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Preface

The foundation for this research was initially triggered by my passion for in-
vestigation and development sustainable energy sources to counter the CO;
emissions. As the world moves further into the industrial age and beyond, en-
ergy demand is growing, and with that, the need to reduce carbon emissions
will rise. As the sole reason for the problem, the human being is responsible
for developing better solutions to mitigate the carbon emissions. Biofuels will
not solve the whole problem. Nevertheless, this is how | can do my part to
help solve the problem.
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Sammendrag

Basert pa den teoretiske forstaelsen av bade fysiske og kjemiske mekanismer,
tas det opp behovet for a utvikle en grundig matematisk modell for flytende-
gjering av lignin. Dermed produseres en modell for flytendegjering ved sub-
kritiske temperaturer ved a bruke en ‘krympende kjerne’-metode som partik-
kelnedbrytningsmekanisme. Konseptet med en krympende kjerne gir en rela-
tivt mindre kompleks, men likevel effektiv mate a modellere flytendegjering

pa partikkelniva.

Som fgrste trinn brukes en mer grunnleggende versjon av modellen for a be-
skrive flytendegjaringen av en trepartikkel, der treflyten regnes som den ku-
mulative flytende effekten av tremodellforbindelsene (cellulose, hemicellulose
og lignin). Grunnmodellen ledet studien mot mer tiltalende modifikasjoner og
forbedringer som oljeaktig film og askelagsdannelse under flytendegjaringen.
Lerdommen fra den grunnleggende versjonen av modellen informerte nullhy-
potesen om likhet mellom kumulativ flytende effekt av modellforbindelser til
flytende trevirke under de samme driftsforholdene. Modellens begrensninger

farte forskningen omkring utviklingen av modellen til neste niva.

Den foreslatte modellen er basert pa eksperimentell validering av resultatene
fra en serie batch-eksperimenter. Modellen bestar av flytendegjering av lig-
ninpartikler, oljeaktig film, uorganisk (aske) lagdannelse, kinetisk modellering
av sekundeere derivater, og lagmodellen for intrapartikkelprosessmodellering.
Det krympende kjernekonseptet brukes til & modellere hydrolysen av lignin-
partikkelen. Dannelsen av oljeaktig film og et uorganisk lag rundt ligninpar-
tikkelen og deres oppfarsel er modellert med tanke pa vanntransport gjennom
lag, diffusjon av produkter og opplasning av produkter i vann. Dessuten males
partikkelens overflate- og senterpunkttemperaturer ved hjelp av en lagmodell
gjennom masseoverfgring. Modellen viste seg a vere bade rask og robust. Fle-

re relevante tilfeller med ulike driftsforhold ble testet pa den anvendte model-
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len for & se hvordan den fungerte. Noen svakheter ble funnet. Disse var relatert
til varmeoverfgring, innledende kinetiske data og andre kinetiske parametere
som hastighetskonstanter. Det er fortsatt noe rom for a forbedre og for & kunne
adressere industrielt relevant. Den foreslatte modellen kan likevel stgtte videre
arbeid og vurderinger i emnet.

Videre er utviklingen av biokull fremstilling og oppfersel ogsa studert i denne
studien. Biokull er testet kjemisk, termisk og morfologisk for a forsta dens
egenskaper. Til slutt foreslas en mulig formasjonsvei for HTL-biokull under
undersgkelsen. Bade hgyere driftstemperaturer og lengre oppholdstid gkte
nitrogeninnholdet i rayene. | falge FTIR-analyse ble biokull mer aromatisk, og
alifatiske grupper som finnes i biokull reduseres drastisk nar temperaturen
gker. Oppholdstiden pavirket ikke like mye som temperaturen nar man vurde-
rer eliminering av funksjonell gruppe. En gkning i driftstemperaturer og opp-
holdstider ga termisk stabile forkullinger. HTL-kull ble laget ved laveste
driftstemperatur og viste hgyeste overflateareal og porevolum. Mer polyaro-
matisk kull produseres nar temperatur og oppholdstid gker pa grunn av karbo-
nisering.

Sa i neste fase blir den synergistiske effekten av ko-flytendegjering av lignin
med Saccharina latissima utforsket for a se muligheten for at lignin kan bru-
kes som et ramateriale for ko-likvefisering. De krevende prosessforholdene
med mer Saccharina latissima viste en positiv synergistisk effekt pa bioraut-
byttet men en negativ synergistisk effekt pa kullproduksjon. Videre pavirket
temperaturen og blandingsforholdet bade utbytte av bioraolje og den kjemiske
sammensetningen til bioraolje. Interessant nok viste oppholdstiden en klar
innvirkning pa den kjemiske sammensetningen av bioraolje, selv om det var
en ubetydelig pavirkning pa biordoljeutbyttet. Temperaturvariasjonen hjalp for
det meste til produksjon av alkohol og fenolforbindelser der C-O-bindingene
forbrukes med gkt oppholdstid. Ikke desto mindre vil samflytning av ramateri-
alene bidra til & forbedre bioraoljeblandingen ved & produsere flere fenoliske
forbindelser, langkjedede alifatiske hydrokarboner, karboksylsyrer og ketonal-

dehyder og estere.



Abstract / sammendrag

Based on the theoretical understanding of both physical and chemical mecha-
nisms, the need to develop a comprehensive mathematical model for the lique-
faction of lignin is raised. Thus, a model for liquefaction at subcritical tem-
peratures is produced using a shrinking core method as the particle decompo-
sition mechanism. The shrinking core concept provides a relatively less com-
plex, nonetheless effective way to model liquefaction at the particle level.
Therefore, as the first step, a more basic version of the model is used to model
the liquefaction of a wood particle where the wood liquefaction is considered
the cumulative liquefaction effect of the wood model compounds (cellulose,
hemicellulose, and lignin). The basic model guided the study towards more
appealing modifications and improvements such as the oily film and ash layer
formation during the liquefaction process. The main takeaway from the basic
version of the model was the null hypothesis of the equality of cumulative lig-
uefaction effect of model compounds to the wood liquefaction in the same
operating conditions. The model's shortcomings lead the research towards the
development of the model to the next level.

Then the proposed model is based on the experimental validation of the results
of a series of batch experiments. The model consists of liquefaction of lignin
particle, oily film, inorganic (ash) layer formation, kinetic modeling of sec-
ondary derivatives, and the layer model for the intraparticle processes model-
ing. The shrinking core concept is used to model the hydrolysis of the lignin
particle. The formation of oily film and an inorganic layer around the lignin
particle and their behavior is modeled considering water transport through lay-
ers, diffusion of products, and dissolution of products in water. Moreover, the
particle's surface and center point temperatures are measured using a layer
model through mass transfer. The model proved to be both quick and robust.
Several relevant cases with different operating conditions were tested on the
applied model to see how it worked. Some weaknesses were found. These
were related to heat transfer, initial kinetic data, and other kinetic parameters
such as rate constants. There still exists some space to improve and to be able
to address industrially relevant. Nonetheless, the proposed model can support
further work and decisions on the matter.

Further, the evolution of char production and behavior is also studied in this

study. The char is tested chemically, thermally, and morphologically to under-
Xi



stand its characteristics. Finally, a possible formation pathway for HTL char is
proposed during the investigation. Both higher operating temperatures and
longer residence times increased the nitrogen content of the chars. According
to FTIR analysis, char became more aromatic, and aliphatic groups present in
char are diminished drastically when the temperature increases. Residence
time did not influence as much as the temperature when considering the func-
tional group elimination. An increase in operating temperatures and residence
times produced thermally stable chars. HTL char was made at the lowest oper-
ating temperature and showed the highest surface area and pore volume. More
polyaromatic char is produced when temperature and residence time increase
due to carbonization.

Then at the next phase, the synergistic effect of co-liquefaction of lignin with
laminaria saccharina is explored to see the possibility of lignin being used as a
co-liquefaction feedstock. The severe process conditions with more laminaria
saccharina showed a positive synergistic effect on the biocrude yield while a
negative synergistic effect on char production. Further, the temperature and
blending ratio impacted both biocrude yields and the chemical composition of
biocrude. Interestingly, residence time showed a clear impact on the chemical
composition of the biocrude, although there was a negligible impact on the
biocrude yield. The temperature variation mostly helped alcohol and phenolic
compounds production where the C-O bonds are consumed with increased
residence time. Nevertheless, co-liquefaction of the feedstocks would help
improve the biocrude composition by producing more phenolic compounds,
long-chain aliphatic hydrocarbons, carboxylic acids, and ketones aldehydes,
and esters.
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1 Introduction

The rapid increase of environmental pollution, global warming, and the deple-
tion of the available fossil fuels, as well as the increasing energy demand, have
urged the modern world to move on to sustainable and renewable energy
sources [1,2]. Despite these developments, diesel has been the preferred fuel in
the transportation and aviation industry. Due to the high energy content, ease
of use, availability, and performance [3]. With this background replacing Pet-
ro-diesel with a more environmentally friendly and sustainable option has be-
come a current issue. For example, the projected aviation emissions will be
70% higher than in 2040 than in 2005 [4]. Therefore, addressing this issue is
an important aspect. In doing that, liquid fuels derived from biomass have re-
cently been increasingly used in global transportation. Replicating that, the
contribution of biofuel to the global transportation fuel mix has grown to 2%
by 2008 [5]. The following figure shows the global renewable aviation fuel
market size by product[6].

T T T T T T T T T T T
2013 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

, Application & Geography N Part5: Europe B Others

Figure 1-1: Global renewable aviation fuel market size by product[6]

Moreover, feedstock availability, conversion technology, and biofuel range are
the real challenge to meet the desired goal. More importantly, after numerous
test flights, various airlines have concluded that alternate biofuels can be
mixed with existing jet fuel, and different fuel blends could give different out-



comes. Beyond the test levels, several leading European airlines have started
using the mix of jet fuel-biofuel in the commercial routes to date [7].

In hydrothermal liquefaction (HTL), most of the available biomass can be
used as feedstocks. The literature shows that the 5-35% dry solid percentages
are used in the slurry making [8,9]. Nevertheless, certain biomass types might
need dewatering before being pumped into the reactor due to the moisture con-
tent variation. Due to their high-water content, Algae are getting immense
consideration as a better feedstock. Also, woody biomass, sewage sludge, and
certain manure types are gaining attention. Although woody biomass is well
suited for gasification, to use it for HTL, it must be grounded to make the slur-
ry.

Microalgae are photosynthetic organisms characterized by being adapted to
live in a comprehensive spectrum of environments. Microalgae uses carbon
dioxide (CO2) to grow photo autotrophically and produce atmospheric oxy-
gen. Microalgae are used to produce third-generation biofuel[10-12]. Fur-
thermore, due to the high photosynthesis efficiency, ease of availability, and
higher CO2 mitigation than the woody biomass, microalgae have a higher po-
tential in becoming a better feedstock for HTL [13].

Moreover, algae being microscopic organisms, can grow in freshwater or
saltwater, giving more space to find cultivation problems. Also, microalgae do
not need to be dried to be used as a feedstock. Once it is dewatered and
washed to get rid of salts, it is about making a slurry of the microalgae before
it is pumped into the system for HTL [12].

Macroalgae is recognized as a better option as a feedstock for HTL than other
thermochemical conversion methods. Macroalgae is not examined as much as
microalgae yet. Nonetheless, macroalgae are on the verge of becoming a much
better feedstock for HTL attributable to the superior photosynthesis efficiency
and higher growth rate [13-15]. Also, due to the 3-dimensional growth, it sig-
nificantly reduces surface use [16]. Macroalgae have high biomass productivi-
ty of 2kgCm-2year. Besides that, macroalgae can help clean the water con-
taminated by heavy metals [17].

In the meantime, macroalgae can absorb a high CO, amount, about 8-10 tons
hayear? than the temperate woodlands[18]. Additionally, Macroalgae can be
subdivided into a few categories, such as red algae, blue algae, brown algae,
and green algae [13], rich in lipids, proteins, and carbohydrates[16,19]. Apart

2



from the algal biomass, some other feedstocks are tested as HTL feedstocks,
such as lignocellulosic biomass, sewage sludge, and different types of manure
[20-22].

Straw is a by-product of cereal and grain production. The use of fertilizers and
pesticides remains unchanged since straw is taken out at the latter phase of the
cycle. When solely comment about straw, unless used for biofuel production,
it is left for decomposition in most cases. Given that straw utilized to produce
biofuel remains a by-product of conventional farming, no adverse effects or
increased biodiversity threats should be expected. Additionally, grain produc-
tion will be unaffected by presuming no changes in the seeds used and stand-
ard harvesting methods. It is a general assumption that removing extra bio-
mass from cereal fields can negatively impact the soil carbon stock, so other
straw should not be harvested from areas with a high Dexter-index (organic
matter in the soil)[23]. Therefore, depending on the location of a potential bio-
fuel plant, the amount of locally available straw can fluctuate depending on
the Dexter index of the neighboring areas. Straw is one of the abandoned agri-
cultural wastes. It should be noticed that carbon can be returned to fields after
energy and fuel production. The straw produced from different sources holds
the potential of millions of tons of bio-oil if utilized. Straw, in general, is ca-
pable of producing a biocrude yield of 30-37% of the output[24,25].
Meanwhile, straw produces char for about 25-27%, which is on par with other
lignocellulosic feedstocks. The produced oil has a calorific value of about 25.5
MJ/Kg, which is slightly lower than the other considered feedstocks. There-
fore, the potential of straw as a feedstock for bio-oil production is immense.
Woody biomass consists of cellulose, hemicellulose, and lignin. Cellulose and
hemicellulose produce sugars, and then with further reactions, they provide a
wide range of products such as phenolic compounds, glycerol [26]. Lignin
liquefaction produces more char and aromatic hydrocarbons, phenols, guaia-
col, and cresols in the biocrude [27]. In Europe, forests have mainly consisted
of birch, spruce, aspen, pine, willow, and oak, but the rest has many different
species. These types have slightly different percentages of cellulose, hemicel-
lulose, and lignin. Woody biomass generally has a biocrude yield of 25-40 %
with a heating value of around 35 MJ/Kg[20,28]. Generally, the nitrogen con-
tent of the biocrude produced from woody biomass is comparably low to the
biocrude produced from marine feedstocks. When it comes to woody biomass,
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feedstock pre-treatment plays a huge role since the woody biomass is rigid and
robust. Therefore, before adding water to the biomass before the HTL process,
physical treatments such as chipping and powdering are required.

Forest residues are a mix of trees, consisting of leaves, barks, pieces of the
trunk, and branches. Mainly these are remains of cut-down trees. In the case of
a mega type of reactor availability of forest, the residue could be a problem
since the production of forest residues would not be from the same area or in a
continuous manner. Despite the inconvenience of availability, it should pro-
duce biocrude as consistent as the woody biomass. Meanwhile, the pre-
treatment required for forest residues could slightly change from what woody
biomass is required due to the residues' various parts. Therefore, chipping and
powdering, as well as grinding of certain parts, are required.

Generally, forest residue's water content could be slightly higher than the
woody biomass, and bark would significantly differ from the total weight[29].
Forest residues have reported a biocrude yield of 22% in the literature, which
Is comparably a lower value to straw and woody biomass.

In recent years, much research has been reported on the HTL of lignin to ob-
tain various products [30-33]. Mainly the discussion has been the phenolic
compounds produced in lignin liquefaction. In the process of lignin to produce
phenolic compounds, hydrolysis and cleavage of the ether bond and C-C bond,
demethoxylation, alkylation, and condensation reactions appear, and these re-
actions seem to compete with each other at different phases of the process.
Alternatively, hydrothermal reactions do not affect the aromatic rings [34].
The phenolic compounds from the demethoxylation and alkylation seem to be
intensified as the temperature increases. Thus, due to the numerous functional-
ities of phenolic compounds, lignin offers the potential of producing many
valuable chemicals [34].

1.1 Biofuels

Biofuels are renewable liquid fuels that are primarily produced from biomass.

The biofuels produced from biomass have numerous benefits. Biofuels can be

applied for several purposes, including in the transportation sector. The con-

cept of using biofuels as a transportation fuel is first demonstrated in 1912

when Rudolf Diesel first ran a diesel engine with raw peanut oil [35]. Never-

theless, the concept of biofuels was abandoned later due to abundant and
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cheap fossil fuels. Today, they have been revisited to meet the demand for en-
ergy and environmental concerns about drastic climate change.

Biofuels are broadly classified into four generations depending on the carbon
source of biomass feedstock. The first-generation biofuels include bioethanol
and biodiesel derived from starch, sugar crops, and vegetable oils. In recent
years, first-generation biofuels have been considered controversial due to
competition with food. For ethical reasons, they are not promising in fuel and
energy production. The second-generation biofuels include biohydrogen and
biomethane derived from non-edible lignocellulosic biomasses such as straw,
wood, and forest residues. This generation of biofuels provides several ad-
vantages but still needs pre-processing and a more substantial land require-
ment. Pre-processing/pre-treatment is essential due to the rigid structure of
lignocellulosic biomass, making it challenging to convert biomass into biofu-
els. Third-generation biofuels are produced from the algae biomass, such as
microalgae and macroalgae. It is also known as advanced generation biofuels
or algae biofuels. Fourth-generation biofuels are produced from genetically re-
engineered biomass. It is based on genetically modified microscopic organ-
isms such as microbes, yeast, fungi, microalgae, and cyanobacteria. It could
involve artificial photosynthesis that can convert directly to fuel or modify the
oil-storing capabilities of organisms [36]. Among the various alternative liquid
fuels, algae-based biofuel has drawn much attention because of the possibility
of replacing fossil fuels.

1.2 Hydrothermal Liquefaction of Biomass for Biofuel Produc-
tion

Thermochemical conversion means biomass decomposition by a series of re-
actions under elevated conditions. These conversion techniques are not new
for fuel production pathways, as they have been widely investigated since
1788 for biomass to biocrude products [37]. Many methods and processes
convert biomass into usable fuel, such as gasification, pyrolysis, torrefaction,
steam reforming, and hydrothermal liquefaction. It can be easily distinguished
by the amount of oxygen supplied. However, the conversion process is affect-
ed by numerous factors such as biomass composition, reaction time, process
economics, operating conditions, and desired products.
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Among the technologies mentioned above, hydrothermal liquefaction (HTL)
has shown many capabilities in providing bio-oil, which can be developed to
replace transportation fuel. HTL is a high-pressure, medium-temperature
thermochemical process at 553K-643K and between 10-25 MPa [21,38].
Therefore, hydrothermal liquefaction is the thermochemical conversion of bi-
omass into liquid fuels by processing in a pressurized and hot water environ-
ment for adequate time to break down the concrete structure to mainly liquid
components. High moisture biomass feedstocks such as microalgae and
macroalgae are often used in this process. The chemistry and the mechanism
of the HTL process are complicated and advanced. The products of the pro-
cess are bio-crude, gas, char, and water-soluble substances [21]. HTL is suc-
cessfully carried out in subcritical and supercritical conditions [21,39,40]. In
this process, water acts as both a catalyst and reactant. As technology does not
need drying, unlike other technologies such as pyrolysis, it has many ad-
vantages over other technologies[41]. Both batch and continuous processes
are recorded in literature with similar process conditions[41].

1.2.1 Evaluation and available HTL technologies

When the HTL process's operating conditions are lowered to 473K and 2-10
MPa, the process is called hydrothermal carbonization (HTC) [42]. This pro-
cess is exothermic and spontaneous. This process produces an aqueous phase
and an insoluble charry product as the outputs [43,44]. Later, this method is
suggested as an intermediate step towards biodiesel production from lipid-rich
microalgae by Levine et al. [45]. When the operating conditions of the HTL
process are changed to over 374 °C and over 25 MPa, the process produces
more gas yields, and the process is called hydrothermal Gasification (HTG).
Even though the method possesses a higher efficiency of around 75 %, it is not
widespread due to higher capital and energy costs [43]. A summary of HTC,
HTL, and HTG is shown in figurel-2.
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Figure 1-2: An overview of existing hydrothermal processing technolo-
gies

HTL is found to be the way to process wet biomass to obtain bio-oil, and it has
been getting famous for the last few decades. However, the history of HTL
goes back to the 1930s. Beckman and Elliot[46] tried to compare the proper-
ties and the yields of oil outputs from the immediate HTL process. After the
analysis, governing parameters such as temperature, pressure, catalyst, and
time are crucial in defining the output bio-oil quality. Behrendt et al. [47] used
the HTL for lignocellulose with supercritical and subcritical solvents. This
research area took gradual worldwide attention since 2009, especially in the
laboratories where researchers were working on the reaction parameters such
as reaction temperature, retention time, type of catalyst, and loading condi-
tions. After that, several researchers recently backed up a brief but in-depth
overview of Savage [47] on the HTL of microalgae.

Further, the studies incorporated with the reaction mechanism of HTL are
pivotal as the improvement of reactor design and process optimization is di-
rectly dependent on the reaction mechanism [48-50]. First, hydrolysis breaks
the biomass into fragments where dehydration, dehydrogenation, deoxygena-
tion, and decarboxylation help break it into tiny compounds. Later, more com-
plex chemicals are created, containing alcohol, esters, phenols, ketones, and
acids by repolymerization. The new kinetic model introduced by Hietala et al.
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[51] opens up new dimensions to the fast HTL technology. The process was
operated at 400 °C, and the yield was at 41 % with a short retention time.

The HTL technology is in a transition position, where the technology is im-
proving from a batch process to a continuous process. Hence, recent research
has been done widely on improving the quality of bio-oil and the optimized
HTL process. Further, the liquefaction process has been simulated differently,
implementing new insights and improved models [52,53].

Recent research shows the encouraging pathways of improving HTL biocrude
into a replacement for the Petro-diesel. Costanzo et al. [54] extracted bio-oil
from HTL, which has similar gasoline properties from wet biomass after hy-
drodenitrogenation by catalytic treatment. Meanwhile, Pedersen et al. [20]
have also obtained biocrude with (oxygenated) precursors to compounds in the
gasoline boiling range with aspen wood. Moreover, the authors introduced a
continuous flow reactor that resulted in higher heating yields. Some others
used wet and dry biomass with a conventional process temperature to signifi-
cantly obtain higher yields of phenolics [55]

1.3 Modeling of HTL process

Reaction mechanisms, chemical conversions, phase behaviors, thermodynamic
properties, and the properties of the products must be considered to model the
HTL process. Thermodynamic property variation and the phase behavior of
the HTL process are rather complex and challenging to predict [21]. The
available water in the wet biomass works as both a solvent and a reactant in
the liquefaction process [56]. Moreover, Hydrolysis and repolymerization re-
actions are much accountable in the HTL process [19,21,57]. Therefore, spe-
cial attention and models must be implemented to process the HTL process
successfully. Different research groups use various approaches and numerous
modeling pathways to model the process[4,52,53,58-62]. Some groups have
used kinetic modeling approaches[53,56,63,64], while others have used
CFD[52,58-62] and other simulations.

A review by Ederer and Gilles[65] on a comparison of thermodynamic kinetic
modeling with other approaches gave an in-depth insight into thermodynamic
kinetic modeling. The comprehensive thermodynamic modeling of a reactor
carried out by Lu et al. [66] considered gas-liquid equilibrium, chemical equi-
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librium, exergy, and energy for supercritical water. The results are used to
predict the hydrogen purification of an online gas separator. The general kinet-
ic model for HTL of microalgae by Valdez et al.[56] demonstrated the contri-
bution of lipids and proteins of biomass for the biocrude. They created a mod-
el that facilitated different reaction rates for carbohydrate, lipid, and protein
fractions. Recently, Vo et al.[63][64] developed a quantitative kinetic model
with a general reaction network and studied the yields of various microalgae in
various temperatures and residence times. Supporting the conclusions of Val-
dez et al.[56] Vo et al. [63,64] articulated that the reaction pathways of pro-
ducing bio-oil and aqueous phase from lipids, proteins, and carbohydrates
dominate the HTL process. Meanwhile, the kinetic model developed by
Sheehan and Savage[53] managed to predict biocrude yields as many as 70
from 12 reported studies to a 5wt% accuracy. Together with the high accuracy
of the model, this study managed to support the conclusions of Vo et al. [64]
and Valdez et al. [56] as well. One of the highlights of this model was the abil-
ity to handle the different biochemical compositions of different feedstocks
and under different process conditions such as fast liquefaction.

Few research groups have developed CFD models to predict HTL or HTG
processes. Compared to other thermochemical processes, the number of CFD
models developed to give predictions on HTL is deficient. Yoshida and
Matsumura [58] are one of the first ones to develop a reliable CFD model to
give predictions on either HTL or HTG. The developed CFD model predicts
yields and improves the reactor in supercritical water gasification. After vali-
dating the CFD model, the reactor is improved using the simulation data to
obtain a carbon gasification efficiency of 0.94 with a 4.9 wt % glucose solu-
tion in supercritical conditions. Mosteiro-Romero et al. [52] used a shrinking
core model to simulate the dissolution of a wood particle in subcritical water.
Furthermore, the process parameters are investigated using the model. A com-
prehensive mathematical model to model reaction pathways for hydrolysis and
pyrolysis is developed. Kinetic data are taken from the literature due to the
lack of experimental data where the model can predict the number of solid
residues produced and final product distribution. Recently, Ranganathan and
Savithri [59] used a two-dimensional unsteady CFD model to investigate the
heat transfer, fluid dynamics, and reaction kinetics of the HTL process using
Nannochloropsis sp lab-scale plug flow continues reactor. Unlike Yoshida and
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Matsumura[58], the model should be further developed to predict the yields
more accurately. Even though the model must be further developed, several
predictions are given by the model after validating the existing experimental
data. CFD is used to model hexadecane's kinetics, a heavy oil model com-
pound by Alshammari and Hellgardt [60]. Most of their work is based on the
isothermal conditions and the residence times. Although more data are yet to
be included in the data for better predictions, valuable conclusions are made
with the results of the CFD model, such as reducing the reactor diameter for
better conversion rates. Tran et al. [67] recently suggested suitable process
parameters for fast HTL process using a three-dimensional CFD model of a
nozzle reactor considering both steady-state and transient analysis methods.
Their work is based on achieving high heating rates in the reactor, where they
achieved the best mass flow rate of 60:20 (hot: cold flows mil/min) to obtain
the best mixing and heating rates.

Goodwin et al.[68] developed a CFD model to simulate a microchannel reac-
tor to investigate the supercritical water gasification of Xylose. They mainly
concentrated on Hydrogen-rich gas production. Comparatively, short resi-
dence times of less than 1 second are simulated and studied with the CFD
model. With this study, microchannel reactors are proven to be very effective
in improving supercritical water gasification of biomass. Caputo et al.[69]
conducted another CFD study of supercritical water gasification of glucose,
where they studied a continuous process. The complex flow regimes and fluid
dynamics are studied using the CFD simulations. With the optimization pro-
cess performed using the simulations, they managed to achieve a 74% of H>
yield in the syngas. When the CFD results and experimental studies are cou-
pled, interesting conclusions are made on the reactor behavior where certain
parts behave as mixed reactors and plug flow reactors. Furthermore, the nu-
merical investigation carried out by Jin et al.[70] on glycerol gasification in
supercritical water with a 3-D CFD model exposed several optimized parame-
ters. While using a tabular reactor, side reactions, reactor length, preheating of
water, and feeding angle for water are extensively studied. To conclude their
work, a multi-injection feeding method for water is proposed, decreasing car-
bon gasification efficiency.

More recently, Yukananto et al.[71] used CFD modeling to study SCWG of
glycerol in a tee junction-shaped cylindrical reactor. The model proved to be
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going along well with the experimental data besides the slight differences in
predicting outlet temperatures and carbon gasification efficiencies. Neverthe-
less, the model's flow behaviors are well explained, while the impacts of gravi-
ty force and velocity ratio between two inlets are influential inflow patterns
and heating process, respectively. Extending their work from SCWG to char
formation in SCWG, Yukananto et al. [62] suggested char yield can be in-
creased up to 87% when the reactor size is increased close to a pilot-scale us-
ing a CFD model. Char formation during supercritical gasification is specially
investigated in their work, while the model proved to be reliable with only a
13% prediction different from the experimental studies.

Modeling the HTL process has been a challenge due to the complex chemistry
and lack of kinetic data. Despite the complexity of the modeling process, re-
cent studies demonstrate an eagerness to develop more models and an im-
provement in predictions as most of the work mentioned above can predict
process, flow dynamics, and process parameters to a satisfactory level. None-
theless, more simulation models must be developed with newer approaches
and more details with fewer simulated data error percentages than experi-
mental data. In this case, simulations can study more profound aspects of
HTL with shorter time consumption and fewer expenses.

1.4 Motivation

The need for a comprehensive and descriptive HTL model is a need. Many
studies and models have been developed with only kinetic schemes, but there
is a void in modeling HTL as a comprehensive process incorporating particle
decomposition, intraparticle behavior, and further reactions such as repolymer-
ization and condensation reactions. In addition, research hinted at a possible
oily film development through the liquefaction process around the biomass
particle, which boosts the importance of modeling such an oily film.[52,72].
Moreover, the development of oily film and ash layers has yet been experi-
mentally studied and proven. Hence, modeling the formation of these layers
could further clarify the liquefaction behavior and give better explanations on
particle decomposition behaviors at different process conditions.

In literature, different approaches and concepts are used for the modeling pro-
cedures. In that case, the shrinking core concept is easy to use, a practical con-
cept nevertheless. Further, the less complexity of the shrinking core concept
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allows other details and phenomena to be attached without compromises. The
shrinking core concept is used for gas-solid reaction models abundantly[73-
76]. Further, it has been used by researchers to model wood and cellulose lig-
uefaction at different extents[52,77]. The shrinking core concept has charac-
teristics that can easily model phenomena such as liquefaction. When the de-
composition is considered, the placement of the particle's surface is changed
only in the radial direction. Due to this, detecting the particle surface at differ-
ent time frames is accessible where it gives a better base for modeling the oily
film and ash layers. Nevertheless, to use the shrinking core concept, the parti-
cle is assumed to be non-porous, and only the resultant layers are considered
porous. Although the porous particles can be handled with grain models, The
modeling process is far more complex and challenging to integrate oily films
and ash layers since the placement of the actual particle surface is a complex
scenario[74].

Lignin is a waste from the paper industry. Although lignin is a well-studied
feedstock with HTL, the chemicals produced by HTL of lignin and the abun-
dant availability are appealing. Therefore, lignin is an appropriate choice for
an HTL feedstock. In addition, the possibility of using lignin as a co feedstock
with other feedstocks to obtain better results in HTL is another motive. The
char formation and the char formation mechanism during the HTL process are
also essential to check. Although HTL of lignin and biocrude from lignin HTL
is well studied chemically already, the char formation and the mechanism have
not been studied thoroughly. A proper study on char formation would help
learn the possible uses of HTL char as a helpful material or a precursor to a
valuable output.

1.5 Objective and research question

This research aims to develop a comprehensive HTL model using a new ver-
sion of the shrinking core model for a set of solid-liquid reactions that will
depend on the thickness of the oily film and ash layer produced from the re-
sultants of the solid-liquid reactions. The diffusion of water governs the thick-
ness of the product layers, the reaction rates through the product layers, and
the counter diffusion of products through those newly created product layers.
Further, the feedstock used is a waste from the paper industry, produced in
vast amounts and only used to produce heat by combustion. Further, this thesis
12



discusses the char formation and char formation mechanism of lignin HTL by
stepping outside the model. In that process, a mechanism for char formation is
proposed using the structural, chemical, thermal, and physical behavior of char
produced at different operating temperatures and residence times. In the next
phase, the performance of lignin in co-liquefaction with laminaria saccharina
Is studied statistically, where the chemical behavior of biocrude and the yields
are optimized. Further, the synergistic effect of co-liquefaction is studied
mainly because laminaria saccharina is a widely available feedstock in this
part of the world, specifically in Norway. Overall, the main research objective,
which constitutes the thread along with this thesis, is:

Developing a robust and comprehensive liquefaction model using the
shrinking core concept with lignin as a feedstock.

Furthermore, the research questions which have been answered are:

1. How does the shrinking core model respond to different operating pa-
rameters?

2. How does the oily film and ash layer form and behave during the lique-
faction process?

3. How does the particle surface temperature change during liquefaction?

4. How does char formation occur and the char formation mechanism of
liquefaction?

5. How does the char behave according to operating temperature and resi-
dence time?

6. Does co-liquefaction of lignin with seaweed have a synergistic effect,
and how to optimize the biocrude yield of co-liquefaction Statistically?

1.6 Thesis structure

The thesis structure is arranged upon the research questions to give a better
fluidity to the evolution of the thesis. The structure is as follows.

Chapter 1- A brief introduction on the motivation, objectives, research ques-
tions, and a basic structure of the thesis.
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Chapter 2- The information required to understand the materials and the de-
veloped process in each article is described. The chapter starts by describing
different types of materials used in work. Then the methods followed in each
article, the experimental procedures, and the extraction of biocrude is de-
scribed. Further, the different types of analysis methods and instruments are
described. Finally, the statistical methods used in the articles are discussed

Chapter 3- After explaining materials and methods, chapter 3 discusses the
contributions of each article produced during the Ph.D. Each subsection of the
chapter briefly discusses each article’s motivation, method, results, and re-
search findings. Article A and B discuss the mathematical model developed
using a single particle system using a shrinking core concept. Article C dis-
cusses the evaluation and characterization of char produced during the HTL of
alkali lignin. The structure and chemistry of the char are discussed, where a
formation pathway for the char is proposed. Article D is based on synergetic
effects of co-liquefaction of lignin with laminaria saccharina (sugar kelp). Sur-
face response methodology is used to optimize the biocrude and char yields.

Chapter 4- The main results and findings are assembled in Chapter 4, where a
discussion is formed.

Chapter 5- The challenges and limitations, results, and conclusions from the
findings are presented in chapter 5. Moreover, the future work planned during
the Ph.D. is summarized at the end of this chapter.

The thesis concludes with the bibliography and the appendices. The visual

representation of the research papers with the primary investigated process is
shown below in Figure 1-3.
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2 Materials and methods

2.1 Materials
In this research, the primary feedstock used is alkali lignin, obtained from
Sigma-Aldrich, Norway. Article B and C are based on HTL of lignin. In Arti-
cle D, co-liquefaction of lignin with laminaria saccharina (sugar kelp) is stud-
ied. Laminaria saccharina for the experiments is obtained from Lergy ocean
harvest. Before the experiments, laminaria saccharina is washed and air dried
to get rid of the salt.

2.1.1 Lignin

Lignin comprises phenylpropanoid chains, linked mainly by carbon-carbon
and ether bonds. Further, it is the second most abundant biopolymer observed
in the plant cell wall. Identifying a complete structure of a lignin polymer is
difficult due to the complex nature and characteristic difficulties in categoriz-
ing lignin polymers. Figure 2-1 below shows a model structure of softwood
lignin.
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Figure 2-1:A model structure of lignin from softwood [78]
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The plant species, age, soil condition, climate, and cultivation practices deter-
mine the moieties present in the lignin polymer. p-hydroxyphenyl (H) moieties
(p-coumaryl alcohol), coniferyl alcohol (G) moieties(guaiacyl), and sinapyl
alcohol (S) (Syringyl) moieties are the essential phenolic monomers which are
the building blocks of lignin as shown in Figure 2-2 [79-84]. The propane side
chains link the phenolic monomers to the lignin polymeric structure. Different
pre-treatment processes are utilized to determine the lignin available on the
lignocellulosic biomass. In addition, various lignin characterization methods
are applied to determine the phenylpropanoid moieties in the polymer. Soft-
wood lignin comprises guaiacyl (G) moieties, while hardwoods consist of
guaiacyl and syringyl moieties[79]. Lignin from grasses is primarily p-
hydroxyphenyl (H) moieties with guaiacyl (G) and syringyl (S) moieties in
smaller percentages.

CH,OH CH,OH CH,OH
|
- '.’»CH ‘LCH
H(j’CH HC HC
OCH;  H;CO OCH;
OH OH OH
a) b) c)

Figure 2-2:Structures of three basic phenolic monomers that from lignin.
a) p-coumaryl alcohol or p-hydroxyphenyl (H) b) Coniferyl alcohol or
guaiacyl (G) c) Sinapyl alcohol or Syringyl (S) [79]

Figure 2-3 below shows the alkali used in the experiments in this study
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Figure 2-3:Alkali lignin used for the experiments

Proximate and ultimate analysis data for the alkali lignin used for the research
is shown below in table 2-1.

Table 2-1: Proximate and Ultimate Analysis of Alkali lignin

Proximate Analysis (W1t%o) Ultimate Analysis (Wt%, Ash
free)

VM ASH FC C H N O

69.11  16.84 14.05 47.18 6.19 3.61  43.02

VM= Volatile matter, FC=Fixed Carbon, d. b= dry base

2.1.2 Laminaria saccharina

Sugar kelp laminaria saccharina (saccharina latissima) is a cold water seaweed
species distributed mainly in the northern hemisphere[85]. Being one of the
fastest-growing seaweeds in the European waters and having produced rela-
tively good biocrude yields, laminaria saccharina holds a potent ability to be a
promising feedstock for HTL[86,87]. Like the other seaweed, L. saccharina
holds a very high moisture content (75-90%) where the dry matter consists of
nutritional components such as carbohydrates, lipids, proteins, vitamins, and
minerals in variable amounts depending on the cultivation site and the time of
the harvest[88]. Like other seaweed types, L. Saccharina contains substantial
polysaccharides (up to 70% of dry matter), particularly alginate, cellulose, fu-
coidan, laminarin, and mannitol[86,88,89]. In contrast, lipids account for a
small portion of 0.6-3.4% of the dry matter depending on the harvest season
[90]. Nevertheless, sugar kelp is abundantly found in Norwegian waters,
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where it becomes an excellent candidate to be tested with HTL. Figure 2-4
below shows the laminaria saccharina used in the laboratory.

Figure 2-4: Laminaria saccharina used for the experiments

Proximate and ultimate analysis data for the laminaria saccharina used for the
research is shown below in table 2-2.

Table 2-2: Proximate and Ultimate Analysis of laminaria saccharina

Proximate Analysis (Wt%o) Ultimate Analysis (Wt%, Ash
free)

VM ASH FC C H N O

69.11 16.84 14.05 4718  6.19 3.61  43.02

2.2 Hydrothermal Liquefaction experiments

The hydrothermal liquefaction experiments are performed with an in-house
HTL reactor rig designed and fabricated during this Ph.D. work. The batch
process performed for this work is without catalyst, and water is used as the
solvent. In articles B and C, only lignin is used as the feedstock, wherein in
article D, sugar kelp is used along with lignin as the feedstock.
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The HTL reactor rig consists of several different parts. Below, figure 2-5

shows a schematic diagram of the rig, whereas figure 2-6 shows an actual rig
image.
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Figure 2-5:Schematic diagram of the HTL rig

The microreactor from Graco High-Pressure Equipment Inc (HiP) is connect-
ed to a shaker device run by an electrical motor. The rod connecting the reac-
tor is connected to the motor shaft through an eccentric to output a reciprocat-
ing movement. The motor has a max frequency of 35Hz, where for the shak-
ing effect, only 32Hz frequency is used to obtain an rpm of about 7-8.

21



Figure 2-6:Actual figure of the reactor system

The reactor is submerged in Al2Os sand, placed in an SBD-2L sandbath pro-
duced by Keison. A TC-9D temperature controller by Techne controls the
temperature of the sandbath. A compressor connected to the sandbath through
the TC-9D controller produces the airflow through the sand bath. An actual
figure of the reactor used for the experiment is shown in Figure 2-7 below.
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Figure 2-7:A figure of the actual reactor used for the experiments

2.2.1 Experimental method

The lignin slurry of 10% of lignin is used for article B and article C. Distilled
water is used as the solvent for all the cases. A tabular steel reactor produced
by Graco High-Pressure Equipment Inc (HiP) with a volume of 24ml is used
for the experiments. In all the experiments, to keep space for produced gasses
and expansions, an 8ml dead volume is kept. A fluidized sandbath is used to
heat the reactor. The sand bath is heated up to the required temperature value
during the experiments. After being loaded with the required feed slurry, the
reactor is sealed and checked for leakages by purging N2. Once the reactor is
cleared from the leakages and kept inside the sandbath for the required resi-
dence time. Then it is taken out and put into cold water at once. Then the reac-
tor is kept there for 30 mins until it cools down to room temperature. An ex-
ternal shaking mechanism is used to shake the reactor during the experiments.
In articles, B and C, three temperature values and three residence times are
used. The temperatures used are 573 K, 603 K, and 623 K, while the residence
times range 10 min, 15 min, and 20 min. Therefore, every temperature value is
studied with three residence times. For the experiments' consistency, every
experiment is repeated five times, and average values are used for analysis.
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For article D, the temperatures used are 573 K, 603 K, and 633 K, while the
exact residence times as articles B and C are used.

2.2.2 The extraction process of biocrude

In the downstream HTL process, four different outputs can be obtained
(biocrude, gas, aqueous phase, and char). According to the literature, it is
a known fact that HTL produces a gas phase rich in CO,, CO, CH,4 and
H>[91,92]. In this study, gas and aqueous phases are not analyzed since
the study is based on the behavior of the biocrude and char phases.

In the extraction process, acetone is used as the extracting agent. The reactor is
washed with acetone four times after every experiment to extract all the prod-
ucts. Moreover, the solution is filtered, and the solid product is separated. The
liquid phase from the HTL is taken to the centrifuge to ensure no remaining
solid residue in the liquid phase. It is then added to the solid phase if the solid
residue is found. To ensure solid and liquid phases are appropriately separated,
solid residue (char phase) is again washed with acetone before filtering for a
second time. After the char phase is separated, it is dried at 378 K for 24 hours
before quantifying.

The liquid phase is then evaporated using a rotary evaporator to divide the bi-
ocrude phase from the aqueous phase and the remaining acetone (added in the
extraction process). Below, figure 2-8 shows the extraction process used dur-
ing the study.
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Figure 2-8: Extraction method used in the study

2.3 Characterization

After the separation process is completed, each phase is quantified before
sending to the analysis and characterization. Below eq 1 and 2 are used to
quantify the biocrude and char yield, respectively.

Mass of biocrude recoverd after the extraction (g)

Biocrude yield(wt%) =

Initial amount of feedstock used for the experiment (g)

100%
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Mass of char recoverd after the extraction (g)

Char yield (Wt%) = x 100%

Initial mass of feedstock used for the experiment (g)

Eq 2

2.3.1 Ultimate analysis

C-H-N/O ultimate analysis is performed at the University of Agder in all in-
stances. (Article B and C). In article B and article C, a 2400 Series Il CHNS/O
Elemental Analyzer (PerkinElmer, USA) is used in-house, according to the
standard EN 1SO 16948:2015. Sulfur content is assumed negligible in all cas-
es, although a shallow sulfur content is present in lignin. The difference be-
tween the other elements calculates oxygen. All the measurements are taken in
triplicates.

2.3.2 Proximate analysis

According to EN standard techniques, a proximate analysis is performed in a
muffle furnace LT 40/11/P330 (Nabertherm, Germany). EN 15148, EN
14774-2, and EN 14775 standards are used, respectively, for volatile matter,
moisture content, and ash content of biomass.

2.3.3 Surface area and porosity

In article C, the surface area and porosity of the HTL char are studied. The test
is performed with nitrogen adsorption at 77 K (NovaTouch, Quantachrome,
USA). The Brunauer- Emmett-Teller (BET) model is then employed to calcu-
late the surface area. Pore volume is calculated with the quenched solid densi-
ty functional theory (QSDFT), using the calculation model for slits and cylin-
drical pores on the adsorption branch. Before performing each surface area
measurement and porosity, samples are degassed at 423 K for six hours. The
total pore volume is defined from the amount of N> adsorbed at a p/po value of
0.99.

26



2.3.4 Scanning electron microscopy

Scanning electron microscopy (SEM) has to be used to study a material's mor-
phology and microstructure. A morphological study is performed for char
samples produced in article C. For that study presented in article C, the sam-
ples' scanning electron microscope (SEM) images are obtained using a JSM-
7200F scanning electron microscope (JEOL, Tokyo, Japan).

2.3.5 Fourier transform infrared spectroscopy

In article C and article D, FTIR analysis is carried out to study the functional
groups of HTL char and biocrude. The sample’s infrared spectrum is measured
using a Perkin Elmer FTIR spectrometer (Perkin-Elmer Ltd., Cambridge, UK)
equipped with a nitrogen-cooled mercury-cadmium telluride detector. In arti-
cle C, each dried sample dispersed in KBr as a 10% mixture is placed in a
sample cup of a Perkin Elmer diffuse reflectance accessory, and the surface of
the sample is carefully leveled flat. The spectrum of finely ground KBr is used
as the background. The spectrum is measured in the range 4000-600 cmt, and
a total of 32 scans are made at a resolution of 4 cm. After that, the resulting
average reflectance spectrum is transformed into the Kubelka—Munk format
and saved as the final spectrum.

In article D, The FTIR instrument is equipped with a Harrick single reflec-
tance attenuated total internal reflectance (ATR) accessory and liquid nitrogen
cooled MCT detector. Each sample is placed on the ATR crystal using a blunt
glass rod. The sample is made to spread on the crystal, and the spectrum is
measured in the range of 4000- 600 cm™. A background is measured with the
ATR crystal before applying the sample. A total of 32 scans at a resolution of
4 cm are made on each sample. The infrared spectra in absorbance format are
used to compare the functional groups in the samples.

2.3.6  Thermogravimetric analysis

In article C, thermogravimetric analysis of the HTL char samples and lignin is
carried out. Mettler-Toledo Thermal Analyzer (TGA, Mettler-Toledo, Colum-
bus, OH, USA) is used for the analysis. TGA and derivative thermogravimetry
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(DTG) graphs are used in this research to examine the thermal behavior of
char. The temperature is raised from 303 to 1273 K with a heating rate of 20
K/min with nitrogen as the purging gas with a 25 mL/min constant flow rate.

2.4 Unreacted Shrinking core model

This study uses a modified shrinking core model in Article A and Article B. In
the unreacted shrinking core model, the decomposition of the biomass particle
is assumed to be only in the radial direction. Therefore, it is assumed that the
reactions occur only on the particle surface. Due to the mass transfer from the
reactions, the mass reduction occurred in the radial direction of the particle.

2.4.1 Shrinking core model for spherical particles

A simple way of describing the reaction of a solid particle with a liquid or
specific water is by using the shrinking core model [52,77,93]. The shrinking
core model's primary assumption is that the reaction develops topochemical,
only on a single surface that distinguishes two zones within the solid particle.
The shrinking core system consists of an unreacted core consist of a solid
chemical mixture and an already reacted outer layer made of liquid/solid
product. The outer layer is porous, and the gas/liquid diffuses through the out-
er layer. Nevertheless, it can be either reacting or not reacting with liquid/gas
diffuses depending on the material the outer layer is made. Besides, if it is not
reacting, that is due to its inert nature. When the surface reactions occur, the
core is available to consume the core-outer shell interface shifts inward.

In the proposed model, the core -outer shell interface is a spherical surface
concentrical to the unreacted external core. Further, when the surface reactions
are happening, the outer shell grows thicker. Nevertheless, with the dissolve of
the outer shell into the water, the thickness changes. This theory can be em-
ployed in various particle geometries were in this model for spherical parti-
cles.

Article A assumes that the particle is decomposed with surface reactions, and
all the products are dissolved in water instantly without forming any layer
around the biomass particle. Figure 2-9 below shows a graphical interpreta-
tion of the assumed shrinking core concept applied for the proposed mod-

el[52,73,77].
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Figure 2-9: Shrinking core model assumed for the hydrolysis of the bio-
mass particle submerged in water.

In the proposed model in Article A, the particle has initially been deemed a
combination of cellulose, hemicellulose, and lignin. At different temperatures
and with corresponding reaction kinetics, each component is hydrolyzed. A
custom reaction rate constant is developed to determine the hydrolysis of each
component (shown later in the modeling process). The biomass particle de-
composition is believed to be a cumulative effect of the liquefaction of each
component. According to Kamio et al.[77], diffusion of the water monomer
through the aqueous film surrounding the biomass particle is modeled using
the mass transfer of water.

MW = 4-7TT'2kA(Cb - Cs) Eq 3

M,, correspond to the mass transfer rate of the water monomer, r is the radial
position of the particle, k, is the mass transfer coefficient, Cy represents the
bulk water monomer concentration, and Cs is the water concentration at the
surface.
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Hydrolysis of the spherical particle is stated below, where My is the hydrolysis
reaction rate at the surface of each model component and kis the hydrolysis
rate constant.

Mg = 4mr?k,Cq Eq 4

The overall rate constant of hydrolysis of the biomass particle kj is assumed
to be the sum of hydrolysis rate constants of three model components. Below,
eq 5 shows the overall hydrolysis rate constant of the biomass particle.

kH = kcellulose + khemicellulose + klignin Eq S

(ky becomes a different value according to the model component, which is
hydrolyzed. As an example, if only Cellulose is being hydrolyzed ky =
kcetuiose While, if both Cellulose and hemicellulose are being hydrolyzed
ky = keettutose T Knemicenuiose- 1herefore, the particle decomposes at differ-
ent rates.)

Mass transfer between water and biomass particles should be equal at steady-
state conditions. Therefore, from (3) and (4),

w= T 1 EQ6

1, represents the reaction rate of the water monomer for one biomass particle.
When the decomposition rate is described with the mass balance and when the

radius of the particle is r,

d(4mr3p/3)
dx -

15 Eq7

Here ry is the reaction rate of the biomass molecule for a unit biomass parti-
cle, and p is the molar density of the biomass particle. (p changes according to
each wood component) Therefore, with stoichiometry,

-1, = Prp Eq 8

Where [ represents the stoichiometry value of water in the hydrolysis reac-
tion.
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(In the proposed model, initially, it is assumed that the biomass particle is con-
sist of 45% of Cellulose, 25% Hemicellulose, and 30% of Lignin). Substitut-

ing (6) and (8) to (7),
Eq9

2 dr _ 4mr?cg

4mr Py~ T, =
ka kn

When the radial position of the surface becomes r, the decomposition ratio of
the biomass particle can be written as,

4.3
INTP r
1—x=2—= ()3 Eq 10
3
370~ P To

Where x is the decomposition ratio of a unit biomass particle. After derivation

over time,
dx  3r%dr
T Ea Eq 11
By substituting from (10) and (11) to (9),
2
amrg3  dx _ 4nry?Cp(1-x)3 Eq 12
3 dt ﬁ(ﬁ+$)

When the decomposition of the biomass particle is expressed by the concen-
tration of each wood component molecule, x can be expressed, as shown be-

low in equation 13.
Eq 13

_ Z(Cmod i,0 —Cmod i)
Z Cmod i,0

Where C,,,04 i is the concentration of each wood component molecule at t=0,

and C,,,4 ; IS the concentration of each wood component molecule at t=t.
2
dx _ 3Cp(1-x)3 Eq 14

g = T 1
dt T —+—
0BPG i)
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Therefore substituting (13) into (14),

2

dCpio 3
rd=d—l;= —k XC: . Eq 15
Where i =1,2,3

Here, r,; is the decomposition rate of the biomass particle, k., is the rate coeffi-
cient of biomass decomposition and C,,,4; iS the concentration of each wood
component. Therefore,

1
cpYc3 .
kng’bzw Eq 16

T 1
roﬁP(a*‘@)

According to the wood model component or components, which are being hy-
drolyzed within a given moment, k, turn into a different rate constant due to
the change in k.

Every rate constant is temperature dependent. As the temperature is changed
during the process, the Arrhenius equation can calculate the changing rate
constants.

_Ea

ki = ko e RT Eq 17

Where, k; . is the calculated rate constant, k,, ; is the frequency factor and,Ej, is
the Activation energy for each component. Arrhenius law can be applied to all
the reactions since the rate constants are changed with temperature. Moreover,
the heating process can be expressed by the following equation 18.

Heating process; T = 9t + T Eq 18

Where, 97 is the heating rate, t represents time and, T;,; is the initial tempera-
ture.

By substituting (15) from (16), (17), and (18), an equation for biomass de-
composition can be created.
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2.4.2 Unreacted Shrinking core model with an outer shell

During the liquefaction process, the ash component available in lignin might
form as a separate layer around the lignin particle. Thus, a limiting factor is
introduced to define the amount of lignin particle's convertible part. A similar
limiting factor can be found in the literature [52,94]. With such a background,
a limiting factor is introduced such as follows,

my —m(t)

keon = —— Eq 19

Where, m,, is the initial weight of lignin, m,, is the weight of the sample at a

given time t, and mg;, is the ash weight in the sample.

Due to the formation of the inorganic layer, the diffusion of water to the parti-
cle surface is limited. After adding the limiting factor, the overall decomposi-
tion of the lignin particle is shown as follows.

2

ra = —kykeon C, Eq 20

Decomposition of the lignin particle depends on the water's concentration on
the particle's surface and the unreacted lignin remaining in the system. When
the oily film and ash layer are formed around the lignin particle, the water
concentration on the lignin particle's surface depends on the water diffused
through the oily film and ash layer. Therefore, when an oily film of thickness
'w’ and an ash layer of thickness 'w,," are formed, decomposition of the lig-
nin particle depends on the formation of the oily film and ash layer, diffusion
of water through the formed layers, and the dissolution of the oily film in wa-
ter. According to Eq 20, when the oily film is not present, decomposition of
the lignin particle can be written as

1
3CpC3 . 2
ry= ———tgik p 3 Eq 21

- 1,1 con Yy
ToBP Gty ig
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When the oily film is present, if the water concentration at the lignin particle
surface is Cgs, then.

1
3C5C3
k. = lig i,0 Eq 22

X 1 1
T —+—

Therefore by Eq 21 and Eq 22,

1
3 2
3CsCigio 3

ry = keon C2 Eq 23

- T 1
roﬁP(a*‘@)

In the presence of the oily film and ash layer, the decomposition of the lignin
particle depends on the concentration of water (Cs) on the particle surface and
water consumption by the hydrolysis reaction on the particle surface.

The rate of water diffusion through the oily film when the ash layer is present
can be written as follows in Eq 24. The modeling of the oily film is influenced
by the method used [52].

Tdif fusion = 47‘[(7‘ + Wyp + W)sz (CB - Cs1) Eq 24

Where (r + wyg, + w) is the radius of the oily film, Cs, is the water concen-
tration in between oily film and the ash layer, and k,, is the mass transfer coef-
ficient through the oily film. If the ash layer is not formed, then the oily film
radius becomes (r + w).

ky = 2 Eq 25
kpirr represent the diffusion coefficient of the oily film, which is calculated
by the Stokes-Einstein equation.

kT

61T H,0MO0il
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Where, kg is the Boltzmann's constant, T is the temperature (K), 7,0 is the
radius of the water molecule and p,;; is the viscosity of the oily film.

The rate of diffusion of water through the ash layer can be written as follows
in Eq 27.

rdiffusion_ash = 47'[(7' + WAsh)ZkM_ash (C.S‘l - CS) Eq 217

Where (r + w,gy,) is the radius of the ash layer, and Cs is the water concentra-
tion at the surface of the lignin particle. k, 455, is the mass transfer coefficient
through the ash layer, which depends on the ash layer's diffusion coefficient.
(Calculated by Fick's law). The rate of change of water concentration at the
particle surface can be written according to the formations of oily film and ash
layer. There are four different scenarios considered as follows.

d—Cts = rate wate of water dif fusion through the ash layer —

rate of water consumed by the hydrolys Eq 28

Therefore, when

w>0and wyg, =0; dd% = 4n(r + w)?ky (Cy — C5) — 4nrikyCskoon
Eq 29
dc
w > 0 and wysp, > 0; d_ts = Tdiffusion_ash — 4mtr? ey CsKeon Eq 30
w = 0 and wysp, > 0; dd% = 41 (r + Wasn)*ky asn(Cp — Cs) —
Atr2ky Cok on Eq 31
w=0and wyg, = 0; 52 = —4mr2ky Cskeon Eq 32

The undissolved volume of the oily film at a given time (V,;;)can be written as
below in Eq 33,
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Moil

Voir = 2 ((r + Wagn +w)* — (r + wyen) *) = Eq 33

Poil

Here, m,,;; is the mass of the oily film at a given time and p,;; is the density of
the oily film.

When both sides are differentiated and rearranged,

aw _ 1 ( 1 )2 .dmoil _ [1 _ ( T+tWash )2] [ﬂ + M] Eq 34

dt ATt Py \T+WyshtW dat r+wasp+w dt dt

The rate of change of mass of the oily film equals the difference in the for-
mation and the dissolution of the oily film.

dmg;
d_:l = Toit — Tdissolve Eq 35
Here, r,;; is the rate of formation of the oily film and 74;.s01ve 1S the rate of

dissolution of the oily film in water.
From Fick's first law,

Taissolve = Kz 4-7'[(1‘ + Wysp + W)z (CSat - COO) Eq 36

k- 1s the mass transfer coefficient to the water from the oily film. Here C, is
assumed to be zero assuming that the hydrolysis products’ solubility is equal to
their concentration at the oily film's surface. Moreover, at some distance, the
dissolution of the hydrolysis products in water is infinite.

r+Wasp+w

The diffusivity of oily film to water (kp;¢r;) is calculated by the Stokes-

Einstein equation. Using the same method used in Eq 20, the ash layer volume
can be written in Eq 38 below.
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4 as
Vasn = 5 ((r + wygn)® — (1) %) = = Eq 38

Here, m,g;, is the mass of the ash layer at a given time and p,;, is the density
of the ash. When both sides are differentiated and rearranged,

dwasn _ _ 1 ( 1 )2 dmash 1_( r )2 [g] Eq 39
dt 4mpash \T+wasn/ ~  dt T+Wash dt

The radius of the lignin particle at each time can be calculated by the follow-
ing Eq 40.

__ 3| 3myg
r(t) = /—wlig Eq 40

Each chemical component's theoretical values are calculated using differential
equations using the backward Euler method. From the differential equations,
the variation of each chemical compound's concentrations is obtained in
mol/m3. Then, each chemical compound or resultant phase is presented as a
percentage of the total input.

2.4.3 Applications and limitations of the shrinking core model

A common approach to model gas-solid reactions or liquid-solid reactions is
using Shrinking Core Model. Generally, a shrinking core concept can be pre-
ferred, mainly because it is relatively easy to pair with a reactor model. Never-
theless, it is not assured of replicating any experimental data reliably. The
main drawback is that the number of assumptions related to the core-shell
structure is not always coherent with the real-world behavior of the particle.
Due to the lack of literature, particularly on the heating and fast reaction kinet-
ics, some of the kinetic data is modified to fit reaction equations to obtain the
literature's yield values. Possibly this could cause the differences in the model
predictions and the experimental values.

Several assumptions are put up during the cause of the modeling sequence to
reach the final results.
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- The liquid-solid reaction is limited to a single interface (outer surface of the
biomass particle) separating the solid substance and the product.

- A uniform particle porosity is assumed in each layer.

- Constant temperature and pressure are considered inside the particle (Article
A).

- In article A, the products dissolve in water at once without forming a layer
around the particle.

- The dynamic of the change of the water concentration profile is very fast
compared to the change of the reaction interface position.

- Kinetics are the first-order dependent on the concentration of the water

The above assumptions can lead to some constraints of applicability of the
model in a real-world scenario. The following issues must be pointed out par-
ticularly.

a) The assumption of surface reaction on the particle is the most critical as-
sumption of the model. This assumption is not always correct in reality. Ini-
tially, suppose the particle is already porous. In that case, it does not decom-
pose according to the shrinking core concept unless the controlling regime is
diffusion: If the particle is porous, the liquid (water) reactant concentration
could fall close to zero (even zero) close to the unreacted core-outer shell in-
terface. Therefore, the water monomers cannot diffuse (and react) into the un-
reacted core as it is instantly consumed before approaching the core. When it
comes to fast reactions relative to diffusion, water diffuses in regions where
the core is already consumed. Conversely, if the kinetics overshadows intra-
particle diffusion, a particle with porous properties could react homogeneously
due to the radially uniform gas composition. Therefore, the shrinking core
model is valid in the case of the kinetic regimes when the considered particle
is initially not porous.

b) Although first-order kinetics is primarily correct, adsorption is a vital phe-
nomenon, too: these typically reduce the apparent kinetic order.

¢) Thermal homogeneity of the biomass particle is an important aspect too.
For most small particles, thermal homogeneity may be a correct assumption.
Nevertheless, it is also linked to the value of heat of reaction.

e) Reversible gas-solid and liquid-solid reactions are extremely common. The
basis of a reversible reaction happening at the interface of the unreacted core
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and the outer shell is that dependent on the relative amount of liquid compo-
nent and product existing at the interface, and the interface can move towards
the particle center or to the external surface depending on the reaction rate
(globally positive or negative). In reality, the proposed model always believes
that the water only diffuses through the solid and oil layer without reacting.
Besides, this can be true for water, not the solid product, if the reaction is re-
versible. The solid product and the oil layer are reagents for incoming water.
Therefore, there must be reactions in the layers too.

f) In Article A, no cross-reactions among chemicals produced from different
model compounds are considered. Most of these chemicals exist simultaneous-
ly, so there could be several reactions among them. Nevertheless, the authors
understand and accept the existence of these reactions, and the assumption of
not happening these reactions are only to reduce the complexity of the calcula-
tions.

Regardless of the mentioned limitations, the shrinking core model is exten-
sively used even for the more critical cases. Further, numerous works with
reversible and even multi-step reactions can be observed in the literature. Due
to its simplicity and more straightforward applicability, the shrinking core
model can still be used in complex reactor and particle-related problems.

2.5 Layer model

Article B employs a layer model to investigate the intra-particle transport and
sub-processes of the thermally thick spherical lignin particle. As learned from
the model results, the ash layer and oily film thickness are relatively small (10-
"mm and 10°'> mm, respectively), to the lignin particle diameter (10°°mm). The
lignin particle is considered a single homogenous particle. The layer model is
based on the pyrolysis model developed by Mehrabian et al., 2012[95]. Figure
2-10 below shows the proposed layer model for the model.

39



Qily film (R= r+w,q, +w)

Lignin particle
(R=r)

Ash |4':1}"E|‘ (R_ r'—“":lz-'h)

Figure 2-10:Layer model is considered for the intraparticle process.

The shrinkage of the three layers is assumed to be in the radial direction, and
this is done to avoid model complexities. Further, homogeneous particle
boundary conditions are assumed. Further, it is assumed that any point at a
certain distance from the surface at a radial direction has the same conversion
rates and temperatures[96].

During the conversion process, the mass of the particle and layer thickness are
changed. When the lignin particle is being decomposed, the oily film changes
its thickness according to the diffusion of water to the lignin particle surface,
rate of hydrolysis, and dilution of the oily film in water. Meanwhile, the
boundaries are being moved towards the center of the particle. Consequently,
the density and the particle radius may change throughout the thermal conver-
sion process of the particle.

For the lignin particle, thermal energy conversion is expressed in the following
Eq 41.

%pH = —V.pvH —V.q Eq 41

Where, %pH is the accumulation rate of enthalpy per unit volume, V.pvH

represents enthalpy change by advection per unit volume, and V. q is the con-
ductive heat transfer per unit volume.
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For simplification, the thermal energy per unit volume is replaced by the
thermal energy per layer. After that, the energy equation can be written as fol-
lows in Eq 42

_Zcm H = Zc mmm in Zc outmoutHout +kL AxOLl (TB(l 1)
Ty ) — kp,Axq ( Ty — Tpy) Eq 42

Where, m;H; are the multiplication of mass and specific enthalpy of each
component present in the layer i, m;,H;, is the multiplication of mass flow
rate and specific enthalpy respectively of each component at the boundary,
ky, is the thermal conductivity of layer i, Ax,,; is the ratio of the area of the

boundary B(i — 1) to half of the layer i thickness, and Ax;,; is the ratio of the
boundary Bi to half of the layer i thickness. Moreover T;; andTy; are tempera-
tures of the center of layer i and the temperature at the boundary Bi, respec-
tively. ( Since three layers are considered here,i = 1,2,3)

The equation for mass conservation of each layer is written as follows in Eq
14,

2 . :
L 2cMi = XinMpi1 = Xout Mpi Eq 43

Furthermore, from the specific heat at constant pressure,

dH = c,dT Eq 44

From Eq 42, Eq 43 and Eq 44, below Eq 45 can be obtained.

Zcmicl dt Zl?’l[mBl I(HB(l 1)~ H)] Zout mBL(H HBL)]
Ky, Axopi (TB(i—l) =Ty ) — kp,Axqy ( Ty — Tgi) Eq 45
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Enthalpy of each component at each boundary and each layer is estimated by
the following Eq 46,

H,(T) = AH; + fTTr ,, &dT Eq 46

In this equation, AH; signify the Standard enthalpy of formation and c,, de-

notes specific heat capacity.
The boundary temperatures are computed by utilizing the energy balance at
each boundary.

kLiAlei ( Ty —Tpi) — kLi+1AxOLi+1 (TBL' — T+ ) = Ye=inMpiHp; —
Zc:out mBiHBi Eq a7

In the proposed model, reactions are taken place on the particle surface. Thus
a resultant component could leave boundary instead of the components which
entered a specific boundary. The right-hand side of Eq 47 corresponds to the
enthalpy difference of products and reactants of the reactions. The mass flow
rate (Eq 48) of each component is dependent on the reaction rates (r); and
stoichiometry (n;) of each reaction.

mBi = Zc=out rin; Eq 48

2.6 Kinetic models

In Article A, cellulose, lignin, and hemicellulose are treated differently in
three different kinetic reaction schemes, whereas is in Article B, an improved
version of the lignin kinetic reaction scheme from Article A is used. This sec-
tion discusses the three kinetic reaction schemes used in Articles A and B.

The reaction mechanism used in Article A for Cellulose liquefaction is in-
spired by the reaction mechanisms proposed by Cantero et al. [97], Minowa et
al. [91], and Kamio et al. [77]. According to Kamio et al. [77], Cantero et al.
[97], Sasaki et al. [98-100], and Minowa et al. [91], water-soluble intermedi-
ates are formed from the hydrolysis of cellulose. Then the end products of the
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liquefaction (water-soluble products (aqueous phase), biocrude, gas, and char.)
are formed through further hydrolysis, polymerization, dehydration, and de-
composition of the intermediates. The secondary and primary char is challeng-
ing to differentiate and quantify experimentally, both char components are
taken as a lump component in the model. Below figure 2-11 shows the reac-
tion mechanism used for the cellulose liquefaction process.

Oligosaccharides Monosaccharides

Ka e Cellobiose
Cellulose .
e Cellotriose

e cellotetraos

e Glucose

e Fructose

/ Biocrude

Glyceralaldehyde Ko

Glycoaldehyde

Erythrose
5— HMF ¥
Pyruvaldehyde Gas

k furfural /

Figure 2-11: Reaction mechanism used for cellulose liquefaction

The lignin reaction mechanism is centered around the kinetic study and reac-
tion mechanism proposed by Yong and Matsumara [92] and Fang et al.[101],
Zhang et al.[102], Forchheim et al.[103], and Arturi et al.[104]. The proposed
reaction scheme consists of a gas phase, char, an aqueous phase with TOC,
and a biocrude phase consisting of phenols, Aromatics, Guaiacol. Some hy-
drolysis products decomposed into tertiary components with further reactions,
which then contributed to the model.

The shrinking core model relates to the initial phase's primary or heterogene-
ous hydrolysis reactions. Then the secondary decomposition, polymerization,
and dehydration reactions are modeled using a conventional kinetic model,
which is not observed with other models using the shrinking core concept. Be-
low, figure 2-12 shows the proposed reaction scheme for lignin during the lig-
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uefaction process. The required kinetic parameters for the lignin liquefaction
model are taken from the literature[92,102,103,105,106].

| Lignin | K11 | Guaiacol I K22 Catechol

KD K4
Kis K21
K14
TOC Phenol
Gas “"'V
K17 KZG
K12
y
Char
Aromatic Kie

compounds

Figure 2-12: Reaction mechanism used for lignin liquefaction in Article
A

For Article B, the lignin liquefaction model developed for Article A is used
with added chemicals and reactions. In article B, M-cresol, O-cresol, and re-
lated reactions are added as components of the biocrude phase. Figure 2-13
shows the reaction scheme used to model the lignin liquefaction process in
Article B.
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Figure 2-13: Reaction mechanism used for lignin liquefaction in Article
B

The proposed hemicellulose liquefaction model is mainly built on the work
done by Pronyk and Mazza and Pinkowska et al.[107,108]. The monophasic
reaction mechanism for hemicellulose hydrolysis proposed by Pronyk and
Mazza[107] is used to develop this model. According to the proposed model,
hemicellulose is hydrolyzed into the intermittent product of Xylo-oligomers
and then to xylose. Figure 2-14 shows that the hydrolysis products are decom-
posed into derivatives, such as furfural. In this model, furfural is used as the
final derivative from the liquefaction due to the lack of kinetic data on other
chemicals produced in hemicellulose liquefaction. Required kinetic parameters
are taken from the literature[107-110,110].

. K27 Kas
Hemicellulose Xylose

Figure 2-14: Reaction mechanism used for hemicellulose liquefaction in
Article A
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2.7 Statistical methods

Articles A and B are based on a mathematical model of hydrothermal liquefac-
tion of a single particle wood particle and a lignin particle. The model code is
written in MATLAB, and the differential equations developed in the mathe-
matical model are solved and discretized in MATLAB using the backward
Euler method. The model predictions are validated using the experimental data
and coefficient of determination (R?).

Article D is based on a statistical analysis of co-liquefaction yields of lignin
and laminaria saccharina. The interconnections illustrating the relationships
between the main independent parameters and the yields of the products are
investigated. The response surface methodology (RSM) is used in the article
where the Box Behnken Design (BBD) strategy is used to optimize the bi-
ocrude yield and minimize the char yield. BBD is a multi-level and multi-
factorial design where in this study, three levels (-1, 0, 1) and three factors
(X1, X2, X3) are used with three replicates. The BBD consists of a set of points
that are spread at the midpoint of each edge of the multidimensional cube
specified by the levels and a center point at the cube's center, as shown in fig-
ures 2-15 below.

X3

A 4

X

Figure 2-15:Box-Behnken experimental design with three factors[111]

In the experimental phase, three independent variables are selected as factors,
while two yield values from the experiments are chosen as responses. The in-

dependent variables are prescribed into three different levels as +1, 0, and -1,
46



which correspond to the minimum level, medium level, and maximum level.
These levels are generally decided according to initial experiments and tests.
Fifteen runs (different combinations of independent variables) are then desig-
nated randomly by the Minitab 17.1.0 software (Minitab Ltd., Coventry, UK)
with a minimum bias as mentioned before, and the center point is triplicated to
be able to approximate the pure error. The yield value of each response for the
designated runs is experimentally acquired. Independent variables and re-
sponses are then analyzed using the software. A polynomial quadratic equa-
tion is used in Eq 49 to fit the relationship between the variables and the re-
Sponses.

Y=ay+ X ai X+ X au XP + X, Y ai XX + € Eq 49

Where Y is the measured response value related to each factor level combina-
tion, op is the intercept coefficient, ai, aii, and oij are the regression coeffi-
cients calculated from the obtained experimental values of Y, X and X are the
levels of independent variables and € represent the error of the model. The re-
gression analysis and the analysis of variance (ANOVA) are performed. A
Fisher's F-test at a confidence level of 95% is completed to inspect the statis-
tical significance of the regression coefficients. The lack of fit test, coefficient
of determination (R?), and adjusted coefficients of determination (R%j) are
examined to evaluate the suitability of the quadratic models. Derringer's desir-
ability function is accompanied to perform the RSM. When optimizing a few
responses simultaneously, Derringer's desirability function is reliable and val-
uable. In Derringer's desirability function, each response (Yj) is transformed
into a dimensionless function (individual desirability function) (d;). This new-
ly produced dimensionless function ranges from 0 to 1, depending on the de-
gree of optimization of the response (Yi). In the most desirable scenario, d;
goes close to 1 and 0 at the least desirable case.
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3 Research contributions

This chapter introduces the main contributions that characterize this thesis
work. They can be categorized into three clear sections based on the results
acquired from the experiments in many published and submitted articles.
These research articles are discussed and presented briefly, underlining their
relevance and significance regarding the associated topic. The sequence,
which the topics and articles are presented, follows a logical sequence formed
to improve the understanding of the overall research process. Furthermore, the
components necessary to follow through the Discussion chapter (see Chapter
4) are supplied. The complete versions of the articles are accessible in the Ap-
pendices. Figure 3-1 below shows a visual representation of the research pa-
pers and the book chapter with the primary investigations and their weight
percentage to the total Ph.D. work.

Developement of CFD
model

Experimental setup ‘

Article D- Effect of co liquefaction of lignin and lamjnanj

saccharina on Optimization of bio-crude production

Article C- Characterization and evaluation of char from
hydrothermal liquefaction of alkali lignin in subcritical temperatures

Article A- Hydrothermal liquefaction of wood using a modified
multistage shrinking-core model

0% 2% 4% 6% 8% 10% 12% 14% 16% 18% 20%

Weight percentage of the PhD (%)

Figure 3-1 Visual representation of the research papers with the main
investigation



3.1 Single-particle decomposition mechanism

The first stage of the research explored the possibility of modeling the decom-
position of biomass particles during the HTL process. The shrinking core
mechanism is used as the preferred decomposition mechanism. Therefore, the
decomposition is assumed to have happened only in the radial direction. Fur-
ther, the reactions are supposed to happen only on the particle surface. In addi-
tion to the hydrolysis reaction and drying of the particle, a kinetic model is
employed to model the secondary and tertiary reaction scheme taking part in
the water phase. The models are developed only to work in the subcritical
temperatures close to the critical point. Therefore, the temperature values from
573K to 647 K are considered.

In article A, a wood particle is used as the biomass particle. The basis of the
model is the radial decomposition of the particle and the cumulative liquefac-
tion effect of each model compound (cellulose, hemicellulose, and lignin) on
the overall liquefaction effect. The variation of biocrude, char, aqueous, and
gas phases are investigated against several independent variables. During this
work, it was observed that the liquefaction of the hemicellulose occurred at
lower temperatures than the considered temperature range. Further, the cumu-
lative liquefaction effect of the model compounds could not match the lique-
faction results of wood liquefaction. The model displayed many paths to im-
proving, and new concepts can be added. Nevertheless, the model showed
numerous positives towards showing a credible path for developing a reliable
mathematical model for liquefaction.

With the findings of Article A, Article B is developed assuming a lignin parti-
cle. Nevertheless, the modeling process addressed more profound attributes of
the liquefaction mechanism by modeling the formation of an oily film and an
inorganic layer (ash) around the particle during the liquefaction process. These
layers are supposed to affect the overall liquefaction mechanism considerably.
Further, the intraparticle behavior during the liquefaction is also simulated,
and the actual particle surface temperatures and particle center temperatures
are investigated. The kinetic model attached to the decomposition model simu-
lated the further repolymerization, condensation, and decomposition reactions
in the water phase.
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Additionally, variation of selected main chemicals in the biocrude phase of
lignin liquefaction is studied with several independent variables. The model
displayed some fascinating results on the behavior of the oily film and the in-
organic film around the particle and their possible impact on the liquefaction
process. Most of these findings are difficult to measure practically due to the
extreme conditions and fast kinetics of the HTL process.

3.1.1 Article A

This work is focused on developing a particle decomposition model using the
shrinking core method. Then the different decomposition behaviors are inves-
tigated with different operating conditions to find better conditions for better
biocrude yields. Further, the motivation is to investigate the different behav-
iors of each model compound and their contribution towards the widespread
liquefaction at different conditions.

The decomposition is assumed to happen only in the radial direction, and the
hydrolysis reaction is considered to happen on the particle surface. Apart from
the particle decomposition mechanism, a kinetic model is employed to model
the repolymerization, condensation, and decomposition reactions outside the
particle. The wood particle is considered a mix of cellulose, hemicellulose,
and lignin, where each model compound is treated separately in three different
decomposition and drying reaction regimes. Then the cumulative liquefaction
effect of the model compounds is taken to develop the overall liquefaction
model.

No inter reactions are considered among chemicals produced from different
model compounds in this model. Further, it is assumed, the distribution of
model compounds in wood continues. Variation of the behavior of four phases
from liquefaction (biocrude, char, aqueous, and gas) are investigated against
several independent variables. The validation of the model is carried out using
data available in the literature. The graphical abstract of the article is shown in
figure 3-2 below.
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Figure 3-2:Graphical abstract of Article A Top left shows the biocrude
phase variation at different operating temperatures, bottom left shows
the reaction scheme used, the middle figure shows the particle decompo-
sition mechanism, top right biocrude phase variation with different par-
ticle size and bottom-right biocrude phase variation with different heat-
ing rates.

During the model development phase, it is understood that the hemicellulose
hydrolyses at a lower temperature than the considered temperature range in the
study. When the system is heated up to the considered temperature, hemicellu-
lose is already hydrolyzed and added to the system. Therefore, in the presented
model, the hemicellulose liquefaction model is briefly modeled, and it was
decided to work on it separately due to the complex characteristics of the hem-
icellulose liquefaction process. Nevertheless, cellulose and lignin liquefaction
are modeled and studied in the considered temperature range.
The single-particle system is modeled and then tested with different independ-
ent variables. First, the variation of yield values is investigated with different
operating temperature values, and 553 K, 588 K, and 623 K are used as the
operating temperature values. Both Cellulose and lignin showed decreased
biocrude yield with increasing operating temperature, while char and gas
phases showed the opposite.
Three different heating rates (2 K/min,4 K/min,6 K/min) are used for the anal-
ysis.
Lignin showed a relatively different behavior to cellulose in this regard. Alt-
hough the decomposition of lignin and evaluation of yield values showed
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similar behavior to cellulose at the lower temperature range, yield values be-
came almost similar close to the critical point for all the heating rates.
Cellulose hydrolysis shows a significant impact on the overall wood liquefac-
tion behavior. Char yields of the cellulose hydrolysis are not affected signifi-
cantly by the heating rates. After 600K, wood liquefaction shows higher char
and gas yields of 47% and 20%, respectively, with lower heating rates. For
maximum operating temperatures, over 600K TOC and biocrude yields tend to
increase. Therefore, it could be observed that the heating rates produce higher
biocrude yields at shorter residence times. This is an interesting observation of
fast liquefaction where shorter residence times are used. The diameter of the
biomass particle has shown a definite impact on the hydrolysis rate of both
Cellulose and Lignin.

A limited number of reactions and chemical compounds are employed in the
model. Furthermore, kinetic data used in the model are obtained from the liter-
ature from various studies under various process conditions. The experimental
studies used for validation are operated with various process conditions and
different workup methods. Therefore, in the validation plots, the model predic-
tions for wood are underpredicted or over predicted most of the time. Fur-
thermore, one of the main ideas of developing this model is to observe the dif-
ference in the cumulative liquefaction effect of main wood components
against actual wood liquefaction. Thus, it is evident that there is an enormous
gap between wood liquefaction and modeling wood liquefaction as a cumula-
tive effect of the wood component liquefaction.

3.1.2 Article B

Article B is an extension of Article A. Besides, here, the focus is given to lig-
nin liquefaction and developing a comprehensive model to simulate liquefac-
tion. Therefore, several aspects are given more profound attention. The parti-
cle decomposition is modeled similarly to Article A, where a shrinking core
model is used. Further, a similar kinetic model to Article A is used here, with
precise Kinetic data for six different components of the biocrude phase (Aro-
matic hydrocarbons, guaiacol, catechol, phenol, O-cresol, and M-cresol). In
this model, the formation of an oily film and an inorganic layer (ash) around
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the particle surface during liquefaction is modeled. Formation of such layers
are proposed in the literature[52,72]

Despite having much research and many models developed with only kinetic
schemes, there is a void in modeling liquefaction as a complete process. Thus,
it is scarce to find details on the shrinkage of the particle, mass transfer from
the particle, and the temperature behavior inside the particle during the lique-
faction process. Furthermore, the formation of oily film and ash layer is yet to
be experimentally studied. Therefore, modeling the formation of the oily film
and ash layer could clarify the liquefaction behavior and produce better expla-
nations for particle decomposition behaviors at different process conditions.
Below, figure 3-3 shows a sequential diagram of the modeling process of the
mathematical model.

The model presented in Article B consists of four main sections. They are lig-
uefaction of lignin particle, oily film, ash layer formation behavior during the
liquefaction, kinetic model to model other liquefaction processes of initial
products, and the layer model for the intraparticle processes.

In the proposed model, several aspects such as transport of water to the surface
of the particle, diffusion through the ash layer and oily film, adsorption on the
particle surface, heterogeneous reaction, desorption of the products from the
particle, diffusion of the products through the ash layer, and transport of prod-
ucts back to ambient through the dissolution of products in water are consid-
ered.
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Figure 3-3:Schematic diagram of the method used for developing the
model

With the layer model, the intraparticle process is modeled. Therefore, the par-
ticle's temperature behavior at the particle's surface and the mass transport
from the particle to the system are investigated. Besides, the biocrude phase is
vital as it is considered a mix of six different chemicals. With this model, each
chemical component's variation can be investigated. Therefore, this model
gives a better insight into lignin liquefaction. Figure 3-4 shows the Layer
model considered for the intraparticle process.
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Figure 3-4:Layer model is considered for the intraparticle process.

At 573K with a particle size of 0.08 mm, aromatic hydrocarbons show the
maximum vyield of 0.23 w/wo. Slower heating rates have produced better
yields with all the chemical components. For longer residence times and close
to the critical point, heating rates reduce the yields. The oily film and ash layer
shows a similar formation process and behavior at different process condi-
tions. Oily film and inorganic (ash) layer behavior at different operating tem-
peratures is shown below in Figures 3-5.

According to Figures 3-5, oily film thickness increases dramatically with
higher operating temperatures and dissolves quickly. The rapid increase of the
oily film can be justified by the initial rapid growth of aromatic hydrocarbons
with higher temperatures. In another way, the oily film's behavior might im-
pact the product yields too. Similarly, the initial rapid increase with the ash
layer could be due to the fast initial hydrolysis of lignin under unobstructed
water monomer arrival to the particle surface. Both the oily film and the ash
layer are relatively thinner with lower temperatures, which helps both water
and the products quickly diffuse through them. More water goes through to the
lignin particle surface, which allows hydrolysis.

The dissolution of the ash layer depends on the oily film thickness. Moreover,
thinner oily film and ash layer could allow guaiacol to quickly come out to the
water to complete the secondary decomposition and produce more secondary
products. With higher operating temperatures, due to the rapid increase of the
oily film and the ash layer, water diffusion is hampered, leading to reduced
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lignin's initial hydrolysis. Potentially, this could impact reduced yields of bi-
ocrude at higher operating temperatures. Therefore, a further study of the for-
mation of oily film and the ash layer can be significant.
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Figure 3-5:Impact of temperature on oily film and ash layer formation
with a lignin particle radius of 0.08mm at 573K, 603K, and 623Ka) Oily
film b) Ash layer

According to the model predictions, when a particle radius is of the power of
10° m is utilized, the oily film thickness and ash layer thickness are of the
power of 1012 m and 10" m, respectively. Hence, there might not be a signifi-
cant impact of oily film and ash layer thickness on the liquefaction. Neverthe-
less, the actual impact of the thickness of the oily film and ash layer is yet to
be tested experimentally.

Some of the model input values can differ from actual liquefaction conditions
and could change the results since the availability of data used for this model
is limited and bears a high uncertainty in the yields due to the different workup
processes.

3.2 Characterization and evolution of HTL char

This article focuses on the characterization and the evolution of char produced
from HTL of alkali lignin in subcritical temperatures. The motivation of this
article is to figure out how the char phase is progressed chemically, structural-
ly, thermally, and physically through the temperature and residence time in-
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crease. The char is examined for chemical, structural, thermal, and surface
changes.

3.2.1 Article C

The motivation to study char broadly is to explore the possibility of utilizing
HTL char effectively. It could be either in porous carbon production, as a ferti-
lizer for agricultural purposes, or using it as a carbon capture material. Never-
theless, this study evaluates HTL char properties and characteristics with dif-
ferent operating temperatures and residence times. Further, the secondary mo-
tivation is to understand the char production mechanism through different
characterizations. This study investigates the morphological, surface, thermal,
and chemical characteristics of HTL char from lignin liquefaction. The func-
tional groups present in char are studied with Fourier transform infrared spec-
troscopy (FTIR), where the structural and surface behavior is studied with
scanning electron microscopy (SEM). Thermogravimetric (TGA) analysis is
used to study the thermal characteristics, while char's surface and pore distri-
bution are determined using the nitrogen adsorption/desorption method. The
chars are produced with different HTL operating temperatures and residence
times to study and understand the different char-derived attributes with vary-
ing process parameters.
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Figure 3-6:Char yield variation
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Char yield seemed to be impacted by the operating temperature, where the
impact of the residence time is almost negligible in the range of temperature
and residence time values used. Nevertheless, both increasing operating tem-
perature and residence time positively impacted the nitrogen content of the
chars. The char yield variation with different temperatures and residence times
are shown above in figure 3-6

The FTIR analysis brought out several interesting observations. Chars became
aromatic with an increased operating temperature, significantly improving the
aromatic ring and the carbonyl group. Meanwhile, the aliphatic groups are
seen to vanish gradually. Residence times seemed to have the same effect as
temperature even though the impact is considerably low. However, the car-
bonyl group demonstrated a contradictive behavior with temperature and resi-
dence time, where it indicated an increase with increasing operating tempera-
ture, while a decrease is shown with the longer residence times. Figure 3-7
below shows the FTIR spectra of char from different operating temperatures
and residence times.
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Figure 3-7: FTIR spectra of chars from (a) different temperatures with a
10 min residence time (b) different residence times at 573 K.

Increasing operating temperatures and longer residence times formed char
with higher thermal stability, where at 573K, the residence time significantly
affected the thermal stability. Interesting conclusions can be made when FTIR
analysis conclusions are mapped with the thermal behavior. Chars become
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aromatic with increasing temperature and residence time. Therefore, the bonds
in the chemicals in the char get strengthened due to the aromatic rings. Ulti-
mately these aromatic bonds could bolster the stability of the chars. Therefore,
the creation of more stable structures at higher operating temperatures and
longer residence times can be detected through these observations. A possible
reaction pathway of char formation is suggested with all the characterizations.

The cleavage of the weak bonds can be seen at lower operating temperatures,
where polymerization is detected at both higher temperatures and longer resi-
dence times. Char is mainly created due to the carbonization process, and
longer residence time creates more polyaromatic rings by aiding further car-
bonization. Figure 3-8 below demonstrates the proposed reaction mechanism
for char formation from lignin HTL.
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Figure 3-8: Reaction mechanism for char formation from lignin HTL.

3.3 Co-liquefaction of lignin and laminaria saccharina

Lignin is the foremost natural source of aromatic compounds[104]. Process
lignin can be used effectively for producing biocrude or biofuel with hydro-
thermal liquefaction, and it has been studied numerous times. Lignin is a sig-
nificant by-product of the paper and pulp industry, and therefore lignin is
mainly used for energy recovery in the mills [112]. Primarily, lignin-based
research focuses on value-added chemicals and high-performance materi-
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als[113-115] production. Nevertheless, lignin is studied as a source for biofuel
production through HTL, showing promising signs [27,92,106,116].
Macroalgae is a promising feedstock for biofuel production mainly due to
their high conversion rate, flexibility, and environmental friendli-
ness[15,86,117,118]. According to many studies, macroalgae can produce rel-
atively high biocrude yields[86]. Macroalgae produce high biocrude yields
when it has high lipid content. Due to the high protein content of macroalgae,
high nitrogen content in biocrude is observed where can be turned into a dis-
advantage for the fuels. Further, in general, HTL of lignin produced relatively
high amounts of char than seaweed.

This study aims to optimize the liquid fuel production of co-liquefaction of
laminaria saccharina and lignin. The statistical method response surface meth-
od with a Box Behnken Design (BBD) is employed to design, verify the mod-
el, and perform the surface analysis. Additionally, the operating parameters
that produce better bio-oil yields and lower char yields of HTL of blended
feedstocks are optimized. The FTIR analysis is used to analyze the functional
groups of the biocrude.

3.3.1 ArticleD

In this study, the independent variables of the HTL process, such as operating
temperature (X1), residence time (X2), and feedstock blending ratio (Xas), are
considered the independent factors of the Box Behnken Design (BBD) where
biocrude yield (Y1) and char yield (Y2) from co-liquefaction of lignin and lam-
inaria saccharina are considered the responses. The design of experiment
(DOE) software-Minitab 17.1.0. is used to optimize the factors. Using the
theories of BBD, factors, levels, and responses and the experimental scheme
are specified. . In all the studies, each independent factor is set into three lev-
els (+1, 0, and —1) which correspond to the minimum level, medium level, and
maximum level respectively. The considered independent factors and their
preferred levels are shown below in table 3-1.
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Table 3-1:Independant factors used in the experimental design and their

levels
Independent factors Levels
-1 0 1
Operating  temperature | 573K 603K 633K
(X1)
Residence time (X2) 10min 15min 20min
Blending ratio (X3s) 0.2 0.4 0.6

The RSM is completed in three different stages. Initially, the yields are opti-
mized when the feedstocks are used separately. First, the behavior of biocrude
and char yields from HTL of lignin is studied where the same method is fol-
lowed with laminaria saccharina. Then, the optimization of co-liquefaction of
two feedstocks is performed. The levels of all process factors are presumed
based on results obtained from preliminary tests and studies. The optimized
bio-oil yields of HTL of lignin and laminaria saccharina as different feed-
stocks based are shown in table 3-2.

Table 3-2:The optimized bio-oil yield of HTL of lignin and laminaria
saccharina based on the DOE

Feedstock Residence Temperature | Oil yield
time (min) (K) (W/wo)

Lignin 17.27 573 0.2801

Laminaria Saccharina 10 627.55 0.2782

The following polynomial quadratic equations (Eq 50 and Eq 51) are devel-
oped and fitted to correlate the connection between the selected three variables

and the two responses, respectively.

62




Biocrude = -5.599+ 0.02048 Xi + 0.01677 X» -1.530 Xs -0.000018 X?
+0.000006 XZ -0.1929 XZ-0.000025 X1* X2 + 0.003042 X1*X3 - 0.00721
X2*X3 Eq 50

Char = -22.58 + 0.0713 X1 + 0.0342 Xo+ 4.672 Xs- 0.000056 X2- 0.000453
X2-0.082 X2 - 0.000028 X1*X2 - 0.00755 X1*X3 - 0.01396 Xo*X3
Eq 51

In this study, two different responses are being monitored. Thus, multi-
response optimization is employed to evaluate the optimal values of the re-
sponses to the three independent factors. Derringer's desirability function-
based method for multiparameter optimization is used[119].

Per Derringer's desirability function approach, the optimum process conditions
are the temperature of 573K, the residence time of 20min, and the blending
ratio of 0.2. Under the optimum process conditions, the predicted bio-oil yield
and char yield are 0.2513w/wo and 0.1791w/wo, respectively. The composite
desirability value close to 1 (0.8959) is observed, demonstrating that all re-
sponses achieve good results. Below, figure 3-9 shows the Plots for simulta-
neous optimization of operating variables (Temperature, residence time, and
blending ratio).
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Figure 3-9:Plots for simultaneous optimization of operating variables
(Temperature, residence time, and blending ratio)

Once the optimum values are obtained, the predicted and experimental values
are compared to examine the actual deviation of the yield values and deter-
mine the model's accuracy. Table 3-3 shows the predicted and experimental
values at the optimum process conditions.

Table 3-3:The predicted and the experimental values of the responses
under the optimum process conditions.

Response Predicted value | Experimental Deviation
(wiwo) value

Bio-oil yield 0.2513 0.26 £0.03 3.34%

Char yield 0.1791 0.19 £ 0.07 5.73%
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In this study, one of the motivations is to investigate the positive effect of the
co-liquefaction itself on the yield values. Therefore to determine that the syn-
ergistic effect (SE) is measured. The principle of SE is to compare the actual
and the theoretical yields of co-liquefaction. For the SE analysis, biocrude
yields obtained at 45 different operating conditions are used. Five different
blends of lignin and laminaria saccharina (Laminaria saccharina blending ratio
of 0, 0.2, 0.4, 0.6, and 1) are used for the analysis.

With a blending ratio of 0.2 and at 603K and with 10 min residence time, the
biocrude yield is higher than the theoretical bio-oil yield value. The recorded
positive synergistic effect is 0.019 w/wo. Although 0.019 w/wy is not a signifi-
cant positive synergistic value numerically, this is proof that the synergistic
effect is visible even at milder operating conditions. Furthermore, according to
the SE values variation shown in Figure 3-10 below, the strengthening of the
synergistic effect continues to be reinforced as the operating conditions get
harsher. This fact clearly emphasizes the positive impact of co-liquefaction on
increasing the biocrude yield. Nevertheless, the results show that the co-
liquefaction represses the biocrude yield at milder conditions.
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Figure 3-10:Synergistic effect variation

The FTIR analysis is performed to study the variation of the functional groups
in the biocrude with different operating conditions. Furthermore, residence
time increase showed a more substantial impact on the chemical components
of the biocrude.

When the operating temperature increases, more compounds that consist of C-
H bonds and probably the C-O bonds are created and increased. With the in-
crease of residence time, compounds like water, fatty acid amides, phenols,
and N-containing heterocyclic compounds are reduced from the biocrude due
to the breakdown of the carbohydrates and the proteins available unreacted
macroalgae (laminaria saccharina)[120]. When the blending ratio has in-
creased, a gradual decline in water, fatty acid amides, phenols, and N-
containing heterocyclic compounds from the system is identified.

At the end of the study, it is found that the residence time influenced the func-
tional groups present in the biocrude, although statistically, it has a negligible
effect on the biocrude yield. Besides, the temperature and blending ratio are

66



the controlling factors of biocrude yield. The negative synergetic effect is ob-
served at milder process conditions and lignin-rich environments, while harsh-
er process conditions and increase in laminaria saccharina mass ratio brought
positive synergetic effect to the yields. Moreover, the co-liquefaction showed
a positive synergetic effect on reducing the char yield. According to the mul-
tiparameter optimization, the best biocrude yield of 0.2513 w/wg with a mini-
mum char yield of 0.1791w/wo can be produced at 573K, 20 min residence
time, and a blending ratio of 0.2 where still it is at a negative synergetic phase.
According to the FTIR results, independent variables showed different impacts
on the variation of functional groups available in the biocrude. The tempera-
ture variation mostly helped Alcohol and phenolic compounds production,
mainly where the C-O bonds are consumed with the increase of residence
time. Nevertheless, co-liquefaction of the feedstocks would help improve the
biocrude composition by producing more phenolic compounds, long-chain
aliphatic hydrocarbons, carboxylic acids, and ketones aldehydes, and esters.
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4 Discussion and the thesis findings

The scope and the motivation of this thesis are to explore the applicability of
shrinking core model to model particle (lignin) decomposition in liquefaction
and investigate the behavior and the use of lignin in liquefaction in different
ways. The research articles presented in this thesis cover a few sub-topics,
which describe the main objective from several perspectives. Nevertheless, the
focus is primarily on the impact of the shrinking core model on describing par-
ticle decomposition in the liquefaction process and then the behavior of lignin
in liquefaction in different perspectives. According to the thesis findings, it is
possible to build up a discussion over the results of this research.

In the investigation process, the performance of the models and experimental
results are assessed concerning several independent parameters. Those param-
eters are operating temperature, residence time, and blending ratio. Mean-
while, the addressed responses can be listed mainly as biocrude yield and char
yield, while functional groups behavior and synergetic effect in Article C and
D, respectively. The impacts of the mentioned parameters on the mentioned
responses are further investigated and discussed in the following sections.

4.1 Impact of the operating temperature

The variation of the liquefaction temperature is observed to affect several
properties of the liquefaction results. According to the literature, an increase in
operating  temperature  has  resulted in  different  feedstocks
[26,28,86,91,92,121]. Nonetheless, in general, an increase in operating tem-
perature has reduced the biocrude yield while increasing the char yield.

Cellulose showed a gradual increase at 573K, whereas when the temperature
increased to 603K, it showed a relatively faster decomposition and a faster
growth of biocrude yield. Then the yield values started going down where the
char yield started to pick up showed a steady increment. Meanwhile, at 623K,
the biocrude yield only reduced from where it started, while char yield showed
the exact opposite behavior to the biocrude behavior. The behavior of total
organic carbon (TOC) is very similar to the biocrude behavior in this case.
One of the main conclusions here is the assistance of higher temperature to
polymerization, where more char is created from the chemicals available in the
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biocrude and aqueous phases. Similar variations are observed from previous
studies [77,91,93,97-100].

Lignin decomposition does not show much of a relation to the operating tem-
perature. The biocrude yield shows a very similar yield value variation
throughout all the temperature values but only a tiny decrement of the yield
value with the temperature increase after showing a maximum at 603K.
Meanwhile, char yield only increased with the increase of the operating tem-
perature. Like cellulose, the conclusion here is the higher strengthening of
secondary reactions to help polymerization produce more char at higher tem-
peratures. Some of the previous studies reported similar behaviors
[26,32,103,106].
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Figure 4-1:Effect of temperature on wood as a cumulative effect of hy-
drolysis of Cellulose, hemicellulose, and lignin-derived outputs at 553K,
588K and 623K a) TOC b) Biocrude c) Char d) Gas
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Wood liquefaction showed very similar behavior to cellulose liquefaction be-
havior with the temperature increase. Therefore, the higher biocrude yield
from wood liquefaction is obtained around 603K. Temperature tends to impact
cellulose liquefaction significantly, which can be visible on the wood liquefac-
tion graphs. This is one of the critical findings of Article A. The liquefaction
behavior of wood as a cumulative effect of liquefaction of model compounds
are shown in above figure 4-1

In article B, the temperature dependence of different chemicals in the biocrude
phase, oily film, ash layer behavior, and the surface temperature of the lignin
particle is investigated. The temperature of the considered six chemicals are
shown in below figure 4-2
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Generally, lignin is hydrolyzed faster and produces various products by de-
composition[32,92,103,104]. As the temperature increases, yields of aromatic
hydrocarbons, guaiacol, and m-cresol are reduced while the phenol is in-
creased. In the model, aromatic hydrocarbons represent benzene, toluene, and
naphthalene, nonphenolic aromatic compounds. Therefore the reported high
aromatic hydrocarbons at lower temperatures are due to ionic reactions rather
than free radical reactions [92].

Meanwhile, catechol yield shows a dip at 603K and increases again slightly at
623K. A similar variation of catechol is observed by Yong and Matsumara
[92]. Most of the components show a decrease in the yields with increasing
temperature. The reason could be improved secondary reactions with a higher
ionic water product and decomposition or repolymerization of these chemicals
into char. Specially guaiacol is an intermediate degradation component in the
lignin decomposition process[112]. With increasing temperature and residence
time, guaiacol decreases in the system, mainly due to its high reactivity and
decomposition into catechol and phenols[106]. Since the bond energy of the
aliphatic C — O bond is lesser than the aromatic C — O bond it is prone to be
more reactive[92].

Moreover, the high ionic product and dielectric constant of water could impact
the fast decomposition of guaiacol into phenol. Similar variation is shown by
both guaiacol and catechol. Guaiacol is the main structure of softwood lignin.
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Catechol, o-cresol, and phenol are not natural lignin and are only produced by
guaiacol's secondary decomposition or hydrolysis [92,112,122-124]. There-
fore, the variation of catechol, o-cresol, and phenol is dependent on guaiacol.
Similar behavior of phenol and guaiacol is observed by Pinkowska et al.2012,
[103,106]. M-cresol is a direct derivate from o-cresol, where m-cresol is pos-
sibly created through alkyl rearrangement [122].

Oily film and the ash layer demonstrated an exciting behavior when the oper-
ating temperature was changed. The variation of oily film thickness and the
ash layer thickness at different operating temperatures are shown below in
Figures 4-3.

%1012 %107

— 573K —h73K
603K | T 603K | 1
— 623K —623K

4
T

m)

Film thickness{m)
w IS
T

N
T

Ash layer thickness(

! . > L L ] e . n
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time (min) Time (min)

Figure 4-3:Impact of temperature on oily film and ash layer formation
with a lignin particle radius of 0.08mm at 573K, 603K, and 623K a) Oily
film b) Ash layer

The initial high thickness of the oily film and the ash layer can be the initial
fast decomposition of lignin. When the particle is submerged in the water, no
oily film or ash layer exists. Therefore, there is no resistance for water to reach
the lignin particle surface. Nevertheless, the oily film and ash layer is formed
with the reactions progressing, and the water monomer's movement to the par-
ticle surface is impeded. As time increases, the oily film and ash layer become
equilibrium and dissolve into the system.

Both the oily film and the ash layer are relatively thinner with lower tempera-
tures, which helps both water and the products quickly diffuse through them.
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However, oily film thickness increases dramatically with higher operating
temperatures before it dissolves quickly. The rapid increase of the oily film
can be justified by the initial rapid growth of aromatic hydrocarbons and guai-
acol with higher temperatures. In another way, the oily film's behavior could
impact the product yields too. Similarly, the initial rapid increase with the ash
layer could be due to the fast initial hydrolysis of lignin under unobstructed
water monomer arrival to the particle surface. More water goes through to the
lignin particle surface, which allows hydrolysis.

The dissolution of the ash layer depends on the oily film thickness. Moreover,
thinner oily film and ash layer could allow guaiacol to quickly come out to the
water to complete the secondary decomposition and produce more secondary
products. With higher operating temperatures, due to the rapid increase of the
oily film and the ash layer, water diffusion is hampered, leading to reduced
lignin's initial hydrolysis. Potentially, this could impact reduced yields of bi-
ocrude at higher operating temperatures. Therefore, further study of the for-
mation of oily film and the ash layer can be significant.

In Article C, a reduction in pore volume is noted with the increasing tempera-
ture, where the surface area showed the minimum at 603 K. According to the
SEM analysis, the char formed at 573 K comprises large particles (>10 um)
with a smooth surface.
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Figure 4-4: (a) SEM image taken at low magnification for the char pro-
duced at 573 K and 10 min residence time; (b). high magnification
(x110000) image of the area indicated as a blue color small square in
part (a); (c) high magnification (x13000) image of the area

A high-resolution SEM image (Figure 4-4) showed the presence of pores dis-
tributed all over the surface of these particles.

At low operational temperatures (<603 K), the hydrothermal char is reported
to exhibit minimum vesicle formation compared to the pyrolysis char, and this
inhibition is suggested to be due to the permeation of water into the pores
[125]. A significantly higher surface area and pore volume were observed
compared to the pyrolysis char. These findings are consistent with the N2 ad-
sorption studies presented in the previous section.

HTL char produced at 603 K exhibited small particles with many vesicles ad-
hered to the surface. With the high-resolution images, the presence of pores on
the surface of these particles is observed. An increase in vesicle formation
with the increase in operating temperature could be due to the bolstering of the
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degradation process and intense release of gaseous materials that did not fully
diffuse out and then condensed during the cooling process. A further increase
of the operating temperature to 623 K aids the release of gaseous materials to
some extent so that volatiles have sufficient energy to escape the lignin matrix
timely [125].
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Figure 4-5: Relationship of carbon content surface area and the pore
volume,

The lowest operating temperature of 573K yielded both the highest pore vol-
ume and surface area, where the pore volume declined with the increasing op-
erating temperature. The surface area showed the behavior of inverse depend-
ability to the carbon content of the sample. Figure 4-5 above illustrates the
relationship between pore volume, surface area, and the carbon content of the
samples produced at different temperatures.

The surface area of HTL char produced at 573K (5.82 m?/g ) is considerably
higher than of the lignin pyrolysis char (about 0.5 m?/g) and pyrolysis char
from wood (2.39 m?/g) produced at the same temperature[126,127]. At 603K,
both pyrolysis char (about 2 m?/g) and HTL char (1.77 m?/g) showed similar
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surface area values, whereas the HTL char produced at 623K (2.65 m?/g)
showed a lesser value than the pyrolysis char ( about 5m?/g) produced at the
same temperature[126]. Moreover, similar pore volume adaptation is seen
with hydrochar made by Hydrothermal carbonization (HTC) [128].

Polar functional groups decrease with increasing operating temperature [129].
These groups are reduced to produce an aromatic char[126,130]. Such aro-
matic rings would produce fused aromatic rings after losing oxygen and hy-
drogen. Therefore, the increasing temperatures and the longer residence times
promote fused ring production, resulting in more char. Although the aliphatic
groups are eliminated from the chars produced at higher temperatures, many
studies have shown that those aliphatic groups can be found in the liquid
phase[92,106]. The small amount of aromatic and aliphatic OH (3415cm™)
seen vanish with the increasing operating temperature. This behavior can be
mainly credited to improving the dehydration reaction[131]. The band at 1595
cm~'[126,130] corresponding to the aromatic ring C=0 and carbonyl group
(1684 cm™!) are seemed to be increased drastically with the increase of operat-
ing temperature. This means the C-C and C-H bonds are consumed throughout
the hydrothermal liquefaction process. O- containing functional groups in char
can be used to measure char as an adsorptive material. When the O-containing
functional groups are enhanced, biochar has improved heavy metals' sorption
ability [132,133]. Although aromatic ring C=0 and carbonyl groups increase
with operating temperature, aromatic and aliphatic OH and Guaiacyl C-O sig-
nificantly decrease.

Monomeric radicals can be created by splitting weak bonds in the lower oper-
ating temperatures, and the produced radicals can potentially create new radi-
cals by attracting hydrogen to form monomeric phenolic compounds. C-C
bonds can also be broken when the operating temperature increases to create
phenolic monomeric compounds. Meanwhile, these phenolic compounds can
be polymerized and potentially produce more char. More fused aromatic rings
could also be produced when the operating temperature increases and comes
close to the critical point, leading to more polyaromatic char.

The impact of temperature in co-liquefaction and the variation of functional
groups are studied in Article D. When the operating temperature increases,
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more compounds that consist of C-H bonds and probably the C-O bonds are
created and increased. Thus, it can be observed that the temperature increase
has produced more alcohols and phenolic compounds in the biocrude. Below
figure 4-6 shows the FTIR spectra of biocrude different temperatures with a 10
min residence time and 0.2 blending ratio
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Figure 4-6:FTIR spectra of bio crudes from (a) different temperatures
with a 10 min residence time and 0.2 blending ratio

4.2 Impact of the residence time

Many researchers investigated the effect of residence time on product yields
[134-136]. Boocock and Sherman[137] figured out the longer residence times
could reduce the biocrude yields except for the very high loading conditions.
Some studies show the negative effect of higher temperatures and longer resi-
dence times on char yields [135], while others suggest longer residence times
have a negligible impact on liquid yields [138]. Therefore, the model predic-
tions tend to follow most of the observations in literature except the sugges-
tions by Wadrzyk et al. [135] and Y] et al. [138].

Biocrude and TOC from cellulose showed a similar behavior where both came
to a maximum of around 20 min of residence time and then reduced gradually.
Longer residence time helped the further polymerization and increased the
char yields. Lignin showed a relatively fast decomposition, and then all the
components were kept at almost a constant yield value. Like the wood lique-
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faction behavior at different temperatures, the yield values followed the cellu-
lose liquefaction behavior.

In Article B, all the considered chemicals except guaiacol, yields tend to stay
approximately constant with longer residence times for all the considered tem-
peratures. Understandably, guaiacol shows a decrease with the longer resi-
dence time where it shows a maximum of 11 x 1073w/w, at 15 min resi-
dence time. With this observation, it can be determined that any factor result-
ing in a higher yield of monomers such as temperature (553K-643K) or longer
residence times helps both repolymerization and depolymerization[139].
Therefore, the opposite trends of guaiacol and catechol to reduce and phenol
to rise simultaneously are supported.

In Article C, the char yield behavior is studied with three different residence
times. According to the char yield values, the residence time did not signifi-
cantly impact the yield. Nevertheless, repolymerization reactions seem to be-
come prominent with the higher operating temperatures and longer residence
times, leading to the higher char yield at higher temperatures[92,102].
Although aromatic ring C=0 (1595 cm™!) is increased with the longer resi-
dence time, it is not as significant as the operating temperature. Further, the
carbonyl group (1684 cm™!) decreased with the longer residence time. A sim-
ple explanation for reducing the carbonyl group is the consumption of C-C and
C-H bonds with a longer residence time. Nevertheless, longer residence times
are not as effective as the temperature for consuming C=C and C-H bonds.
Due to the dealkylation reaction, CHs and CH. groups are primarily removed
from the chars, and this reaction could be influenced slightly by the residence
time. The spectrum depicts a vanishing of the little aliphatic content with the
residence time increases.

Nevertheless, the peak reduction relates to the aliphatic content, which is
slower with the residence time increase than the operating temperature in-
crease. Therefore, although it is a minor impact, longer residence times are
resulted in removing the aliphatic content from the chars in HTL. In this study,
the longest residence time (20 mins) could not increase the char yield signifi-
cantly, even at 623K. Therefore, the impact of residence time on producing
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phenolic monomeric compounds and generating more char with polymeriza-
tion must be studied further with much longer residence times.

More thermal stability is seen with the char formed at longer residence times.
The shortest residence time produced the char with the highest percentage
mass loss at each operating temperature, while the longest residence time
shows the opposite.

Nevertheless, residence time played an essential part in the quality of the bi-
ocrude produced in the co-liquefaction of lignin and laminaria saccharina.
Figure 4-7 shows the behavior of functional groups when the residence times
are changed at 573K and with a blending ratio of 0.2. Furthermore, residence
time increase showed a more substantial impact on the functional groups in the
biocrude. With the increase of residence time, compounds like water, fatty
acid amides, phenols, and N-containing heterocyclic compounds are reduced
from the biocrude due to the breakdown of the carbohydrates and the proteins
available unreacted macroalgae (laminaria saccharina) [120]. Further, the es-
ters such as triglyceride are reacted during the process with the increased resi-
dence time. In addition, the consumption of the C-O bonds available in the
biocrude can be seen while an increase of C=0 bonds, -CH2 and -CH3 groups
representing the long-chain aliphatic hydrocarbons is observed. Therefore, it is
understandable that the residence time helped to consume C-O bonds while
producing new C=0 bonds.
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Figure 4-7: FTIR spectra of bio crudes from different residence times at

573 K and blending ratio of 0.2
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4.3 Impact of heating rate

Cellulose showed producing higher char yields with higher heating rates. Thus
the cellulose component got more charred with higher heating rates. At slower
heating rates, the particle stays at the lower temperature values longer, giving
more time for the particle to decompose. Therefore in the graphs, it is mislead-
ing to see the slower heating rates resulted in faster decomposition. When the
particle stays longer in the medium, that helps the further decomposition and
recombination reactions. The cellulose liquefaction results reinforce this be-
havior by Kamio et al.[93]. Moreover, wood liquefaction results by Mosteiro-
Romero et al.[52,134].

Lignin showed a faster decomposition at lower heating rates too, and it pro-
duced maximum vyields of around 620 K. Lignin did not show a significant
adjustment in yields with the heating rate change. The slightly high outputs in
the lower heating rates could be the longest time it takes to increase the tem-
perature. Therefore the particle is kept under the low temperature for a longer
time, and the hydrolysis takes over the drying. With the high heating rates, the
particle is dried faster, and thus the charring of the particle is promoted.

The lignin component did not show much affected by the heating rate. All the
yield components produced similar percentages of yields with the temperature
increase. Product yields of lignin liquefaction showed similar values at all
heating rates when the temperature reached the critical point. Therefore, the
impact of the heating rate is essential only at shorter residence times. Thus, the
heating rate can be used critically in the fast liquefaction concept. Further, the
higher heating rates could promote secondary reactions and result in higher
char yields. Therefore. Due to both drying and increased activity of secondary
reactions, char yield is improved with the higher heating rate close to the su-
percritical region. When the heating rates are high, at first, the particle gets
charred rapidly, and it obstructs the production of liquid yields initially due to
the reduced hydrolysis of the particle. 4K/min and 6K/min heating rates en-
forced a negligible variance on the yields except for the gas component. Thus,
these observations confirm the observations and conclusions made by Akhtar
and Amin [38] on the negligible impact of heating rates on wood and its model
components due to the high dissolution and stabilization of decomposed frag-
ments in subcritical water
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In Article B, six different chemicals behavior is studied under different heating
rates. Other chemicals do not significantly change their yields by the heating
rate change, apart from phenol production. Besides, at 640K, phenol produc-
tion is reduced to 3 x 10~ *w/w, from 1.75 x 1073w /w, when the heating
rate increases from 1K/min to 5 K/min.

Oily film and the ash layer demonstrated a thicker layer formation with higher
heating rates. The main reason for this behavior is the fast production of guai-
acol with higher heating rates and the quick production of ash due to the dry-
ing of the particle. The biocrude yield behavior is compared, suggesting the
possible influences of the oily film and ash layer thicknesses on the biocrude
components' yields.
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Figure 4-8:Impact of heating rate on oily film and ash layer formation
with heating rates of 1K/min, 3K/min and 5K/min with a lignin particle
radius of 0.08mm a) Oily film b) Ash layer

The thickness of the oily film and ash layer results from the rate of production
of those layers and the rate of dissolution of the oily film and ash layer in wa-
ter. At lower heating rates, catechol, phenol, and cresols are promoted through
guaiacol decomposition. Therefore, guaiacol, one of the two main components
of the oily film, decomposes faster at lower heating rates. Therefore the oily
film thickness reduces faster through dissolution in the water and decomposi-
tion into other chemicals. When the heating rates have increased, the produc-
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tion rate of catechol, phenol, and cresols is hindered. Therefore, the oily layer
thickness is reduced at a lower rate. Meanwhile, close to 640K and with higher
heating rates, guaiacol yield is considerably high, depicting the larger thick-
ness of the oily film. Figure 4-8 above shows the oily film and ash layer be-
havior with different heating rates

4.4 Impact of the blending ratio

In Article D laminaria saccharina blending ratio is changed from 0.2 to 0.6.
The variation of the biocrude yield can be seen in Figure 4-9 below. The in-
crease of the blending ratio at 573K has reduced the biocrude yield. Mean-
while, the increase of operating temperature at 0.2 blending ratio has also cre-
ated the same effect on biocrude yield. Ultimately this observation justifies
one of the main results of Article D of obtaining the optimum biocrude yield at
573K 20 min and 0.2 blending ratio.
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Figure 4-9: Variation of biocrude yield a) with different blending ratios
at 573K b) with different operating temperatures with 0.2 blending ratio

Figure 4-10 explains the change of functional groups in the biocrude with the
change of the blending ratio of the feedstock mix. When the blending ratio is
called zero, the feedstock consists of 100% lignin, where the blending ratio is
referred to as one feedstock made out of 100% laminaria saccharina. When the
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blending ratio increases, the peak at 3380 cm~! shows a gradual decline, corre-
sponding to the reduction of water, fatty acid amides, phenols, and N-
containing heterocyclic compounds from the biocrude. An interesting finding
Is that the introduction of laminaria saccharina dramatically enhanced the peak
at 1560cm?, 1395cm™ and 1050cm™: which relates to the C=0 bonds, C-H
bonds, and the C-O bonds. These findings prove that the feedstocks' co-
liquefaction (adding laminaria saccharina) would produce more phenolic com-
pounds, long-chain aliphatic hydrocarbons, carboxylic acids, and ketones, al-
dehydes, and esters.
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Figure 4-10:FTIR spectra of biocrude from different blending ratios at
573K and with a 10 min residence time
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5 Conclusion

5.1 Remarkable outcomes

The scope of this thesis was a numerical and experimental study of lignin hy-
drothermal liquefaction. As described, the idea of studying the numerical
modeling was to explore the simulate the actual liquefaction mechanism using
a shrinking core model to model using wood and lignin as feedstocks. Then
the coupling of experimental study with the model and further studying the
different aspects of lignin liquefaction such as char and co-liquefaction. The
proposed process was, therefore, proposed by taking into consideration a few
main aspects:

= Modeling of liquefaction using a shrinking core model
= Study the formation of oily film and ash layer around the particle dur-
ing liquefaction
» Modeling of the behavior of different chemicals in biocrude with dif-
ferent independent variables
= Study on char from lignin liquefaction
o Structural, chemical, and thermal evolution of char
= Co-liquefaction of lignin with laminaria saccharina
o Optimized biocrude and char yields
o Synergistic effect of co-liquefaction
o Evolution of the functional groups of char

The research sub-questions were put forward accordingly. Answers were de-
scribed through the work discussed in the thesis and presented and described
in the appended papers. The main conclusions revealed that the shrinking core
model could be used effectively in modeling liquefaction where the oily film
and the ash layer could play an important role. Thus, further practical study on
those layers could be beneficial. Further, the char from lignin HTL presented
more aromatic properties when the operating temperatures were increased. At
573K lignin, HTL char showed significantly higher surface area than lignin
and wood pyrolysis char at the same temperature. Nevertheless, the use of
HTL char in a possible useful product is doubtful, according to this study. The
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co-liquefaction showed that more severe process conditions created the syner-
gistic effect.

The first step of the research was to develop a basic liquefaction model using
the shrinking core model. Thus, a wood particle is used as the biomass, and
the impact of different model compounds on overall wood liquefaction is
modeled using the shrinking core model. The model's suitability and robust-
ness are tested with different operating temperatures, residence times, particle
sizes, and heating rates. In most of the cases, the model showed an acceptable
prediction capability. Moreover, it was understood that the hypothesis used for
the research is null. The cumulative liquefaction effect of the model com-
pounds could not match the overall wood liquefaction effect. The main prob-
lem could be the lack of cross-reactions between the chemicals produced from
different model compounds. Further, the lack of initial kinetic data played an
important role in determining the robustness of the model too.

After that, the shrinking core model-based liquefaction model is further devel-
oped using lignin as the feedstock. This model studies the formation and be-
havior of an oily film and an inorganic layer around the particle during the
liquefaction process. The intraparticle behavior and the behavior of selected
six different chemicals in the biocrude phase are investigated. The oily film
and inorganic layer showed similar behaviors. At higher temperatures, the
thickness grew large. Further, it could be seen that the thickness of the oily
film and the ash layer directly impact the decomposition of the particle. The
model showed a much better accuracy with the experimental data where it il-
lustrates the robustness of the model.

Once the shrinking core model is finished, the study on char produced from
lignin liquefaction is carried out. The motivation was to investigate the behav-
ior of char with different operating temperatures and residence times in the
perspective of the possibility of using char helpfully. The morphological study
showed the formation of vesicles at 603K and their increase at 623K. The
higher temperatures and longer residence times produced more thermally sta-
ble and aromatic char. Most functional groups’ residence time had the same
effect as the temperature on a smaller scale.
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Finally, the co-liquefaction effect of lignin with laminaria saccharina is carried
out to examine the synergistic effect of the co-liquefaction. The optimum bi-
ocrude yield is 573K with a 20 min residence time and 0.2 blending ratio. The
synergistic effect seems to be strengthened with harsher operating conditions
and a higher blending ratio of laminaria saccharina. The residence time im-
pacted the functional groups present in the biocrude, although it did not statis-
tically impact the biocrude yield.

Parallel to this study, a literature survey is performed on the impact of heating
rates on the liquefaction process and the nitrogen content and denitrogenation
of biocrude.

5.2 Challenges and limitations

For apparent reasons, section 5.1 primarily emphasized and reviewed the most
relevant results acquired during the work explained in this thesis. Neverthe-
less, it is equally essential to take the opportunity to focus on the main chal-
lenges and limitations this research came across. It is the expectation of the
author that such barriers may be explored and overcome with further research.
Below mentioned is a brief list:

e The suitability of the Shrinking core model: - The reason to use the
shrinking core model for the study is discussed before. Nevertheless, it
Is used mainly due to the less complexity of modeling the complex pro-
cess with this model. Besides, the shrinking core model has few draw-
backs when modeling this process.

e Kinetic model: - The number of chemicals used in the kinetic model is
limited in Articles A and B. The reasons were the lack of kinetic data
availability and the reduced complexity of the model. Further, in Arti-
cle A, the cross-reactions between chemicals produced at different
model compounds were not considered keeping in mind that it needs
separate individual study, which would consume a considerable amount

of time. Therefore, that is kept for future work. Nevertheless, in Article
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B, many chemicals and reactions between them are considered success-
ful.

Experimental study on the oily film and the ash layer: - One of the main
highlights in Article B is the oily film and the ash layer around the par-
ticle. The oily film and ash layer dissolution data and the water diffu-
sion data through oily film and ash layer are taken from the literature,
and some of those data are not verified at the temperatures and pressure
used for the process. Furthermore, the formation of those layers and
their behaviors has to be experimentally investigated to be validated,
although it will be challenging.

Economic costs: Throughout the thesis, the criticality represented in the
simultaneous optimization of the quality of the product was regularly
emphasized. Nevertheless, in this study, the factor of economic costs is
not discussed mainly because this study is based on developing a meth-
od to optimize the yield rather than the production costs. Further, to
produce biodiesel from the biocrude produced, a long and complex
process has to be followed, which would cost a lot more money. There-
fore, discussing the economy of the process would not be critical.

High treatment temperature: - It was observed that both the quality and
the yield of the biocrude and char are strongly linked to the high tem-
peratures in the liquefaction process. From an economic perspective,
using high temperatures and pressures would inevitably increase the
production costs and generate some technological obstacles. Therefore,
it is more appropriate and feasible to use operating temperatures as low
as possible.

Utilization of biocrude and char: - In this study, mainly biocrude and
char production are discussed. Besides the end process, the product
matters when it comes to the real-world scenario. Therefore, the possi-
ble use of char must be found out and developed. As for the biocrude, a
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more feasible industry such as the heavy fuel industry must be searched
upon to be used with less refining and processing.

Utilization of aqueous and gas phases: In this study, the aqueous and
gas phases are not studied mainly due to the lack of analysis instru-
ments. Nevertheless, these products could be utilized in different ways
and places. Therefore, the Same as the biocrude and char phase aqueous
phase and the gas phase should be studied and utilized more efficiently.

Lignin as a feedstock: - The thesis explained and justified why this re-
search mainly focused on exploiting lignin. However, lignin is pro-
duced in vast amounts as a by-product in the paper industry. Hence a
deeper study on the use of this type of feedstocks would have provided
helpful information to generate biofuels.

Lab-scale dependence: - In a multi-step process, described by numerous
parameters simultaneously affecting each other, the up-scaled results
might differ substantially from the lab ones. Therefore, the results and
conclusions should not be used on continuous or upscaled system anal-
ysis.

Laminaria saccharina as the co feedstock: - Laminaria saccharina is
widely available in Norway and Europe. The liquefaction results of
laminaria saccharina showed a possible positive input in the biocrude
yield. Therefore, the co-liquefaction study was carried out where it
showed the positive synergistic effect in the last article (Article D)

Statistical significance: - The significant time required for the liquefac-
tion to perform with a batch reactor with a volume of 24 ml, as well as
the low amount of material (lignin), hampered the production of a sig-
nificant amount of biocrude and char. The number of runs performed to
complete a single sample for each configuration in each article was al-
ways enough to guarantee both the repeatability and the statistical sig-
nificance. Nevertheless, a more extensive set of experiments would
have certainly steered more accurate results.
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e Sustainability: - The environmental impact of the process was not stud-
ied in this work too. Nonetheless, the environmental impact of this pro-
cess should be assessed to improve this process. Therefore, LCA of the
process, method production of feedstocks, harvesting processes, and the
energy-wise process optimization should be performed. Further, the
more environmentally viable products from the HTL should be found
out and produced.

5.3 Future work

On the brink of the challenges and limitations, which could take action as hur-
dles to the develop improved models, a continuation of the related research is
highly suggested. Overall, the present work pioneered and underlined the pro-
spect of using the shrinking core concept to develop a robust liguefaction
model to describe particle decomposition in the liquefaction process and the
use of lignin as a liquefaction feedstock and its by-products. Nevertheless,
there are still many sub-research questions to address.

CFD model: - CFD model is already being developed based on the numerical
model proposed in Article B. A CFD model will help understand the tempera-
ture around and inside the particle more. Further, the flow field results could
help optimize the yields and study the char formation and the behavior of oily
film and the ash layer around the particle.

An improved model with machine learning techniques: -. As a future study,
the model proposed in Article B will be used with different feedstocks sepa-
rately and together as co-liquefaction. Further, the machine learning tech-
niques will be used to compare the model predicted yields and experimental
yield values to optimize and predict, best yields and corresponding operating
parameters. Thus, the motive is to develop an artificial intelligence-driven
universal liquefaction model based on a shrinking core concept that can pre-
dict optimized yields and operating conditions for given feedstocks.
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Dedicated model for hemicellulose: - During the model development for Arti-
cle A, it was fascinating to see the different behavior of hemicellulose in the
liquefaction process to the other two model compounds. Further, a robust and
reliable model has not been observed for hemicellulose liquefaction in the lit-
erature. In addition, certain studies show contradictive behaviors in hemicellu-
lose liquefaction. These things elaborate the space to study hemicellulose lig-
uefaction to reap its harvest. Though it is challenging, a reliable model for
hemicellulose liquefaction could provide lots more information and under-
standing to the field. Hence it is suggested to continue studies on hemicellu-
lose and even develop improved models for hemicellulose liquefaction.

Further study on HTL char producing useful material: - In Article C, the evo-
lution of char from lignin liquefaction is studied having the idea of observing
the possibility of utilizing HTL char helpfully. Since char accounts for a con-
siderable mass ratio from liquefaction output, it is wise to study the possibility
of observing the practical ways of using HTL char. It could be for agricultural
purposes, porous carbon production, or even co-liquefaction feedstock with
other feedstocks. Especially according to the functional groups available in
char, it can be seen that there are a lot more chemicals that can be extracted
from HTL char. Moreover, a study is proposed to observe the possibility of
producing char with as few beneficial chemicals as possible. That means the
valuable chemicals stay in the liquid phase, which can be extracted relatively
easily. In addition, char formation is a complex mechanism, and if it can be
controlled, it could vastly benefit the liquefaction technology at the industrial
level.

Experimental study on oily film and ash layer formation: - There are no exper-
imental studies on the oily film and ash layer behavior. In a process like lique-
faction, studying these could be next to impossible. Nonetheless, the behavior
of these two layers directly impacts the liquefaction yields according to the
conclusion of Article B. Therefore, especially with fast liquefaction, these lay-
ers could play an important role, and a proper study on these layers could help
improve the liquefaction yields in fast liquefaction and in continuous process-
es where HTL practices in a larger scale.
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Techno-economic analysis on HTL: - A techno-economic analysis on hydro-
thermal liquefaction will give lots of important data if it is required to develop
a scaled-up reactor system. During the Ph.D., an ASPEN plus model was de-
veloped to perform a techno-economic analysis. Sensitivity analysis has been
carried out with the model to study its behavior when scaled up and investi-
gate the different yields at different operating temperatures. Nevertheless, a
more robust techno-economic model with real-world data would be beneficial
for bringing this technology to an industrial level.
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Abstract

Wood liquefaction in hot compressed water is modelled using the hy-
drolysis of Cellulose, Hemicellulose, and Lignin. These three components are
reacted under catalyst-free subcritical conditions in a temperature range from
553K to 640K, and the heating rate ranges from 2 K/min to 6 K/min. Using a
simplified reaction scheme, water-soluble products? (WSP), Biocrude, char,
and gas are generated through intermediates with each wood component. A
modified multistage shrinking core model is employed to simulate biomass
particle degradation.

The reaction and kinetic regime of the hydrothermal liquefaction®
(HTL) process are treated separately for each wood component. Although the
lack of initial fast reaction kinetic data limits the development of more accu-
rate models, computed results displayed a generous fit to data from the litera-
ture.

At 593K for a 2K/min heating rate and particle size of 0.08 mm, bi-
ocrude shows the maximum yield of 26.87% for wood liquefaction. Although
lower heating rates show fast initial lignin hydrolysis, for longer residence
times, and close to the critical point, yield outputs show similar yields. Mean-
while, char and gas yields of cellulose model show maximums of 55 wt.% and
25 wt.% respectively at 640K with a 2K/min heating rate. Nevertheless, char
yield values become very similar at 640K for different heating rates for the
cellulose hydrolysis model. Both cellulose and lignin hydrolysis models show
better hydrolysis with smaller particle sizes. Besides, lignin decomposition
shows more dependence on the particle size, where it decomposes much faster
with 0.08mm particle and slower than Cellulose with the 1mm particle.

Keywords: - Liquefaction, Shrinking-core, Wood, Hydrolysis

WSP Water-soluble products

HTL Hydrothermal liquefaction

TOC Total organic carbon

5-HMF 5-hydroxyl-methyl-furfural

2 \WSP: - Water soluble products
3 HTL: -Hydrothermal Liquefaction
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1. Introduction

Hydrothermal liquefaction (HTL) is a thermochemical conversion method
which mainly produces a liquid crude oil. In the HTL process, initially, the
biomass is decomposed into smaller molecules through hydrolysis [1]. HTL
process and hydrolysis of wood in subcritical and supercritical water have
been widely investigated recently[2—7]. Besides, the main components of
wood are also used to study the hydrolysis such as cellulose and Lignin [8—
18]. Radical decomposition of Cellulose to oligosaccharides and monosaccha-
rides at 513 K is investigated where the latter showcased heating rates below 1
K/s affected the cellulose hydrolysis[10,11]. As the most abundant component
of woody biomass, Cellulose is widely used for hydrolysis studies. The in-
crease of hydrolysis products in supercritical water and the kinetics of cellu-
lose hydrolysis in the sub and supercritical water is also proposed successfully
with a grain model by Sasaki et al.[14,15,17]. Cellulose and glucose decompo-
sition pathways in hot compressed water under catalysts free conditions are
investigated by Minowa et al. [19]. A study by Kabyemela et al. [20] observed
the forward epimerization of glucose to fructose in subcritical temperatures,
where backward epimerization from fructose to glucose is found to be negligi-
ble. Glucose is decomposed quickly from 573K to 623K [20]. Although the
activation energies for glucose decomposition to fructose did not differ much
around critical point, 5-hydroxyl-methyl-furfural (5-HMF) reaction Kinetics
are drastically changed around 603K due to ionic product and low density of
water [21].

Yong and Matsumara [9] extensively studied the lignin decomposition in the
subcritical conditions and came up with a comprehensive reaction scheme.
According to Yong and Matsumara [9], most of the reaction rate constants of
lignin decomposition followed the Arrhenius behavior where some of the reac-
tions follow a non-Arrhenius behavior. Zhang et al. [22] proposed a kinetic
model with kinetic data for Kraft lignin decomposition and suggested the kraft
pine lignin followed a two-phase decomposition scheme. Forchheim et al. [23]
successfully estimated the phenolic products from lignin hydrothermal depol-
ymerization with another kinetic model where they discussed some tendencies
of gas and solid residue behavior in variable operating conditions.
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Hydrolysis studies on hemicellulose are not abundantly found. Pronyk and
Mazza [13] proposed a monophasic and biphasic reaction mechanism for hem-
icellulose hydrolysis. The contribution from hemicellulose to biocrude is quite
small as the production of furfural from hemicellulose is found to be consid-
ered insignificant after 443K [13]. A recent review by Delbecq et al. [24] ex-
tensively discussed the furfural synthesis from bio-based products where the
hydrolysis of hemicellulose and derivatives are analyzed and optimized. Hem-
icellulose (Xylan) produced its maximum hydrolysis yield at a low-
temperature value of 493 K-508 K [25] or even lower temperatures such as
473 K[26]. With higher temperatures, the hydrolysis of xylan is decreased sig-
nificantly, and ultimately xylose, and then furfural production is de-
creased[26].

Various approaches are used to model the hydrolysis of wood and the decom-
posing method of the wood, while the shrinking core approach is one of the
main criteria used[7,10,11,27]. Galegano and Blasi [27] and Kamio et al.
[10,11] used the unreacted shrinking core concept to model pyrolysis and hy-
drolysis, respectively, by using the same particle decomposition concept in
two different thermochemical processes. Mosteiro-Romero et al. [7] devel-
oped a mathematical model on wood hydrolysis with a shrinking core model,
which was developed upon well designed experimental data. It was able to
predict the hydrolysis products yields to a convincing extent, which were
modeled as lump components.

1.1  Shrinking core approach and hydrolysis modeling

Hydrolysis modeling of wood with kinetic models is scarce[7]. Frequently,
model compounds are abundantly used for the kinetic models of hydrolysis
studies[4,5,8-11,13,22,25]. Besides, the proposed model is influenced by the
model developed by Kamio et al. [11] for cellulose hydrolysis.

Kamio et al. [11] developed a single particle system in subcritical conditions
for cellulose hydrolysis with a shrinking core approach for the particle, where
reduction of the particle occurs only in the radial direction. Due to a surface
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reaction on the particle surface, cellulose particle is hydrolyzed by the water
monomer and result in producing oligosaccharides to the system. Then the
oligosaccharides are further hydrolyzed into monosaccharides where it is then
hydrolyzed into degradation products. Here the oligosaccharides represent the
glucose units, and monosaccharides represent glucose and fructose. Degrada-
tion products represent the decomposition products from monosaccharides as
overall.

In the proposed model, wood hydrolysis is modeled using the hydrolysis of
three main components of wood. Each wood component has its hydrolysis
reaction mechanism and will produce hydrolysis products. It is proposed to
model the wood hydrolysis by using the cumulative effect of each hydrolysis
model from the three wood components. The decomposition of the wood par-
ticle is assumed to be only in the radial direction. Thus, the modeling criteria
used in this model are a shrinking core model. Figure 1 below shows a graph-
ical model of the assumed shrinking core concept used for the proposed mod-
el.

o Bulk water
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Figure 11: Shrinking core model assumed for the hydrolysis of the wood par-
ticle of model components submerged in water

The modeling criteria of the shrinking core model is based on the model pro-
posed by Kamio et al.[11], Galegano and Blasi[27], and Mosteiro-Romeiro et
al.[7]. Reactions used in this model are divided into cellulose reactions, lignin
reactions, and hemicellulose reactions.
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Despite the various studies on hydrolysis studies on each component of wood
separately, there is a lack of models of studying the behavior and role of each
wood component in the overall wood liquefaction. By developing a model
with having all the three main components of wood, the effect of each compo-
nent hydrolysis on wood hydrolysis can be studied. Moreover, the contribu-
tion of each component on the liquefaction outputs can be thoroughly investi-
gated. Therefore, a mathematical model for decomposition of wood in subcrit-
ical temperature is developed using a modified shrinking core model where a
custom reaction Kinetic rate is developed to hydrolysis of each wood compo-
nent. Wood consists of Cellulose, Lignin, and hemicellulose. Although the
hydrolysis of each component is treated separately, core shrinkage is modeled
as a cumulative effect of hydrolysis of each component. Hence, this model
simulates wood decomposition by using three main components of wood. Fur-
thermore, the behavior of each component and their distribution in different
outputs can be studied with this model. The hydrolysis of each component is
used as the initial reaction of the process. The diffusion of water monomers to
the particle surface to initiate hydrolysis and dissolution of the products in wa-
ter is also given importance during the modeling process. Once the degrada-
tion process is underway with heterogeneous hydrolysis, the dissolved com-
pounds will further hydrolyze with homogeneous hydrolysis and behave ac-
cording to the kinetic model. More chemical compounds are incorporated in
the model, and chemical reactions of those chemical compounds are used ra-
ther than using lump components. In the developed model, the kinetic reaction
rate constants vary according to the temperature. Since the temperature is
changed during the process, the Arrhenius equation[28] is used to calculate the
fluctuating rate constants. Additionally, kinetic parameters from the literature
are used for the initial kinetic data for the mathematical model.
2. Method
2.1  Decomposition of the biomass particle

In the proposed model, initially, the particle is considered as a combination of
Cellulose, hemicellulose, and Lignin. At different temperatures, according to
the reaction kinetics, each component is started hydrolyzing. The hydrolysis of
each component is determined by the developed reaction rate constant (Shown
later in the modeling process). The overall biomass particle decomposition is
assumed to be a cumulative effect of each component and in the radial direc-
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tion. As Kamio et al.[11] proposed, diffusion of the water monomer through
the aqueous film surrounding the biomass particle is modeled using the mass
transfer of water.

Aﬂy =:44Tr2kA(Cb _'Cg) 1

M,, represent the mass transfer rate of the water monomer, r is the radial posi-
tion of the particle, k, is the mass transfer coefficient, Cy represents the bulk
water monomer concentration, and Cs is the water concentration at the sur-
face.

Hydrolysis of the biomass particle is expressed below, where My is the hy-
drolysis reaction rate at the surface of each wood component kis the hydrol-
ysis rate constant.

A4B == 47rr2kﬁfcg 2

Assuming the overall rate constant of hydrolysis of the biomass particle ky is
the sum of hydrolysis rate constants of three wood components. Below, equa-
tion 3 shows the overall hydrolysis rate constant of the biomass particle hy-
drolysis.

ky =k +ks+kig+ kg +kip+kis+ ki + kg 3

(ky becomes a different value according to the wood component, which is
being hydrolyzed. As an example, if only Cellulose is being hydrolyzed k, =
k, + ks while, if both Cellulose and hemicellulose are being hydrolyzed k, =
ki, + ks + k,,. Therefore, at different time intervals, the particle decomposes
at different rates.)

At steady-state condition, as mass transfer should be equal between water and
biomass particle, from (1) and (2)

4mr3Cp
w= T .1 4

*atin

1, represents the reaction rate of the water monomer for one biomass particle.
When the decomposition rate is described in a point of view in the mass bal-
ance of a biomass particle and when the radius of the particle is r,
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d (4mr3p/3)
dx o

Here r is the reaction rate of the biomass molecule for a unit biomass parti-
cle, and p is the molar density of the biomass particle. (p changes according to
each wood component) Therefore, with stoichiometry,

—Tw = BT 6

Where [ represents the stoichiometry value of water in the hydrolysis reac-
tion.

(In the proposed model, it is assumed that the biomass particle is consist of
45% of Cellulose, 25% Hemicellulose, and 30% of Lignin)

Substituting (4) and (6) to (5),

dr 4mr? Cp
Amrr? P = I o 7
Ta ke

When the radial position of the surface becomes r, the decomposition ratio of
the biomass particle can be written as,
é1tr p

1—X—4——(_)3 8

To
3np

Where, x is the decomposition ratio of a unit biomass particle. After deriva-
tion over time,

dx _ 3r%dr 9
dt 13 dt

By substituting from (8) and (9) to (7),
amro® dx _ 47TT02CB(1 X)% 10

3 dt ﬁ(k,q kH)

When the decomposition of the biomass particle is expressed by the concen-
tration of each wood component molecules, x can be expressed, as shown be-
low in equation 11.
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_ Z(Cmod i,0=Cmod i) ll
Z Cmod i,0

Where C,,,04 ;0 IS the concentration of each wood component molecule at t=0,
and C,,,4 ; 1S the concentration of each wood component molecule at t=t.
From (11),

2
_dx _ 3Cp(1-x)3

== =_2b 0 12
BT a T e
Therefore substituting (11) into (12),
2
dCpio _ 2
rd=d—’;— —k 2 C3 13
Wherei =1,2,3

Here, 1, is the decomposition rate of the biomass particle, k,is the rate coeffi-
cient of biomass decomposition and C,,,4; IS the concentration of each wood

component. Therefore,
1
3¢y c3 .
kx — 1mod11,0 14
ToﬁP(a*'E

According to the wood component or components, which are being hydro-
lysed, k, becomes a different rate constant due to the change in k.

All the rate constants are changed with temperature. Since the temperature is
changed during the process Arrhenius equation can be used to calculate the

changing rate constants.
_Ea

ki,t = kO,i e RT 15

Where, k; . is the calculated rate constant, k, ; is the frequency factor and,E,, is
the Activation energy for each component. Arrhenius law can be applied to all
the reactions in the process since the rate constants are changed with tempera-
ture. Moreover, the heating process can be expressed by the following equa-
tion 16.
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Heating process; T = 97t + Tip; 16

Where, 97 is the heating rate, t represents time and, T;,; is the initial tempera-
ture.

By substituting to (13) from (14), (15), and (16), an equation for biomass de-
composition can be developed.

Differential equations developed to calculate the change in yield of each com-
ponent in the system is listed in the appendix.

The model predicted values are compared and validated with the experimental
values in literature. Theoretical values of each chemical component are calcu-
lated from differential equations A1-A18 using the backward Euler method.
According to the required initial concentration of each component of wood in
the system (given that different wood types have different ratios of each wood
component) number of moles of each wood, component is calculated and in-
serted. From the differential equations, the variation of the concentrations of
each chemical compound is obtained. Then for each wood component, each
chemical compound or resultant phase is presented as a percentage of the in-
put. For the calculations in the developed model, it is assumed no losses dur-
ing the extraction process, as well as the carbon recovery is >99 %.

2.2.  Cellulose hydrolysis model

The reaction mechanisms for Cellulose are influenced by the reaction mecha-
nism proposed by Cantero et al. [21] Minowa et al. [19] and Kamio et al. [11].
According to Kamio et al. [11], Cantero et al. [21], Sasaki et al. [14,15,17] and
Minowa et al. [19] from the hydrolysis of Cellulose, water-soluble intermedi-
ates are formed. Then the further hydrolysis, polymerization, dehydration, and
decomposition creates the degradation products from the intermediates such as
water-soluble products (aqueous phase), biocrude, gas, and char. As the sec-
ondary char is hard to quantify experimentally, both primary and secondary
char produced is taken as a lump component. Figure 2 shows the reaction
pathway used for the cellulose hydrolysis and decomposition during the lique-
faction process. Table 1 shows the type of each reaction used in the cellulose
hydrolysis model.
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Figure 12:Reaction pathway of cellulose decomposition

Table 4:Reaction type of each reaction used in the cellulose liquefaction mod-

el
Kinetic parameter Reaction type Kinetic parame- Reaction type
ter

K1 Hydrolysis Ks Decomposition
K2 Hydrolysis K7z Decomposition
Ks Dehydration Ks Polymerization
K4 Dehydration Ko Decomposition
Ks Dehydration K1o Polymerization

Below equations from 17 to 25 show the reactions incorporated in the cellu-

lose liquefaction model.

k
cellulose + a;H,0 5 b oligosaccharides

. . ko )
oligosaccharides + a,H,0 — b,monosaccharides
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k
oligosaccharides 3 b;(Biocrude)+H,0 19

monosaccharides 4 b,(Biocrude)+H,0 20
cellulose k—5> bsChar+H,0 21
monosaccharides li6> bs,TOC 22
Biocrude IZ b,TOC 23
TOC 8 byChar + byCO, 24
Biocrude 13; b,oChar 25

a; is the stoichiometry value for water for each hydrolysis reaction. (where
i=1,2)

b; is the stoichiometry value for the reaction output for each reaction. (where
i=1,2, 3...,10)

Micro-crystalline Cellulose, which is consisted of 230 glucose molecules, is
used to model the cellulose component. Although oligosaccharides are sup-
posed as a mix of cellobiose, cellotriose, and cellotetraose, for simplification,
the kinetic data related to cellobiose is chosen for the model. Furthermore,
monosaccharides are a mix of glucose and fructose, where the kinetic data for
glucose decomposition is used for the model. ‘Biocrude’’ is supposed to be a
mix of chemicals such as glycolaldehyde, glyceraldehyde, erythrose, pyru-
valdehyde, dihydroxyacetone, furfural, and 5-hydroxymethyl-2-furaldehyde
(5-HMF)[29]. Therefore ‘Biocrude’ represents the biocrude phase produced
by the cellulose liquefaction. For the calculations, kinetic data for 5-HMF is
used in the model for ‘Biocrude.” For the cellulose hydrolysis model, required
Kinetic parameters are taken from the literature[11,14,15,17,19-21,29,30]. Due
to the simplified reaction scheme for cellulose hydrolysis and decomposition,
some of the important conversions, such as the formation of phenolic com-
pounds from Cellulose [18,31], are not included as separate chemical reac-
tions.

The term *TOC’ is used to indicate the water-soluble organics in the aqueous
phase from cellulose hydrolysis except for Cellulose, light aldehydes (except
5-HMF, glycolaldehyde, glyceraldehyde.) and carboxylic acids. In the cellu-
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lose hydrolysis model, Cellulose is considered as the biomass. Biocrude is as-
sumed to consist of glycolaldehyde, glyceraldehyde, erythrose, pyruvalde-
hyde, dihydroxyacetone, furfural, and 5-hydroxymethyl-2-furaldehyde (5-
HMF). TOC is assumed to consist of water-soluble organics. Even though
light aldehydes and carboxylic acids can be dissolved in water, those com-
pounds are considered as a part of the biocrude phase.

2.3.  Lignin hydrolysis model

The lignin hydrolysis mechanism is based on the kinetic study and reaction
pathways proposed by Yong and Matsumara [9] and Fang et al.[32], where the
Kinetic data is based on Yong and Matsumara[9], Zhang et al.[22], Forchheim
et al.[23], and Arturi et al.[33]. Yong and Matsumara proposed a detailed
reaction scheme for lignin hydrolysis, which consists of a gas phase, char, an
aqueous phase, and another phase consist of phenols, TOC, Aromatics,
Guaiacol. With further secondary hydrolysis reactions, some of the hydrolysis
products decompose into tertiary components, which are also included in this
model. In the proposed model, the shrinking core concept relates to the prima-
ry or the heterogenous hydrolysis reactions. Secondary decomposition,
polymerization, and dehydration reactions are modeled using a conventional
kinetic model, which is not being observed with other models that have used
the shrinking core concept. Below, figure 3 shows the used reaction pathway
of hydrolysis and decomposition of Lignin during the liquefaction process. For
the lignin liquefaction model, required Kkinetic parameters are taken from the
literature[9,22,23,34,35]. Table 2 shows the type of each reaction used in the
lignin hydrolysis model.
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Figure 13:Reaction pathways of Lignin in hydrothermal conditions.

Table 5:Reaction type of each reaction used in the lignin liquefaction model

Kinetic parameter Reaction type Kinetic parame- | Reaction type
ter

Ku Hydrolysis Kig Gasification
K12 Dehydration K20 Decomposition
Kis Hydrolysis K21 Decomposition
K14 Hydrolysis K22 Decomposition
Kis Hydrolysis Kas Decomposition
Kis Polymerization K24 Decomposition
K17 Polymerization Kas Decomposition
Kis Decomposition Kas Polymerization

Below equations from 26 to 34 show the reactions incorporated in the lignin
liquefaction model.
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ki
Lignin + ¢;H,0 - d,guaiacol + d,Aromatics + d;TOC + d,CO, 26

Lignin ﬁ) ds char + H,0 27
Aromatics f‘) d¢ char 28
TOC 5 d,char 29
TOC ﬁ) dgAromatics + dyCO, 30
Guaiacol f‘) dioPhenol + d;TOC + d,,catechol 31
Catechol =5 d,,Phenol + d,,TOC 32
Phenol 5 d,sTOC 33
Phenol = d,,Char 34

c; iIs the stoichiometry value for water for each hydrolysis reaction. (where
i=1)

d; is the stoichiometry value for the reaction output for each reaction. (where
i=1,2, 3,...16)

Alkali Lignin is used as the modeling compound for Lignin, which has an em-
pirical formula of Ci0sH107037 and an average unit molecular weight of 1996
g/mol per unit[36]. Additionally, for the modeling procedure, an average mo-
lecular weight of 10 kg/mol is used, which is the same value Matsumara et al.
[8,9] used. Thus, it is assumed that the lignin structure consists of 5 Alkali lig-
nin units. During the calculations, all the components are normalized to 1 atom
‘C’ per molecule for the simplification. The term *TOC’ is used to indicate the
soluble organics in the aqueous phase from lignin hydrolysis except for Lig-
nin, Aromatic hydrocarbons (includes naphthalene, benzene, toluene), cate-
chol, guaiacol, and phenol. In the results section, the term ‘biocrude’ is used to
refer to the cumulative value of Aromatic hydrocarbons, catechol, guaiacol,
and phenol. Here Lignin is considered as the biomass. Therefore, it does not
belong to TOC, although it is soluble in water. Biocrude is assumed to consist
of aromatic hydrocarbons, catechol, guaiacol, benzene, toluene, and phenol.
Although benzene and toluene are slightly soluble in water, in this model, they
are a part of the biocrude phase. Thus, those chemicals are not included in
TOC.
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2.4 Hemicellulose hydrolysis model

Hemicellulose hydrolysis model is based on the work from Pronyk and Mazza
and Pinkowska et al.[13,25]. Pronyk and Mazza proposed a monophasic and a
biphasic mechanism for hemicellulose hydrolysis, where the monophasic
mechanism is chosen to develop this model. Hemicellulose is hydrolyzed into
the intermittent product of Xylo-oligomers and then again to xylose. As shown
in figure 4 below, the hydrolysis products further decompose into derivatives,
mainly furfural. In this model, furfural is used as the final derivative from the
liquefaction, due to the lack of availability of kinetic data. For the hemicellu-
lose hydrolysis model, required kinetic parameters are taken from the litera-
ture[13,24-26,26].

: K27 Kas
Hemicellulose Xylose

Figure 14:Reaction pathways of hemicellulose in hydrothermal conditions

Table 3 shows the reaction type of each reaction used in the hemicellulose lig-
uefaction model.

Table 6:Reaction type of each reaction used in hemicellulose liquefaction
model

Reaction Reaction type Reaction Reaction type

K27 Hydrolysis Kozs Dehydration

Equation 35 and 36 show the reactions incorporated in the hemicellulose lig-
uefaction model.

k

Hemicellulose + e;H,0 = fixylose 35
k

xylose ﬁfz (Biocrude) 36

e; IS the stoichiometry value for water for each hydrolysis reaction. (where
i=1)
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f: is the stoichiometry value for the reaction output for each reaction. (where
i=1,2)

‘Biocrude’’ is supposed to be a mix of chemicals such as furfural and alde-
hydes. Literature available on hemicellulose hydrolysis contradicts each other
occasionally. According to Pronyk and Mazza [13], conversion of xylose into
furfural is about 4% from potentially available xylose in the system. Moreo-
ver, the hemicellulose hydrolysis starts around 403K, and the Xylo-oligomers
and monomers available in the system maximize around 443K [13]. The max-
imum furfural percentage recorded during the experiments is around 443K,
which is still beyond the temperature range considered in this model. Mean-
while, the pentose sugar arabinose present in hemicellulose could make the
hydrolysis more susceptible to the lower temperatures [13]. In the Meantime,
according to Pinkowska et al. [25], the maximum yield of saccharides such as
xylose is obtained around 508K. Then the increasing temperatures favored the
conversion of saccharides into furfurals, aldehydes, and carboxylic acids. M6l-
ler and Schroder[26] observed a maximum furfural yield of 49 % at 473K
from xylose conversion, while xylan conversion provides a maximum of
around 13 % of furfural. Moreover, following the results from Pinkowska et
al. [25] and Pronyk and Mazza [13], the requirement of lower tempera-
tures(433K-453K) for the xylan hydrolysis on producing xylose is observed.
From all these studies, it is evident that the hemicellulose hydrolysis occurs
and gives the best furfural yields at low temperatures from 403K to 493K.
During this study, lack of kinetic data, as well as the less contribution of hemi-
cellulose degradation products to the wood hydrolysis process, are observed.
Nevertheless, a simple two-stage hemicellulose hydrolysis model is developed
based on the available literature. Due to the lack of kinetic data availability on
char production of hemicellulose hydrolysis, char is not considered as a degra-
dation product from hemicellulose. Although the temperatures required for
better furfural yields from hemicellulose hydrolysis is not within the tempera-
ture range considered in this model, still the hemicellulose hydrolysis data is
included in the model to perform the wood hydrolysis.
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2.5  General assumptions and simplifications

The wood particle is considered as a spherical particle with a given radius in
this model. It is submerged in an infinitely large water volume, much larger
than the radius of the particle. Hence the dilution of the hydrolysis products is
assumed to be infinite at a given distance from the particle center. In this mod-
el, it is assumed that there is always enough water in the system to perform all
the required hydrolysis reactions. The particle decomposition is assumed only
in the radial direction. Therefore, during hydrolysis, the particle is decom-
posed in the radial direction. Thermophysical properties are presumed to be
constant throughout the process as well. The temperature of the particle is al-
ways supposed to be equals to the temperature of the fluid surrounding it. As
the particle is assumed to be homogenous in properties and composition, no
mass transfer is considered, and no accumulation of products from the hydrol-
ysis in the particle is considered. Furthermore, the primary char and secondary
char from the reactions are considered as one.

It is learned that an ash layer and an oily film is developed around the shrink-
ing core during the hydrolysis process[7]. Therefore, in the next phase of this
model, the effect and behavior of such an ash layer and an oil film are studied
and developed. Thus, in this model, it is assumed that all the products from
hydrolysis leave the particle surface and does not form a layer on the outside
of the wood particle. Hence, water monomers can proceed to the particle and
continue the hydrolysis reaction. Besides, wood hydrolysis is modeled as the
cumulative effect of the hydrolysis of the three main components of wood.
Therefore, the hydrolysis of each model component is modeled separately.
Each model component starts hydrolysis at different temperatures and emits
hydrolysis products to the system. When each model component hydrolyzes,
the radius is assumed to be reduced in a rate that correspondent to the rate
constant of hydrolysis of the specific model component.

As described in the assumption section, hydrolysis of Cellulose, Lignin, and
Hemicellulose occurs only on the surface of the particle at a given time. In the
model, char is produced in two different ways. For the simplification, char
produced by dehydration is considered as a direct degradation product of cel-
lulose and lignin hydrolysis. Dehydration happens throughout the particle vol-
ume, and this leads to the particle becoming more charred with time. When the
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Carbon content of the particle is increased, it enforces a restriction on the ca-
pability of water to react with the wood components. Therefore, unreacted
highly charred biomass could have remained in the system. The term primary
char stands for this kind of highly charred unreacted biomass. Secondary char
(or coke) represents the char produced through the further decomposition of
the biocrude and aqueous phase [3,7]. Although char consists of these two
components, the presence of secondary char in the resultant of the liquefaction
process is small [7]. It is assumed that ash does not participate in reactions.
The composition of the particle is not changed with time or with the hydroly-
sis reaction. The particle is decomposed only in the radial direction, and the
decomposition is dependent only on the biomass left in the particle and the
concentration of water in the system. As the reactions proceed, the hydrolysis
products are dissolved in the water, and the further hydrolysis reactions of the
particle are not affected by the diluted products.

A simplified elemental balance is used for the model by using an approxima-
tion for oxygen and hydrogen balance in each compound. Therefore, only
Carbon balance is given importance in the modeling process due to the simpli-
fication of the calculations. According to Yong and Matsumara [9], H2 and
CO; are present in the gas phase in lignin hydrolysis, with CO2 being the ma-
jor contributor. Nevertheless, the CO2 percentage increased with increasing
temperature in the subcritical region, and H is decreased with time. Therefore,
for the gas phase, CO: is used as the model compounds since CO- is the prin-
cipal component in the gas phase.

The stoichiometry for the hydrolysis reactions is calculated based on the ex-
perimental results available in the literature. To define the stoichiometry as
many as three experimental data are considered in most of the reactions. How-
ever, due to the lack of literature, the stoichiometry for some reactions is de-
termined based on a single experimental work. To determine the stoichiometry
for each reaction, a set of stoichiometric coefficients for each reaction is calcu-
lated, which has a minimum of residual sum of squares (i.e., the difference
between the calculated and available experimental values). Mosteiro-Romero
et al. [3] showed the product distribution in each holding temperature is the
same at all temperatures from 523K -623K. Thus, it is assumed that the deter-
mined stoichiometry is the same at each holding temperature and valid
throughout the temperature range, which the model is using. Then, at the con-
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sidered temperature values, the experimental data is fit to the equations. As the
experimental data for water is not available, different stoichiometric values for
the hydrolysis reactions are calculated using hydrogen and oxygen balance.
Furthermore, due to the lack of literature, especially on the heating stage and
of fast reaction kinetics, some of the kinetic data is modified and fit to reac-
tions equations to obtain the yield values in the literature. It could be a possi-
ble reason for some of the over predictions and under predictions in the model.
The differential equations developed in the mathematical model are solved and
discretized in MATLAB R2019b.

3. Results and discussion

3.1  Model predictions

In this section, different predictions from the developed model are illustrated.
First, the impact of temperature increase on each wood component hydrolysis
and wood hydrolysis is discussed. Subsequently, the impact of residence time,
the impact of heating rate on product yield, and the effect of biomass particle
size are also explained.

3.1.1 Effect of temperature on the product composition

Figure 5 shows the impact of temperature variation on cellulose hydrolysis,
where figures 5a, 5b,5c, and 5d show the variation of TOC, biocrude, char,
and gas yield, respectively. Three temperature values (553K, 588K, and 623K)
are used to observe the effect of temperature on the yields. According to figure
5, char and gas yields become much higher with the increase of temperatures
while biocrude and TOC levels go down.
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Figure 15:Effect of temperature on hydrolysis of Cellulose derived outputs at
553K, 588K, and 623K a) TOC b) Biocrude c) Char d) Gas

In this model, both primary and secondary char is considered. Therefore, with
longer resident times and higher temperatures, higher char yields can be justi-
fied. These high yields can be possible, mainly due to the increase of char in
secondary reactions. Subsequently, water-soluble organics and light aldehydes
in the aqueous phase (TOC) could convert into char and biocrude (5-HMF and
furfural, etc.) with further homogeneous hydrolysis reactions and secondary
char reactions. Similar variations are observed in work done by Kamio et al.
[10,11] Minowa et al.[19], Cantero et al. [21], and Sasaki et al. [14,15,17],
where the gas and char yields become notably close to the supercritical region.
According to Minowa et al.[19] char can be a decomposition product of fur-
ther hydrolysis of soluble methanol products, which helps the observations
above.

Char was not considered as an output product of the hydrolysis model by Ka-
mio et al.[10,11]. Consequently, they managed to obtain a higher biocrude
yield in their model with increasing temperature. It can be mainly due to not
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having a char phase in their model. As this model has char yields incorporated,
the reduction of biocrude yields with higher temperatures can be examined.
Figure 6 below shows the impact of temperature on lignin-derived product
variation. Lignin hydrolyzed quickly into the hydrolysis products due to the
rapid Kinetics. Fast hydrolysis of Lignin is observed in the available literature
[8,9,23,33,37]. Following the cellulose hydrolysis pathway, more char and gas
yields are produced by higher temperatures. Sauer et al. [37] proposed that the
desired liquefaction of Lignin is between 553K and 653K, which is observed
with this model as well.
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Figure 16: Effect of temperature on hydrolysis of lignin-derived outputs at
553K, 588K, and 623K a) TOC b) Biocrude c) Char d) Gas

Figure 7 below illustrates the behavior of xylose and biocrude created from
hemicellulose. Hemicellulose hydrolysis reaction path follows the hydrolysis
reaction pathway of Cellulose to some extent. Since only the xylose and bi-
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ocrude phases are modeled, many observations cannot be made with hemicel-
lulose hydrolysis. Nevertheless, the formation of biocrude can be understood
with higher temperatures. Pronyk and Mazza [13] showed that the hydrolysis
of hemicellulose could be observed at low temperatures, such as 443 K in min-
imal percentages.

Furthermore, a shallow conversion of xylose into biocrude at 443K is illus-
trated [13]. According to figure 7.b), xylose percentage comes to a maximum
of around 500 K, which is within the ranges presented by Pronyk and Maz-
za[13] as well as Pinkowska et al. [25]. With the temperature rise following
the conclusions in literature, xylose shows a maximum close to 500K. At
560K, the yield of xylose is almost zero. Therefore, the impact of hemicellu-
lose on the cumulative result is almost zero in the temperature range of 553 K
to 623 K. Since the temperature range considered in this study is from 553 K
to 623 K, the impact of hemicellulose on the cumulative result is not consid-
ered.
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Figure 17: Effect of temperature on hydrolysis of hemicellulose-derived out-
puts a) xylose ¢ b) biocrude

With the cumulative hydrolysis effect of each wood component, the wood hy-
drolysis is modelled. Figure 8 shows the variation of hydrolysis product yields
with the increasing temperatures. The term’ TOC’ is used to represent the
aqueous phase in wood liquefaction. Gas and char components are increased
expressively at 623K while the TOC and the biocrude phase decreased signifi-
cantly. The higher temperatures close to supercritical conditions promote Hy-
drothermal gasification rather than liquefaction[38]. That could be the main
reason for the dramatic decrease in TOC and the increase of the gas phase.
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When scrutinized, overall wood hydrolysis product variation slightly follows
the cellulose hydrolysis component variation. A significant increase in char
yields is observed due to the higher char yields obtained at higher tempera-
tures by cellulose hydrolysis. Shoji et al. [4,5] observed similar variations in
wood hydrolysis experiments they performed, where they examined high char
yields at higher temperatures. Furthermore, the improvement of biocrude
yields, up to some temperature value until it is reduced again, facilitating fur-
ther reactions to produce more char and gas [3-5,38].
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3.1.2 Effect of residence time on the product composition

The residence time of the liquefaction process is one of the crucial parameters
of the process. Figure 9 below shows the variation of products of Cellulose,
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Lignin, and wood hydrolysis. In this scenario, a residence time of 100 minutes
Is used at 573K.
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Figure 19:Effect of residence time on hydrolysis at 573 K a) cellulose b) lignin
¢) wood

According to the above figure 9a, cellulose hydrolysis shows an increase in
char and gas yields with longer residence times. Furthermore, TOC and bi-
ocrude yields show an initial rise, followed by a gradual reduction of the
yields. Although lignin hydrolysis (figure 9b) does not show a significant in-
crease in the yield percentages, the product yields rise to their maximum val-
ues much quicker due to the relatively fast decomposition of Lignin. In the
end, char yields again are the primary output at longer residence times due to
further chain reactions and inter reactions between hydrolysis components.

According to figure 9c, wood hydrolysis products are significantly led by the
char yields with longer residence times while it shows a decrease until about
30 minutes of residence time. Meanwhile, biocrude shows a gradual reduction
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at longer residence time, which can be observed in Mosteiro-Romero et al.
[3,7]. Gas yields follow the behavior of char yields during the whole reaction
time, showing an increase in values after 20 mins of residence time. That may
be due to the higher conversion of biocrude and TOC into char and gas at
longer reaction times. Showing accordance with experimental work from Boo-
cock and Sherman[39], Cellulose and wood hydrolysis show a reduction in
biocrude yields with longer residence times with this model.

Many researchers investigated the effect of residence time on product yields
[3,40,41]. Boocock and Sherman[39] figured out the longer residence times
could reduce the biocrude yields except for the very high loading conditions.
Wadrzyk et al. [40] showed the negative effect of higher temperatures and
longer residence times on char yields where Yj et al. [42] found out the im-
provement of liquid yields with longer residence times are negligible. There-
fore, the model predictions are following all these observations in literature
except the studies by Wadrzyk et al. [40] and Yj et al. [42].

3.1.3 Effect of heating rate

Three different heating rates (2 K/min, 4 K/min, and 6 K/min) are applied in
the model to analyze the impact of the heating rate on the product yields. Fig-
ure 10 below shows the yield variation of cellulose-derived products with dif-
ferent heating rates in a temperature range of 560 K to 640K. High biocrude
yields with lower heating rates are observed with cellulose hydrolysis experi-
ments by Kamio et al. [10,11]. In the proposed model, lower heating rates
promote biocrude yields up to 610K (Figure 10b) in cellulose hydrolysis,
which follows the work done by Kamio et al. [10,11]. Furthermore, Brand et
al.[43] obtained a higher biocrude yield with a higher heating rate (20 K/min)
for the temperature range 553K-623K. The proposed model produced results
which are coincided with Brand et al.[43]. Relatively smaller activation ener-
gies can be the reason for the high yields with slower heating rates. Mean-
while, with slower heating rates, the particle can be hydrolyzed longer, which
ultimately provides longer residence times.

Higher heating rates tend to promote relatively higher char yields for cellulose
hydrolysis. According to this observation, with higher heating rates cellulose
component of the particle gets more charred. Further, it is observed that the
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lower heating rates promote better and quicker hydrolysis and, as a result,
helps further decomposition and recombination reactions. This trend is sup-
ported by the cellulose liquefaction results by Kamio et al.[10], and wood lig-

uefaction results by Mosteiro-Romero et al
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Lower heating rates promote better and faster lignin decomposition (figure
11), where it produces maximum yields around 620 K. According to figure 12,
Lignin does not show a significant change in yields with the heating rate varia-
tion. The reason for the slight high yields of outputs in the lower heating rates
could be the better decomposition of Cellulose and Lignin in the lower heating
rates, as shown in figure 11.
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Figure 21:Effect of heating rate on hydrolysis of a) cellulose b) lignin

Regardless of the heating rate, all the hydrolysis components produced similar
percentages of yields with the temperature increase. Besides, char and gas
components show an increase in the yield values around 620K. Slower heating
rates have resulted in a faster product yield increase. Ultimately when the
temperature value reaches 640K (the critical point is at 647 K), Product yields
have become almost the same value. Therefore, the impact of heating rate is
essential only at shorter residence times. Therefore, the heating rate could be a
critical aspect of the fast liquefaction concept. In a review study on optimum
process conditions for liquefaction, Akhtar et al.[44] showcased the higher
heating rates are resulted in higher char yields mainly due to the dominance of
secondary reaction. Char yield shows an increase with the higher heating rate
close to the supercritical region, justifying that statement by Akhtar et al.[44].
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According to the results shown in figure 13, for a given temperature value,
lower heating rates produce higher biocrude yields until about 600K, where
char yields and gas yields are increased dramatically after 600K. Initially,
higher heating rates produce higher char yields, while after 610K, higher bi-
ocrude and TOC yields are produced. Higher biocrude and gas yields could be
due to the lower activation energy of the hydrolysis reactions and longer hy-
drolysis time. This behavior coincides with the experimental results from Ka-

NN
S N &
T T

@
T

Yield (wt%)
- (=2} @ 3 -~

Yield (wt%)
w
o

@
T

N
T T

Biocrude (2 K/min)
Biocrude (4 K/min)
Biocruﬁ(s K/min) |

560

570

580

590 600 610
Temperature(K)

620 630

Gas (2 K/min)
Gas (4 K/min)

Gas (6 K/min)

560

570

mio et al. [10] and Mosteiro-Romero et al. [3,7].

136

580

590 600
Temperature(K)

610

620 630

640



45

N
@

e TOC (2 K/min)

= = Biocrude (2 K/min)
e -=-- TOC (4 K/min) 28 ‘ - - - Biocrude (4 K/min)
AT ——TOC (6 Kimin) | B R s Biocrude (6 Kimin)
e o 7 ™~
) g 24 <
c\u —_ - i &
% g2 o
Z30f g =
2 ©
= L2
= < 0
25F
18
20
16
15 . " " N s s
570 580 590 600 610 620 630 640 14 — . . i
Temperature(K) 570 580 590 600 610 620 630 640
Temperature(K)
48 . — . T 22 - .
‘ Char (2 K/min) ok [ Gas (2 K/min)
46| Char (4 Kimin) 1 0T |-----Gas (4 Kimin)
i ‘ Char (6 K/min) 18F | Gas (6 K/min)
16k
42 #
£ T4
z 40T B
- 512
© 38 D
> > 10r
36
sk
34f 6 i
32T Y b s SR P
30 . + g 2 . . . . . )
570 580 590 600 610 620 630 640 570 580 590 600 610 620 630 840
Temperature(K) Temperature(K)

Figure 23:Effect of heating rate on wood hydrolysis a) TOC b) biocrude c)
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With higher heating rates, initially, the particle gets charred promptly, and it
hinders the production of liquid yields initially due to the decreased hydrolysis
effect on liquid yields. Nevertheless, at higher temperatures, higher heating
rates promote liquid yields than gas and char yields. This increase is, could be
due to the higher liquid yields from cellulose liquefaction at higher tempera-
tures with higher heating rates. Besides, 4K/min and 6K/min heating rates
have imposed a negligible difference on the yields except for the gas compo-
nent. Therefore, the conclusions made by Akhtar and Amin [44] on the negli-
gible impact of heating rates on wood and each wood component due to the
high dissolution and stabilization of decomposed fragments in subcritical wa-
ter can be justified by the model predictions.
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3.1.3 Hydrolysis behavior on particle size.

The rationale of the particle size reduction is to provide better accessibility of
biomass to the solvent or the liquefaction medium. Nonetheless, as both sub-
critical and supercritical water are proper heat transfer mediums, change of
particle radius makes a low impact on the change of yields [44]. Three sizes of
particle radius (0.08mm, 0.1 mm, and 1 mm) are used as the particle radius.
Figure 14 shows the particle decomposition of Cellulose and Lignin with dif-
ferent particle radius. It is evident with cellulose and lignin hydrolysis graphs
as the decomposition of cellulose and lignin components become much slower
with the increase of the radius. Besides, slightly increased char yields are
shown with the larger particles. Since the reactions occur on the particle sur-
face, the radius and of the particle could play an essential role in the hydroly-
SIS process.
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Figure 24:Effect of particle size on hydrolysis of a) cellulose b) lignin

Figure 15 shows the cellulose hydrolysis, and the behavior of Cellulose de-
rived components with different particle sizes. The main reason for the smaller
particle size to produce more yields is the faster decomposition of the particle.
All the particle sizes show the same trend, although the smaller particle size
shows a dramatic increase of char yields at the initial stage. This increase
could be due to fast kinetics with the smaller particle radius. Besides, the
workup procedures could influence the char and bio-oil yields.
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According to figure 16, Lignin follows the same pattern as Cellulose, where
the smaller particle decomposes quickly. Further, faster decomposition has
produced higher yields quickly.
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Unreacted biomass is not considered as char, and only the primary and sec-
ondary char is considered for the char phase in this model. Therefore, the
amount of char produced with larger wood particle size (1 mm) is less. Since
the hydrolysis reactions are faster with the smaller particles (0.08 mm), more
yield is produced in all the components.

Subsequently, a shrinking core model is employed, the particle radius directly
affects the particle decomposition. Moreover, all the reactions have happened
on the particle surface. Therefore, for a given temperature and a residence
time, yields from the hydrolysis of each wood component, as well as the cu-
mulative model (wood), show significant changes in the yields. Moreover, the
workup procedure affects bio-oil yields as well as char. However, in the litera-
ture, experimental work observed that the particle size of feedstock does not
play a significant role[45,46]. This statement means the effect of the particle
size of the feedstock on the yields is negligible.
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Figure 27: Effect of particle size on hydrolysis of wood a) TOC b) biocrude c)
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3.2 Validation of the model and product composition

Cellulose, hemicellulose, and lignin hydrolysis are considered separately to
model wood hydrolysis as the sum of the hydrolysis effect of those three com-
ponents. To validate each part of the model, each wood component hydrolysis,
and hydrolysis of wood is compared with experimental data from the literature
in this section.

For the validation of the cellulose hydrolysis model, kinetic data, and process
conditions used by Promdej and Matsumara[29] are used for the developed
model. Moreover, the model predictions are shown with the experimental data
obtained in their study. As shown in figure 18, the cellulose hydrolysis model
has underpredicted the TOC yields while it has overpredicted the char yield.
As the size of the cellulose particles is not provided in the literature, a general
radius size of 80um is used for the cellulose particle. Furthermore, different
loading conditions, different concentrations, and different reaction routes

could affect the differences in the yield components. Promdej and Matsuma-
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ra[29] studied the hydrothermal decomposition of glucose, while in this study,
cellulose decomposition is studied. Therefore, kinetic data for cellulose and
oligosaccharides hydrolysis are obtained from the literature.

Additionally, kinetic data for cellobiose is used to model the oligosaccharides.
For the biocrude phase of the cellulose decomposition, kinetic data for 5-HMF
is considered. Besides, biocrude from cellulose consists of many chemicals
and compounds. Therefore, these can add another error value for the model
predictions too. The same applies to lignin and hemicellulose hydrolysis pro-
cesses.
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Figure 28:Cellulose hydrolysis model validation using the kinetic data pro-
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To validate the lignin hydrolysis model, experimental work, and kinetic data
presented by Yong and Matsumara[9] is used. Below figure 19 illustrates the
variations of the different phases. In the lignin model, for the simplification,
only TOC, gas, char, and biocrude fractions are used for the validation. Like
the cellulose validation, different loading conditions, particle sizes, and differ-
ent process conditions could make impacts on the differences in the consid-
ered compounds.

According to Ye et al. [34], increasing temperatures and residence time help
promote the decomposition of Lignin and repolymerization of intermediates to
other compounds. Thus, the increase in product yield components with longer
residence time can be justified. When the kinetic data from Yong and Matsu-
mara[9] is used, the model predicted yields show a decent fit to the experi-
mental data.
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Figure 20 shows the variation of the xylose and biocrude. Due to the lack of
detailed literature, and contradictions in the conclusions in the experimental
studies, a simplified hemicellulose hydrolysis reaction pathway is followed,
and only the decomposition of hemicellulose to xylose and xylose decomposi-
tion to biocrude is modelled. Experimental studies by Pinkowska et al. [25] is
used for the development of the hemicellulose hydrolysis model. Experimental
results from Pronyk and Mazza [13] Gao et al. [47] and Mdller and Schro-
der[26] are used for the validation of the hemicellulose model. Hemicellulose
hydrolysis is noted in temperatures from 403K to 500K. With a higher tem-
perature, xylose creation is significantly decreased. Due to this reason, hemi-
cellulose hydrolysis is already finished when the cellulose and lignin hydroly-
sis is started. Moreover, the hemicellulose hydrolysis temperature range is not
considered in this model.
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Figure 30:Hemicellulose hydrolysis validation a) variation of Biocrude b)
variation of xylose

Experimental work from Mosteiro-Romero et al. [3], Sugano et al. [48],
Wadrzyk et al. [40], and Qu et al. [41] are used to validate the wood hydroly-
sis model. The model prediction is based on the cumulative effect of the hy-
drolysis of three components, while the data from literature are from wood
liquefaction. Therefore, thein the validation graphs, the model results, and the
actual wood liquefaction data have many differences. For clarity coefficient of
determination (R?) of the model predicted data are calculated and presented
with the work done by Sugano et al. [48] since the process conditions and

yield calculation method is somewhat similar.
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It can be seen that the variation of the wood hydrolysis products follows the
path of the cellulose hydrolysis path. Although the biocrude yield prediction
can follow the experimental results, char yields are under predicted until
625K. Besides, in their experimental procedure, the sample is heated for a
specific time and then kept at a certain temperature to obtain the outputs.
Therefore, at the start of the residence time calculation, there are already some
hydrolysis outputs developed. Besides, in the model, it is assumed that the re-
actor is placed in the heater when the heater comes to a specific temperature.
Then as soon as the reactor is started heating, the resident time calculation is
started. Thus, initially, the hydrolysis products in the system are zero.
Moreover, in most of the results reported, unreacted biomass is considered as
solid residue from the start of the study. Therefore, many studies have shown
higher solid residue yield at the start of the residence time. When the biomass
Is decomposed, unreacted biomass has reduced, and the char produced is add-
ed into the solid residue component. However, in this model, unreacted bio-
mass is not included in the solid residue (char) calculations.

Furthermore, in the experiments, there is some loss of products due to practi-
cal difficulties. Then, it can influence the final yields as well. Moreover, in
this model, no inter reactions between hydrolysis products from different
wood components are considered. As an example, no reactions are considered
between cellulose hydrolysis products and lignin hydrolysis products. It can be
the next step of this modeling work.

In the model, cellulose lignin and hemicellulose, percentages are predeter-
mined, and for the validation, those predetermined values are used. However,
different wood types have different percentages of Cellulose, Lignin, and hem-
icellulose[6,49]. It can be the main reason for the difference between the lique-
faction results in figure 21 with experimental results.
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Figure 31:Wood liquefaction validation with 2 K/min heating rate and a par-
ticle size of 80um (Coefficient of determination (R?) is calculated for experi-
mental results from Sugano et al. [48] ) a) TOC b) biocrude c) char d) gas

4. Conclusion

In this study, wood hydrolysis is modeled for the subcritical region from 553K
to 640K, utilizing Cellulose, Lignin, and hemicellulose hydrolysis using a
shrinking core concept. A kinetic model is fitted with the shrinking core model
to fit the homogenous reactions in the system. Wood hydrolysis is modeled
using the cumulative hydrolysis effect of each wood component.

Hemicellulose hydrolysis occurs around 403K to 500K, and the conversion of
hemicellulose into xylose becomes negligible in 553K-640K. Therefore, for
further investigations, Hemicellulose hydrolysis is not considered. The model
is validated using cellulose, hemicellulose lignin, and wood liquefaction ex-
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perimental and model results in the literature. In most of the scenarios, the
model shows a reasonable agreement with the available literature. Moreover,
the predictions of the model coincide with the literature confirming the relia-
bility of the model. Nevertheless, this model can be developed into a robust
model with more inter reactions among the chemicals present in the reaction
regime as well to the supercritical region.

At 593K for a 2K/min heating rate and particle size of 0.08 mm, biocrude
shows the maximum yield of 26.87% for wood liquefaction. Cellulose and
Lignin show maximum char and gas yields at 623K for the same residence
time where biocrude and TOC yields show maximum vyields at 588K. Lower
heating rates initially promote lignin hydrolysis. Thus, for longer residence
times, and close to the critical point, the heating rate does not show a visible
impact on the lignin hydrolysis, where char and gas yields of cellulose model
show a significant increase. Cellulose hydrolysis shows a big impact on the
overall wood liguefaction behavior. Char yields of the cellulose hydrolysis are
not affected significantly by the heating rates. After 600K, wood liquefaction
shows higher char and gas yields of 47% and 20%, respectively, with lower
heating rates. For maximum operating temperatures, over 600K TOC and bi-
ocrude yields tend to increase the yields. The diameter of the biomass particle
has shown a definite impact on the hydrolysis rate of both Cellulose and Lig-
nin.

A limited number of reactions and chemical compounds are used in the model.
Furthermore, kinetic data used in the model are found in the literature from
various studies under various process conditions. The experimental studies
used for validation are operated with various process conditions as well as dif-
ferent workup methods. Therefore, in the validation plots, the model predic-
tions for wood are severely underpredicted or over predicted most of the time.
Furthermore, one of the main ideas of developing this model is to observe the
difference in the cumulative liquefaction effect of main wood components
against actual wood liquefaction. Thus, it is evident that there is an enormous
gap between wood liquefaction and modeling wood liquefaction as a cumula-
tive effect of the wood component liquefaction. Since the data used for this
model is still too few and bears a high uncertainty in the yields due to the dif-
ferent workup processes, these results should not be used to predict things in a
guantitative sense.
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Developed differential equations
Cellulose compounds (For 530K<T)
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rmono,c = 3k2 Coligo - 1-6k4Cmono - k6CTOC,c A3
rMSP,c = 0-6k4Cmono + O-OSkSColigo,c - 1-9k7Ctoc - O-Sklocchar
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2
rchar,c = 4kazcc3€l + 7k22CTOC,C + 0'45k10CMSP Ab5
Trocc = 1.4k Crono + k7Cusp — O-SkSCchar,c - 1'9k9Cgas,c A6
Tgasc = 3-3koCroc,c AT
Lignin compounds
(For 553K<T<603K)

2
rLig == _1.5kx13C£ A 8
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CMSP
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Ccat -
nylose
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CMSP,h

= Hydrolysis rate constants developed for each hydrolysis
reaction using the shrinking core concept

Concentration of Cellulose in the system

concentration of oligosaccharides in the system

concentration of monosaccharides in the system

= Concentration of TOC produced from cellulose hydrolysis
in the system

= concentration of biocrude products from cellulose hy
drolysis of the phenol in the system

= concentration of gas produced from lignin hydrolysis of
the system

concentration of catechol in the system

= concentration of hemicellulose in the system

= concentration of xylose in the system

= concentration of biocrude products from hemicellulose
hydrolysis
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Kinetic parameters

Table A 1:List of kinetic parameters from the literature used as starting points

for the frequency factors for each reaction in the computational model

Kinetic parameter | Value Kinetic parame- | Value
ter

Ko 7.3x10°2 Ko1s 2.15x10%¢
Ko, 6x107P Ko,16 1.02x10 ®
Ko, 3x10ta Ko,17 2.44%x10°¢
Ko, 1.33x10%0¢ Ko.1s 4.47x10 ®
Kos 8x107¢ Ko,19 1.69%10 ¢
Ko,6 5.5%x10°%¢ Ko,20 8.76x10%¢
Ko,7 1.39x10°¢ Ko,21 5.79x102¢
Kos 1.00x108¢ Ko,22 3.91x10%¢
Ko, 2.89x108¢ Ko,23 0
Ko,10 2.06x107¢ Ko.24

Ko,11 9.18x10%¢ Ko,2s

Ko,12 1.74x103%¢ Ko,26 0
Ko.13 5.45%x10%¢ Ko,27 2.59x106f
Ko,14 3.13x102¢ Ko,2s 1.35%10%9

For all the reactions, a unity reaction order is assumed.

a:- calculated by the data extracted from Sasaki et al.[14’15’17] and Kamio et al.[ll]
b: - calculated by the data extracted from Kamio et al. [1 1]

c:- calculated by the data extracted from Promdej and Matsumura[zg]

d:- calculated by the data extracted from Cantero et al. [2 1]

e:- calculated by the data extracted from Yong and Matsumara [9]

f:- calculated by the data extracted from Méller and Schrt‘)der[26]

g:- calculated by the data extracted from Mazza and Pronyk[13]
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Table A 2:Constant operational conditions used for the calculations

Constant parameter used Value Unit
Density of Cellulose 555 mol/m?3
Density of Lignin 560 mol/m?3
Density of hemicellulose 555 mol/m?3
Ka 0.001 m/s

Cob 7000 mol/m?3

T initial 553 K

o 0.00008 m

R 8.314 J/ (K mol)
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Abstract

Lignin liquefaction process under catalyst-free conditions in a temperature
range from 573K to 647K is investigated with this mathematical model. Based
on the theoretical understanding of the physical and chemical processes of the
liquefaction process in subcritical temperatures, a comprehensive mathemati-
cal model for the decomposition of lignin by hydrolysis reaction pathway is
developed on the results of a series of batch experiments. The model consists
of four main sections. They are liquefaction of lignin particle, oily film, and
inorganic (ash) layer formation behavior during the liquefaction, kinetic model
to model further liquefaction process of initial products, and the layer model
for the intraparticle processes. Hydrolysis of the lignin particle is modeled us-
ing the shrinking core concept. The formation of oily film and an inorganic
layer around the lignin particle and their behavior is modeled considering wa-
ter transport through layers, diffusion of products, and dissolution of products
in water. Moreover, the layer model is used to obtain surface and center point
temperatures of the particle using mass transfer. .The kinetic model consists of
ten components and 21 reactions. . Variations of aromatic hydrocarbons and
phenolic compounds are given significance. In the experimental study highest
biocrude yield of 0.28 w/wy is obtained at an operating temperature of 573K.
Aromatic hydrocarbons are reduced from 0.23 w/wp to 0.145 w/wo with the
increase of operating temperature from 573K to 623K. For an increase of op-
erating temperature from 573K to 623K, phenol shows an increase from
2.5%x10™ wiwg to 3x10° wiwp. At 573K and with a particle of radius 0.08 mm,
oily film and ash layer show a maximum thickness of 2x10*2m and 7.5x10 -3
m, respectively. Both oily film and ash layer show a faster formation and fast-
er dissolution in water with increasing operating temperature. Finally, the
model's liquefaction results are analyzed and validated with the experimental
data and the literature data, where it shows a reasonable agreement.

Keywords— Lignin, hydrothermal liquefaction, numerical modelling,
shrinking-core, oily film, ash layer, validation.

1. INTRODUCTION

Lignin is the second most common earthbound biopolymer and the most sig-
nificant naturally occurring source of aromatic compounds[1]. Lignin is a sig-



nificant by-product of the paper and pulp industry [2]. The amount of lignin
extracted in the western hemisphere's pulping process is estimated to be
around 50 million tons per year [1]. Despite its relative abundance and colos-
sal potential, lignin is still underutilized, partly due to its complex structure
and difficulty breaking down. Lignin consists of three main phenylpropanoid
monomers, and it is an irregular aromatic biopolymer[3]. The process of
breaking down the complex structure is referred to as depolymerization. De-
polymerization can be accomplished using different processes like thermo-
chemical processes and enzymatic and catalytic cracking. The process temper-
atures range from 373K to 1073K. Depolymerization is performed in both sub
and supercritical fluids [4], [5].

Hydrothermal liquefaction (HTL), unlike other thermochemical processes, is
usually done at moderate temperatures and shorter residence times at sub and
supercritical conditions (T = 523K — 647K and P = 10 — 30 MPa) [6]-[8]. Four
product streams can be obtained from a typical HTL conversion[9]. The bio-
crude is considered the most desirable product among them as it can be further
upgraded into various chemicals and liquid biofuels. Therefore, recent re-
search on HTL has been centered on improving the yield and quality of bio-
crude and bio-oil[10].

In recent years, some research has been reported on lignin's hydrothermal lig-
uefaction to obtain different products [5], [11]-[13]. In the hydrothermal lig-
uefaction of lignin to produce phenolic compounds, hydrolysis and cleavage
of the ether bond and C-C bond, demethoxylation, alkylation, and condensa-
tion reactions occur, and these reactions seem to compete. Alternatively, the
aromatic rings are not affected by hydrothermal reactions [14]. The lignin-
derived phenolic compounds from the demethoxylation and alkylation will be
intensified as the temperature increases. Therefore, due to the different func-
tionalities of phenolic compounds, lignin offers the potential of producing
many valuable chemicals [14].

In literature, different methods are used for modeling the liquefaction of lig-
nin. Yong and Matsumara [15] studied lignin decomposition in subcritical
conditions and proposed a detailed kinetic reaction scheme. Zhang et al. [16]
proposed a two-phase decomposition scheme for kraft lignin liquefaction.
Forchheim et al.[17] investigated the phenolic products from lignin hydro-
thermal depolymerization with a kinetic model. All these models are kinetic
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models which handled the liquefaction process. Besides, researchers have
been using the shrinking core concept to model wood and cellulose liquefac-
tion [18]-[20]. Further, few researches suggested a possible oily film for-
mation during the liquefaction process of a biomass particle which raises the
importance of modeling such an oily film [20], [21].

Despite having much research and many models developed with only kinetic
schemes, there is a void in modeling liquefaction as a complete process. Thus,
it is scarce to find details on the shrinkage of the particle, mass transfer from
the particle, and the temperature behavior inside the particle during the lique-
faction process. Furthermore, the formation of oily film and ash layer is yet to
be experimentally studied. Therefore, modeling the formation of the oily film
and ash layer could clarify the liquefaction behavior and produce better expla-
nations for particle decomposition behaviors at different process conditions.
The model presented in this article consists of four main sections. They are
liquefaction of lignin particle, oily film, ash layer formation behavior during
the liquefaction, kinetic model to model further liquefaction process of initial
products, and the layer model for the intraparticle processes. In the proposed
model, several aspects such as transport of water to the surface of the particle,
diffusion through the ash layer and oily film, adsorption on the particle sur-
face, heterogeneous reaction, desorption of the products from the particle, dif-
fusion of the products through the ash layer, and transport of products back to
ambient through the dissolution of products in water are considered. With the
layer model, the intraparticle process is modeled. Therefore, the particle's
temperature behavior at the particle's surface and the mass transport from the
particle to the system are investigated. Besides, the biocrude phase is im-
portant as it is considered a mix of six different chemicals (Aromatic hydro-
carbons, guaiacol, catechol, phenol, o-cresol, and m-cresol). With this model,
each chemical component's variation can be investigated. Therefore, this mod-
el gives a better insight into the lignin liquefaction.

160



2. MATERIALS AND METHOD

2.1. Materials

The lignin feedstock is obtained from Sigma-Aldrich (CAS Number 8068-05-
1). It is analyzed by performing both the proximate and ultimate analysis. The
proximate analysis is performed with the use of a Nabertherm MORE THAN
30 — 3000°C muffle furnace. The ultimate analysis is also performed for the
feedstock using the PerkinElmer 2400 CHNS/O Series Il elemental analyzer to
determine its elemental composition. The analytical conditions in all the above
cases are as follows: 1g of feedstock is used for proximate analysis with the
oven temperature at 378K for 24 h to determine the moisture content and the
muffle furnace temperature ranging from 523K to 1173K, respectively to de-
termine the ash and volatile matter content. The feedstock sample weights
used for the elemental analysis ranged from 0.9 mg to 1.5mg and operated at
room temperature. 1g of the sample is used for the calorific test with oxygen
as the combustion gas. Ultrapure water is used as the reaction solvent. During
the calculations, all the components are normalized to 1 atom 'C' per molecule
for simplification. The proximate and ultimate analysis results of the Alkali
lignin are illustrated below, Table 1.

Table 7:Proximate and Ultimate Analysis of Alkali lignin

Proximate Analysis Ultimate Analysis (Wt%, d.b)
(Wt%0)
VM ASH FC C H N @)

Current work 73 9.62 17.38 515 4.12 0.35 44.03

Literature [22] | 72.60 | 9.50 | 17.90 49.0 4.4 0 (S&0)
(d.b) | (d.b) | (d.b) 46.6

VM= Volatile matter, FC=Fixed Carbon, d.b= dry base

2.2. Methods
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Figure 32:Schematic diagram of the method used for developing the model.

In developing the model, the shrinking core model is developed and connected
with the heterogeneous reactions to model the particle decomposition through
hydrolysis. Afterwards, the formation of oily film and the inorganic (ash) layer
Is modeled. As the next step, the kinetic model is developed to model the fur-
ther decomposition, polymerization, and rearrangement reactions. For the ki-
netic model, data is taken from the literature. As the next step, the layer model
Is developed and merged with the rest of the model to study the temperature
behavior on the particle. Once the model is fully developed, model predictions
are graphed along with laboratory's experimental data and data from the litera-
ture for validation. Figure 1 shows a schematic diagram of the method used to
develop the model.

2.2.2. Experimental procedure

The experimental study is carried out only to validate the results from the pro-
posed model. Therefore, only the biocrude yields are quantified for validation
purposes. The liquefaction experiment is performed in a steel tubular reactor
from the HIP, with an internal volume of 24 ml. A feed slurry of 16ml is fed

into the reactor, with a feedstock/water ratio of 1:9 maintained for all experi-
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mental runs. Therefore, in each sample, 1.6g of lignin is mixed with 14.4 ml of
ultrapure water. A dead volume of 8ml is maintained throughout all the runs.
The reactor is sealed and purged with nitrogen to displace the air inside. The
reactor is heated in a fluidized sand bath, suspended inside the sand bath with
a shaft connected to the electric motor, for shaking the reactor during the test.
The reactor is heated until the reaction temperature is attained. Then the tem-
perature is kept for residence times ranging between 10 and 20 mins. Same
residence times are used for reaction temperatures between 573K and 623K at
the sub-critical condition. At the end of each reaction, the reactor is taken out
and put into the water at room temperature at once and kept for 30mins. The
gaseous products are vented out and later calculated by mass balance. Acetone
Is used to extract the liquid and solid products, and the reactor is washed three
times to ensure complete removal of the product. The collected solid (biochar)
is washed further with acetone and water to ensure the complete removal of
residual acetone and bio-crude. Then the char is oven-dried at 378K for 24
hours to quantify the biochar yield. The bio-crude and residual water content
are separated from the acetone with a rotary evaporator by evaporating ace-
tone at 335K. Figure 2 below shows the extraction process of each output from
the liquefaction process.

[ Lignin + water ]

iqui ) HTL process in
Gases
[ solid nhase ) the reactor
Extraction
i —_—
with

Acetone +
Centrifuge+

i i —

filtration ¥

mixture

Evaporation —

. |
phase
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Figure 33:Process Flow Diagram for the HTL experiment and separation
techniques used.

All experimental tests are carried out under similar conditions and in quadru-
ples to ensure repeatability of the results. According to Eq 1 below, the yields
of biocrude and char obtained from the experimental study are calculated
based on the lignin's carbon content.

Carbon available in product

Product yield = Eql

Initial Carbon available in the input lignin

2.2.1. Method of modeling

2.2.1.1. Shrinking core approach and hydrolysis modeling

Frequently, model compounds are abundantly used for the kinetic models of
hydrolysis studies[15], [16], [18], [19], [23]-[28]. The proposed model is in-
fluenced by a model developed for wood liquefaction and is a continuation of
that work [18].

In the proposed model, lignin hydrolysis is modeled using a shrinking core
system. The decomposition of the lignin particle is assumed to be only in the
radial direction. Figure 3 below shows a graphical model of the assumed
shrinking core concept used for the proposed model[18].
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Figure 34:Shrinking core model assumed for the hydrolysis of the lignin parti-
cle of model components submerged in water.

The decomposition of the lignin particle creates an oily film around the parti-
cle surface. Besides, the ash produced by the decomposition of the particle
forms a layer as well. Therefore, the approach of water monomers to the lignin
particle as well as diffusion of biocrude produced in the initial hydrolysis reac-
tions are affected. Therefore, this model discusses the formation, behavior, and
impact of those two layers around the particle.

2.2.1.2. Decomposition of the lignin particle

The considered lignin particle system with a fully developed ash layer and the
oily film is shown in figure 4. Hydrolysis of the lignin particle is determined
by the developed reaction rate constant. The lignin particle's overall decompo-
sition is a cumulative effect of each hydrolysis compound and occurs in the
radial direction. The water monomer's diffusion through the aqueous film sur-
rounding the lignin particle is modeled using water's mass transfer (when no
oily film is present) from Kamio et al.[19]. The derivation of the decomposi-
tion of the lignin particle according to the shrinking core model is presented in
section land from eqgl to eq 27 in the supplementary document.
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Figure 35:Liginin particle system considered in the model.

Each chemical component's theoretical values are calculated using differential
equations using the backward Euler method. From the differential equations,
the variation of each chemical compound's concentrations is obtained in
mol/m3. Then, each chemical compound or resultant phase is presented as a
percentage of the total input.

2.2.1.3. Layer model for intra-particle process modeling.

In this paper, a layer model is implemented to study the intra-particle transport
and sub-processes of the thermally thick lignin particle. Although the ash layer
thickness and oily film thickness are small (10’/mm and 10°'> mm, respective-
ly), all the three layers present in the previous section are considered here. The
lignin component is regarded as a single homogenous particle. The layer mod-
el is influenced by the work done by Mehrabian et al., 2012[29]. Figure 5
shows the layer model used in the proposed model.

The layer model treats the three layers in one dimension. This simplification is
done to avoid model complexities. For the modeling purpose, it is assumed the
particle boundary conditions are homogeneous, and all the points at a certain
distance from the surface at a radial direction have the same conversion rates
and temperatures[30].
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As the conversion starts, the mass and thickness of the two layers in the parti-
cle are changed. Since the lignin particle started decomposing, the oily film
will change its thickness according to the diffusion of water to the lignin parti-
cle surface, rate of hydrolysis, and dilution of the oily film in water. Along
with this, the boundaries are moving towards the center of the particle as well.
Therefore, the density and the particle size may change during the thermal
conversion of the particle.

Qily film (R= r+w,g, +w)

Lignin particle
(R=r)

Ash layer (R= rtw.a)

Figure 36:Layer model considered for the intraparticle process.

The derivation of the equations related to the layer model is presented in sec-
tion 2 and from eq 28 to eq 35 the supplementary document.

2.2.1.4. Kinetic model for lignin liquefaction

The lignin liquefaction model is a continuation of the previous work by the
authors[18]. Figure 6 shows the used reaction pathway of hydrolysis and the
decomposition of lignin during the liquefaction process. For the lignin hydrol-
ysis model, required kinetic parameters are taken from the literature[15]-[17],
[31], [32]. In the supplementary document eq 36 to eq 46 in section 3 show the
reactions incorporated in the lignin liquefaction model.
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Figure 37:Reaction pathways of lignin in hydrothermal conditions.

Table 8:Reaction type of each reaction used in the lignin liquefac-

tion model.

Reaction type Kinetic parameters

Hydrolysis K1, K3, K4, Ks

Dehydration K2

Polymerization Ks, K7, Kis

Decomposition Ks, Kio, K11, K12, K13, Kia, K15, K17, K1, K19, Koo,
K21

Gasification Ko

Rearrangement K1z

The set of chemical reaction used for the kinetic model is presented in the sup-
plementary document.

To acquire the results presented in this section, differential equations devel-

oped in the mathematical model are solved and discretized in MATLAB
R2019b.
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2.2.1.5. General assumptions and simplifications

The lignin particle is deemed as a spherical particle with a given radius. It is
submerged in a vast water volume, which is much larger than the particle's
radius. Hence the dilution of the hydrolysis products is assumed to be infinite
at a given distance from the particle center. Moreover, it is assumed that there
Is always enough water to perform all the required hydrolysis reactions. The
particle decomposition is assumed only in the radial direction. Some of the
thermophysical properties are presumed to be constant throughout the process
as well. (All the constant and temperature dependent thermophysical proper-
ties are mentioned in the Appendix.) Particle is assumed to be homogenous in
properties and composition. Only ash is amassed around the particle, and then
the oily film around the ash layer is assumed.

Hydrolysis reactions of lignin occur only on the surface of the particle at the
given time. Nevertheless, for simplification, primary char is considered a di-
rect degradation product of lignin and stays within the system and does not
partake in any secondary reactions. Nevertheless, the composition of the parti-
cle is not changed with time or with the hydrolysis reaction. The particle de-
composition is dependent only on the lignin left in the particle and the concen-
tration of water at the particle surface. Lignin is partially soluble in water[33].
Besides in this model it is assumed that the whole lignin particle is available to
react with water.

A simplified elemental balance is used for the model using an approximation
for oxygen and hydrogen balance in the model compounds. Therefore, only
Carbon balance is given importance due to the calculations' simplification.
Only CO: is considered the main contributor to the gas phase.

Furthermore, due to the lack of literature, especially on the heating and fast
reaction Kkinetics, some of the kinetic data is modified and fit to reaction equa-
tions to obtain the literature's yield values. It could be a possible reason for
some of the over predictions and under predictions in the model. The layer
model assumes that the oily film's outer surface has the same temperature as
the surrounding water. The developed model calculations assumed no losses
during the extraction process, which is a regular occurrence in an experimental
procedure.
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3. Results and discussion

3.1. Model predictions

In this section, different model predictions are demonstrated. First, the bi-
ocrude component variation with different variables is presented. Then oily
film and ash layer behavior is illustrated and then followed by the layer model
predictions.

3.1.1. Biocrude component variation

Figure 7 shows the impact of temperature variation on biocrude components.
Temperature values of 573K, 603K, and 623K are applied to examine the ef-
fect of temperature on the biocrude component yields. Generally lignin is hy-
drolyzed quickly and decomposes into various products[1], [12], [15], [17].
According to figure 7, aromatic hydrocarbons, guaiacol, and m-cresol produce
reduced yields with increased temperatures while phenol levels go up. Aro-
matic hydrocarbons represent benzene, toluene, and naphthalene, which are
nonphenolic aromatic compounds. Higher yields of aromatic hydrocarbons at
lower temperatures can be due to ionic reactions rather than free radical reac-
tions [15].
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Figure 38:Effect of temperature on production of components of biocrude at
573K, 603K and 623K with a lignin particle radius of 0.08 mm a) Aromatic
hydrocarbons b) Guaiacol ¢) Catechol d) Phenol e) O-cresol f) M-cresol

Meanwhile, catechol yield decreases in yields with 603K and then increases its
yield with 623K. A similar variation of catechol is observed by Yong and
Matsumara [15] as well. Most of the components show a decrease in the yields
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with increasing temperature. The reason could be improved secondary reac-
tions with a higher ionic water product and decomposition or repolymerization
of these chemicals into char. Specially guaiacol is an intermedia degradation
component in the lignin decomposition process[2]. With the increase of tem-
perature and residence time, guaiacol decreases in the system, mainly due to
its high reactivity and decomposition into catechol and phenols[32]. Since the
bond energy of the aliphatic C — O bond is lesser than the aromatic C — O
bond it is prone to be more reactive[15].

Moreover, the high ionic product and dielectric constant of water could impact
the fast decomposition of guaiacol into phenol. Similar variation is shown by
both guaiacol and catechol. Guaiacol is the main structure of softwood lignin.
Catechol, o-cresol, and phenol are not present in natural lignin and are only
produced by the secondary decomposition or hydrolysis of guaiacol [2], [15],
[34]-[36]. Therefore, the variation of catechol, o-cresol, and phenol is heavily
Impacted by guaiacol in the system. Similar behavior of phenol and guaiacol is
observed by Pinkowska et al.2012, [17], [32].In addition, Forchheim et al.
2014 reported that the catechol, phenols, and stable intermediates are pro-
duced through the reactive intermediates, which is similar to guaiacol in this
study[16]. M-cresol is a direct derivate from o-cresol where m-cresol is possi-
bly created through alkyl rearrangement [34].

According to figure 7, with all the considered chemicals except guaiacol,
yields tend to stay approximately constant with longer residence times for all
the considered temperatures. Understandably, guaiacol shows a decrease with
the longer residence time where it shows a maximum of 11 x 1073w /w, at 15
min residence time. With this observation, it can be determined that any factor
resulting in a higher yield of monomers such as temperature (553K-643K) or
longer residence times helps both repolymerization and depolymerization[3].
Therefore, for guaiacol and catechol to decrease and phenol to increase simul-
taneously, can be supported. The phenol's behavior with temperatures can be
justified by the observations from Forchheim et al.2014[16].

The particle size diminution reasoning is to have a better specific area of bio-
mass to the liquefaction medium. Nonetheless, access to the fine particles can
be difficult at times, and the behavior of the yields with bigger particles can be
of interest. However, as, change of particle radius makes a low impact on
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yields, subcritical water is a proper heat transfer medium [37]. For this study,
three different particle radii sizes (0.08mm, 0.4 mm, and 0.8 mm) are used.
Figure 8 shows the variation of biocrude component variation with different
particle radius.
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Figure 39: Effect of particle size on the production of components of biocrude
with lignin particle radius of 0.08mm, 0.4mm, and 0.8mm at 573K a) Aromatic
hydrocarbons b) Guaiacol ¢) Catechol d) Phenol e) O-cresol f) M-cresol

Figure 9 below shows the decomposition of lignin particles with different par-
ticle radius. With a bigger particle radius, lignin shows a reduced decomposi-
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tion rate. Therefore, with figure 9, the above fact of reduced production of bi-
ocrude components with increasing radius is supported by observing the lig-
nin's slower decomposition.
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Figure 40: Lignin decomposition with different particle radius of 0.08mm,
0.4mm and 0.8mm at 573K

Three different heating rates (1 K/min, 3 K/min, and 5 K/min) are applied to
the model to analyze the heating rate's impact on the biocrude components.
Figure 10 below shows the yield variation of the products with different heat-
ing rates in a temperature range of 573 K to 640K.

With 1 K/min heating rate , is used the particle stay longer at lower tempera-
tures and thus the reactions can also occur at these lower temperatures. How-
ever, this behavior does not mean that the lignin particle has faster decomposi-
tion. Besides, a decomposition at lower temperatures due to the longer resi-
dence time at these temperatures. According to figure 10, Lignin does not sig-
nificantly change yields with the heating rate variation. Except for the phenol
production, other biocrude component yields are not significantly changed by
the heating rate. Besides, at 640K, phenol production is reduced to 3 X
10~*w/w, from 1.75 x 1073w/w, when the heating rate is grown from
1K/min to 5 K/min. Ultimately when the temperature value reaches 640K (the
critical point is at 647 K), product yields have become more stable except for
guaiacol and phenol. This can be mainly due to the further decomposition of
guaiacol to phenol. Nevertheless, the impact of the heating rate at short resi-
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dence times is evident. Therefore, the impact of heating rates on both the ini-
tial kinetics of lignin decomposition and decomposition of guaiacol can be
observed from these results. This brings out the importance of the heating rate
on the fast liquefaction concept. Akhtar and Amin, 2011[37] hinted at the rea-
soning behind higher char yields with higher heating rates due to the second-
ary reactions' dominance. Eq 38, Eq 39, and Eq 46 in supplementary document
showcase those reactions where higher heating rates promote higher char
yields instead of producing biocrude. In a previous work by the authors and
Akhtar and Amin, 2011[37], this fact is supported by illustrating the increase
of char yield and a decrease of biocrude yield with the higher heating rate.
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Figure 41:Effect of heating rate on production of components of biocrude with
a lignin particle radius of 0.08mm a) Aromatic hydrocarbons b) Guaiacol c)
Catechol d) Phenol e) O-cresol f) M-cresol

3.1.2. Oily film and ash layer behavior

The behavior of oily film and the ash layer with different operating tempera-
tures is shown in below figure 11. According to figure 11, the oily film and
ash layer have the maximum thicknesses after the reactions are started. This
can be due to the initial fast decomposition of lignin. As soon as the particle is
submerged in the water, no oily film or ash layer exists. Therefore, there is no
resistance for water to reach the lignin particle surface. Nevertheless, with the
reactions progress, the oily film and ash layer are formed, and the water
monomer's movement to the particle surface is impeded. As time increases,
both the oily film and ash layer come to equilibrium and dissolve into the sys-
tem.

However, according to figure 11, oily film thickness increases dramatically
with higher operating temperatures while it dissolves quickly. The rapid in-
crease of the oily film can be justified by the initial rapid growth of aromatic
hydrocarbons with higher temperatures. In another way, the oily film's behav-
ior might have an impact on the product yields too. Similarly, with the ash
layer, the initial rapid increase could be due to the fast initial hydrolysis of
lignin under unobstructed water monomer arrival to the particle surface. Both
the oily film and the ash layer are relatively thinner with lower temperatures,
which helps both water and the products quickly diffuse through them. More
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water is gone through to the lignin particle surface, which allows hydrolysis to
happen.

Moreover, thinner oily film and ash layer could allow guaiacol to quickly
come out to the water to complete the secondary decomposition and produce
more secondary products. With higher operating temperatures, due to the rapid
increase of the oily film and the ash layer, water diffusion is hampered, lead-
ing to reduced lignin’'s initial hydrolysis. Potentially, this could have an impact
on reduced yields of biocrude at higher operating temperatures. Therefore, a
further study of the formation of oily film and the ash layer can be significant.
Dissolution of the ash layer is dependent on the oily film thickness as well.
According to figure 11b and figure 12b, the ash layer's thickness is much
higher than the oily film. Therefore, ash layer formation might have a more
significant impact on the liquefaction.
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Below, figure 12 shows the oily film's behavior and the ash layer with differ-
ent heating rates. Oily film and the ash layer show a thicker formation with
higher heating rates. When the biocrude phase behavior is compared with this,
it might create hints on the possible impact of oily film and ash layer thick-
nesses on the biocrude components' yields. Thicker oily film and ash layers
could obstruct water monomers' arrival to the particle surface and the diffusion
of guaiacol to the water medium.

177



x10"2 x107

T .
— 1 Kimin — K{m!n
i 3 Kimin \ il 3 Kimin | |
— 5 Kimin \ —5 K/min

=3

=) ~ ®
5

)

o

T
w ES
T

Film thickness(

o - N w &

Ash layer thickness(m)

)

| ]
||

. . . " . L . L
580 590 600 610 620 630 640 590 600 610 620 630 640
Temperature(K) Temperature(K)

a) b)

o

Figure 43: Impact of heating rate on oily film and ash layer formation with
heating rates of 1K/min, 3K/min and 5K/min with a lignin particle radius of
0.08mm a) Oily film b) Ash layer

When a particle radius is of the power of 10 m is utilized, the oily film thick-
ness and ash layer thickness are of the power of 1012 m and 10-" m, respective-
ly. Hence, there might not be a significant impact of oily film and ash layer
thickness on the liquefaction. Therefore, the actual impact of the thickness of
the oily film and ash layer is yet to be tested experimentally. Furthermore,
benzene is used as the model compound for the oily film, and the actual disso-
lution properties of essential chemicals present in biocrude can be much dif-
ferent from the values used here. Likewise, the properties used for ash are tak-
en from lignin ash. Besides, ash's actual behavior and dissolution properties in
the liquefaction conditions can differ from those used for the model. Moreo-
ver, these aspects are difficult to study experimentally. Therefore, the oily film
and ash layer's actual dissolution properties can be much different from what
is observed here.

3.1.3. Intraparticle behavior during liquefaction

Figure 13 shows the particle center temperature and particle surface tempera-
ture during the liquefaction process. A slower thermal conductivity or an in-
crease of ash layer thickness could lead to higher resistance against the heat
transfer, and as a result, a decrease in the particle center temperature is visible.
As shown in Fig. 14, the lignin mass loss is consistent. The water monomer
diffusion rate primarily controls the hydrolysis rate. With lignin mass is lost
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with hydrolysis, the available surface area decreases due to the decreasing par-
ticle radius. The reduction of surface area could lead to reduced mass transfer.
However, the particle temperature increases gradually.

Once the lignin is wholly consumed, the ash layer should be cooled rapidly
towards the water phase temperature. Nevertheless, simultaneously the ash
layer dissolves in the water too. In theory, due to particle heat-up and endo-
thermic evaporation, the particle's temperature should be slightly lower than
the surrounding temperature at the beginning. It is also assumed that the parti-
cle surface gets to the surrounding water temperature at once.

When volatile components start to release, the exothermic reactions around the
particle increase the surface temperature. The slight rise in the surface temper-
atures from the surrounding water temperature in figure 13 explains it. There-
fore during hydrolysis, the particle surface temperature increases and heats the
gas phase by convective heat transfer.
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Figure 44: particle temperature profiles at different temperatures with a lignin
particle radius of 0.08mm a) 573K, b) 603K, c) 623K.
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The layer model calculates the mass and energy sources that are used in the
species governing equations. The considered species calculations obtain few
factors which are applied as boundary conditions for the layer model. These
parameters are temperature, species concentrations, and available water con-
centration at each boundary. Furthermore, the species concentrations and the
temperature around the particle are time-dependent and directly affected by
the species generated by the lignin conversion through the hydrolysis process.
Model predictions show a slight increase in the particle center temperature and
the surface during the hydrolysis process. The reason could be an exothermic
reaction during the hydrolysis and decomposition of lignin[2], creating new
stable bonds than in the lignin structure. Moreover, the further repolymeriza-
tion of exothermic reactions at the particle surface could cause an increased
particle surface temperature.
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Figure 45:Normalized mass profile at different temperatures of 573K, 603K,
and 623K with a lignin particle radius of 0.08mm

Subsequently, the hydrolysis rate of lignin, which is exponentially dependent
on temperature, is responsible for the particle mass loss rate. Moreover, the
empirical constants and data for the hydrolysis rate are obtained under certain
process conditions. Therefore, any changes in these conditions might impact
the validity of the hydrolysis rates, mass loss, and the calculated temperature
values.

This model assumes that the char formed from the dehydration (Eq 37 in the
supplementary document) stays within the particle without taking part in the
reactions. Therefore, even when the lignin is completely hydrolyzed, the mod-
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el particle is still available. Hence the particle center temperature is kept calcu-
lating, and it does not show any difference after the total hydrolysis of lignin.
That explains the model still has space to improve in the future.
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Figure 46: Normalized mass profiles and particle surface temperature at dif-
ferent heating rates with heating rates of 1K/min, 3K/min and 5K/min with a
lignin particle radius of 0.08mm a) Normalized mass profile b) Particle sur-
face temperature

Although the lignin layer disappears, due to the non-reactive char availability
inside the ash layer, the model senses a particle's availability. Therefore, until
the ash layer is fully dissolved, the particle consists of char and behaves as a
regular lignin particle and shows the same effect on the temperature variation.
The particle mass predicted by the model decreases faster with higher temper-
atures (Figure 14) and slower heating rates (Figure 15a). These values are cal-
culated solely on the empirical constants and developed differential equations.
Due to the unavailability of experimental data on these parameters, it is diffi-
cult to determine whether these predictions are correct. Nevertheless, accord-
ing to figure 15b, the particle surface temperature starts going down after com-
ing to a maximum value with different heating rates. The reason can be the
full dissolution of the ash layer after the complete hydrolysis of lignin. When
the ash layer is fully dissolved, char that remained inside the ash layer released
into the system. Then the particle does not exist anymore.
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3.2. Validation

Validation of this model is done in two steps. First, the model's overall bi-
ocrude yield predictions are validated using the experimental study data from
the lab-scale HTL reactor at the University of Agder, Norway. For the experi-
ments, 573K, 603K, and 623K temperatures are considered, and the yield val-
ues are reported below in figurel6.
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Figure 47:Lignin Liquefaction model validation Biocrude at 573K, 603K and
623K

According to the experimental data and model predictions, when the operating
temperature increased, it has reduced the biocrude yield. This could be due to
the promotion of the repolymerization reactions, which would yield more char
in the secondary reactions[15], [32]. Moreover, when the operating tempera-
ture increases and goes close to the critical point, the process goes towards
hydrothermal gasification, where it produces more gas [15], [17]. According
to Ye et al.2012 [31], increased operating temperature and residence time
promote further decomposition of lignin where it helps further repolymeriza-
tion. This could ultimately result in overall biocrude yield reduction [15], [32].

The second validation step is done using the experimental data, kinetic data,
and process conditions used by Yong and Matsumara [15]. In this step, the
main components of the biocrude phase considered in this work are validated.
Therefore, the kinetic data and the process conditions from Yong and Matsu-

mara [15] are used as inputs for the model, and predictions from the model are
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graphed along with the experimental values and model predictions obtained in
their work. The validation plots are shown in figure 17. In their work, 603K is
not considered as an experimental operating temperature. Therefore, 603K is
not considered for the validation plots.

Ever Since the particle size of the lignin used by Yong and Matsumara [15] is
not reported, a general radius size of 80um is used for the lignin particle. Dif-
ferent concentrations, loading conditions, different reaction routes, and Kinet-
ics could affect yield values. In most of the validation plots model predicted
data shows a deviation from the initial experimental data, taken below two
seconds residence time. This could be due to the unavailability of precise ini-
tial kinetic data to feed the model. Besides, in the proposed model, the particle
decomposition mechanism is given attention. Therefore, the temperature varia-
tion in the particle, oily film, and ash layer behavior and the mass transfer
from the particle impact the deviations from the experimental results. Fur-
thermore, during the modeling process only benzene is used as the model
compound for the oily film. Properties of ash used for the model might not be
the same as the liquefaction conditions. Thus, these factors can be vital in
matching the experimental results exactly. Nevertheless, With the increase of
residence time, the model data shows an excellent agreement with the experi-
mental data.
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Figure 48: Biocrude phase validation a) Aromatic hydrocarbons b) Guaiacol
c¢) Catechol d) Phenol €) O-cresol f) M-cresol

4. Conclusion

The model is validated using lignin, experimental liquefaction data obtained at
the University of Agder, and literature. The predictions of the model agree
with the literature showing reliability.

At 573K with a particle size of 0.08 mm, aromatic hydrocarbons show the
maximum vyield of 0.23 w/wo. Slower heating rates have produced better
yields with all the chemical components. For longer residence times and close
to the critical point, heating rates reduce the yields. Oily film and ash layer
shows a similar formation process and similar behavior at different process
conditions.

Some of the model input values can differ from actual liquefaction conditions
and could change the actual results. Since the availability of data used for this
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model is limited and bears a high uncertainty in the yields due to the different
workup processes, it is better not to obtain results in a quantitative sense. The
behavior of the oily film and ash layer is not experimentally tested. Therefore,
more experimental studies are required to validate some of the results ob-
tained. In this article, only subcritical temperatures are considered. When the
temperatures are shifted to the supercritical region, the ionic product of water,
as well as the kinetic parameters change dramatically. Therefore, modeling the
same scenario in supercritical conditions needs a separate study.
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Glossary
Ciig = Concentration of lignin in the system
M,, = Mass transfer rate of the water monomer
r = Radial position of the lignin particle
ka = Mass transfer coefficient
Cg = Bulk water monomer concentration
Cs = Water concentration at the surface.
Mg = Mass transfer through hydrolysis at the surface of each model
compound
Ky = Hydrolysis rate constant
rq = Decomposition rate of the lignin particle
k, = Rate coefficient of lignin decomposition
kit = Calculated rate constant
Ko, = Frequency factor
E, = Activation energy for each component
JEw = Impact of the ionic product of water.
Wash = Thickness of the ash layer
w = Thickness of the oily film
Csq = Water concentration in between oily film and the ash layer
Ky = Mass transfer coefficient through the oily film.
Kpifs = Diffusion coefficient of the oily film
kg = Boltzmann’s constant,
T = Temperature (K)
TH,0 = Radius of the water molecule
Hoil = Viscosity of the oily film
KM ash = Mass transfer coefficient through the ash layer
Myj) = Mass of the oily film at a given time
DPoil = Density of the oily film
Toil = Rate of formation of the oily film
I'dissolve = Rate of dissolution of the oily film in water
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Ko = Mass transfer coefficient to the water from the oily film
Kpifrs = Diffusivity of oily film to water
Mgy = Mass of the ash layer at a given time
Pash = Density of the ash
Ky, = Thermal conductivity of the layer
Axy; = Ratio of the area of the boundary to half of the layer thickness
Cp = Specific heat capacity
AH; = Standard enthalpy of formation
H = Specific enthalpy
A. Appendix
oil Moi
Csar (T) = (A=xoi )");Wclzter ,lxou Moi1 EqAl
Pwater ' Poil
6922.912

In(x,;) = —170.04018 +

"2+ 24398795 In (T)  EqA2

Table A 3: Parameters and constants used.

Density

Lignin 560 Kgm?3

Ash 300 Kgm3 [38]

Char 200 Kgm3 [38]

Heat capacity

Lignin (wood) 1500+T JKgiK1 [39]

Ash 420+2.09T+6.85x10T?  JKglK-! [39]

Char 420+2.09T+6.85x104T?  JKgK? [39]

Biocrude (Benzene)  1.5194-1.299x10- JKgiK? [40]
3T+6.927x10°°T?

Thermal conductivity Value
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Lignin 0.056+2.6x104T WmiK1

[41]
Ash 1.2 WmiK!

[41]
Char 0.071 WmiK?

[41]
Biocrude (Benzene)  0.22598-2.8744x10°4T WmiK?

[42]
Constant parameters
Ka 0.001 m/s
Ch 7000 mol/m?3
T initial 553 K
ro 0.00008 m
R 8.314 J/ (K mol)

Table A 4:List of kinetic parameters

Kinetic parameter

Value

Ko,

9.18x10? [15],[29],[35]

Ko, 1.74x10° [15]

Kos 5.45x10° [15]

Ko, 3.13x10? [15] ,[17]
Kos 2.15x10° [15]

Ko 1.02x10 [15]

Ko,z 2.44x10 [15]

Kos 4.47x10 [15]

Ko, 1.69x10 [15]

Ko,10 8.76x10° [17],[32]
Ko,11 5.79x102 [15]

Ko,12 3.91x10° [15],[17],[32]
Koas 1.97x102 [17],[32],[43]
Ko 2.71x107 [17]

Ko,15 0 [15],[17]

Ko,16 0 [15],[17]
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Ko,17 2.83x10° [15],[17]
Ko,1s 2.57x10% [15],[17]
Ko,19 8.92x102 [15],[17].,[32]
Ko,20 8.19x10? [15]

Ko,21 5.77x10° [15]
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1. Decomposition of the lignin particle

The considered lignin particle system with a fully developed ash layer and the
oily film is shown in figure 3.

Hydrolysis of the lignin particle is determined by the developed reaction rate
constant. The lignin particle's overall decomposition is a cumulative effect of
each hydrolysis compound and occurs in the radial direction. The water
monomer's diffusion through the aqueous film surrounding the lignin particle
IS modeled using water's mass transfer (when no oily film is present) from
Kamio et al.[18]
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Oily film
(R=T+Washtw)

Ash Layer
(R=r+wan)

Figure 49:Liginn particle system considered in the model.

MW = 4-7TT‘2kA(CB - Cs) Eq 1

Where M,, is the mass transfer rate of the water monomer, r is the radial posi-
tion of the lignin particle, k, is the mass transfer coefficient, Cz represents the
bulk water monomer concentration, and Cs is the water concentration at the
surface.

Hydrolysis of the lignin particle is expressed below, where My is the mass
transfer through hydrolysis at the surface of each model compound, and ky is
the hydrolysis rate constant [18].

MB = 47TT2kHCS Eq 2

The decomposition rate of lignin particle can be written as following [17]:,
2

ra = —keC}, Eq 3

Where i =1,2,3
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Here, r,; is the decomposition rate of the lignin particle, k, is the rate coeffi-
cient of lignin decomposition, and Cj;, is the concentration of lignin in the
system. Therefore from [17],

1
3CBCE 10
L Eq 4

—T 1-
ToBP(a"‘E)

X

Where p represents the density of lignin.

All the rate constants are changed with temperature. Since the temperature is
changed during the process, the Arrhenius equation can be used to calculate
the changing rate constants. Moreover, liquefaction kinetics in the sub and
supercritical conditions depend on water's ionic product and the ionic product
of water is dependent on the temperature [24], [25]. Therefore. lonic product
of water is added to the equation.

_Ea

kir =ko;e RT \[ky Eq5

Where, k; . is the calculated rate constant, k, ; is the frequency factor, R is the
mass-specific gas constant, T is the temperature and, E, is the activation ener-
gy for each component. Arrhenius law can be applied to all the reactions since

the rate constants are changed with temperature. \/E represents the impact of
the ionic product of water in the Arrhenius equation.

In the liquefaction process, the lignin's ash component can be formed as an-
other layer around the lignin particle. Therefore, in this model, a limiting fac-
tor for the lignin particle's convertible part is introduced. Such a limiting factor
is presented by Hu et al. 2007 [27] to consider the wood's convertible part for
pyrolysis models as well as by Mosteiro-Romero [19] in a liquefaction model.
Following that concept, a factor is introduced such as follows,

my —m(t)

kcon - Mo—Mgsh Eq 6

Where, m,, is the initial weight of lignin, m,, is the weight of the sample at a

given time t, and mg,, is the ash weight in the sample.
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Moreover, the diffusion of water to the particle surface is limited by the ash
layer formation. After adding the limiting factor, the liquefaction of the lignin
particle is limited by the factor introduced above in equation Eq 6. Then over-
all decomposition of the lignin particle is modified as follows.

2

ra = —kykeon g, Eq7
Decomposition of the lignin particle depends on the water's concentration on
the surface of the particle and the unreacted lignin remaining in the system.
When the oily film and ash layer are formed around the lignin particle, the
water concentration on the lignin particle's surface depends on the water dif-
fused through the oily film and ash layer. Therefore, when an oily film of
thickness ‘'w' and an ash layer of thickness ‘w,.," are formed, decomposition
of the lignin particle depends on the formation of the oily film and ash layer,
diffusion of water through the formed layers, and the dissolution of the oily
film in water.

According to Eq 4 and Eq 7, when the oily film is not present, decomposition
of the lignin particle can be written as

1

3CBCE, 0 2

Ty = — —a Kcon Clsé Eq 8
roﬁp(a"'a) g

When the oily film is present, if the water concentration at the lignin particle
surface is Cs, then.

1
3CsClo 10
L Eq9

—T 1.
roﬁp(a‘*@)

X

Therefore, by Eq 8 and Eq 9,
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1
3CgC3 2
S 3

ry = WY kon Cly Eq 10

- T 1
Toﬁp(a*'m)

In the presence of the oily film and ash layer, the decomposition of the lignin
particle depends on the concentration of water (Cs) on the particle surface and
water consumption by the hydrolysis reaction on the particle surface.

The rate of water diffusion through the oily film when the ash layer is present
can be written as follows in Eq 11. The modeling of the oily film is influenced
by the method used [19].

rdiffusion = 47'[(7' + Wysh + W)ZkM(CB - CSl) Eq 11

Where (r + wyg, + w) is the radius of the oily film, Cs, is the water concen-
tration in between oily film and the ash layer, and k,, is the mass transfer coef-
ficient through the oily film. If the ash layer is not formed, then the oily film
radius becomes (r + w).

ky = 2 Eq 12
kpirr represent the diffusion coefficient of the oily film, which is calculated
by the Stokes-Einstein equation.

kgT

kpifr = p— Eq 13

Where, kg is the Boltzmann's constant, T is the temperature (K), 0 is the
radius of the water molecule and p,;; is the viscosity of the oily film.

The rate of diffusion of water through the ash layer can be written as follows
in Eq 14.

rdiffusion_ash = 47‘[(7’ + WAsh)sz_ash (651 - CS) Eq 14

Where (r + w,gy,) is the radius of the ash layer, and Cs is the water concentra-
tion at the surface of the lignin particle. k, 45 is the mass transfer coefficient
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through the ash layer, which depends on the ash layer's diffusion coefficient.
(Calculated by Fick's law). The rate of change of water concentration at the
particle surface can be written according to the formations of oily film and ash
layer. There are four different scenarios considered as follows.

d—cts = rate wate of water dif fusion through the ash layer —

rate of water consumed by the hydrolysis Eq 15

Therefore, when

w>0and wyg, =0; dstS = 4(r + w)?ky (Cy — C5) — 4mr?ky Cok on

Eq 16
dCs 2
w > 0and wyg, > 0; 4 Tdif fusion_ash — Anr=ky Cok con
Eql7
w = 0and wyg, > 0; dd% = 4n(r + WAsh)ZkM_ash(CB —Cs) —
Atr2ky Cok on Eq 18
dCs 2
w=20 and Wpsh = U, —— = —4nr kHCSkCOTL Eq 19

dt

The undissolved volume of the oily film at a given time (V,;;)can be written as
below in Eq 20,

Moil

Voir == (0 + Wagp, + W)* = (r + wen) ) = Eq 20

Poil

Here, m,;; is the mass of the oily film at a given time and p,;; is the density of
the oily film.

When both sides are differentiated and rearranged,
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dw 1 ( 1 )2 dmyii 1 ( T+Wash )2 [dr_l_desh]
dt  4mpy \r+wasp+w/ T dt r+Wasp+Ww dt dt

Eq 21

The rate of change of mass of the oily film equals the difference in the for-
mation and the dissolution of the oily film,

dmej; _
at Toit — TVdissolve Eq 22

Here, r,;; is the rate of formation of the oily film and 7;;5s01e 1S the rate of
dissolution of the oily film in water.
From Fick's first law,

Taissove = Kyz 4TT(T + Wygy + W)Z (Csar — Coo) Eq 23

k., 1s the mass transfer coefficient to the water from the oily film. Here C, is
assumed to be zero with the assumption that the hydrolysis products' solubility
Is equal to their concentration at the oily film's surface. Moreover, at some
distance, the dissolution of the hydrolysis products in water is infinite.

kyp = — 211 Eq 24

r+washtw

The diffusivity of oily film to water (kp;rr1) is calculated by the Stokes-

Einstein equation. Using the same method used in Eq 20, the ash layer volume
can be written in Eq 25 below.

4 as
Vasn = E(T[(r + WAsh)3 - (1") 3) = ﬁ Eq 25

Here, m,, 1S the mass of the ash layer at a given time and p,;, is the density
of the ash. When both sides are differentiated and rearranged,

dwasn _ _ 1 ( 1 )2 dmasn 1_( r )2 [ﬂ] Eq 26
dt 4TPash \T+Wash Todt T+Wash dt

The radius of the lignin particle at each time can be calculated by the follow-
ing Eq 27.
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_ 3[3Mig
r(t) = /M_p”g Eq 27

Each chemical component's theoretical values are calculated using differential
equations using the backward Euler method. From the differential equations,
the variation of each chemical compound's concentrations is obtained in
mol/m3. Then, each chemical compound or resultant phase is presented as a
percentage of the total input.

2. Layer model for intra-particle process modeling.

In this paper, a layer model is implemented to study the intra-particle transport
and sub-processes of the thermally thick lignin particle. Although the ash layer
thickness and oily film thickness are small (10"mm and 1012 mm respective-
ly), all the three layers present in the previous section are considered here. The
lignin component is regarded as a single homogenous particle. The layer mod-
el is influenced by the work done by Mehrabian et al., 2012[28]. Figure 4
shows the layer model used in the proposed model.

The layer model treats the three layers in one dimension. This simplification is
done to avoid model complexities. For the modeling purpose, it is assumed the
particle boundary conditions are homogeneous, and all the points at a certain
distance from the surface at a radial direction have the same conversion rates
and temperatures[29].

As the conversion starts, the mass and thickness of the two layers in the parti-
cle are changed. Since the lignin particle started decomposing, the oily film
will change its thickness according to the diffusion of water to the lignin parti-
cle surface, rate of hydrolysis, and dilution of the oily film in water. Along
with this, the boundaries are moving towards the center of the particle as well.
Therefore the density and the particle size may change during the thermal
conversion of the particle.
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Qily film (R= r+w,q, +w)

Lignin particle
(R=r)

Ash |4':1}"E|‘ (R_ r'—“":lz-'h)

Figure 50:Layer model considered for the intra particle process.

For the particle, thermal energy conversion is expressed in the following Eq
28.

%pH = —V.pvH —V.q Eq 28

Where, %pH Is the accumulation rate of enthalpy per unit volume, V. pvH

represents enthalpy change by advection per unit volume, and V. q is the con-
ductive heat transfer per unit volume.

The thermal energy per unit volume is replaced by the thermal energy per each
layer for simplification. Then the energy equation can be written as follows in
Eq 29

ad . .
EZC m;H; = Zc:in M Hip — Zc:out MoueHoyr + kLiAXOLi (TB(i—l) -

Ty ) — kp,Axqy, ( Ty — Tgi) Eq 29

Where, m;H; are the multiplication of mass and specific enthalpy of each
component present in the layer i, m;,H;, is the multiplication of mass flow
rate and specific enthalpy respectively of each component at the boundary,
k,, is the thermal conductivity of layer i, Ax,,; is the ratio of the area of the
boundary B(i — 1) to half of the layer i thickness, and Ax,;; is the ratio of the
boundary Bi to half of the layer i thickness. Moreover T;; andTg; are tempera-
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tures of the center of layer i and the temperature at the boundary Bi, respec-
tively. ( Since three layers are considered here,i = 1,2,3)

The conservation of mass for each layer can be written as follows in Eq 30,
a . .

azc m; = YinMpi1 — Lout Mapi Eq 30
In addition to that, from the specific heat at constant pressure,

dH = c,dT Eq 31
From Eq 29, Eq 30 and Eq 31, below Eq 32 can be obtained.

Zcm Cl dt Zm[mBl 1(HB(L 1) H; )] Zout mBl(H HBL)]
kLiAxOLi (TB(i—l) — Ty ) - kLiAlei ( Ty —Tgy)

Eq 32

Enthalpy of each component at every boundary and every layer is calculated
by the following Eq 33,

H,(T) = AH; + [ _cpdT Eq 33

Here, AH}’ represent the Standard enthalpy of formation and c,, represents spe-
cific heat capacity.

By using the energy balance for each boundary, the boundary temperatures are
calculated.

kLiAlei ( Ty —Tgi) — kLi+1AxOLi+1 (TBL' — Tiivn) ) = Yc=inMpiHp; —
Yic=out MpiHp; Eq 34

In the model, the reactions are happening on the particle surface. Therefore,
the same components which enter a specific boundary might not leave the
boundary. A resultant component could leave instead. The right-hand side of

Eq 34 may represent the enthalpy difference of products and reactants of the
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reactions. The mass flow rate of each component is dependent on the reaction
rates (r); and stoichiometry (n;) of each reaction.

Mp; = De=out TiMi Eq 35

In this regard, the mass flow rates of each component can be calculated by the
differential equations developed using the shrinking core concept in section
22.1.2

3. Kinetic model for lignin liquefaction

The lignin liquefaction model is a continuation of the previous work by the
authors[17]. Figure 5 shows the used reaction pathway of hydrolysis and the
decomposition of lignin during the liquefaction process. For the lignin hydrol-
ysis model, required kinetic parameters are taken from the literature[14]-[16],
[30], [31]. The below equations from Eq 36 to Eq 46 show the reactions incor-
porated in the lignin liquefaction model.

Lignin

Ky

e,

s
Aromatic
compound Kis
o onor

Char

Figure 51:Reaction pathways of lignin in hydrothermal conditions.
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Table 9:Reaction type of each reaction used in the lignin liquefac-

tion model.

Reaction type Kinetic parameters

Hydrolysis K1, K3, K4, Ks

Dehydration K2

Polymerization Ks, K7, Kis

Decomposition Ks, Kio, K11, K12, K1z, Kia, K15, K17, Kig, K1g, Koo,
K21

Gasification Ko

Rearrangement K17

ki
Lignin + ¢;H,0 - d,guaiacol + d,Aromatics + d;TOC + d,CO,

Eq 36
ki
Lignin - ds char + H,0 Eq 37
ki

Aromatics - dg char Eq 38
ki

TOC - d,char Eq 39
ki

TOC - dgAromatics + dyCO, Eq 40

ki
Guaiacol - d;oPhenol + d;TOC + d,,Catechol + d,30 — cresol

Eq 41
ki
Catechol — di,Phenol + d,sTOC + d,c0 — cresol Eq 42
ki
0 — cresol = d{;M — cresol + d,;3TOC Eq 43
ki
M — cresol - d,qTOC Eq 44
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ki
Phenol - d,,TOC Eq 45

ki
Phenol - d,,Char Eq 46

c; is the stoichiometry value for water for each hydrolysis reaction (where
i=1,2, 3,4)

d; is the stoichiometry value for the output of each reaction (where i=1,2,
3,...21)

To acquire the results presented in this section, differential equations devel-

oped in the mathematical model are solved and discretized in MATLAB
R2019b.
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Abstract:

An evaluation of hydrothermal liquefaction (HTL) char is investigated in this
work. Morphological studies, N2 adsorption behavior, FTIR analysis, thermal
behavior, and elemental composition are studied. The HTL char yield showed
an increase with higher operating temperatures. It increased from 11.02% to
33% when the temperature increased from 573 K to 623 K. At lower tempera-
tures, the residence time showed an impact on the yield, while close to the crit-
ical point, residence time became less impactful. Elemental analysis showed
that both higher operating temperatures and longer residence times increased
the nitrogen content of the chars from 0.32% to 0.51%. FTIR analysis sug-
gested the char became more aromatic with the higher temperatures. The ali-
phatic groups present diminished drastically with the increasing temperature.
Residence time did not show a significant impact as much as the temperature
when considering the functional group elimination. An increase in operating
temperatures and residence times produced thermally stable chars. HTL char
produced at the lowest operating temperature and showed both the highest sur-
face area and pore volume. When temperature and residence time increase,
more polyaromatic char is produced due to carbonization.

Keywords: lignin; HTL char; FTIR; SEM; TGA,; carbonization; pores

1. Introduction

Numerous research groups study hydrochar from the hydrothermal car-
bonization (HTC) process. The morphological surface and chemical character-
istics of that char have been investigated profusely. Besides, comprehensive
studies on char from the hydrothermal liquefaction (HTL) process are sparse.
HTL produces comparably less char yield than HTC. Nevertheless, with a
small yield, the char from HTL can be utilized for a valuable purpose. Limited
studies have suggested that hydrothermal char can help produce porous carbon
[1]. Besides, hydrochar-based porous carbon can be an effective material in
agriculture [2]. Porous carbon produced from hydrochar can be used as carbon
storage in fields. Further, hydrochar and biochar’s (pyrolysis char) diverse



abilities in the nitrogen cycling process were studied recently [3]. Notably,
activated char can be used as an adsorbent for organic pollutants [4].

Lignin makes itself a valuable resource, being the second most common
earthbound biopolymer available and the most significant naturally occurring
source of aromatic compounds [5]. As a significant by-product of the paper
and pulp industry, lignin is mainly used by paper mills to fuel energy recovery
[6].

Hydrochar from HTC has been investigated thoroughly in recent studies.
Falco et al. showed the strikingly different behavior of different chars from
HTC of cellulose and glucose, where cellulose-derived char illustrated proper-
ties close to pyrolysis char [7]. Leng et al. investigated the hydrochar behavior
of sewage sludge liquefaction with a morphological study and a study on the
oxygen-containing functional group in char. Although the surface area and
pore volume were low, oxygen-containing functional groups were high in char
[8]. After that, their studies found that the rice husk-derived biochar was effec-
tive on Malachite green (MG) removal from the aqueous phase [9]. An illus-
trative study by Zhu et al. showed a positive correlation between the elemental
compositions and the porous carbon’s porosity.

Furthermore, the authors observed that lower maximum temperatures and
retention times lead to high porosity porous carbon [1]. Wahyudiono et al. ob-
served that the functional group distribution of char from lignin changes dras-
tically during decomposition in near supercritical water [10]. The impact of
increasing temperature on the repolymerization of decomposed products from
lignin was unearthed by Pinkowska et al. [11]. Char produced by the hydro-
thermal carbonization of cellulose, xylose, and lignin were studied by Kang et
al., where the chars’ carbon content was mainly investigated [12]. Moreover,
many studies have been carried out to study the decomposition of lignin in
organic solvents [13-16].

Despite the considerable work on the HTL of lignin, most of studies have
only focused on the liquid phase from the output. Focusing on the char may
give insight into the decomposition pathways and possible ways to utilize the
char as a helpful precursor for other value-added products, such as soil stabi-
lizers for agricultural purposes and porous carbon production as well as anode
production. Subsequently, pyrolysis char and hydrochar from HTC are widely
studied, and the behavior and evolution of pyrolysis char and HTC char are
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widely accessible [1,17,18]. Besides, due to the different chemistry in the pro-
cess and the complex reactions and degradation mechanisms, HTL char could
offer different properties than pyrolysis and HTC char.

Char is a by-product of HTL, where in most of the studies, the bio-crude
product is given importance [19]. The motivation to study char extensively is
to investigate the possibility of using HTL char effectively. It could be either
in porous carbon production, as a fertilizer for agricultural purposes, or using
it as a carbon capture material. Nevertheless, this study focuses on evaluating
HTL char properties and characteristics with different operating temperatures
and residence times. This study investigates the morphological, surface, ther-
mal, and chemical characteristics of lignin derived HTL char. The functional
groups present in char are studied with Fourier transform infrared spectrosco-
py (FTIR), where the structural and surface behavior is studied with scanning
electron microscopy (SEM). The thermal behavior of char is studied with
thermogravimetric (TGA) analysis, and the nitrogen adsorption/desorption
method is used to determine the surface and pore distribution of char. The
chars are produced with different HTL operating temperatures and residence
times to study and understand the different char-derived attributes with vary-
ing process parameters.

2. Materials and Methods
2.1. Material

Being obtained from Sigma Aldrich Co.,Oslo, Norway, the lignin used in
this study was alkali lignin with a low sulfonate content and an average mo-
lecular weight of 10 kg/mole. In total, 16 mL of slurry was fed into the reactor.
The lignin and water weight ratio was 1:9, which was maintained for all feed-
stock samples. All the analysis instruments used in the study are mentioned in
the Section 2.3 characterization.

2.2. Experimental Procedure

Experiments were carried out in a 24 mL tubular steel reactor from Graco
High-Pressure Equipment Inc. (HiP, pennsylvania, United States). A dead
volume of 8 mL was kept in all the experiments to hold space for produced
gasses and expansions. The reactor was purged with N> to check for leakages
and emit the air after the reactor was sealed. A fluidized sandbath was used to
heat the reactor, while an external shaking mechanism connected to a frequen-
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cy controller was deployed to shake the reactor during the reactions. In this
study, three temperature values and three residence times were used. The tem-
peratures used were 573 K, 603 K, and 623 K, while the residence times used
ranged 10 min, 15 min, and 20 min. Therefore, every temperature value was
studied with three residence times. For the experiments’ consistency, every
experiment was repeated five times, and average values were used for analysis
and are recorded below in Table 1. According to Table 1, each char sample’s
carbon content stayed very similar regardless of the operating temperature or
the residence time.

Table 1. Ultimate analysis results of the experimental samples (wt.% dry ash-

free).

Sample C H N O
Lignin 51500+ 4.120+ 0.350 44.030 +

0.102 0.021 0.031 0.154

crr 1 73 xtomy S 470 02w
crr2 3w 15min I Hises ouies oot
crr s 73K _zomin R0 MO Disss 5001
crra 603K omn) BE0E 4izms 0% o
crars 03K oy 33E* S¥EE 0Sss T
craro 03k —ominy $39% ST OSSRl
chr7 23 tomn SEE ST0E Qe %
crrs s miy SIS SEss Otels Tt
crr 23K _zominy S S0 0slas o

After the desired residence time and the reactor were dismantled from the
shaker and cooled with cold water for 30 min, acetone was used to extract the
liquid and solid products from the reactor. The reactor was then washed with
acetone four times after every experiment to ensure all the products were ex-
tracted. Furthermore, the solution was filtered, and the solid product was sepa-
rated. To ensure that the solid and liquid phases were appropriately separated,
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solid residue (char phase) was again washed with acetone and filtered. Then,
the char phase was weighted and dried at 378 K for 24 h before quantifying. A
simple process diagram of the char separation and extraction from the HTL
output is shown in Figure 1.

|
[ HTL J—'[ Gases]

h
Product
—_—

Filtration

Acetone
extraction
Centrifugation

4

Figure 1. Char separation and extraction method.
In this article, char yield denotes the amount of recovered solid residue af-
ter HTL, based on Equation (1) [20].

Char yield (%)
Char recoverd after the heat treatment (g)

~ Initial amount of lignin used for the experiment (g) (1)
%X 100%

2.3. Characterization

Several different analytical tools and methods were used in this study to
determine the char’s different properties and behaviors.

According to ISO standard procedures, the lignin’s proximate analysis
was performed using a muffle furnace LT 40/11/P330 (Nabertherm, Lilienthal,
Germany). A PerkinElmer 2400 CHNS/O Series Il elemental analyzer (Perki-
nElmer Waltham, MA, United States) was used for the ultimate analysis. Ox-
ygen as calculated by the difference of the other elements, where sulphur con-
tent was assumed to be negligible, although it is present in very low percent-
ages in lignin. EN 15148 was applied to measure the volatile matter. In the
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elemental analysis, 1-1.5 mg of sample weight was used in all the test cases
where samples were weighted in an Sn capsule and then placed in the ele-
mental analyzer. Calorific tests were carried out using an IKA C6000 global
standard-type bomb calorimeter (IKA®-Werke GmbH & Co. KG, Staufen,
Germany) according to the DIN 51900-1 standard test for solid and liquid
fuels. For the morphological study, scanning electron microscope (SEM) im-
ages of the samples were obtained by using a JSM-7200F scanning electron
microscope (JEOL,Tokyo, Japan).

Thermogravimetric analysis of the feedstock and the char samples was
carried out using a Mettler-Toledo Thermal Analyzer (TGA, Mettler-
Toledo,Columbus, Ohio, United States). Mainly, the TGA and derivative
thermogravimetry (DTG) graphs were used in this study to analyze the ther-
mal behavior of char. The temperature was raised from 303 to 1273 K with a
heating rate of 20 K/min with nitrogen as the purging gas with a constant flow
rate of 25 mL/min. The mass loss in the sample was calculated using Equarion

).

Mass loss (%) = Initial mass (%) — Final mass (%) (2)

The sample’s infrared spectrum was measured using a Perkin Elmer FTIR
spectrometer (Perkin-Elmer Ltd., Cambridge, UK) equipped with a nitrogen-
cooled mercury-cadmium-telluride detector. Each dried sample dispersed in
KBr as a 10% mixture was placed in a sample cup of a Perkin Elmer diffuse
reflectance accessory, and the surface of the sample was carefully leveled flat.
The spectrum of finely ground KBr was used as the background. The spectrum
was measured in the range 4000-600 cm™!, and a total of 32 scans were made
at a resolution of 4 cm™'. The resulting average reflectance spectrum was then
transformed into the Kubelka—Munk format and saved as the final spectrum.

N> adsorption isotherms of hydrochar were determined at 77 K (Nova-
Touch, Quantachrome,Boynton Beach, Florida, USA). The Brunauer—
Emmett—Teller (BET) model was used to calculate the surface area [21]. Pore
volume was evaluated with the quenched solid density functional theory
(QSDFT), using the calculation model for slits and cylindrical pores on the
adsorption branch [22]. Before each measurement of surface area and porosity,
samples were degassed at 423 K for 6 h. The total pore volume was defined
from the amount of N2 adsorbed at a p/po value of 0.99.
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3. Results and Discussion
3.1. Char yield

At 573 K char, the yield showed 11.02% w/wg, 11.06%w/wo, and 12%
w/wg at 10 min, 15 min, and 20 min residence times, respectively. When the
operating temperature was increased to 603 K, the char yield showed a rapid
increase to 31% wi/wy, followed by a rise to 33.05 % w/wp at 15 min residence
time and then to 34% w/wo at 20 min residence time. At 623 K for all the resi-
dence times, the char yield stayed around 33% w/wo. According to Table 1,
with increasing temperatures and longer residence times, the nitrogen content
of the chars increased. Therefore, for all three operating temperature values,
the longest residence time reported the highest amount of nitrogen in the char.
Similar behavior of nitrogen content has been observed with hydrochar pro-
duced by HTC process [1].

Further, an increase in operating temperature also increased the char’s ni-
trogen content, where it showed the complete opposite to pyrolysis char,
which showed a reduction in nitrogen content with the increasing operating
temperature [23]. Other research that carried out the hydrothermal degradation
of lignin has observed the same trend: the lowest solid yield is obtained at the
lowest operating temperature, and then the yield is increased with the increase
of the operating temperature [24-26]. Besides, in some studies, the residence
times used are relatively different from the current study. The relatively low
yield at 573 K could be due to the promotion of hydrolysis and a decomposi-
tion reaction at lower temperatures than the repolymerization or rearrangement
reactions. The relatively high yields at 603 K and 623 K can be attributed to
the promotion of repolymerization and rearrangement reactions. Repolymeri-
zation reactions become prominent with the higher operating temperatures and
longer residence times, leading to the higher char yield at higher temperatures
[25,26]. With the increasing temperatures, free radicals from the broken ether
bonds could pair with other carbon atoms and create more rigid bonds towards
cleavage, which would create char-like structures [27]. Below, Table 2 shows
the char yield obtained at different temperatures and residence times.
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Table 2. Char yields at different operating temperatures and residence times.

Samole Char |Char |Char|Char | Char |Char |Char |Char | Char

P 2 | 3| 4| 5|6 | 7| 8109

Yield (wiw, 0/)11.02 11.06 (12.00 [31.00 [33.05 [34.00 [33.03 [33.03 [33.05
074 03 £0.15+ 021+ 04 &0.23+0.16[+0.11+ 0.16 & 0.22

3.2. FTIR Analysis

The normalized FTIR spectra of the chars are shown in Figure 2. All the
char samples obtained at different operating temperatures and residence times
were analyzed, and the FTIR spectrums were obtained. In general, from the
color and the spectra, it was apparent that the samples contain very little ali-
phatic content. The minor aliphatic character appearing in the low-temperature
samples seemed to disappear at a high-temperature treatment. The aliphatic
content also reduced in the samples treated at longer residence times.
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Figure 2. FTIR spectra of the chars.

Figure 3 below illustrates a closer look at the FTIR spectrum from the char
sample obtained at 573 K and 10 min residence time, produced at the lowest
temperature and the shortest residence time among all the samples. The fin-
gerprint in the region 2000-600 cm™' mainly arises from the condensed prod-
ucts containing O, N, and sulfur compounds of lignin used in the experiments.
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The area under the region 3000-2850 cm™! is an indication of the aliphatic
content.

Intensity (K-M)
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Figure 3. FTIR spectra and the available peaks of char from 573 K and 10 min
residence time.

The FTIR spectra intensity variation reflects the variety of different func-
tional groups as the temperature and residence time increase [28]. Figure 4a
below shows the normalized FTIR spectra of the chars obtained with a resi-
dence time of 10 min at different temperatures of 573 K, 603 K, and 623 K,
where Figure 4b shows the normalized FTIR spectra of the chars obtained at
different residence times at 573 K.

The spectrum of char produced at 573 K with a 10 min residence time
shows bands corresponding to aliphatic and aromatic -OH (3415 cm™'), aro-
matic ring modes (1595 cm™' and 1140 cm™), carbonyl group (1684 cm™),
aliphatic -CHs (2944 cm™') and CH. groups (1453 cm™'), symmetric -CHs
stretching of the methoxyl groups (2851 cm™), and symmetric -CHj stretching
(1035 cm™) and C-H in Syringyl, Guaiacyl (857 cm™ and 807 cm™!, respec-
tively), as well as the nitro compounds (1353 cm™) [29].

As temperature and residence time increase, the depth of aliphatic -CH3
(2944 cm™), the symmetric -CHs stretching of the methoxyl groups (2851
cm™'), -CHz and CH2 groups (1453 cm™"), and the symmetric -CHjs stretching
(1035 cm™1) [10,17], all decreased rapidly. This indicates how the polar func-
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tional groups decrease with increasing operating temperature and increasing
residence time [30]. These groups are reduced to produce an aromatic char
[10,17]. Such aromatic rings would result in producing fused aromatic rings
after losing oxygen and hydrogen. Therefore, the increasing temperatures and
the longer residence times promote fused ring production, resulting in more
char. Although the aliphatic groups were eliminated from the chars produced
at higher temperatures, many studies have shown that those aliphatic groups
can be found in the liquid phase [11,25].

Intensity

Intensity
L
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Wavenumber (cm™) Wavenumber (cm™)

(a) (b)

Figure 4. FTIR spectra of chars from (a) different temperatures with a 10 min
residence time (b) different residence times at 573 K.

The peaks corresponding to Syringyl, Guaiacyl C-O (1272 c¢cm ")[31],
which are characteristic of softwood lignin, started to diminish clearly. At 623
K and with longer residence times, most groups decreased. Subsequently, py-
rolysis char and HTC char still presented some of the groups at 623 K [17,18].
Meanwhile, the small amount of aromatic and aliphatic OH (3415 cm™!) was
seen to vanish with the increasing operating temperature. This can be mainly
credited to the improvement of the dehydration reaction [32]. The band at
1595 cm™! [10,17], corresponding to the aromatic ring and carbonyl group
(1684 cm™"), seemed to be increasing drastically with the increase of operating
temperature. This means the C-C and C-H bonds are consumed throughout the
hydrothermal liquefaction process. Although the aromatic ring (1595 cm™)
increased with the longer residence time, it was not as significant as the oper-
ating temperature.
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Meanwhile, the carbonyl group (1684 cm™') seemed to decrease with the
longer residence time. A possible reason for this observation could be reduced
carbonyl group consumption, C-C, and C-H bonds with the longer residence
time. Further, the nitro compounds (1353 cm™') were observed to increase
slightly with the increase of both the operating temperature and residence
time. This can be attributed to the increase of nitrogen content in the char
samples.

O-containing functional groups in char can be used to measure using char
as an adsorptive material. When the O-containing functional groups are en-
hanced, biochar has shown improved heavy metal sorption ability [33,34].
Although aromatic ring and carbonyl groups are increased with the increase of
operating temperature, aromatic and aliphatic OH and Guaiacyl C-O are sig-
nificantly decreased. Therefore, for particular purposes such as heavy metal
sorption, optimum operating parameters should be used to obtain the maxi-
mum possible O-containing functional groups.

The longer residence times cannot help consuming C=C and C-H bonds
effectively as the temperature does. Because of the dealkylation reaction, CHs
and CHz groups are primarily removed from the chars, and this reaction could
be more influenced by the operating temperature than the residence time. The
fact that the aromatic ring keeps growing with the increasing operating tem-
peratures and residence times means that an increase of fused aromatic rings is
further observed. The chars’ aromatic nature increases with the rise in operat-
ing temperature monitored with pyrolysis char and hydrochar from hydro-
thermal carbonization [12,17,35].

The spectrum depicts a vanishing of the small aliphatic content with the
residence time increase. Nevertheless, the reduction of the peak relating to the
aliphatic content is slower with the residence time increase than the operating
temperature increase. Therefore, both higher operating temperatures and long-
er residence times result in removing the aliphatic content from the chars in
HTL. However, the impact of the operating temperature is more significant in
removing the chars’ aliphatic groups than the residence time.

Monomeric radicals can be created by splitting weak bonds in the lower
operating temperatures. The produced radicals can potentially create new radi-
cals by attracting hydrogen to form monomeric phenolic compounds. When
the operating temperature is further increased, C-C bonds can also be broken
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to create phenolic monomeric compounds. Meanwhile, these phenolic com-
pounds can be polymerized and potentially produce more char as well. With
the residence time increase, polymerization is further supported, and more
char is made. When the operating temperature is further increased and comes
close to the critical point, more fused aromatic rings could also be produced.
In this study, the longest residence time used was 20 min. Besides, even at 623
K, increasing residence time did not significantly increase the char yield.
Therefore, the impact of residence time on producing phenolic monomeric
compounds and generating more char with polymerization must be studied
further with longer residence times. Hydrothermal char could have certain ad-
vantages over pyrolysis char, such as easy decomposition, easy feedstock
preparation, abundant functional group availability, and the possibility of coat-
ing pre-formed nanostructures with carbonaceous shells [36].

3.3. Thermal Stability of Char

Char residues are studied for their thermal stability in an N2 atmosphere
with a 20 K/min heating rate. Mass loss (TGA) curves of the lignin and chars
are shown in Figure 5.
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Figure 5. TG curves of lignin and the chars at 20 C/min heating rate under No.
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According to Figure 5, the chars from hydrothermal liquefaction are fur-
ther heated and decomposed until temperatures reach up to 1273 K. A mass
loss due to water vaporization can be observed around 373 K. Chars obtained
at lower operating temperatures decomposed earlier. Furthermore, at the same
operating temperature, chars produced from longer residence times took long-
er to decompose than the chars produced at shorter residence times, which
should be attached to the remaining active functional groups. This can be sup-
ported by the FTIR results shown in Section 3.2, which clearly showed the
decrease of the availability of aliphatic functional groups and the increase of
aromatic functional groups in chars produced with increasing operating tem-
peratures and increasing residence times.

At 1273 K, the remaining solid residue percentage increased with the hy-
drothermal liquefaction operating temperature of chars, extending from
36.47% of the original lignin to 63.95% of the char prepared with 623 K and
20 min residence time. This observation indicated that more thermally stable
structures are established at higher hydrothermal liquefaction operating tem-
peratures and longer residence times. Similar behavior has been shown in py-
rolysis char from lignin as well [37]. Below, Figure 6 shows the mass lost
from each char sample at 1273 K as a percentage. It also presents a clear con-
nection between the operating temperature, residence time, and the remaining
solid residue. For each hydrothermal liquefaction operating temperature, the
char produced with the shortest residence time showed the highest percentage
mass loss. In contrast, the longest residence time showed the most negligible
percentage mass loss.
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Figure 6. Mass loss of lignin and the HTL chars.

Chars produced with lower operating temperatures and shorter residence
times could have more volatiles in them and weaker bonds in the chemicals in
them. That could be a possible reason for the higher mass loss percentage.
When FTIR analysis conclusions are taken into consideration, the chars be-
come more aromatic with increasing temperature and residence time. Thus, the
stability of the chars could go up with stronger bonds in the aromatic rings.
Therefore, creating more stable structures with higher operating temperatures
and longer residence times is a finding that can be drawn from this study.

Mass loss rate (DTG) curves of the lignin and chars are shown in Figure 7.
According to the DTG graphs illustrated in Figure 7, the maximum mass loss
peak was reduced and moved towards higher temperatures with the increasing
HTL operating temperatures and residence time. This indicates that the chars
produced at higher temperatures and residence times took longer to decom-
pose and decomposed at higher temperatures due to more thermally stable
structures.
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Figure 7. DTG curves of lignin and the chars at 20 C/min under No.

The mass loss peak observed from 300 K to 420 K could be due to the
moisture loss and the low boiling organic compounds loss. This is a wide-
spread phenomenon with hydrochar. The maximum mass loss peak observed
from 500 K to 800 K could be due to the carboxylation and cleavage of meth-
oxyl groups. Moreover, the height of the mass loss peak was considerably re-
duced towards the higher HTL operating temperatures. This could explain the
elimination of the methoxyl groups from the chars produced at higher HTL
operating temperatures and longer residence times. Secondary reforming reac-
tions of aromatic carbon skeletons could be the primary source for the evolu-
tion after 750 K.

Biochar interacts with soil fractions in different ways, and such interac-
tions determine the influences on soil fractions by biochar [38]. Since the
properties of biochar or HTL char are determined by the process conditions
and feedstock properties, the influence on soil directly depends on how the
char is produced. Biochar could positively and negatively impact soil, such as
water-holding capacity, surface area, and bulk density [38]. Since HTL char
and biochar chemistry are similar, these facts can also be actual with HTL
char. Moreover, more stable char can be helpful from a climate mitigation
point of view and regarding agronomic effects [39]. Further, with HTL char,
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higher operating temperatures and residence times produced more stable chars
while also having higher nitrogen content. Therefore, chars produced at higher
operating conditions and residence times could be beneficial in soil.

3.4. Adsorption of N2 at 77 K

The surface area, pore size distribution, and pore volume are the main fac-
tors that can explain the chars’ solid internal structure. The Brunauer—
Emmett-Teller (BET) surface area and the density functional theory (DFT)
pore volume of different chars obtained by hydrothermal liquefaction are
shown in Table 3. For the N> adsorption studies, chars produced at a residence
time of 10 min at 573 K, 603 K, and 623 K temperatures are used.

Table 3. Surface area and pore volume variation at different operating temper-
atures at 10 min residence time.

Sample Surface Area (m?/g) DFT Pore Volume (cm?/g)
573 K—10 min 5.82 0.0158
603 K—10 min 1.77471 0.0065
623 K—10 min 2.65 0.0045

Below, Figure 8 shows the behavior of the Brunauer—-Emmett—Teller sur-
face areas and the quenched solid density functional theory (QSDFT) pore
volume of different chars with their respective carbon contents in the chars.
The lowest operating temperature produced the highest pore volume and sur-
face area, where the pore volume shrunk with the increasing HTL operating
temperature of the chars. The surface area showed the behavior of inverse de-
pendability to the carbon content of the sample. Nevertheless, this behavior
must be further investigated to observe a strong relationship between the sur-

face area and the sample’s carbon content.
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Figure 8. Relationship of carbon content surface area and the pore volume.

The chars produced at 573 K showed both the highest surface area value
and the highest pore volume value. The surface area of HTL char produced at
573 K (5.82 m?/g) was considerably higher than of the lignin pyrolysis char
(about 0.5 m?/g) and pyrolysis char from wood (2.39 m?/g) produced at the
same temperature [17,40]. At 603 K, both pyrolysis char (about 2 m?/g) and
HTL char (1.77 m?/g) showed similar surface area values, whereas the HTL
char produced at 623 K (2.65 m?/g) showed a lesser value than the pyrolysis
char (about 5 m?/g) produced at the same temperature [17]. Nevertheless, the
surface area of both HTL and pyrolysis-derived char ranged in the same val-
ues. The chars’ surface area exciting behavior reduced the surface area at 603
K and increased it at 623 K.

Pore volumes between 1.45 and 32.7 nm diameter were calculated by the
QSDFT adsorption method. The maximum pore volume of 0.0158 cm?®/g was
observed with char produced at 573 K, whereas the lowest value of 0.0045
cm3/g was observed with the char produced at 623 K. Similar pore volume
variation was observed with hydrochar produced by hydrothermal carboniza-
tion (HTC) [1]. Nevertheless, the pore volume of pyrolysis char from wood at
573 K was smaller (0.00256 cm?®/g) than the values reported here [40]. Since
the hydrochar (from HTC process)-based porous carbon inherits its parent ma-
terial properties, the HTL char produced at 573 K may produce porous char

225



with the highest porosity [1]. Nevertheless, to investigate the behavior of po-
rous carbon from HTL, porous carbon produced from HTL must be further
investigated with different activator kinds. The adsorbed volume distribution
against micropore radius and adsorbed volume distribution against relative
pressure for all three temperatures are shown in Figure 9a,b, respectively.

Chars obtained at 573 K and 623 K showed a wide range of pore diameter
distribution from 1.45 nm to 32.7 nm, whereas the chars produced at 603 K
were limited to a pore distribution from around 9 nm to 29 nm. The adsorption
volume of chars produced at 573 K and 623 K were observed to be 2.04 x
10* to 1.01 x 10* cm3/(g. nm) and 1.19 x 10~ to 6.74 x 10°° cm®/(g. nm),
respectively, whereas for char produced at 603 K, the adsorption volume was
between 1.08 x 107* to 8.85 x 10° cm®/(g. nm). No pores over 30 nm were
observed with the char produced at 603 K. Nonetheless, all the samples
showed an incomplete pore distribution close to the most minor pore size lim-
it. Although the pores’ distribution was a bit more complicated with the three
different char samples, more conclusions could be drawn from the following
section’s morphological analysis.

According to Figure 9Db, in the low relative pressure region from 0.2 to 0.8,
a slight increment in the adsorption volume was observed with all the samples
indicating the mesopores’ existence with a broad distribution. Meanwhile, a
sudden increase was noted in the relative pressure region from 0.8 to 1.0,
showing a small microporosity of chars produced at all three temperatures
[35,41]. Overall, char produced at 573 K showed a greater porosity.

0.00025

bonm
AR

0.00020

0.00015

adsorbed (cm*/g STP)
3

0.00010

Volume

0.00005

0.00000 -

n T T
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 0.0 0.2 04 06 08 1.0

Half pore width [nm] Relative pressure (P/P )

(@) (b)

Figure 9. Adsorbed volume distribution (a) against micropore radius and (b)

against relative pressure.
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In the HTL temperatures, volatiles are formed due to the strong decompo-
sitions. These volatiles could initiate the char structure’s pores when cooled if
they are not scattered to the water medium. Higher temperatures might be ca-
pable of diffusing the volatiles faster. Therefore, the pores are not created
abundantly. Moreover, the chars produced at 603 K had a higher carbon con-
tent and might have stacked better than the other chars produced at different
temperatures. This could be a possible reason for the low surface area at 603
K. However, chars produced at 573 K showed the highest surface area, which
can be attributed to the higher amount of volatile matter production during the
liquefaction. This fact was ultimately proven by the char produced at 573 K
having the highest pore volume among all three samples. At high tempera-
tures, pores can be shrunk, resulting in macropores collapses [35]. Another
explanation could be that due to further carbonization, pores could be melted,
fused, combined, collapsed, or filled up by material around the pores [42].
This can be a possible reason behind the lower pore volumes of chars pro-
duced at higher temperatures. Due to the small pore sizes, CO2 adsorption is
preferred over N2 adsorption for porosity and surface area analysis of HTC
char. Therefore, the same basis could be applied to HTL char as well [36].

HTL char can be used for many applications, including HTL char-based
catalysts, biochar-supported metal catalysts, and the availability of high sur-
face functional groups as carbon storage to reduce fertilizers’ use in agricul-
tural farms. Activated production for anode production for battery technology
Is also a possibility. Due to the high porosity, char produced at 573 K can be a
good precursor for porous carbon production since it boasts considerably
higher porosity to biochar produced at the same temperature.

3.5. SEM Analysis

Scanning electron microscope (SEM) images of the char sample obtained
at 573 K are shown in Figure 10.
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Figure 10. (a) SEM image taken at low magnification for the char produced at
573 K and 10 min residence time; (b) high magnification (x110000) image of
the area indicated as blue color small square in part (a); (c) high magnification

(x13000) image of the area indicated as orange color small square in part (2);
(d) high magnification (x55000) image of the area indicated by a white color
square in part (c).

As shown in Figure 10a, a significant part of the char sample formed at
573 K consists of large particles (>10 um) with a smooth surface. A high-
resolution SEM image showed the spores distributed all over the surface of
these particles (Figure 10b). However, a small portion of the char sample
showed smaller particles with a rough surface, where many vesicles adhered to
the surface could be seen (Figure 10c). During char formation, lignin particles
soften, melt, fuse, and release volatile materials [42]. The emission of volatile
materials leads to the formation of open pores, consequently increasing the
surface area. However, vesicles are often formed and adhere to the surface if
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volatiles are not completely diffused out [43]. This may result in pore block-
age and, consequently, a reduced surface area.

At low operational temperatures (<603 K), the hydrothermal char is re-
ported to exhibit minimum vesicle formation compared to the pyrolysis char,
and this inhibition is suggested to be due to the permeation of water into the
pores [43]. This is also consistent with the N2 adsorption studies presented in
the previous section. A significantly higher surface area and pore volume were
observed compared to the pyrolysis char.

Hydrothermal char produced at 603 K showed most of the phase with
small particles with a large number of vesicles adhered to the surface. A small
number of larger particles with a relatively smooth surface was also present
(Figure 11).

Figure 11. SEM images of the char produced at 603 K and 10 min residence
time. High magnification images of the regions marked as 1 and 2 are dis-
played in the middle and the right panel respectively.

High-resolution images showed the presence of pores on the surface of
these particles. An increase in vesicle formation with the rise in operation
temperature could be due to the strengthening of the degradation process and
intense release of gaseous materials that did not entirely diffuse out and subse-
quently condensed during the cooling process. A further increase of the tem-
perature to 623 K assists the release of gaseous materials to some extent so
that volatiles have sufficient energy to escape the lignin matrix timely [43].
This is evident from the SEM image in Figure 12 (left panel), where the larger
particles with a smoother surface are observed to increase. These particles
have minimal vesicles and a large density of open pores. This is consistent
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with the N2 adsorption results, where an increase in the char’s surface area was
observed when the operation temperature increased from 603 K to 623 K.

Figure 12. SEM images of the char produced at 623 K and 10 min residence
time. High magnification images of the regions marked as 1 and 2 are dis-
played in the middle and the right panel respectively.

3.6. Proposed Formation Pathway of Lignin Char at Hydrothermal
Conditions

Lignin might not fully dissolve in water when the operating temperature is
below 650 K [16]. Being a phenolic polymer, undissolved lignin can become
polyaromatic char through solid—solid conversion [12]. Dissolved lignin can
take part in hydrolysis reactions and produce phenolics in the process, which
can be a main conversion route in this process. These phenolics can further
polymerize and produce secondary char with aromatic properties. Additional-
ly, polymerization can take place on the surface of the undissolved lignin as
well. In low temperatures, lignin can be partially hydrolyzed because of the
high bond energy.

Further, due to high ionic product and dielectric constant of water, ionic
reactions are the most likely to happen. Mainly because of the hydrolysis reac-
tions and possible free radical reactions, phenolic compounds can be produced
[25,44]. In the FTIR analysis, the chars produced at 573 K showed relatively
higher carbonyl, CHs, CH,, and OH groups. When the residence time and
temperature are further increased, phenolic compounds such as guaiacol can
be produced due to C-C bonds’ cleavage [25]. Nevertheless, guaiacol is an
intermediate during the lignin liquefaction process and converts into catechol
and phenols with increased temperature and residence time [6,11]. Further-
more, these phenolic compounds, such as guaiacol, can further polymerize and
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produce more char as well [25]. Around 573 K, guaiacol has shown the maxi-
mum production, and with the temperature increased, the production rate has
gone down [25,44]. This could be a possible reason for the high surface area,
the pore volume observed in N2 adsorption, and the chars’ SEM analysis. Be-
sides, around 603 K, vesicles are often and abundantly formed because of the
high degradation and fast and intense release of volatiles.

Nevertheless, the vesicles adhere to the surface when the volatiles are not
completely diffused out. These closed vesicles create smooth surfaces. Thus,
the surface area can be decreased at 603 K and then increased at 623 K since
the pores are opened up due to the uncovering of vesicles.

The increase of peaks corresponding to the aromatic ring (1595 cm™') and
carbonyl (1684 cm™') with the increasing temperature show the aromatization
or the fusion of the chars’ ring structures. Further, the consumption of C-C and
C-H bonds is also portrayed by increasing those peaks. When the temperature
is around 603 K the CHas, and the CH> groups start eliminating, the char has
shown a more aromatic nature already. With the further incrementation of the
temperature and residence time, fused ring structures can be formed by car-
bonizing the aromatic rings. Most of the functional groups except aromatic
groups are expelled from the chars at this moment. Close to the critical point,
radical reactions become dominant and more influential than ionic reactions
due to the property change of water [25]. Because of the medium’s high radi-
cal nature, the phenolic radicals could depolymerize and contribute to the char
phase. At this temperature, most of the volatiles may be emitted, and only a
smaller amount of volatiles is available to leave the structure and create pores.
This could be a possible reason for chars produced at 623 K showing the least
pore volume and showing a significantly smaller surface area value than the
chars produced at 573 K. Furthermore, the peaks corresponding to nitro com-
pounds (1353 cm™!) show the increase of nitrogen compounds with the in-
crease of the operating temperature and residence time. This could be mainly
due to the aromatization process in the char [29]. With the results found and
the literature data, a possible reaction mechanism for char formation from lig-
nin HTL is illustrated in Figure 13.
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Figure 13. Reaction mechanism for char formation from lignin HTL.

4. Conclusions

HTL chars produced from lignin at 573 K, 603 K, and 623 K and resi-
dence times of 10 min, 15 min, and 20 min were studied. Both increasing op-
erating temperature and residence time resulted in a positive impact on the
nitrogen content of the chars.

The aromatic ring and the carbonyl group were strengthened drastically
with increased operating temperature, and chars became more aromatic, while
aliphatic groups were observed to vanish. Although the impact was considera-
bly low, the same trend could be seen with the residence time too. Neverthe-
less, the carbonyl group showed contradictive behavior with temperature and
residence time, where it showed an increase with increasing operating temper-
ature, while a decrease was observed with the longer residence times.

With the increasing temperature, the pore volume decreased at all the op-
erating temperatures, where the surface area showed the minimum at 603 K.
According to the SEM analysis, the char sample formed at 573 K consists of
large particles (>10 um) with a smooth surface. A high-resolution SEM image
showed the presence of pores distributed all over the surface of these particles.
Possibly because of the permeation of water into the pores at 603 K, minimum
vesicle formation was exhibited by the char, compared to the pyrolysis char.
Besides, at 623 K, the vesicles seemed to be opened and increased the surface
area slightly.

Higher operating temperatures and longer residence times produced more
thermally stable chars, where the residence time substantially impacted the
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thermal stability of chars produced at 573 K. At lower temperatures, the cleav-
age of the weak bonds can be seen, where polymerization was observed at
higher temperatures and longer residence times. Carbonization is the main
process of creating char. Longer residence times helped create more polyaro-
matic rings by assisting further carbonization.
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Abstract
Hydrothermal liguefaction (HTL) is a valuable technology to convert and use
wet biomass feedstocks. Lignin, waste from the paper industry and the main
component of lignocellulosic biomass, is co-liquefied with laminaria sacchari-
na, a commonly available seaweed in Norway. The aim is to conduct statistical
analysis and investigate the possibility of increasing bio-oil yield while lower-
ing the char yield through a synergistic effect. The bio-oil and char yields are
measured with different operating temperatures, residence times, and blending
ratios (mass ratio of laminaria saccharina to the total mass) to find out the op-
timized process conditions for better outputs statistically. Response surface
methodology (RSM) with a Box Behnken design methodology is used to op-
timize the liquefaction yields of laminaria saccharina, lignin, and the different
blends of the two biomasses. The results explicitly revealed that the biomass
blend's optimal bio-oil and char yields are 0.2513 (w/wo) and 0.1791 (w/wpo)
respectively at 573K, 20 min with the blending mass ratio of 0.2. The syner-
gistic effects on the bio-oil yield are detected at comparatively severe reaction
conditions. According to the RSM, residence time does not affect bio-oil and
char yields as much as the operating temperature and the blending ratio.
Nevertheless, temperature, residence time, and blending ratio have different
impacts on the functional groups. The temperature increase has helped in-
crease the alcohol and phenolic compounds production while the residence
time consumes the C-O bonds. The increase of laminaria saccharina mass ratio
in the feedstock has improved the phenolic compounds, long-chain aliphatic
hydrocarbons, carboxylic acids, ketones, aldehydes, and esters in the bio-oils.
Co-liqueafctio has produces bio-oil with significantly lower N content than
from bio-oil produced from laminaria saccharina liquefaction.

Keywords— Co-liquefaction; Laminaria saccharina; Lignin; Synergistic
effect; statistical analysis

1. Introduction
The fast surge in energy requirements and environmental-related issues en-
courage the interest of many in renewable energy sources [1,2]. Among many
renewable energy sources, biomass is one of the most crucial of these re-
sources. Biomasses are a product of solar energy and an inexpensive, clean,
and sustainable energy source. Many raw materials such as lignocelluloses and



waste from industries, animals, and households are included in biomass[1].
Biomass meets about 10-14% of the world's energy demand[1].

Among many thermochemical conversion methods, the hydrothermal liquefac-
tion (HTL) process is one of the promising conversion techniques in trans-
forming biomass into value-added products such as biocrude and chemicals. In
this process, solid bio-polymeric structures are transformed to new compounds
through depolymerization and isomerization reactions by high temperature
(493-653 K) and pressure (5-25 MPa)[3-5]. Through HTL, biomass is con-
verted into liquid products with high energy content. The process is performed
under both subcritical and supercritical conditions, and bio-oil is obtained,
which is an organic liquid as the primary output[6,7].

Lignin is a valuable renewable resource for producing bio-oil or biofuel with
hydrothermal liquefaction process as the only natural source of aromatic com-
pounds [8,9]. Lignin is a morphologically amorphous structure as hemicellu-
lose. Nevertheless, it has a low solubility resembling cellulose and reinforces
the plant cell wall[2]. Due to the multiple bonds in the small units in the struc-
ture, lignin is the most resistive biopolymer to biological degradation. Moreo-
ver, lignin boasts a high level of energy value due to its phenol com-
pounds[10]. Due to lignin being a significant by-product of the paper and pulp
industry, paper mills mainly use it for energy recovery [11]. Further, lignin is
underutilized since such high amounts of lignin produced from industries are
not well utilized. Mainly, lignin-based research focuses on value-added chem-
icals [12] and high-performance materials[13,14] production. Nevertheless,
lignin is studied as a source for biofuel production and other different products
through HTL [9,15-21]. Yields from lignin liquefaction directly depend on the
composition and the structure of the feedstock [22]. The lignin-derived phe-
nolic compounds production is strengthened as the temperature rises. Thus,
due to the diverse functionalities of phenolic compounds, lignin presents the
possibility of generating numerous valuable chemicals in subcritical and su-
percritical conditions [15,16,23]. Char and the bio-oil from lignin showed con-
tradictive behavior with the increase of temperature, whereas char demonstrat-
ed an increase with the increasing temperature [16]. Further, lignin showed the
ability to produce bifunctional aromatic molecules [9]. In contrast, alkali lig-
nin with comparatively high molecular weight preceded the production of
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phenolic compounds such as guaiacol, catechol, phenol, o-cresol, m-cresol,
and p-cresols [18].

On the contrary, macroalgae are generally an excellent sustainable, renewable,
and inexpensive resource for biofuels and chemicals due to their high conver-
sion rate, flexibility, and environmental friendliness[24—-28]. Numerous studies
show that macroalgae are capable of producing comparably high bio-oil
yields[24]. Macroalgae produce high bio-oil yields when it has high lipid con-
tent. The major drawback of using macroalgae is bio-oil's high nitrogen con-
tent when the macroalgae boast high protein content[28]. Some studies
showed that liquefaction is not suitable as a sole conversion of macroalgae to
bio-oil due to lower conversion rates[29].

Nevertheless, bio-oil and char phases from laminaria saccharina liquefaction
show a contradictive behavior to lignin where the increase of temperature
shows an increase in the bio-oil production and a decrease in char production
at the same time [24]. Therefore, the co-liquefaction of lignin and laminaria
saccharina is worth studying since the mix of these two feedstocks could pro-
duce a better feedstock mix to obtain better bio-oil yields while having less
char yield. In addition, HTL of lignin produces relatively high amounts of
char than seaweed in general[28].

Co-liquefaction of macroalgae and lignocellulosic feedstocks have not been
studied extensively. As mentioned above, the char phase and bio-oil phase
behavior directions of lignocellulosic feedstocks and macroalgae are different.
Therefore, the mix of these feedstocks could create a better feedstock for bio-
oil production. Co-liquefaction of poplar and spirulina produced a noticeably
different char phase from the char produced from individual feedstocks, where
it showed reduced repolymerization of phenolics and a substantial number of
different pyrroles [30]. Co-liquefaction of lignin with Spirulina platensis
showed a clear improvement of bio-oil yield than of the bio-oil yield from lig-
nin where the co-liquefaction has improved the quality of the bio-oil as
well[31]. Therefore, the co-liquefaction of macroalgae with lignocellulosic or
even with lignin has shown a glimpse of the good results it can produce.

The motivation of this study is to use laminaria saccharina as a co-feedstock
and lignin in HTL for energy-dense liquid fuel production in an optimized
way. Lignin generally produces less char and better bio-oil yields at lower op-
erating temperatures[5,16], where laminaria saccharina behaves otherwise
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[24]. In the liquefaction process, char is a by-product, and it contains a consid-
erable amount of carbon [32]. Nonetheless, with more space for repolymeriza-
tion, more char can be produced by the process [32,33]. When the liquefaction
reactions are concerned, less bio-oil production is noticeable when more char
Is produced, mainly due to repolymerization[3,5]. Therefore, the idea behind
using these two feedstocks is to find a particular blend of feedstocks that pro-
duces more bio-oil and a lesser amount of char than lignin. Although used as
sole feedstock in different studies, these feedstocks have not been descriptive-
ly studied for co-liquefaction [16,22,24]. Optimization of the products from
co-liquefaction can be performed to determine the possibility of producing
better bio-oil yields. In general, response surface methodology (RSM) is
abundantly used to optimize responses dependent on several independent vari-
ables [31,34-37]. In that case, RSM can be used effectively in optimizing the
bio-oil yield in this study. Therefore RSM is implemented to design the exper-
imental setup, verify the model, and perform the surface analysis. The FTIR
analysis is used to analyze the functional groups of the bio-oil. Therefore, the
functional groups are studied to overview the quality of the different bio-oils
from different blends. Moreover, elemental analysis of the bio-oil is performed
to investigate the carbon and nitrogen contents. Furthermore, the operating
parameters are optimized to obtain the best bio-oil yield and lowest char yield
of HTL of laminaria saccharina, lignin, and blended feedstocks. Furthermore,
the synergistic effect of using laminaria saccharina in the co-liquefaction is
studied to investigate the actual impact of co-liquefaction on these two feed-
stocks. Therefore, it is possible to understand from which feedstock the actual
impact of having an increased bio-oil yield and lower char yields.

2. Method

2.1. Material

Laminaria saccharina is obtained from Lergy Ocean Harvest, Norway (pro-
duced 05.2019 from ronggy island close to Bergen Norway 60.5083°N
4.9175°E). Then the seaweed is washed with fresh water and air-dried before
making it a powder of particle size less than 250 microns. Alkali lignin with a
low sulfonate content is obtained from Sigma Aldrich Co., Norway. Both
feedstocks are dried at 378K overnight before the experiments. In all experi-
ments, a feed slurry of 16ml is fed to the reactor where a 1:9 feedstock/water
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weight ratio is maintained. Ultrapure water is used as the reaction solvent in
all cases. The proximate and ultimate analysis data of laminaria saccharina and
lignin are shown in Table 1.

Table 10:Characterization of lignin and laminaria saccharina

Proximate Analysis | Ultimate Analysis (Wt%, Ash

(W1t%) free)
VM |ASH |FC |C H N O
Alkali Lignin | 73 9.62 |17.38|51.5 412 10.35 |44.03

Laminaria 69.11 | 16.84 | 14.05 | 47.18 6.19 |3.61 |43.02
Saccharina

2.2. Experimental procedure

Experimental procedure and extraction of products from HTL of lignin and
laminaria saccharina are carried out as mentioned elsewhere in our previous
articles[5,32]. A steel reactor with a 24 ml dead volume is used for the exper-
iments, and 16 ml of feedstock slurry is used for all the experiments. For the
co-liquefaction experiments, the feedstock to water ratio is kept at 1:9 at all
cases where seaweed to total weight ratio (blending ratio) is varied as 0.2, 0.4,
and 0.6. For the consistency of the experiments, every experiment is repeated
four times, and average values are taken. Once the reactor is filled with the
feedstock slurry and tightened, check for leakages using N2. The reactor is
then placed in a heated sandbath using a rod. The rod is connected to a motor
to obtain a reciprocating movement to ensure the proper mixing of the reac-
tants during the liquefaction experiments. After the desired residence time at
desired operating temperature, the reactor is cooled in cold water for 30
minutes before extracting the resultant. A schematic figure of the experimental
setup is shown below in figure 1.
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Figure 52:Schematic diagram of the experimental setup(adapted from[28] )

The term blending ratio is explained below in eq 1.

. . Weight of seaweed
Blending ratio = g ! Eql
Total weight of feedstock

2.3. Characterization

The proximate analysis of the feedstocks is performed using a muffle fur-
nace LT 40/11/P330 (Nabertherm, Germany) according to the procedure EN
14775 (by a standard ash test at 550 °C) and EN 15148 for the ash content and
the volatile matters respectively. The elemental analysis is carried out using a
PerkinElmer 2400 CHNS/O Series Il elemental analyzer, following EN
15104:2011, where Oxygen is calculated by difference and Sulphur is as-
sumed as negligible.

The thick liquid samples from the experiments were analyzed using a Perki-
nElmer Spectrum One FT-IR spectrometer equipped with a Harrick single re-
flectance attenuated total internal reflectance (ATR) accessory and liquid ni-
trogen cooled MCT detector. Each of the samples was placed on the ATR
crystal using a blunt glass rod. The sample was spread on the crystal, and the
sample's spectrum was measured in the range of 4000- 600 cm™. The back-
ground was measured with the ATR crystal before the application of the sam-
ple. A total of 32 scans at a resolution of 4 cm-1 were made on each sample.
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The infrared spectra in absorbance format were used in the comparison of the
functional groups in the samples.

The bio-oil yield, char yield, and synergistic effect (SE)[31] are calculated
using Eq. (2), (3), and (4), as shown below:

Mass of biocrude recoverd after the extraction (g)

Bio — oil yield(wt%) =

Initial amount of lfeedstock used for the experiment (g)

100% Eq2

Mass of char recoverd after the extraction (g)

Char yield (Wt%) =

Initial amount of feedstock used for the experiment (g)

100% Eq3

SE = Ymixed - (XL.Saccharina X YL.Saccharina + (1 - XL.Saccharina) X YLignin)
Eq 4

Where Ymixed 1S the co-liquefied bio-oil yield, X; sqaccharingS 1S the mass con-
tent of laminaria saccharina in the blended feedstock, Y} sqccnaring @Nd Yiignin
are the bio-oil yields of laminaria saccharina and lignin, respectively. There-

fore, the term (XL.Saccharina X YL.Saccharina + (1 - XL.Saccharina) X YLignin) in

Eq 3 delivers the theoretical bio-oil yield of co-liquefaction.

2.4. Design of experiments

The response surface methodology with Box Behnken Design (BBD) is used
to evaluate the impacts of HTL operating temperature(X1), residence time
(X2), and feedstock blending ratio (Xs) on bio-oil yield (Y1) and char yield
(Y2) from co-liquefaction of lignin and laminaria saccharina. BBD is a statisti-
cal optimization method with three factors and three levels of design. It com-
prises a duplicated center point and a set of points sitting on the center of each
edge of the multidimensional cube that distinguishes the space of significance.
BBD is applied due to the demonstrated higher efficiency than the three-level
complete factorial design and the central composite design methods, respec-
tively[36,38]. The factors are optimized using DOE (Design of Experiment)
software-Minitab 17.1.0. According to the principles of BBD, factors, levels,
and responses and the experimental scheme are defined. In this study, the tem-
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perature range of 573K-633K, residence time from 10-20 min, and laminaria
saccharina blending ratio from 0.2 to 0.6 are used to investigate the synergetic
effect. The same operating parameter range is used to investigate the bio-oil
and char yields of lignin and laminaria saccharina hydrothermal liquefaction.
A polynomial quadratic equation (Eq 5) is fitted to correlate the connection
between the selected variables and the responses.

Y=ag+Xi o Xi+ i au XP+ i, Yimja; XX, + & Eq5

Where Y is the measured response value related to each factor level combina-
tion, a, is the intercept coefficient, a;, a;;, and a;; are the regression coeffi-
cients calculated from the obtained experimental values of Y, Xi and Xj are
the levels of independent variables, and € represents the model's error.

The RSM is performed in three different scenarios. First, the behavior of bio-
oil yield and char yield of lignin against the operating temperature and resi-
dence time is performed. Then the same method is followed with laminaria
saccharina. These two studies are performed with only two independent varia-
bles. After that, the co-liquefaction of two feedstocks is studied with the varia-
tion of operating temperature, residence time, and the blending ratio. Every
independent variable is set into three levels in all the studies, like +1, 0, and
—1, corresponding to the minimum, medium, and maximum levels. The levels
of all process factors are presumed based on results obtained from preliminary
tests. The independent variables, along with their coded values, are shown in
Table 2.

Table 11:Independant factors used in the experimental design and their levels

Independent factors Levels

-1 0 1
Operating temperature | 573K 603K 633K
(X1)
Residence time (X>) 10min 15min 20min
Blending ratio (Xs) 0.2 0.4 0.6
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When it comes to statistical analysis, using the correct type of statistical test is
vital. If a wrong statistical test is used, there is a possibility of either type 1 or
type 2 error[39]. Type 1 error is the opposite of the type 2 error, where the
likelihood of occurring type 2 error increases when it is tried to avoid type 1
error. Further, when two or more two groups of data, it requires an analysis of
variance (ANOVA). It allows comparing means of several distributions with
different significance levels and avoiding having errors[39]. In this study,
ANOVA is performed with the Minitab 17.1.0 software (UK) to examine the
statistical significance of the regression coefficients by using the Fisher's F-
test with a confidence level of 95%. Particularly, p-values smaller than 0.05
(<0.05) prove that the model values are significant and closer to the actual ex-
perimental results, while higher P values could be due to noise in the produced
data. The appropriateness of the quadratic models is estimated based on the
lack of fit test, coefficient of determination (R?), and the adjusted coefficient
of determination (R%qj). Specifically, the precision of the experimental data is
determined by R? while the R?%j values verify the deviation of data predicted
from the proposed models. High discrepancies between R? and RZ?; values
could be due to the non-significant model terms[40].

Moreover, to perform the lack of fit test, the variability of the actual model
residuals is compared to the variability of observations at replicate settings of
the factors [36,38]. A model is statistically significant at a 95% confidence
level, only if the lack of fit test has a p-value higher than 0.05 (p=0.05). Fur-
thermore, the contour plots and the surface plots for evaluating the impacts of
different factors are generated using the Quadratic models.

3. Results and Discussion
In this section, the results are presented and discussed. The parameter optimi-
zation of lignin, laminaria saccharina, and the blended feedstocks are illustrat-
ed. Then the synergistic effect and the bio-oil and char characterization are
presented.

3.1. Liquefaction yield results of lignin and laminaria saccharina

The operating parameters of HTL of lignin and laminaria saccharina are opti-
mized. The operating conditions used for the experiments are 573K-633K and
10-20 min residence time. The variation of bio-oil yields and char yields of
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lignin and laminaria saccharina is shown below in figure 2 and figure 3 sepa-
rately. The maximum bio-oil yield of lignin and laminaria saccharina is 0.38
w/wg at 603K and 15 min, and 0.295 w/wg at 633K and 10 min, respectively.
Therefore, the reported maximum bio-oil yield of lignin is higher than that of

laminaria saccharina.
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Figure 53:Effect of reaction temperature and residence time of HTL of lignin
on a)bio-oil yield (3D surface plot) b) bio-oil yield (contour plot), ¢) char
yield(3D surface plot) d) char yield (contour plot)

For lignin HTL the bio-oil yield first increased and then decreased as the tem-
perature rose and reached the maximum at 603K. At 633K, the bio-oil yield
slightly changed and almost stayed constant throughout all the residence
times. When the operating temperature increases, the bio-oil yield of lignin
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decreases while the char yield shows a clear increment. Although the char
yield is highly dependent on the operating temperature, the effect of the resi-
dence time on the char yield seems to be negligible. Above and beyond, the
bio-oil component is consists of many valuable chemicals, where the variation
of each component is different, and the different behaviors need to be investi-
gated[5]. The lignin HTL product consists of many phenolic compounds, suit-
able precursors or intermediates for synthesizing many binders, pharmaceuti-
cal products, and polymers[5,41,42].
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Figure 54: Effect of reaction temperature and residence time of HTL of lami-
naria saccharina on a) bio-oil yield (3D surface plot) b) bio-oil yield (contour
plot) c¢) char yield (3D surface plot) d) char yield (contour plot)

Intriguingly, the bio-oil yield from laminaria saccharina showed a maximum
at 603K, whereas the char yield maximized at 573K. The bio-oil yield is con-

sistently reduced when the operating temperature is too high or when the reac-
251



tion time is too long. Besides, both bio-oil and char yields show a decrease in
the yields with increasing residence times at all temperatures.

3.2. Parameter optimization of individual feedstocks

According to the CCD model, for the study on HTL of lignin and laminaria
saccharina individually, nine experimental points are used with each feed-
stock, with triplicate centre points to estimate the pure error. The Minitab
17.1.0 software (Minitab Ltd., Coventry, UK) selected the nine experimental
points to minimize the bias and are shown in Table 3, along with the observed
responses.

Table 12:Randomized runs selected for lignin and laminaria saccharina HTL.

Independent varia- | Lignin Laminaria sacchari-
bles na

Run | Tem- Resi- Bio-oil Char Bio-oil Char
perature | dence yield(w/ | yield(w/ | yield(w/ | yield(w/
(K) time(min) | wo) Wo) (Y2) | Wo) wo) (Y2)
(X1) (X2) (Y1) (Y1)

1 573 10 0.235 0.11 0.270 0.237

2 633 10 0.169 0.34 0.275 0.138

3 573 20 0.280 0.12 0.216 0.213

4 633 20 0.168 0.35 0.218 0.090

5 573 15 0.278 0.11 0.241 0.225

6 633 15 0.165 0.34 0.242 0.097

7 603 10 0.180 0.31 0.285 0.188

8 603 20 0.200 0.34 0.250 0.151

9 603 15 0.210 0.33 0.270 0.169

According to table 3, 9 random runs of each feedstock are used in the DOE
method. For both feedstocks, the operating temperatures of 573K-633K and
residence times of 10min-20min are used. The variation of each feedstock's
bio-oil and char yields hinted that the results are a combined effect of tempera-
ture and time rather than a single-valued function. Since the data groups are
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scattered, and the consistency of the bio-oil yield (or char yield) vs. single fac-
tor is difficult to be observed, the bio-oil and char yields are fitted using the
statistical model. The rationale of the fitting is not only to find the optimum
values of the bio-oil and char yields but also to identify the predictability of
the bio-oil and char yields as a function of the operating parameters.

The p-value of each table indicates the value of significance, which is the vital
testimony used to decide whether the used model is appropriate. The P-value
of both the "Models™ is less than 0.0001, which means they are significant.
The P-value corresponding to “Lack of Fit" is higher than 0.05, which denotes
not the significance of the "lack of fit." These observations show that the ex-
perimental error at the center points of the models is within an acceptable
range, where the relevant results are realistic. In addition, for both models, the
P-value of the temperature for bio-oil and char yields is smaller than 0.05,
which is significant. This revealed that temperature is the most significant fac-
tor concerning bio-oil and char yields of lignin HTL. The residence time's P-
values on each yield are observed to be 0.0004, which is somewhat insignifi-
cant, indicating the residence time has a slightly lesser effect on the bio-oil and
char yields. These findings are in line with the conclusions made in our previ-
ous works [5,28,32,42]. It is also confirmed that the temperature is the most
critical operating parameter affecting the HTL of lignin suggested by many
other articles.

Using the DOE method, operating parameters can be optimized by fitting the
bio-oil and char yield of Laminaria saccharina HTL within 573K-633K and
10-20 min based on the cubic model. Liquefaction results of laminaria saccha-
rina showed a maximum at 603K, where the char yields show a reduction with
the temperature increase.

The bio-oil yield increased as the temperature increased from 573K to 603K.
Both bio-oil and char yields are reduced with the residence time increased
from 10 min to 20min. The maximum bio-oil yield (0.285 w/wo) is achieved at
603K and 10 min. However, the bio-oil yield from Laminaria saccharina start-
ed to decline when the temperature and residence time exceeded a particular
critical value. For example, the bio-oil yield is reduced to 0.275w/wo when the
temperature is 633K and the residence time is 10 min. According to the litera-
ture, when the temperature is too high or the reaction time is too long, the bio-
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oil dehydration increases, the oxygen content is reduced, and the bio-oil yield
Is also reduced accordingly[24].

Nevertheless, bio-oil quality is improved due to the decrease in oxygen con-
tent[24,31]. The bio-oil yield from HTL of laminaria saccharina is visually
seen as a function of reaction temperature and residence time. The response
surface method can obtain the results under the conditions that have not been
included in the experiment to compare with the previous experimental analy-
sis. Below table 4 illustrates the optimum bio-oil yields and the optimum op-
erating parameters obtained because of the response surface method.

Table 13: The optimized bio-oil yield of HTL of lignin and laminaria saccha-
rina based on the DOE

Feedstock Residence Temperature | Oil yield
time (min) (K) (W/wo)

Lignin 17.27 573 0.2801

Laminaria Saccharina 10 627.55 0.2782

3.3. Parameter optimization of blended feedstocks

For the study on the co-liquefaction, 15 experiments are performed with tripli-
cate center points to estimate the pure error. The randomized runs selected from
the software are shown below in Table 5. The quadratic equations used in the
bio-oil and char yield optimization models are shown below in eq 6 and eq 7,
respectively.

Bio-oil = -5.599+ 0.02048 X: +0.01677 X, -1.530 Xs -0.000018 X}
+0.000006 X7 -0.1929 XZ2-0.000025 Xi* X2 + 0.003042 X1*X3 - 0.00721
X2*X3 Eq 6

Char = -22.58 + 0.0713 X1 + 0.0342 Xo+ 4.672 X3- 0.000056 XZ- 0.000453
X2-0.082 X2 - 0.000028 X1*X2- 0.00755 X1*X3 - 0.01396 X2*X3
Eq7

254



Table 14:Randomized runs selected for co-liquefaction of lignin and laminaria

saccharina.
Independent variables Co-liquefaction
Ru | Temper- | Resi- Blend- | Bio-oil Bio-oil | Char Char
n | ature (K) | dence |ing yield(w/ | yield(w/ | yield(w/ | yield(w/
(X1) |time(m |ratio | wo) Wo) wo) (Y2) | wo) (Y2)
in) (X3) (Y1) (Y1) | Experi- | Predict-
(X2) Experi- Predict- | mental ed
mental ed
1 633 15 0.6 0.226 0.2287 | 0.175 0.1603
2 573 10 0.4 0.242 0.2460 |0.188 0.1900
3 603 15 0.4 0.244 0.2426 |0.274 0.2690
4 603 15 0.4 0.241 0.2426 | 0.262 0.2690
5 633 15 0.2 0.179 0.1754 | 0.302 0.3139
6 603 10 0.2 0.220 0.2241 | 0.297 0.2799
7 633 20 0.4 0.204 0.2053 | 0.219 0.2168
8 603 20 0.6 0.236 0.2322 |0.183 0.2009
9 573 15 0.6 0.222 0.2242 | 0.220 0.2080
10 603 15 0.4 0.243 0.2426 |0.271 0.2690
11 573 15 0.2 0.248 0.2462 | 0.165 0.1803
12 603 10 0.6 0.257 0.2533 | 0.235 0.2449
13 603 20 0.2 0.227 0.2301 | 0.302 0.2918
14 633 10 0.4 0.219 0.2173 | 0.236 0.2412
15 573 20 0.4 0.241 0.2429 |0.188 0.1822

The individual feedstock HTL results showed that the maximum bio-oil yield
of laminaria saccharina is noted near 603K and 10 min, and the maximum bio-
oil yield of lignin HTL is found close to 603K and 15 min. Therefore, based
on the findings of the HTL of laminaria saccharina and lignin, the operating
parameter ranges for the co-liquefaction are chosen as reaction temperature
(573K-633k), residence time, (10-20 min), and laminaria saccharina mass ratio
(0.2-0.6). When these 15 sets of experiments are observed, the maximum bio-
oil yield of 0.257 w/wy is noted at 603K, the residence time of 10 min, and the
blending ratio of 0.6. This yield is much higher than that of lignin ( 0.18 w/wy)
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and slightly lesser than that of laminaria saccharina (0.285 w/wo) under the
same operating conditions.

The ANOVA results of the response surface Box Behnken model for blended
feedstocks are shown in Table 6. The "Model" p-values for both bio-oil and
char yields are less than 0.05 and proved to be significant. Model verification
of "Lack of Fit" for both models is not significant, as their p-values are higher
than 0.05, which indicates that the value error close to the center point of the
model is satisfactory, and the model is credible. Furthermore, in both models,
the p-value related to the temperature and the laminaria saccharina blending
ratio is less than 0.05, indicating that the above two operating conditions sig-
nificantly affect the bio-oil and char yields. Subsequently, this suggests that
these two parameters ought to be optimized favorably. Nevertheless, the effect
of residence time on bio-oil and char yield is not statistically significant.
According to Table 6 below, F-values are equal to 119.28, 6.86, and 34.57 for
temperature, residence time, and blending ratio, respectively. These results
indicate that the quadratic regression models are significant (p < 0.05) for
temperature and blending ratio. Additionally, the appropriateness of the BBD
method is exhibited by high R? values obtained for all the considered respons-
es (R?=0.985 and 0.947 for Y3, and Yo, respectively). Due to the three-level
independent variables, the quadratic models adapted for the study comprise
additional terms. Therefore, the adjusted coefficient of determination (R? agj) is
more effective in checking the level of fit since it is less responsive to the de-
grees of freedom [40]. Both R? 4qj values are over 0.85 and close to R? values,
proving the precision of the used models.

There could be a statistical effect from the residence time. Nevertheless, it
could be too small, or the sample size is too small for a conclusion. A high 'p’
value means noise in the produced data or too much variability with the resi-
dence time. Therefore, residence time might have a negligible effect that can-
not be detected by the statistical model, or the variability upon the residence
time is too much where the used sample size is not enough to detect that. A
similar scenario has been observed with other feedstocks in other studies as
well[31].
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Table 15: ANOVA for response surface quadratic model based on bio-oil yield
and char yield from the blended Feedstocks

Source D | Bio-oil yield Char yield
F | F- P- F- P- Source
Value | Value Value | Value
Model 9 |36.56 |<0.000 |sig- 9.98 |0.01 |signifi-
1 nifi- cant
cant
Temperature 1 |119.2 |<0.000 |sig- 10.77 |0.022 | signifi-
8 1 nifi- cant
cant
Residence time 1 [6.86 |0.057 151 ]0.273
Ratio 1 3457 |0.002 |sig- 23.21 | 0.005 | signifi-
nifi- cant
cant
Square 3 235 |0.002 9.25 |0.018
Tempera- 1 160.19 |0.001 |sig- 27.13 | 0.003 | signifi-
ture*Temperature nifi- cant
cant
Residence 1 1001 [0.942 1.39 [0.292
time*Residence
time
Ratio*Ratio 1 113.49 |0.014 |sig- 0.12 | 0.747
nifi-
cant
2-Way Interaction |3 |32.59 | 0.001 8.84 | 0.019
Tempera- 1 /334 0.127 0.2 0.673
ture*Residence
time
Tempera- 1 |81.69 |<0.000 |sig- 24.05 | 0.004 | signifi-
ture*Ratio 1 nifi- cant
cant
Residence 1 [12.75 |0.016 |sig- 2.28 |0.191
time*Ratio nifi-
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cant
Lack-of-Fit 3 112.78 |0.073 |not 13.93 [0.068 | not
sig- signifi-
nifi- cant
cant
Adj Adj Adj Adj
SS MS SS MS
Pure error 2 [0.000 |0.0000 0.000 | 0.000
004 02 078 039
R? = 0.985, R%; R? = 0.947, R4 =
= 0.958 |0.852

Adj SS = Adjusted sum of squares; Adj MS = Adjusted mean square

The three-dimensional response surface plots related to bio-oil and char yields
within 573K-633K, 10-20 min, and the laminaria saccharina blending ratio of
0.2-0.6 are shown in figure 4. Figure 4(a) and figure 4(b) illustrate the yield
distributions of bio-oil and char yields, respectively when the blending ratio is
fixed at 0.4. The bio-oil yield rose initially and then diminished with the tem-
perature increase, reaching the maximum value around 603K. Char yield dis-
plays an increase with the operating temperature increase and then shows a
maximum in the temperature range of 600K-620K before lowering its value
with the further increase of residence time.

According to figure 4(c) and figure 4(d), when the residence time is held at
15min, with the increasing temperature, both bio-oil and char yields show an
increase and illustrate a maximum of around 600K started diminishing. After
that, the diminishing trend continued throughout all the residence times.
Meanwhile, the bio-oil yield almost shows a linear increment with the increase
of the blending ratio, and a maximum value is not noticed within the capacity
of inspection from Fig. 4(c), while the char yield shows a maximum around
the 0.4 blending ratio before started going down in value towards 0.6 blending
ratio.
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Figure 55: bio-oil yield (w/wo) and char yield(w/wo) distribution of HTL of
blended feedstocks . (a) bio-oil yield at fixed blending ratio =0.4; (b) char
yield at fixed blending ratio =0.4 (c) bio-oil yield fixed reaction residence time
=15 min;(d) char yield fixed reaction residence time =15 min (e) bio-oil yield
at fixed reaction temperature = 603K (f) char yield at fixed reaction tempera-
ture = 603K

According to figure 4(e) and figure 4(f), both the yields of bio-oil and char
show a decrease in the yield values with the increase of the residence time.
Longer residence times help reduce the bio-oil yield and increase char yield
mainly due to repolymerization reactions[5,16,43]. Nevertheless, in this case,
the char yield reduction could be the influence of the seaweed. Laminaria sac-

charina showed a reduction of the char yield with longer residence time, ac-
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cording to figure 3(c) and the literature[24]. It can be seen that with the in-
crease of laminaria saccharina blending ratio, the outputs inherit more proper-
ties from laminaria saccharina liquefaction. Bio-oil yield illustrates a maxi-
mum around 0.4 blending ratio while the char yield comes to its lowest value
around 0.6 blending ratio value.

Three mass ratio values (X3=0.2, 0.4, and 0.6) are used for the investigations
to study the influence of different blending ratios on the distribution of the
bio-oil and char yields of the co-liquefaction. The results are presented in Fig-
ure 5. At the 0.2 blending ratio value, bio-oil displayed a gradual reduction of
the yields with the increase of operating temperature for all the residence time
values used, while the char yield increased with temperature. At this blending
ratio, the impact of lignin is more prominent, and similar behaviors are report-
ed with lignin liquefaction in the literature [5,16,21]. According to figure 5(c)
and figure 5(d), when the blending ratio increases to 0.4 value, the bio-oil, and
char yields show maximums close to 590K and 600K, respectively, before
decreasing values with an increase in temperature.

Following the same trend as the previous case, the bio-oil and char yields
show maximums of their yields close to 610K when the blending ratio in-
creases to 0.6. Figures 5(e) and 5(f) respectively show the bio-oil and char
yields variation. It also learned that with the increase of the blending ratio,
higher operating temperature and longer residence time are essential for reach-
ing the maximum bio-oil and char yields. According to Figures 5(a), 5(c), and
5(e), the bio-oil yield is higher while the laminaria saccharina weight ratio is
maximum. It is observed that the highest bio-oil yield of 0.2625 w/wq is
achieved, at 603K, with a laminaria saccharina blending ratio of 0.6. This pat-
tern can be explained by the reaction mechanisms involved in the process.
Lignin generally produces more char with higher operating temperatures and
longer residence times with polymerizations. Lignin produced more polyaro-
matic char by polymerizing aromatic chars produced by phenolic monomers
[32,33]. This process reduced the amount of lignin-derived bio-oil that re-
mained in the system [32].

Meanwhile, laminaria saccharina produced more phenol and ketone fractions
when the temperature was increased [24]. Similar behavior is observed with
other seaweed types as well [44]. Therefore, the higher blending ratio of lami-
naria saccharina has caused a higher bio-oil yield. This equilibrium of bio-oil
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production from both feedstocks could result in the behavior shown in figure 5
below.
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Figure 56: bio-oil yield (w/wo) and char yield (w/wo) distribution of HTL of
blended feedstocks at different blending ratios - (a) bio-oil yield at fixed
blending ratio =0.2; (b) char yield at fixed blending ratio =0.2 (c) bio-oil
yield at fixed blending ratio =0.4;(d) char yield at fixed blending ratio =0.4
(e) bio-oil yield at fixed blending ratio =0.6 (f) char yield at fixed blending
ratio =0.6

3.4. Optimization of responses using the desirability function approach

In the HTL process, relatively high bio-oil yield and low char yield are desired
since bio-oil is the preferred output of the process. Therefore, the process
needs to be optimized to achieve the highest possible bio-oil yield and lowest
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possible char yield. Multi-response optimization is helpful in these types of
scenarios [34-36]. Nevertheless, the optimization of both responses under the
constant process conditions is challenging since their areas of interest are dif-
ferent. Therefore, Multi-response optimization is applied to assess the condi-
tions on the three independent factors that simultaneously control the optimal
responses' optimal values. Therefore, Derringer's desirability function-based
method is utilized to solve the multiple response optimization[45]. This meth-
od transforms each response (i) to a dimensionless function called the indi-
vidual desirability function (d;). di is ranges from 0 to 1, which is from the
lowest to the highest desirability[36,46]. In a most desirable scenario (Y; is at
its desired value) value of d; can be found as 1, or else, di=0 (the least desired
scenario).

During the optimization process, the aim is to maximize the D value. Theoret-
ically, the D value equals one when all required responses achieve the desired
output and equals zero when one response is outside the specified range of
values. In this study, the goal of the optimization process is to achieve maxi-
mum bio-oil yield while minimizing the char yield. The Minitab 17 software
does the optimization, and the proposed optimal conditions are described in
figure 6.
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Figure 57:Plots for simultaneous optimization of operating variables (Tem-
perature, residence time, and blending ratio)

According to Derringer's desirability function approach, the optimum process
conditions are the temperature of 573K, the residence time of 20min, and the
blending ratio of 0.2. Under the optimum process conditions, the predicted
bio-oil yield and char yield are 0.2513w/wo and 0.1791w/wpo, respectively. The
composite desirability value turned out to be close to 1 (0.8959), which proved
that good results are accomplished for all responses. Subsequently, new lique-
faction tests with the predicted values of the independent variables are per-
formed to investigate the validity of the optimization procedure. Table 7
shows that the observed values are close to predicted and within acceptable
predicted error ranges.
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Table 16:The predicted and the experimental values of the responses under
the optimum process conditions.

Response Predicted value | Experimental val- | Deviation
(wW/wo) ue

Bio-oil yield 0.2513 0.26 £ 0.03 3.34%

Char yield 0.1791 0.19 £ 0.07 5.73%

3.5. Synergistic effect

Synergistic effect (SE) is defined as in Eg. (3) section 2.3. The principle of SE
is to find the difference by comparing the actual and the theoretical yields of
co-liquefaction. The bio-oil yields obtained at 45 different operating condi-
tions are chosen for the SE analysis. Lignin, laminaria saccharina, and their
different mixtures with the blending ratio of 0.2, 0.4, and 0.6 are used, creating
five different feedstocks in total. The liquefactions are carried out at nine dif-
ferent conditions. A total of 45 different sets of bio-oil yield result data are
registered in Table 8.

Table 17:The Bio-oil yield of various feedstocks under various typical operat-
ing conditions

Blen | Temperature (K), Residence time (min)

ding |573,1 |573,1 | 573,2 | 603,1 | 603,1 | 603,2 | 633,1 | 633,1 | 633,2
ratio | 0 5 0 0 5 0 0 5 0

0 0.235 | 0.278 | 0.280 | 0.180 | 0.210 | 0.200 | 0.169 | 0.165 | 0.168

0.2 |0.231 |0.248 | 0.261 | 0.220 | 0.218 | 0.227 | 0.189 | 0.179 | 0.196

04 |0.242 | 0.233 | 0.232 | 0.240 | 0.244 | 0.233 | 0.219 | 0.210 | 0.204

0.6 |0.251 |0.222 | 0.219 | 0.257 | 0.263 | 0.236 | 0.250 | 0.226 | 0.213

1 0.270 | 0.241 | 0.216 | 0.285 | 0.270 | 0.250 | 0.275 | 0.242 | 0.218

The computed SE values are shown below in table 9, where the apparent dif-
ferences are seen between the actual and theoretical bio-oil yields. The differ-
ences are relatively significant at the lowest temperature and with more lami-
naria saccharina. The most substantial negative synergistic effect of 0.034

w/wo can be seen with 573K,15min residence time, and 0.6 blending ratio.
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Nevertheless, as the operating temperature and residence time increased and
the blending ratio of laminaria saccharina is increased, the repressive effect
became weaker, and a positive synergistic effect appeared. The bio-oil yield
with a blending ratio of 0.2 and an operating temperature of 603K and 10 min
residence time was higher than the theoretical bio-oil yield value at the same
operating conditions, demonstrating a positive synergistic effect with 0.019
w/wo. Even Though this was not significant, this positive synergistic effect did
appear on the results according to the eq. (3). Furthermore, according to the
SE values shown in table 9, the synergistic enhanced effect continues to be
reinforced as the temperature, residence time, and blending ratio of laminaria
saccharina further increases. This clearly emphasized the positive impact of
increasing the bio-oil yield. Similar SE has been observed in other studies as
well [31]. This shows that at milder conditions, the co-liquefaction has a re-
pressive effect on the bio-oil yield. In similar studies, co-liquefaction of pro-
tein and alkaline lignin showed no improvement in the bio-oil yield [34,47].

Table 18:Synergistic effect (SE) of the bio-oil yield of blended feedstocks un-
der various typical

Blen | Temperature (K), Residence time (min)
ding | 573,1 |573,1 | 573,2 | 603,1 | 603,1 | 603,2 | 633,1 | 633,1 | 633,2

ratio | 0 5 0 0 5 0 0 5 0
02 | ) ) 0.019 | 0.017 | ) 0.018
0.011 | 0.023 | 0.006 0.005 0.001 | 0.001
04 | ) ) 0.018 | 0.010 | 0.013 | 0.007 | 0.014 | 0.016

0.007 | 0.031 | 0.023

0.6 0.014 | 0.017 | 0.006 | 0.017 | 0.015 | 0.015
0.005 | 0.034 | 0.023

Furthermore, co-liquefaction of alkaline lignin and soybean oil reported a re-
pressive effect on the bio-oil yield as well [34,48]. Nevertheless, co-
liquefaction endorsed the required reactions to produce bio-oil in more harsh
reaction conditions. Therefore, bio-oil yield is improved to a certain extent,
where high temperature and long residence time boosted the synergistic effect.
Nonetheless, literature reported a positive synergetic effect on bio-oil yield
with co-liquefaction of Spirulina platensis with cellulose [35].
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In addition, the HTL products of laminaria saccharina, lignin, feedstock mix-
tures with blending ratios 0.2, 0.4, and 0.6 at 603K and 20 min are selected for
mass equilibrium analysis. As shown in figure 7 below, laminaria saccharina
displayed the highest bio-oil yield while lignin showed the lowest at the con-
sidered conditions.

E Bio-oil Char Other

1,00
0,80

0,60

Mass fraction (w/w,)

0,40

0,20

0,00

o
~

Laminaria saccharina blending ratio

Figure 58:Mass yield balance of different feedstocks at 603K, and 20min

The aqueous and gas phases accounted for a considerable mass ratio from the
resultants of the liquefaction process. Mainly, the gas phase consisted of CO,
CO2, and a small amount of CH3. The aqueous phase can be reused for slurry
making or agricultural purposes due to its high nitrogen content [49]. Never-
theless, the gas and aqueous phases are neither analyzed nor further studied in
this study mainly because the focus was on bio-oil and char yield.

All the feedstocks made of blending mixtures showed a synergistic effect on
the bio-oil yield. This observation supported the idea of the ability of co-
liguefaction to encourage the production of bio-oil under more harsh process
conditions. The char yield of lignin was much more significant than what lam-
inaria saccharina produced. Besides, the solid residue yield is gradually de-
creased when the blending ratio is increased. However, co-liquefaction has

imposed a negative synergetic effect on the char yield (-0.00064 at 0.2 blend-
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ing ratio, -0.0394 at 0.4 blending ratio, and -0.04324 at 0.6 blending ratio),
suggesting that the co-liquefaction resulted in a reduction of solid residue.
Although the composition of bio-oil does not show a significant variation, N
content of the bio-oil from co-liquefaction is significantly lower than to bio-oil
from laminaria saccharina[24].

3.6. FTIR analysis of the bio-oil

Figure 8 demonstrates a closer look at the FTIR spectrum from the bio-oil
sample obtained at 573 K, 10 min residence time, and 0.2 blending ratio. This
bio-oil sample is delivered at the lowest temperature, the smallest blending
ratio, and with the shortest residence time among all the operating conditions.
According to figure 8, the wavenumbers between 3000cm™ and 3600cm™ and
between 1000cm™ and 1750cm showed significant peaks that correspond to
functional groups such as C-H, C=C C-0O bonds, C=0 bonds, and O—H bonds.
These functional groups proved the availability of phenols, alcohols, aromat-
ics, and acids in the bio-oil [32].
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Figure 59:The available peaks of the FTIR spectra of bio-oil obtained at 573
K, 10 min residence time, and 0.2 blending ratio.
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The broad and intense absorption peak around 3380 cm™' corresponds to the
N-H /O-H stretching of amino and hydroxyl group compounds (water, fatty
acid amides, phenols, and N-containing heterocyclic compounds)[50]. Ab-
sorbance peaks at 1650cm™! and 1540cm? signify the C=0 group stretching
vibration, consistent with a substantial quantity of carboxylic acids, ketones,
aldehydes, and esters triglyceride [50,51]. Then the peak found at 1395 cm™' is
coincided with the C—H stretching of -CH> and -CHs groups that indicated the
existence of long-chain aliphatic hydrocarbons [52]. The absorption peaks pre-
sented in the range of 1280cm™! and 1050 cm™' mark the C-O stretching vi-
brations, indicating the presence of phenolic and alcohol compounds [50,53].
Furthermore, the developing peak presented from 850 cm™ to 600 cm™
showed aromatic compounds and corresponding alternate derivatives [50].
The normalized FTIR spectra of the bio-oils are shown in Figure 9. Bio-oil
samples obtained at different temperatures and residence times with the same
blending ratio are analyzed, and the FTIR spectrums are obtained analysis.
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Figure 60: FTIR spectra of bio-oils from (a) different temperatures with a 10
min residence time and 0.2 blending ratio (b) different residence times at 573
K and a blending ratio of 0.2.

As the operating temperature and residence time change, the variation of FTIR
spectra intensity signified the diversity of different functional groups [32].
Figure 9(a) showed the normalized FTIR spectra of the bio-oil obtained with a
residence time of 10 min and blending ratio 0.2 at different temperatures of
573 K, 603 K, and 633 K, where figure 9(b) showed the normalized FTIR
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spectra of the bio-oils obtained at different residence times at 573 K and
blending ratio of 0.2.

According to figure 9(a), when the operating temperature increases, the peak
at band 1402cm™ and 1083cm™ peaks are improved significantly while the
other peaks are kept constant. Therefore, the temperature increase has pro-
duced more compounds consisting of C-H bonds and probably the C-O bonds.
Furthermore, also the temperature increase has affected in production of more
alcohols and phenolic compounds. Nevertheless, residence time increase has
shown even more significant impacts on the bio-oil components.

The reduction of the peak at 3380 cm™! hinted at reducing compounds like
water, fatty acid amides, phenols, and N-containing heterocyclic compounds.
The main reason could be breaking the carbohydrates and the proteins availa-
ble in the unreacted macroalgae (laminaria saccharina)[51]. The reduction of
peak 1640cm™ means the esters such as triglyceride are reacted, where the
increase of residence time has supported the process. The consumption of C-O
bonds available in the bio-oil is indicated by the peak’s reductions at
1280cm™! and 1030 cm™!. The development of peaks at 1560cm™ and 1395cm-
1 explains the increase of C=0 bonds and the —CH2 and -CHs groups repre-
senting the long-chain aliphatic hydrocarbons. Therefore, the residence time
has resulted in consuming C-O bonds while producing new C=0 bonds.
According to the statistical analysis in section 3.3, the residence time did not
impact the bio-oil yield significantly, while the temperature highly influenced
the bio-oil yield. Nevertheless, under the FTIR analysis, both the operating
temperature and residence time have played a significant role in shaping the
chemical composition of the bio-oil yield.

Figure 10 below illustrates the variation of functional groups in the bio-oil
with the feedstock's blending ratio.
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Figure 61: FTIR spectra of bio-oils from different blending ratios at 573K
and with a 10 min residence time

In this study, when the blending ratio is zero, feedstock includes 100% lignin,
whereas when the blending ratio is one, feedstock includes 100% laminaria
saccharina. According to figure 10, when the blending ratio has increased, the
peak at 3380 cm™! shows a gradual decline, reducing water, fatty acid amides,
phenols, and N-containing heterocyclic compounds from the system. Most
importantly, the introduction of laminaria saccharina has dramatically im-
proved the peak at 1560cm™, 1395cm™ and 1050cm™ which corresponds to
the C=0 bonds, C-H bonds, and the C-O bonds. This proves that the co-
liquefaction of the feedstocks would produce more phenolic compounds, long-
chain aliphatic hydrocarbons, carboxylic acids, ketones, aldehydes, and esters.

4. Conclusions

Co-liquefaction of lignin and laminaria saccharina is statistically studied using
RSM for enriching the bio-oil yield while having a minimized char yield. In
addition, the synergistic effect of co-liquefaction is investigated. The bio-oil
yield and char yield of the liquefaction process are used as the responses to be
optimized. The models used showed an excellent fit to the data, and it is
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proved by lack of fit test 'F value' and 'p value' determination. The goodness of
fit (R?) values for both bio-oil and char yield regression models are highly sig-
nificant, 0.985 and0.947, respectively.

After the statistical analysis, it was found out that the bio-oil yield mainly de-
pends on the temperature and blending ratio. Residence time has shown less
impact on bio-oil and char yields. A positive synergetic effect is observed in
more harsh process conditions and laminaria saccharina rich environments.
Furthermore, the co-liquefaction has shown a negative synergetic effect on the
char yield. 573K, 20 min residence time, and 0.2 blending ratio proved the
optimum process conditions. At the optimum point, the bio-oil yield of 0.2513
w/wg with a minimum char yield of 0.1791w/wo is produced. Corresponding
to the FTIR results, temperature increase helped increase the alcohols and
phenolic compounds production when longer residence times consume the C-
O bonds more. Co-liquefaction of the feedstocks helped improve the bio-oil
composition by helping produce more phenolic compounds, long-chain ali-
phatic hydrocarbons, carboxylic acids, ketones aldehydes, and esters. Finally,
the co-liquefaction has produced bio-oil with a significantly lower N content
than a bio-oil from laminara saccharina.
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Figure 1(a) and figurel(b) show the normalized FTIR spectra of the bio-oil
obtained with a residence time of 10 min and blending ratio 0.4
and 0.6 respectlvely at dlfferent temperatures of 573 K, 603 K, and 633 K
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Figure 62: FTIR spectra of bio-oils from (a) different temperatures with a 10
min residence time and with a) 0.4 blending ratio (b) 0.6blending ratio

Figure 2 and figure 3 below illustrates the variation of functional groups in
the bio-oil with the variation of the blending ratio of the feedstock at 603K and

633K respectively
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Figure 63:FTIR spectra of bio-oils from different blending ratios at 603K and
with a 10 min residence time
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Figure 64:FTIR spectra of bio-oils from different blending ratios at 633K and
with a 10 min residence time
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