °C
Temperature

Figure 30. COD distribution for Intermediate pyrolysis of fir at three temperatures.
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Figure 31. %COD of HMW (>1450 Da) in the Int-APL at different temperatures respect the initial biomass

Hydrolysis was performed in a stainless-steel tube, in which APL was mixed with 10%wt
catalyst and sealed under a nitrogen atmosphere at atmospheric pressure. The mixture was
heated at 150°C and was shaken for the duration of the experiment, which lasted 30 or 60
minutes. Additional experiments were made with the same procedure but the catalyst, to test
the effect of solo temperature, with a reaction time of 60 minutes. Moreover, the catalyst used
was recovered by filtration and washed under distilled water. Thereafter, its efficiency was

tested for the second cycle. The sugar content of APL in %COD is presented in Figure 32.

10.0%

8.0%
6.0%
B Glucose
HLevoglucosan
4.0%
- . I
0.0%

Original APL.  Temperature effect 30 min 60 min 30 min recy

% COD respect APL

Hydrolysis Conditions

Figure 32. Content of sugars in %COD respect APL before and after hydrolysis obtained with solo temperature or
biochar-based catalyst. Solo temperature was tested for 60 minutes.

As a result of the hydrolysis test, the sugar content passed from 2to 9%COD for both 30 minutes
and 90 minutes hydrolysis. Catalyst proof to be prone to increase the share of sugars, although
during the experiments a brownish precipitate was observed thus reducing the overall COD of

APL which resulted the half with only 30 minutes of hydrolysis.
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The formation of a precipitate was due to polymerization reactions which produced insoluble
compounds. The evidence of polymerisation was also found in the APL through SEC analysis,

as shown in figure Figure 33 and of which data are summarized in Figure 34.

Oligomeric 1450 Da CH,OH

formation 0,

Original APL
APL after hydrolysis

3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20
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Figure 33. SEC chromatograph obtained from the original Int-APL and the same after hydrolysis for 30 minutes at
150°C.
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Figure 34. Content of HMW for the Int-APL before and after the hydrolysis tests.

SEC chromatograph highlighted the formation of HMW in the liquid at the expense of LMW
fraction. Also, from Figure 33 the effect of glucose formation and the levoglucosan reduction can
be appreciated. Due to the formation of HMW during the process, and the loss of COD of APL

as precipitate, this line of investigation for HTB was not further evaluated.
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Pyrolysis-Gasification: gasification of obtained biochar at 450, 550, 650°C

These results are supplementary data for chapter 4.2 utilizing the methods and apparatus
described in 3.4.4. Biochar gasification was initially performed for 30 minutes at 850°C under
CO:z with a carbon ratio respect biochar of 1.5 CO2/C. These experiments were intended to
determine if any difference could indicate the utilization of one of three Slow-BC obtained. Mass

and energy balance are presented in Table 18.

Table 18. Mass and COD balance of main product from gasification of slow pyrolysis biochar expressed respect the
input mass/COD. "s.d."=standard deviation, “n.d.”=not detected..

Y%wt %COD
gBC Tar Syngas gBC Tar Syngas
Mean s.d.| Mean sd. |Mean s.d.|Mean s.d.| Mean s.d. | Mean s.d.
Slow-BC-450|42% 7% | n.d. nd. |53% 3%|80% 3%| n.d. nd | 17% 1%
Slow-BC-550(39% 2% | n.d. nd |54% 7%|86% 3%| n.d. nd | 13% 5%
Slow-BC-650| 39% 2% |0.24% 0.01%| 55% 2%|92% 4% |0.56% 0.02%|12.4% 0.5%

From COD balance, Slow-BC obtained at 450°C yielded more syngas than the others. Vice verca,
Slow-BC-550 and Slow-BC-650 yielded more gasification char which highlight a more difficult
conversion toward gaseous products. In all three cases the production of tars was negligible,
with minimal content detected from Slow-BC-650 only. This result is noticeable since generally
the reduce content of tars is expected for gasification of pyrolysis biochar obtained at high
temperature3!, meanwhile in this study, also for biochar obtained at relatively low temperature,
which contained partially reacted organic fraction, their production was null. The biochar
conversion rate depended on the temperature of production of Slow-BC and was 0.6, 0.5, and
0.4% min-! for Slow-BC-450, Slow-BC-550, and Slow-BC-650 respectively, in line with literature
31,132,133 Tn particular, Duman et al.133 from a similar feedstock (wood biochar obtained at 500°C)
and same gasification parameters, observed 0.6-0.7% min! as biochar convertion rate. The

obtained gasification biochars were also investigated by elemental analysis, results are reported

in Table 19.

Table 19. Elemental analysis of gasification biocharts (¢BC) from gasification of pyrolysis biochar obtained at
different temperatures (450, 550, and 650°C)

Ash s.d. C s.d. H s.d. N s.d. O s.d.

Slow-450-gBC|0.9% 0.1%| 94.0% 0.4%|0.55% 0.04%|0.20% 0.04%|4.4% 0.3%
Slow-550-gBC | 1.0% 0.1%] 92.0% 0.3%|0.56% 0.00% | 0.20% 0.00%|6.3% 0.3%
Slow-650-gBC|1.0% 0.2%| 91% 5% [0.52% 0.05%|0.23% 0.00%| 8% 1%
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Interestingly, carbon content of the Slow-450-gBC resulted the highest among the gasification
biochar, which highlight the higher conversion occurred during gasification. Slow-550-gBC and
Slow-650-gBC were similar in composition, as exoected by the similar elemental analysis of
feedstock used for gasification (Table 14). Lastly, the composition of syngas produced was not
strongly affected by the type of biochar used for gasification, with the production of 18 (+5)%vol,
10 (£1)%vol, 23 (+6)%vol, 3 (+2)%vol, and 44 (+1)%vol of hydrogen, methane, carbon dioxide, and

carbon monoxide respectively.
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Appendix C: complementary material

Additional formulas used for the overall COD balance

Overall balances were made for HTC-Py and Py-Gs. Results are shown as overall COD yield
with respect to initial biomass (fir sawdust COD) to provide a direct measure of the potentially
achievable quantity given a certain biomass in input. Since the overall system is conceptualised
as a process in series (e.g., HTC solid output is pyrolysis input, APL from pyrolysis is the input
of fermentation), knowing the initial COD input in a process step (i.e., biomass for HTC or Slow-
Py, hydrochar for Int/Fast-pyrolysis, and biochar for gasification) allows determining the %COD
yield for a general output fraction F in that specific step, which, in case is a fraction from the

first step, 1s also equal to the overall yield:
gCODy

COD.. _ * 100
F;Step X 9CODinput; step x

For fractions derived from the second step (F2) of the process (e.g., Int/Fast-Py of hydrochar, or
fermentation of APL), %COD yield is obtained by back calculation, to consider that the input is
a fraction of the initial biomass COD (F: from Step 1):

%CODFZ; Overall = %CODFl;Step 1 ¥ %CODFZ;Step 2

%COD yield of a chemical product (CP) respect a fraction Fx in which is present is then

determined as:

oD
%CODp, ., = gco—pip + 100
X

%COD yield of a chemical product (CP) respect the step X is, then:
%CODcp ; py; step x = YCODcp; gy ¥ 0COD gy, step x
The overall %COD yield of a chemical product (CP) is, then:
%CODcp ; py; overan = YCODcp, gy, * Y%COD gy, overan
For gases, volumetric COD was calculated for each gaseous compound GC:

gCODGC; gas/L

cCoD
= Pgas;25°c * 9 GC/gGC

Knowing the %v of each component and the total volume Vi, the COD contribution of each

component is:
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CODge.
9CODgcigas = Vior * Bovgeges * 0 009/,
Mass yields of gases followed a similar approach. Firstly, the mass yield of solid products
(hydrochar, biochar, and pyrolytic lignin) were determined by direct mass measure of the
product and calculated as:
i

m
%w; = * 100

input

Where:

mi; is the mass of the solid product.

Minput 18 the mass of the fir or step input (hydrochar, biochar, APL, or Syngas).
Then, for each gas component, mass yield was determined using the volumetric density:

0 _ Veot * Yoy, * Pi;25°c)
YoWgas; =

Minput
Where:

Viot 1s the produced volume in litres;
%V is the percentage volume of the i gas component;
Pi.2soc 1s the gas component density at 25°C;

Minput 18 the input mass in the step.
Liquid mass yield for pyrolysis and HTC were calculated by difference:
%WLiquid = 100 — %wsoiias — %Wgas

Chemical products were directly quantified, and the mass yield in liquid fraction was calculated

as follows:

VL * Ci
%Wi = (y—
oWriquid

Where:

%wi 1s the mass yield the i chemical compound.
Vvris the liquid volume obtained.

Ci is the concentration of the i chemical compound expressed as gram per litre.
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Back calculations to determine the overall yield were performed similarly to COD. All standard

deviations were calculated according to uncertainty propagation theory.
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FT-ICR-MS results for Fast-APLs
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Figure 35. van Krevelen diagram for CHO features highlighting common and unique features of the Fast-APL
fraction among different ionization techniques utilized
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Figure 36. Distribution obtained by plotting double bond equivalent (DBE) versus number of carbons in the features

detected in Fast-APLs analysis for all the ionization techniques utilized.
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FT-ICR-MS results for Fast-PyLs
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Figure 37. van Krevelen diagram for CHO features highlighting common and unique features of Fast-PyLs obtained

from fir and hydrochars, among different ionization techniques utilized.
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Figure 38. Distribution obtained by plotting double bond equivalent (DBE) versus number of carbons in the CHO

features detected in Fast-PyLs obtained from fir and hydrochars, for all the ionization techniques utilized.

104



HSQC plots of Fast-PyLs
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Figure 39. HSQC plots for Fast-PyLs obtained from fir and hydrochars.
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