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ARTICLE INFO ABSTRACT

Keywords: Pyrolysis has emerged as a crucial thermochemical conversion technology in the field of biomass processing.
Pyrolysis Maximising the valorisation of biomass is an essential area of investigation, as it plays a pivotal role in under-
Biomass standing the economic viability and practical application of these advanced technologies. The novelty of this
g;s:ﬁiew research is to investigate how slow pyrolysis and process interdependencies influence the synthesis of value-

added products (bio-oil and biogas formation alongside biochar) from distinctly different UK-based biomass
feedstocks: rapeseed residue, whitewood, and seaweed (Laminaria digitata). This research also analysed the
chemical composition of these products to provide a holistic understanding of the reaction mechanisms involved
in their formation. The maximum yield of bio-oil from lignocellulose-rich whitewood was due to the higher
selectivity of several endothermic reactions including conversions of 5-hydroxymethylfurfural into cyclic Cs-
ketones and alkoxyphenols into cresols and aliphatic hydrocarbons, minimizing the biochar formation. The
improvement of bio-oil yield from protein-rich seaweed and lipid-rich rapeseed residue was enabled by the
formation of N-heterocyclics (e.g., via the Maillard reaction, Dieckmann cyclization, and Buchwald-Hartwig
amination) and aliphatic hydrocarbons (e.g., via deamination of fatty amides and nitriles and decarboxylation of
fatty acids), respectively. Meanwhile, the dealkylation and demethoxylation of alkoxyphenols and alkylphenols
were responsible for the increased content of hydrocarbons in biogas. The findings provide valuable insights into
the maximum valorisation of different types of UK-based biomass resources in slow pyrolysis for the production
of biochars and lighter bio-oils to make pyrolysis a key process in biorefineries.

Bio-chemicals
Reaction Mechanisms

1. Introduction more sustainable source for energy and value-added chemical produc-

tion [4]. As such, the implementation of biomass-based strategies in the

Valorisation of biomass for producing renewable heat, electricity,
and transportation fuels potentially closes the global carbon cycle [1]. A
closed carbon cycle is attributed to a process where plants and micro-
organisms biogenically capture CO, for their growth and development,
forming a closed-loop of carbon flow (atmosphere-Earth-atmosphere)
without or with minimal carbon losses to the atmosphere [2,3]. The
potential near-zero carbon emission to the atmosphere makes biomass a

new EU Green Deal (which targets zero carbon emission from energy
and speciality chemicals production in order to mitigate climate
change), accounts for around half of the proposed renewable resources.
[4]. This policy consequently resulted in a substantial increase in
biomass demand, increasing the European bioeconomy value which is
now worth over €621 billion. In addition, this value represents 4.2% of
the EU GDP and allows the employment of 18 million people [5].
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Biomass can be converted into clean energy and valuable chemicals
by a wide range of thermochemical conversion technologies including
pyrolysis, hydrothermal processes, gasification, combustion, advanced
combustion and chemical looping technologies, and torrefaction [6-20].
Although research and development activities have made significant
progress in optimising these technologies, various limitations have
emerged due to variability in the physicochemical and biochemical
properties of the biomass feedstocks leading to diverse products char-
acteristics over various feedstock and different conversion technologies
[21-23], inefficient and not well-integrated biorefineries, poor scal-
ability of the corresponding processes, and a lack of cost-competitive
bioproducts [18,24,25]. Thus, maximising the outcome of biomass
processing and overcoming the associated challenges greatly relies on
adopting an effective thermochemical route. It is essential to carefully
choose the most efficient pathway for specific type of biomass while also
ensuring that it operates under appropriate conditions that align with
the specific goals of the conversion process.

Pyrolysis has emerged as a significant thermochemical conversion
technology in biomass processing [26]. A significant number of reviews
have been published recently, aiming to better understand the impact of
pyrolysis on value-added chemical production [27-31], green hydrogen
production [32,33], environment [34,35], prediction via machine
learning [31], advanced simulations [36], and techno-economic evalu-
ations [37,38]. Pyrolysis is typically divided into three categories: slow,
fast, and flash pyrolysis, differentiated by their heating rates during the
process [18]. For a maximum biochar yield, slow pyrolysis using tem-
peratures (ca. 300-700 °C) with a slow heating rate (ca. 0.1-10 °C/min)
and long residence times (hours to days) is favoured [39,40]. Fast py-
rolysis at intermediate temperatures (ca. 300-700 °C) with higher
heating rates (ca. 10-200 °C/s) and short residence times (0.5-10 s)
promotes the improvement of bio-oil yield [39,41]. Flash pyrolysis with
high temperatures (ca. 900-1300 °C), higher heating rates
(>1000 °C/s), and short residence times (<1 s) maximises the gas yield
[42]. The solid biochar product can be used in a wide range of appli-
cations such as energy production [7], water purification [43], soil
amendment [44], COy capture [45], and nanoparticles (for making
composites) [46] due to their physicochemical properties [47]. The
bio-oil can be extracted for important chemical precursors for the syn-
thesis of value-added chemicals and used for production of transport
fuels via cracking (thermal or catalytic cracking) [19,48,49] or anaer-
obic digestion [50]. The gas product, which may contain syngas, COo,
and other non-condensable gases, can be used in the Fischer-Tropsch,
oxosynthesis, fermentation, isosynthesis, and water-gas-shift (hydro-
gen/methanol) reactions producing alkanes, alcohols/aldehyde,
ethanol, isobutane, and hydrogen/methanol, respectively [51-53]. In
addition to primary products of each type of pyrolysis process, it is
critical to investigate the value of the outcomes (by products) of the
biomass processing, in order to maximise biomass valorisation and
minimise biomass processing cost.

While various biomass types have undergone slow pyrolysis to pro-
duce biochar, there has been a limited investigation and understanding
of the comprehensive valorisation of the outcomes after biochar and
potential bio-oil and biogas production. Therefore, the novelty of this
research fills this knowledge gap by conducting a comprehensive study
to investigate bio-oil and biogas formation alongside biochar production
from three distinct UK-based biomass feedstocks, Whitewood, Rapeseed,
and L. Digitata, under various slow pyrolysis process conditions. This
research also analysed the chemical composition of these products to
provide a holistic understanding of the reaction mechanisms involved in
their formation. The research combines theoretical chemistry concepts
with thermodynamic evaluations of probable reactions to develop re-
action pathways and extend the slow pyrolysis applications of these
biomass feedstocks. This project’s findings provide crucial information
towards optimising the use of biomass energy and upcycling waste
streams.
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2. Material and methods
2.1. Feedstock

Three different biomass feedstocks were used in this study; White-
wood (WW, made from sawdust residues from Northern Ireland, sup-
plied by Wolseley), Brown seaweed (Laminaria digitata (LD), UK-sourced
marine biomass), and Rapeseed residues (RS, source of agricultural
waste, supplied by the School of Biosciences at the University of Not-
tingham) [3,21,54]. The rape seed (Brassica napus L., variety DK Exalte)
was provided by a local farm following the 2017 summer harvest and
stored at 20 °C and rH 50% until use) [55,56]. LD was collected at low
spring tides in May 2015 near Downderry in Cornwall (UK) (GPS co-
ordinates: 50.3623° N. 4.3687° W) and prepared by following the
methods outlined in Ref [54]. These feedstocks are selected as they are
all domestically produced in the UK and identifying the best valorisation
and potentials value-added products from these feedstocks is signifi-
cantly important for sustainability, green chemicals, and bioeconomy
[54-59].

2.2. Experimental procedures

The slow pyrolysis experiments were investigated in a microactivity
test unit, as illustrated in Fig. 1a. Details of the experimental apparatus
were presented in our previous publications [57,58,60]. In order to
investigate the pyrolysis of these biomass feedstocks, ~5.0 g of WW, RS,
LD (having a particle size of 600-850 um) were placed in a
micro-activity reactor, which is located in a preheated (200 °C) tubular
furnace. The furnace was then heated to the pyrolysis temperatures,
300, 400, and 550 °C ( + 5 °C), with a 20 °C/min of heating rate and
then maintained at the pyrolysis temperature for 1.0 h under an inert
atmosphere (N, with a 12 ml/min of flowrate). Heating rate plays a
crucial role in controlling the biochar properties. A slower heating rate
(20 °C/min) allows for better control over the thermal decomposition of
biomass and can lead to the formation of biochars, which could poten-
tially be applied in energy production thanks to the desirable charac-
teristics, such as higher carbon content, increased stability, and reduced
volatiles. Reaction time influences the extent of biomass decomposition
and the resulting biochar yield. Longer reaction times allow for more
complete decomposition of the biomass, resulting in higher biochar
yields. However, excessively long reaction times may lead to undesired
secondary reactions, such as excessive volatilisation or thermal degra-
dation of the biochar itself. Although the selection of the heating rate
and reaction time is often determined through experimental optimisa-
tion, the process conditions in this study were selected to increase the
biochar yield and production of lighter oils from the slow pyrolysis of
biomass [61]. The pyrolysis products were continuously transferred
through a water-ice bath, where the bio-oil samples were condensed and
collected. Finally, the uncondensed gas products were collected in a gas
sampling bag (1.0 L of capacity). Each set of experiments were carried
out in triplicate to assess the reproducibility. Product yield, was calcu-
lated using Eqs. 1-2, are presented with error bars indicating the stan-
dard deviation [62].

Liquid yield (Lypy, wt%) = Miaid 409 ¢))
mBiomass,dry
Gas yield (Gy_py,wt.%> = (1 7m> + 100 @
mBiomass,dry

Where, Mpjomass,dry is the dried weight of biomass (g) before pyrolysis,
Mchar and myquig are the dried weight of char and liquid after pyrolysis.
The expressions of gas and liquid yields (Eq.1 and Eq.2) do not account
for the mass loss during the process.

GC-MS analyses of the generated bio-oils were conducted in full scan
mode (m/z 40-450) on an Agilent 7890B gas chromatograph interfaced
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Fig. 1. Process flow diagram of slow-pyrolysis unit (MAT unit).
to a 5977 A ingle quadrupole mass selective detector (MSD) (EI mode, well-documented in the chemistry literature. The molecular

70 eV). Separation was achieved on a 60 m x 250 pm x 0.25 pm DB-
1701 column, with helium as the carrier gas, splitless injection (1 pl),
and an oven programme of 50 °C (hold for 2 min) to 300 °C at 5 °C/min,
held for 28 min. Compound identification was performed by comparison
to the National Institute of Standards and Technology (NIST) library.
The gaseous products were immediately analysed after collection in the
gas bag using a Clarus 580 GC fitted with an FID and TCD detectors for
the hydrocarbon and non-hydrocarbon gases respectively, operating at
200 °C. 5 ml of gas samples were injected (split ratio 10:1) at 250 °C
with separation performed on an alumina plot fused silica
30m x 0.32 mm x 10 pm column, with helium as the carrier gas. The
oven temperature was programmed from 60 °C (13 min hold) to 160 °C
(10 min hold) at 10 °C/min.

2.3. Feedstock and product characterizations

The proximate analysis (contents of moisture, volatile matter, fixed
carbon, and ash) and ultimate analysis (elemental compositions of car-
bon, hydrogen, and nitrogen) of biomass feedstocks (RS, WW, and LD)
and pyrolysis biochars were carried out using a TA-Q500 and LECO CHN
628, respectively. The detailed analysis procedure and conditions are
presented in our previous publications [57-59]. The higher heating
value (HHV) of feedstocks were measured using a bomb calorimeter
(IKA LABORTECHNIK C4000 control) according to BS1016 (Part-5)
with benzoic acid as the measurement reference. In order to determine
HHV of the biochar, the HHV correlations for each type of biomass
feedstock was identified among eleven different HHV correlations pre-
sented in previous publications [58,59].

2.4. Identification of pyrolysis mechanisms

Reaction mechanisms occurring during pyrolysis of biomass were
identified in order to explain thermochemical phenomena driving the
formation of bio-oil, biogas, and biochar with their respective physico-
chemical characteristics. To identify the reaction mechanisms, this study
utilized the heuristic graph-based approach using a cheminformatic
software M@D supported by theoretical chemistry, as well as compre-
hensive analysis of chemical speciation of the products, similar to the
reported method in previous studies [63,64]. In brief, a list of reaction
constraints were predefined including (i) type of macromolecules of the
feedstocks (reactants) that were decomposed during pyrolysis, (ii)
chemical compounds in the bio-oil and biogas detected by chromatog-
raphy technique, and (iii) the propensity of potential reactions that are

graph-based approach generated a list of potential molecular structures
that may be formed from the pre-determined organic macromolecules
and the inputted chromatography-based chemical compounds. These
chemical species were connected with each other in order to create a
hypothetical reaction network. Finally, each path in the hypothetical
reaction network was evaluated according to the Gibbs free energy,
which were estimated using eQuilibrator [65], to obtain a
thermodynamically-feasible reaction network. The detailed parameter
setting for the mechanistic pathway development followed the chemical
graph transformation rules in the Double-Pushout approach specified in
the literature [66].

3. Results and discussions
3.1. Feedstocks and biochar characterisation

Table 1 shows the proximate and ultimate analysis of raw RS, WW,
and LD, and biochars produced by slow pyrolysis of RS, WW and LD at
temperature ranges from 250° to 550°C. The characteristics of the bio-
chars produced by pyrolysis of RS, WW, and LD were presented in
previous publications [58,59]. The proximate and ultimate analyses of
raw biomass feedstocks demonstrated that these feedstocks are three
distinctly types. Among them, RS contained the highest carbon content
(~56 wt%) compared to WW (~46 wt%) and LD (~30 wt%). Further-
more, RS and WW provided the highest VM (~85 wt%), while it was
only ~60 wt% for LD. Regardless of biomass type, pyrolysis enhanced
the carbon content while decreasing the hydrogen content in biochar
(Table 1) due to the thermal decomposition of hemicellulose and
cellulosic compounds. Similarly, increasing the pyrolysis temperature
from 300° to 550°C gradually increased the FC and decreased the VM
content of biochar, respectively (see Table 1). The FC contents enhanced
from ~13 wt% to ~41 wt% for RS, ~13 wt% to ~67 wt% for WW, and
~32 wt% to ~64 wt% for LD at the pyrolysis temperature of 400 °C. In
terms of ‘energy recovery’, the WW biochars derived from pyrolysis at
550 °C provided the highest HHV (38 kJ/g), followed by biochars pro-
duced by pyrolysis of RS at 300-400 °C (33.4 kJ/g). However, the ash
content significantly increases from ~4 wt% to ~15 wt% for RS and
from ~8-21 wt% for LD at the pyrolysis temperature of 400 °C.

An extensive characterisation of these biochars has recently been
published [57-59]. Biochars produced via pyrolysis of WW follow
dehydration reactions, where the ratio of H/C and O/C were continu-
ously decreased. Similarly, the biochars produced from RS and LD via
pyrolysis also showed a dehydration pathway until 400 °C and 300 °C,
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Table 1

Characterisation of RS, WW, and LD, and biochars produced by slow pyrolysis.
Biomass Process Conditions Ultimate analysis Proximate analysis®? HHV®
and Biochar (Wt%, daf)” (Wt%) (kJ/g)

C H N fold VM FC Ash

RS-Raw n.a. 56.1 8.5 2.5 32.9 83.8 12.6 3.7 25.56
RS-PC-300 300°C,1h 69.4 8.7 3.2 18.8 73.4 22.4 4.2 33.48
RS-PC-400 400°C,1h 71.2 7.7 3.5 17.7 48.7 40.9 10.4 33.42
RS-PC-550 550°C,1h 65.9 3.7 4.1 26.4 19.0 66.4 14.6 25.47
WW-Raw n.a. 46.4 6.6 0.3 46.6 86.3 13.2 0.5 18.94
WW-PC-300 300°C,1h 58.7 6.4 0.3 34.6 66.9 31.2 1.7 24.13
WW-PC-400 400°C,1h 76.1 4.8 0.4 18.7 30.5 67.1 2.3 33.86
WW-PC-550 550°C,1h - - - - 13.8 83.5 2.6 38.00
LD-Raw n.a. 29.6 5.3 2.1 63.0 60.2 32.0 8.2 11.73
LD-PC-250 250°C,1h 35.7 4.8 2.8 56.7 45.8 41.5 12.7 13.96
LD-PC-300 300°C,1h 37.6 3.7 3.1 55.6 28.3 55.8 15.9 14.76
LD-PC-400 400°C,1h 34.8 2.9 2.7 59.6 15.3 64.0 20.7 13.55

2 Dry Ash Free Basis (daf), "Oxygen content was determined by difference. “VM: Volatile matter, FC: Fixed carbon. 9Dry basis (db). “Higher heating value (HHV).
“PC” represents Slow Pyrolysis and the last three digits 300, 400 and 550) represents the process temperature.

respectively. Since at lower temperatures, the primary pyrolysis re-
actions are typically dominated by the release of volatile compounds
(gases and liquids) from the biomass [18]. These volatile compounds are
rich in carbon and hydrogen, resulting in a solid residue with a relatively
higher carbon content (lower oxygen content) and higher heating value.
However, at a higher pyrolysis temperature (550 °C for RS and 400 °C
for LD) biochars production carry out through methanation where the
ratio of H/C decreases with increasing the ratio of O/C.

As at higher temperatures, secondary reactions become more prev-
alent. The secondary reactions involve the further breakdown and
cracking of the volatile compounds released during primary pyrolysis.
The char produced during secondary pyrolysis reactions is relatively rich
in carbon but can also contain oxygen-containing functional groups,
which arise from the thermal decomposition and oxidation of the orig-
inal biomass constituents and also has a lower reactivity due to the lack
of micropore networks [67]. As a result, the portion of carbon content
decreases, and the portion of oxygen content increases in the solid phase
products compared to the primary pyrolysis at lower temperatures.
Furthermore, the higher pyrolysis temperature leads to more complete
volatilisation of carbon and hydrogen, which results in a decreased
heating value (higher oxygen-to-carbon ratio) of the solid phase prod-
ucts, as demonstrated in Table 1. The different reaction paths (dehy-
dration and/or demethanation) was attributed to the different thermal
decomposition mechanisms of different chemical composition in these
biomass feedstocks [59].

3.2. Primary product (biochar, bio-oil, biogas) yields

Fig. 2 shows the yields (bio-oil, biogas, and biochar) for RS, WW and
LD pyrolysis at different temperatures. In general, higher reaction
temperatures increased the yield of bio-oil and biogas and decreased the
yield of biochar. The bio-oil and biogas yields for RS showed an
increasing trend from ~17 wt% to ~57 wt% and from ~15 wt% to
~22 wt%, respectively, from 300° to 500°C (Fig. 2a). Biochar yields
with RS showed a continuous decrease to ~38 wt% at 400 °C down to
~20 wt% at 550 °C (Fig. 2a), due to the decomposition of cellulose-
lignin structures. The pyrolysis of WW also provided similar results
with bio-oil and biogas yields increasing from ~28 wt% to ~59 wt%
and from ~10 wt% to ~18 wt%, respectively, with increasing temper-
ature from 300° to 550°C (Fig. 2b).

Similar trends were observed for the LD in Fig. 2c. In general, an
increase in pyrolysis temperature improved the biogas and bio-oil yields
of RS, WW, and LD but decreased the biochar yields due to the thermal
decomposition of hemicellulosic (220-315 °C), cellulosic (315-400 °C)
and lignin (160-900 °C) structures [10,68,69]. At the same pyrolysis
temperature (400 °C), the highest bio-oil yields were observed for WW
(~53 wt%) followed by RS (~44 wt%) and then LD (~28 wt%).

However, the highest biogas yield was observed for LD (~22 wt%) fol-
lowed by WW and RS (~18 wt%).

The lower bio-oil yield observed for LD compared to WW and RS can
be attributed to the inherent composition and characteristics of LD. LDs
typically consist of 46% carbohydrates, 5.5% crude-fibre, 1.0% lipid,
12.9% protein, 26% ash, and 8% moisture [54]. These compositional
disparities can significantly impact the pyrolysis process and subsequent
bio-oil yield. Since the thermal degradation of carbohydrates and pro-
teins occurs within temperature ranges of 164-497 °C and 209-309 °C
[701, respectively. Considering the maximum pyrolysis temperature
investigated in this study for LD (400 °C), proteins are decomposed, but
a significant portion of carbohydrates may remain unconverted.
Conversely, hemicellulose, cellulose, and lignin constitute the primary
components of lignocellulosic biomass feedstocks; RS and WW, which
decompose within temperature ranges of 220-315 °C, 300-400 °C, and
150-900 °C [13,71], respectively. Considering the maximum pyrolysis
temperature investigated for RS and WW (550 °C), a substantial pro-
portion of hemicellulose and cellulose were decomposed, leading to an
increased bio-oil yield. Similarly, lignocellulosic biomasses (barley
straw) also shows higher biocrude oil yield at 260-320 °C and less than
15 min of residence time using fast hydrothermal liquefaction process
[72]. Previous TGA-based slow pyrolysis research on these biomass
feedstocks showed a maximum weight loss in the temperature ranges
180-450 °C for RS, 200-370 °C for WW, and 180-330 °C for LD [58,59].
Higher pyrolysis temperatures resulted in further decomposition as a
result of the breakdown of the lignin/char structures in these feedstocks
[58,59]. Unlike pyrolysis, bio-oil production from a macroalgae
(Enteromorpha clathrate) was significantly enhanced using two-step hy-
drothermal liquefaction (HTL) process, where water was used as a sol-
vent [73]. Furthermore, Xu et al. [74] demonstrated that co-pyrolysis of
a macroalgae (Enteromorpha clathrate) with waste plastics enhanced the
biofuel production. The bio-oils produced with this method shows
lowered the contents of the acids, oxygenates, and nitrogen-containing
compounds, while increased the aromatics and light hydrocarbons
contents.

3.3. Bio-oil analysis

Fig. 3 shows the gas chromatograms of the pyrolysis based bio-oil
samples produced from RS, WW, and LD. The compounds (each peak)
in bio-oils produced by the pyrolysis of RS, WW, and LD at 250-550 °C
were identified using retention data and mass spectral database and
listed in Table Al, A2, A3, respectively, and shown in Supplementary
Appendix A. For all samples the sample amount of feedstock was py-
rolyzed and the products were collected in an identical fashion. Prior to
analysis the samples diluted in the same amount of solvent (dichloro-
methane). Therefore, while an internal standard was not employed to
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Fig. 2. Bio-oil, Biogas, and Biochar yields from the pyrolysis of the a) RS, b) WW, and c) LD biomass.

allow for absolute quantitation, the relative total peak intensities
showed in Table A1-A3 are comparable between the various feedstocks
and process temperatures. The peak intensities for the bio-oils produced
from RS at 300 °C (Fig. 3a) and LD at 250 °C (Fig. 3c) were relatively
low, unlike the bio-oil produced from WW at 300 °C (Fig. 3b). These
results indicated that the detected chemical compounds in bio-oil
derived from WW has relatively higher concentrations at lower pyrol-
ysis temperatures. The increased concentrations of the detected chemi-
cal compounds in bio-oil at higher temperatures were associated with
the complete thermal decomposition of biomass organic macromole-
cules: hemicellulose at 220-315 °C, cellulose at 315-400 °C, and lignin
at 160-900 °C [10,68,69]. Moreover, Fig. 3 demonstrates that the mo-
lecular size of the detected compounds in the biooil increased with the
following order, based on their residence time: LD-bio-oil < WW-bio-oil
< RS-bio-oil. Although pyrolysis of different biomass feedstocks resulted
in various chemical compositions in bio-oil due to the different feed-
stocks physicochemical characteristic and thermal decomposition pro-
file, the main peaks for each biomass feedstock all appear to plateau at a
specific temperature i.e. RS at 400-550 °C (Fig. 3a), WW at 300-550 °C
(Fig. 3b), and LD at 300-400 °C (Fig. 3c).

For the pyrolysis of RS at the low temperature of 300 °C (Table Al),
approximately twenty peaks (compounds) were detected and some
compounds with the high ratio in the bio-fuel are “2-propanone, 1-
(acetyloxy)-”, “propanal, 2,2-dimethyl-, oxime” “phenol,2,6-dimethoxy-
”,  “5-tert-butylpyrogallol”, “2-(4-ethyl-2,5-dimethoxyphenyl)ethan-
amine”, “5,10-diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyrrolopyrazine”.
At higher pyrolysis temperatures of 400 °C and 550 °C, approximately
50 compounds were identified. The increase in the pyrolysis tempera-
ture not only increased the bio-oil yield, but also increased the number
of detected compounds, due to the secondary thermal decomposition of
reactive compounds in bio-oil (Table Al).

During the pyrolysis process, the biomass initially underwent pri-
mary decomposition resulting in the formation of liquid products (bio-

2 .

oil) in addition to biochar [75]. This was followed by a secondary
decomposition (e.g., cracking and repolymerisation) of unstable in-
termediates and products in the liquid products into a group of stable
liquid and gas compounds [76]. The liquid-phase compounds with the
high ratio (percent area) in the bio-oils were mainly “oleanitrile”,
“8-heptadecene”, “9-ctadecenoic acid, methyl ester, (E)-”, “9-octade-
cene, 1-methoxy-, (E)-”, “trans-13-octadecenoic acid” “9-octadecena-
mide, (Z)-”. While the detected compounds (produced by pyrolysis of
RS) at 400 and 550 °C were relatively similar, the detected compounds
produced at 300 °C were completely different (see Table Al). This
similarity was implicitly demonstrated by the close total peak area of
bio-oil’s GC-MS chromatogram at 400 and 550 °C (i.e., 65 *107 and
112 *107 a.u., respectively) and the significantly lower total peak area
for 300 °C, i.e., 2 * 107 a.u. In addition, the quantity of undefined
molecules (smaller peaks) increased with temperature due to the
increased formation of low-quantity molecules in the bio-oil mixture, i.
e., 15%, 21%, and 26% at 300, 400, and 500 °C, respectively.

Table A2 lists approximately twenty-five peaks (compounds) pro-
duced by pyrolysis of WW at different temperatures (300-550 °C).
Compared with bio-oils produced by RS (Table A1), most of the chemical
compounds in WW-bio-oil were identified, i.e., 91-93% at 300-550 °C
(see Table A2). Phenols (e.g., “phenol, 2-methoxy-4-(1-propenyl)-, (2)-",
“2-methoxy-4-vinylphenol”, “phenol, 2-methoxy-" and “creosol”) and
furans (e.g., “2-furanmethanol” and “furfural”) were the main com-
pounds produced at 300 °C. The increase in the pyrolysis temperature
from 300 °C to 400-550 °C only changed the intensity of the detected
compounds in WW-bio-oil and maintained relatively similar composi-
tions. The unstable “phenol, 2-methoxy-4-(1-propenyl)-, (Z)-” was
decomposed into “creosol (2-methoxy-4-methylphenol)”, which had the
highest intensity in the bio-oil produced at 400-550 °C (Table A2). The
increased intensity of “phenol, 2-methoxy-" at 400-550 °C could also be
attributed to the decomposition of unstable “phenol, 2-methoxy-4-(1-
propenyl)-, (Z)-”. Likewise, both “furfural” and “2-furanmethanol”



F. Giileg et al.
a) —RSPy550°C
———RSPy400°C
_ ——RSPy300°C
=
g
=
‘@
=
2
=
=
=
<
[
&
Ll
A A
5 10 15 20 25 30 35 40 45 50 55 60
Residence time (min)
b) — WWPy550°C
—— WWPy400°C
5 —— WWPy300°C
g
S
X
12}
=
2
=
o
2
(]
D
-
A ]1 ok ‘.__...-.-J‘-‘-”L“_‘
NN s N
i A Maash 4 s

5 10 15 20 25 30 35 40 45 50 55 60
Residence time (min)

c) ——LDPy400°C

—— LDPy300°C

= ——LDPy250°C
g
S
=
w
=
2
=
o
<
<
L
[-W

PES

5 10 15 20 25 30 35 40 45 50
Residence time (min)

Fig. 3. The total ion current (TIC) chromatograms of GC-MS data obtained
from the bio-oil samples produced via pyrolysis of a) RS, b) WW, and c) LD at
the temperatures of 250-550 °C (the peak intensities only demonstrate for a
temperature compression within the figure not for the comparison of different
biomass feedstocks).
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intensities decreased with increasing the pyrolysis temperature, which
could be attributed to the proportional decrease or decomposition of
these products at higher temperatures. Detailed explanations on the
reaction mechanisms are given in Section 3.5.

Table A3 lists approximately thirty compounds in the bio-oil pro-
duced by pyrolysis of LD at 300 °C. “Ethanone, 1-(2-furanyl)-” had the
highest intensity among the detected compounds in bio-oil produced by
pyrolysis of LD at 300 and 400 °C. The other compounds with a rela-
tively high ratio in the bio-fuel are “trimethylsilyl cyanide”, “geranyl
vinyl ether”, “3-[N-[2-diethylaminoethyl]— 1-cyclopentenylamino]
propionitrile”, “2-propanone, 1-(acetyloxy)-”, “butanoic acid, 4-hy-
droxy-”, and “furan, 3-methyl-”. The intensity of these products
decreased with increasing pyrolysis temperature from 300 °C to 400 °C,
which may be caused by the further thermal cracking or pyrolysis of bio-
oils into more stable products (see Section 3.5 for more details).

3.4. Biogas analysis

Fig. 4 shows the gas chromatograms of the hydrocarbon biogas
generated by pyrolysis of RS, WW, and LD at 250-550 °C. The gas
products of RS pyrolysis were composed of a large amount of light hy-
drocarbon gases (C;-2: methane, ethane and ethene) and Cs (propane,
propene) and a relatively small amount of C4 and Cg hydrocarbon gases.
In addition to the hydrocarbon compounds, biogas generated by pyrol-
ysis of these biomasses contained carbon dioxide (CO2), hydrogen (Hy),
carbon monoxide (CO).

Detailed distributions of biogas compounds are given in Fig. 5 and a
further detail in each hydrocarbon yield in biogas are provided in
Figure B1 in Appendix B. The composition of CO», hydrocarbon, and
syngas are given in in Figs. 5a, 5c. and 5e, and the distribution of hy-
drocarbon products from C; to Cs + are illustrated in Figs. 5b, 5d, and
5f. The biogas produced at low temperature pyrolysis (300 °C) pre-
dominantly consisted of CO3 (99.6 wt%) and a relatively low content of
hydrocarbon (0.3 wt%) and syngas (0.01 wt%), as shown in Fig. 5a. The
increase in pyrolysis temperature from 300° to 550°C enhanced the
formation of hydrocarbon gases from 0.3 wt% to 17.4 wt% while
reduced the content of CO5 from 99.6 to 82.1 wt%. Similar results were
observed by David and Kopac [77], where the gas generated by the
pyrolysis of rapeseed at 500 °C was mainly composed of CO, (68.82 wt
%), CO, Hy, and hydrocarbons, i.e., C; (6.91 wt%) and C; to C; (<5 wt
%). The thermal decomposition of oxygenated compounds (hemicellu-
lose, cellulose, and lignin) produced CO2 and CO [77,78]. The produc-
tion of syngas (CO and Hj) was not significantly affected by the pyrolysis
temperature, which was atributed to the unstable structure of syngas
copounds. Fig. 5b and Fig. 1B-a demonstrate that there was a sequential
distribution between hydrocarbon products: (i) C; (methane) has the
highest portion (~30 wt%, 10.5 mg/g of feedstock) and (ii) hydrocar-
bon gas with more than one atom of carbon showed an increasing
content from Cy (~23 wt%, 8.11 mg/g of feedstock), C3 (~19 wt%,
6.98 mg/g of feedstock), C4 (—~12 wt%, 4.47 mg/g of feedstock), and
C5-Cs; (~11 wt% 4.11 mg/g of feedstock). While the distribution of
hydrocarbons was insignificantly affected by the pyrolysis temeprature
(Fig. 5b), the biogas yields and so the production of hydrocarbons (the
yield of each hydropcarbons) increased with the pyrolysis temperature
(Fig. 2 and Fig. 1B-a).

Fig. 5c shows that WW pyrolysis also provided a biogas having a
relatively high CO, content (99.4 wt%) with a low content of hydro-
carbons (HC) (0.5 wt%) and syngas (0.04 wt%) at 300 °C. The increase
in the pyrolysis temperature gradually increased the ratio of HC (14.3 wt
%) while decreased the ratio of CO5 (85.4 wt%) at 550 °C. The distri-
bution of HC, CO,, and syngas in the biogas produced by WW pyrolysis
(Fig. 5¢) were relatively similar to the biogas produced by RS pyrolysis
(Fig. 5a). However, the distribution of each hydrocarbon compounds in
the biogas produced by WW (Fig. 5d) and RS (Fig. 5b) demonstrated
differences. Amoung all the HCs, methane has the highest ratio, which is
~42wt% at 300°C and gradually increased with the pyrolysis
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Fig. 4. Gas chromatograms of the biogas produced by pyrolysis of a) RS, b)
WW, and c) LD at the temperatures of 300-550 °C.

temperature and reached ~70 wt% at 550 °C. The other HC compounds
in biogas accounted for ~15 wt% of Cy, ~7 wt% of C3, ~3 wt% of Cq4,
and ~5 wt% of Cs — C5 + at 550 °C. The biogas produced by WW py-
rolysis provided a HC mixture that was rich in methane (70 wt%) and
contained a low content of other HC gases (Fig. 5d). Moreover, the
biogas produced by RS contained a mixture of hydrocarbons with the
respective content decreased with the molecular carbon content (see
Fig. 5b) but increase in yield by temperature (see Fig. 2B-b). During the
slow pyrolysis process, biogas yield (which also hydrocarbon produc-
tion) is low but increases at higher temperatures and heating rates [79].
Consistent with these findings, our own research has also demonstrated
a similar trend, where higher temperatures lead to increased hydro-
carbon gas production, consequently raising the yields of individual
hydrocarbons, including hydrogen.

Fig. 5e shows that the biogas produced by LD provided a relatively
high CO, content (99.8 wt%) at 300 °C. Increasing the pyrolysis tem-
perature did not significantly enhance the production of HC (only
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~1.3 wt% at 400 °C Fig. 5e) although the gas yield increased with py-
rolysis temperature (Fig. 2). Compare with other feedstocks (i.e., WW
and RS), LD provided a relatively higher CO, yield by the thermal
decomposition via pyrolysis, which was atttributed to the high oxygen
content of LD (~63 wt% as presented in Table 1). In addition, the HC
distribution in Fig. 5f demonstrated that pyrolysis of LD at 300-400 °C
produced a specific HC gas group from methane to pentanes. Higher
temperatures resulted in the formation of alkanes and alkenes, while
lower temperature (300 C) generated biogas containing mostly alkenes
and Cs + hydrocarbons. Hence, higher pyrolysis temperatue from 300 to
400 C increased and decreased the yield of alkanes and alkenes in the
gas-phase product, respectively.

3.5. Pyrolysis mechanisms

This section is structured into three parts. Each part represents
mechanistic explanations for pyrolysis of whitewood (WW), seaweed
(Laminaria digitata, LD), and rapeseed residue (RS), respectively. The
first part, Section 3.5.1, begins with pyrolysis pathways of WW because
it contains the simplest primary organic macromolecules: lignin and
cellulose. In Section 3.5.2, we describe the reaction mechanisms for
pyrolysis of LD whose major organic constituents are slightly more
complex with the presence of protein in addition to lignin and poly-
saccharides. Specifically, we describe the reaction pathways that involve
the decomposition products of protein (e.g., amino acids and amines)
with several precursors derived from the breakdown of lignin and cel-
lulose explained in Section 3.5.1. The last part, Section 3.5.3, discusses
the conversion pathways of pyrolysis of RS that contains lignin, poly-
saccharides, protein, and lipid. This section emphasizes on the formation
of chemical compounds derived from lipid degradation products since
the previous two sections have covered the mechanisms for the other
three organic macromolecules. The overall pyrolysis reaction mecha-
nisms are shown in Fig. 6. Each reaction pathway in Fig. 6 is labelled
using R#, where R represents the initial of any of the organic macro-
molecules (i.e., C for cellulose/carbohydrates, L for lignin, P for protein,
and T for triglycerides) and # is the reaction number. This reaction
number is referred in the following sections to allow readers to identify
the course of pyrolysis of different reactants at various temperatures.
The detected compounds by GC-MS are given in Table A1-A3.

3.5.1. Whitewood (WW)

Bio-oil produced during the pyrolysis of WW was highly associated
with the formation of (1) lignin-derived alkoxyphenols and benzalde-
hydes and (2) cellulose-derived anhydrous sugars, furans, and cyclic Cs-
ketones (see Table A2), where as the recovery of biochar was associated
with the formation of HMF or furans. Alkoxyphenols (e.g., (Z)— 2-
methoxy-4-(1-propenyl)-phenol, 4-ethyl-2-methoxy-phenol, and 2-
methoxy-4-vinylphenol) were formed via homolytic cleavage (L1) of
the p~0-4 and a-O-4 ether motifs attached to the lignin aromatic
structure followed by an ipso rearrangement [80].

Alkoxyphenols can be converted into benzaldehydes (e.g., 3-hy-
droxy-4-methoxy-benzaldehyde) through hydrogen abstraction (L3) of
one of the methoxyphenol’s -OH group[81]. The formation of anhy-
drous sugars and furans (e.g., furaldehydes and furanic ketones) require
the glycosidic bond of cellulose to be homolytically cleaved (C1-C3) to
form an intermediate with C—=C bond and reducing sugars [9].

The intermediate with C—=C bond was converted into levoglucosan
via hydrogen transfer (C1) followed by further dehydration and isom-
erization reactions (C2) to form anhydrous sugars (e.g., 1,6:2,3-dia-
nhydro-4-O-acetyl-B-p-gulopyranose), as shown in Table A2 [82].
Meanwhile, reducing sugars, such as glucose, were tautomerized (C4)
into fructose via ring-opening prior to dehydrative cyclization (C5) into
5-hydroxymethylfurfural (HMF) [83]. Subsequently, HMF may evolve
through (1) repolymerization producing biochar and (2) elimination of
hydroxymethyl group to form furfural, whose aldehyde group may be
reduced into hydroxyl group, yielding furfuryl alcohol, e.g.,
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2-furanmethanol [84]. Alternatively, furfuryl alcohol may also be ob-
tained via direct decarbonylation of HMF (C6) [85]. Furfuryl alcohol
was a precursor for the production of cyclic Cs-ketones (e.g., 3-methyl-
cyclopentane-1,2-dione) via the Piancatelli rearrangement (C8) [86].
The higher bio-oil yield at higher temperatures was associated with the
enhanced formation of alkylphenols (i.e., cresols), cyclic Cs-ketones, and
aliphatic diketones in addition to the relatively stabilized formation of

alkoxyphenols, furans, and benzaldehydes. At higher temperatures,
HMF conversion into cyclic C5-ketones were favored over recondensa-
tion into biochar. Moreover, higher temperatures may convert alkox-
yphenols in bio-oil into alkylphenols (L6) through two demethylation
pathways and one demethoxylation pathway. The first demethylation
pathway included the generation of hydroxyphenols (e.g., catechol or
resorcinol, L14) as intermediates followed by intramolecular hydrogen
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abstraction at the alkyl group by phenoxy radical and 1,2-aryl migra- donation occur, in situ, via various reactions including the decomposi-
tion, leading to producing quinone methide [87]. The quinone methide tion of alcohols (L23) and formaldehyde (L25) [88,89].

was readily hydrogenated into o-cresol. Noteworthy is that quinones are The second demethylation pathway involves an ortho replacement of
susceptible to recondensation into biochar (L9) [88]. Therefore, higher the alkyl group by hydrogen radicals, yielding m-cresol [90]. In addition
reaction temperatures and adequate hydrogen donor were necessary in to the cresols detected in the bio-oil (see Table A2), the demethylation
order to give a high selectivity of the hydrogenation step. Hydrogen pathway was confirmed by the increased generation of methane gas at
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higher temperatures, as shown in Fig. 5d. Methane was formed by
hydrogen donation towards methyl radicals released during demethy-
lation (L12). In addition, the formation of other hydrocarbons may
follow due to the potential methane polymerization [91], as illustrated
in Fig. 5. Meanwhile, the demethoxylation pathway was more
straightforward, directly forming methanol and alkylphenols (L7)
products (L22) [92]. This pathway was confirmed by the higher content
of syngas, the decomposition products of methanol (L23), in the final
biogas product (see Fig. 5c).

While the enhanced formation of cyclic Cs-ketones in bio-oil at
higher temperatures was expected due to the endothermic properties of
Piancatelli rearrangement [86], the formation of aliphatic diketones
indicated that the products of retro-aldol condensation of glucose (C17)
and the amino acids in WW (e.g., phenylalanine) were more reactive.
The retro-aldol reaction products, such as pyruvaldehyde and glyceral-
dehyde, may undergo nucleophilic interaction with a-carbons of amino
acids (aldol condensation), followed by amino acid-mediated decar-
boxylation (P9) generating 2,3-pentanedione [93,94]. In addition, 2,
3-butanedione may be derived from amino acid-mediated chain elon-
gation of pyruvaldehyde. Another key intermediate derived from
retro-aldol reaction product was glycolaldehyde, which may be con-
verted into oxazoles (e.g., 3-amino-2-oxazolidinone, see Table A2) via
intramolecular cyclization (P7) of Schiff bases with the carboxylic
moiety of the amino acid [95].

3.5.2. Seaweed (Laminaria digitata, LD)

The characteristic composition of bio-oil (Table A3) from pyrolysis of
LD was the significant content of N-heterocyclics due to high protein
content in the feedstock, i.e., alkyl-substituted pyrazines and imidazoles,
aziridines, and azepines. The pyrazines and imidazoles were formed via
the Maillard reaction involving a-dicarbonyls/a-hydroxycarbonyls and
amino acids [96]. Specifically, the presence of alkyl substituents
demonstrated that the carbonyl compounds must include 2,3-pentane-
dione and 2,3-butanedione, which originated from the amino
acid-mediated decarboxylation and chain elongation (P9) of glyceral-
dehyde and pyruvaldehyde [97]. Aziridines (e.g., N-[4-aminobutyl]
aziridine) were formed via oxidative coupling (T7) of aliphatic hydro-
carbons (i.e., products of alkoxyphenols dealkylation and fatty acid
decarboxylation) with primary amines derived from decarboxylation of
amino acids [98]. Meanwhile, the precursors for the formation of aze-
pines (e.g., hexahydro-1-nitroso-1H-azepine) were methyl 2-phenylace-
tate and benzylamine. Methyl phenylacetate reacted with formaldehyde
forming methyl 2-phenylacrylate, which underwent amination (L20)
with benzylamine and alkylation to form amino-a,w-diester [99].
Accelerated Dieckmann cyclization rate through Thorpe-Ingold in-
teractions while reducing retro-Michael-derived by-products produced
the t-butoxy carbamates, which were decarboxylated into azepines
(L21) [100].

In addition to N-heterocyclics, the content of furanic ketones,
cyclotenes (i.e., hydroxymethyl-substituted cyclopentenones), aliphatic
esters and ethers, and alkylphenols in bio-oil were also significantly
improved at higher temperatures. Similarly, phenolic compounds
increased at high temperature compared with those at the low-
temperature hydrothermal liquefaction of seaweed (Enteromorpha
clathrate)[73]. The formation of furanic ketones, cyclotenes, and
aliphatic esters occurred through a set of sequential reaction steps.
Cellulose in LD was initially converted into HMF following the same
mechanisms as pyrolysis of WW, i.e., C3-C5. Subsequently, HMF may
undergo dehydration and rearrangement (C12) into furanic ketones, e.
g., 1-(2-furanyl)ethanone [101]. Further Piancatelli rearrangement of
1-(2-furanyl)ethanone resulted in the formation of cyclotenes (C13),
which were susceptible to aromatic ring opening into hexanoic acid
(C14) [102]. Due to its high reactivity towards hydrogenation and
esterification (i.e., reaction with methanol derived from demethox-
ylation of alkoxyphenols), hexanoic acid was converted into methyl
hex-5-ynoate (C15). Meanwhile, aliphatic ethers, particularly geranyl
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vinyl ether, was formed from the Favorski-Reppe vinylation involving 1,
8-octanediol and acetylene [103]. 1,8-octanediol was obtained from
oligomerization of ethylene (i.e., a product of dealkylation of alkox-
yphenols) followed by oxidation. Acetylene was obtained from decom-
position of cyclopentandienolyl radical (L16), which were products of
catechol radical decomposition (L15) [90].

3.5.3. Rapeseed residue (RS)

Pyrolysis derived bio-oil from RS (Table Al) at lower temperatures
contained mostly cyclic ketones, alkoxy- and dihydroxy-phenols, N-
heterocyclics, and keto-ethers. The formation of ketones and alkox-
yphenols followed the same reaction pathways of cellulose and lignin
decomposition as pyrolysis of WW (see Section 3.5.1). The formation of
dihydroxyphenols (e.g., 5-tert-butylpyrogallol) was attributed to further
derivation of furfural via Diels-Alder, fragmentation, and oligomeriza-
tion reactions (C10-C11). The formation of N-heterocyclics followed the
Maillard reaction (P3 and P5) and the Buchwald-Hartwig amination
(P4) [95,104]. The former produced six-membered N-heterocyclics,
such as 4-methylpyrimidine, 2-piperidinemethanamine, and 2,3,5,6-tet-
rachloropyrazine. The latter produced pyrrolopyrazines (e.g., 5,
10-diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyrrolo[1,2-a:1',2-d] pyrazine)
through the reaction between dialkynes with anilines, the amination
products of phenols (L5). The dialkyne precursors were obtained from
the Sonogashira cross-coupling of alkynes (i.e., decomposition products
of cyclopentandienolyl radical, L16) with 2,3,5,6-tetrachloropyrazine.
Meanwhile, the formation of keto-ethers was enabled by keto-enol
tautomerization of acetoin (i.e., a retro-aldol condensation product of
glucose, C17) forming keto-alcohols. Keto-alcohols were reactive with
acids forming acetoxyketones (C20), e.g., 1-(acetyloxy)- 2-propanone
[105].

At higher temperatures, the bio-oil was predominantly free fatty
acids, amides, nitriles, and short- and long-chain aliphatic hydrocarbons
with significantly low content of phenols. This result indicated that re-
actions breaking down lipid or triglycerides in RS were activated at
higher temperatures. Triglycerides may undergo hydrolysis (T1),
yielding free fatty acids and glycerol [106]. Subsequently, free fatty
acids may be derived into fatty acid esters (e.g., methyl (E)— 9-octade-
cenoate) via esterification with methanol (T8), fatty amides (e.g., (Z2)—
9-octadecenamide) via amidation with amino acids/amines (T2), fatty
nitriles (e.g., oleonitrile) via dehydration of fatty amides (T9), and
aliphatic hydrocarbons (e.g., hexadecane, heptadecane, and octade-
cane) via direct decarboxylation of fatty acids (T3) [107-109]. Likewise,
deamination of fatty amides (T4) and nitriles (T5) and produced similar
aliphatic hydrocarbon structures [110]. The low content of phenols in
biocrude was due to the enhancement of a series of dealkylation and
ring-opening of alkoxyphenols and alkylphenols, which increasingly
produced hydrocarbon gases and aromatic benzenes and aliphatic hy-
drocarbons in bio-oil. The enhanced formation of benzenes was pre-
dicted to be a cause of reduced biochar yield at higher temperatures. The
aromatic n-electrons (H-bond acceptor) of benzenes may form hydrogen
bond with the —OH group of cellulose-derived intermediates (e.g.,
a-dicarbonyls/a-hydroxycarbonyls) yielding more thermochemically
-stable compounds in bio-oil, which were resistant to repolymerization
into biochar [88,90].

4. Conclusions

In this study, the production of bio-oil and biogas from RS, WW, and
LD via slow pyrolysis were comprehensively investigated and the value-
added compounds (chemicals) were identified as part of the project of
“Optimisation of Integrated Bioenergy and High Value Product Pro-
cessing Pathways for UK Biomass Resources”. This is novel research that
reports a comprehensive comparative study on the investigation of bio-
energy potential of three distinctly different biomass feedstocks; rape-
seed residue, whitewood, and seaweed (Laminaria Digitata), via slow

pyrolysis.
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e Regardless of biomass feedstocks, slow pyrolysis enhanced bio-oil
and biogas yields while decreasing the biochar yields. At the same
process conditions (400 °C), WW provides the highest bio-oil yields
(~53 wt%) followed by RS (~44 wt%) and LD (~34 wt%). On the
other side, LD provides the highest biochar yield (~43 wt%) fol-
lowed by RS (~38 wt%) and WW (~29 wt%).

Among the biochars, WW biochars and RS biochars produced at
400 °C provided relatively high HHV (~33 kJ/g) while LD biochars
provide relatively low HHV (~14 kJ/g).

As for the bio-oil products, pyrolysis of RS results in larger molecules
compared to WW and LD. The increase in the pyrolysis temperature
increases the number of compounds due to the secondary thermal
decomposition of unstable compounds in bio-oils. The main com-
pound produced by slow pyrolysis of RS, WW, and LD are “Oleani-
trile”, phenols (mainly “Creosol”), and furfurals (mainly “Ethanone, 1-
(2-furanyD)-*), respectively.

Biogas samples predominantly consist of CO, regardless of biomass
feedstocks and process temperature. However, pyrolysis of RS and
WW (at higher temperatures) increase the ratio of hydrocarbons and
deacrease the ratio of CO> in the biogas mixture.

The maximum yield of bio-oil from lignocellulose-rich whitewood
was due to the higher selectivity of several endothermic reactions
including conversions of 5-hydroxymethylfurfural into cyclic C5-
ketones and alkoxyphenols into cresols and aliphatic hydrocarbons,
minimising the biochar formation.

Results in this study has helped to inform reaction mechanisms and
the corresponding process conditions that could allow the maximization
of the pyrolysis products value as basis for making pyrolysis a key pro-
cess in biomass biorefineries. This study and the previous studies
[57-59] comprehensively demonstrates how the optimal holistic
biomass processing pathways and process interdependencies are influ-
enced by feedstocks (RS, WW, and LD) and process conditions.
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