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Abstract

In recent years, the rapid increase in the demand for clean energy and green chemicals as
well as concerns over the supply and environmental impacts associated with fossil.
resources have stimulated intensive research on conversion of bioresources, such as

lignocellulosic biomass and biowaste, into energy, fuels, chemicals, and materials.

Hydrothermal liquefaction (HTL) is a unique thermochemical conversion process,
particularly applicable for the conversion of wet biomass and biowaste feedstocks. Most
of the biomass HTL studies are conducted in batch reactor and focus on the effects of
catalysts, reaction temperature and time on production efficiency and chemical properties
of the products. Besides, HTL process is operating usually in a reaction medium in the
presence of hot-compressed water (under elevated temperature and high pressure) and
usually an alkali catalyst. It is thus necessary to assess corrosion-resistance performance of

various candidate alloys for reactors.

In this thesis work, a kinetic model based on chemical compositions (cellulose,
hemicellulose, and lignin) was developed for predicting HTL product yields. Validation
with our experimental results and the publicly available HTL data in literature obtained
with lignocellulosic biomass feedstocks was performed to assess the quality/reliability of
the model predictions. In addition, the influence of reaction atmosphere (N2, Hz, and O»)
on HTL process was investigated in this thesis work. Bio-oils obtained under N> or H:
exhibited higher energy recovery and better quality. Moreover, the comparison between
the performance of batch and continuous-flow reactors in HTL of several lignocellulosic
biomass and lignin-rich biomass (lignin and black liquor) was investigated. The
continuous-flow operations resulted in slightly poorer qualities compared with those
obtained from batch operations due to the relatively short reaction time. Furthermore, this
thesis examined the corrosion modes and extents of SS316L for reactor construction under
static and batch-mode catalytic HTL conversion of two typical biomass feedstocks,

Bamboo and Black liquor. These results would be helpful for designing the HTL systems



for continuous production and the development and deployment of HTL technology in

Canada and the global bioenergy industry.
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Chapter 1

1 General Introduction

The main objectives of this PhD project were to develop a generalized kinetic model based
on chemical compositions (cellulose, hemicellulose, and lignin) for predicting HTL
product yields (gas, liquid, and solid residue) from various types of lignocellulosic biomass
with different chemical compositions, and investigate the product yields and corrosion-
resistance performance of various candidate alloys in HTL of various types of
lignocellulosic biomass under varying conditions, particularly atmosphere and type of

reactors (batch and continuous-flow).

1.1 Background and Knowledge Gaps

The depletion of fossil resources and increasing environmental concerns have attracted
intensive R&D works on the utilization of clean and renewable alternatives to replace
fossil fuels for production of energy, fuels, chemicals and materials [1, 2]. Among all the
identified alternatives, biomass resources, such as lignocellulosic biomass (e.g., forestry
residues, agricultural residues), food waste and algal biomass, are abundant and promising
candidates for both energy and chemical production owing to their renewability and “net-
zero carbon emission” characteristics [3-8]. The biomass resources are estimated to be 146
billion tons per annum [9], among which lignocellulosic biomasses (forestry and
agricultural residues) has received a particular interest over the past decades as the residues
are seen as bio-wastes and presented in abundant amounts in forestry and agricultural

sectors.

Direct utilization of biomass is challenging, not only because it is usually bulky and hence
difficult to transport, handle, and store, but also because it has a much lower energy density
based on either volume or mass compared to fossil fuels [10]. Therefore, it is necessary to
convert raw biomass materials effectively and efficiently into gaseous or liquid biofuels
for final applications. The developed conversion technologies are categorized into
biochemical and thermochemical methods. Biochemical conversion is aided by enzymes

and bacteria, primarily involving the fermentation of wet carbohydrate materials into



bioethanol and anaerobic digestion to generate biogas under ambient operating conditions
[11-13]. The biochemical processes are very sensitive to operating conditions (pH,
temperature, etc.) and quite slow (usually requiring days and weeks to complete), hence
less efficient [4]. In contrast, thermochemical processes, including direct combustion,
gasification, pyrolysis or liquefaction, are more efficient than the biochemical conversion
in terms of processing time and the ability to process various types of the biomass

feedstocks [8].

Hydrothermal liquefaction (HTL) is a unique thermochemical conversion process,
particularly applicable for the conversion of wet biomass feedstocks, such as “black liquor”
from pulp mills, wastewater sludge, food wastes and newly harvested algal biomass, etc.
[10, 14, 15]. The biocrude (or bio-oil) obtained from the HTL have higher chemical
stability , lower oxygen and water content, and higher heating value (25-35 MJ/kg)
compared to pyrolysis oils [16, 17]. HTL processes are operated in hot pressurized water,
water-alcohol mixed solvent, or other organic solvents in the temperature range of 200—
400 °C and the pressure range of 5-25 MPa with/without homogenous or heterogenous
catalyst to directly decompose the macromolecules of biomass into biocrude products -

fragments of light molecules [18].

To date, most of the biomass HTL studies focus on the effects of catalysts, reaction
temperature and time on production efficiency and chemical properties of the products.
However, the process itself still suffers from lack of predictability for different types of
lignocellulosic biomass (with varying chemical compositions of cellulose, hemicellulose,
and lignin). Thus, a kinetic model based on textural compositions (cellulose, hemicellulose,
and lignin) would be particularly useful for predicting HTL product yields (gas, liquid, and
solid residue) from various types of lignocellulosic biomass with different chemical
compositions, and for elucidating the reaction pathways and mechanisms in HTL of
lignocellulosic biomass. Such kinetic models are also helpful for scaling up the HTL

reactors for industrial application of HTL process.

Intensive efforts made in biomass HTL were conducted in batch reactors. However, precise

control of residence time and pressure in a batch reactor are quite challenging due to the



variability in reactor heating/cooling rates, and the autogenic pressure (temperature,
solvent and reactor volume dependent) during the HTL processes [19]. Thus, the findings
from batch processing cannot be directly and effectively applied to the continuous-flow
processes, which are more desirable for future industrial scale applications of the HTL
technology [20]. Recently, there is a growing focus on the upscaling of HTL processes,
transitioning from lab-scale experiments to pilot-scale plants that operate using continuous
flow processes [21-24]. However, limited information is available on the comparisons
between the batch- and continuous modes of biomass HTL operations (especially
lignocellulosic and lignin-rich biomass) in terms of product distribution and properties.
Also, the performance of continuous HTL processes for biomass types has not been

sufficiently investigated.

Another important issue for industrial application of HTL process is related to the
unwanted corrosion issue for the reactor and downstream processing equipment, which has
not received sufficient attention but must be addressed. A range of oxygenated/corrosive
compounds, such as organic acids, aggressive sulfur and/or chlorinated compounds, can be
produced during the biomass conversion processes, consequently creating highly corrosive
environments to the reactor construction alloys [25]. Besides, HTL process is operating
usually in a reaction medium in the presence of hot-compressed water (under elevated
temperature and high pressure) and usually an alkali catalyst [26-28]. In the sub-
/supercritical region, the ionization constant of water increases while the dielectric constant
of water drops, which allows water to dissolve organic compounds and provides an acidic
medium for the hydrolysis reactions [29], possibly leading to a remarkable change in the
chemical dissolution of surface oxide layers formed on HTL reactor alloys [30, 31]. In
addition, several pioneer studies suggested that the presence of an alkaline catalyst could
cause a remarkable increase in corrosion rate as the formed surface scale was composed of
porous hydroxides with high solubility in high temperature aqueous environments instead
of stable and compact oxides [32, 33]. It is thus necessary to assess corrosion-resistance
performance of various candidate alloys for reactors to establish guidelines for selecting
proper (cost-effective) materials for HTL reactor construction and to develop corrosion-
preventing strategies to achieve long-term operation of HTL processes. To the best of our

knowledge, several types of commercial steels and alloys have the potential for the



construction of HTL reactors due to their wide utilization in high temperature aqueous
environments [34]. However, very few efforts have been employed to investigate eth

performance of steels and alloys in HTL of real biomass environment.

1.2 Objectives

To address the above knowledge gaps, the main objectives of this PhD proejct are to:

(1) Develop a kinetic model based on chemical compositions (cellulose, hemicellulose,
and lignin) for predicting HTL product yields (gas, liquid, and solid residue) from

various types of lignocellulosic biomass with different chemical compositions.

(2) Compare the performance of HTL conversion of various biomass feedstocks in

continuous-flow HTL reactors and batch reactors.

(3) Investigate the corrosion-resistance performance of various candidate alloys in
HTL of various types of lignocellulosic biomass under varying conditions, in order
to establish guidelines for selecting proper materials for HTL reactor construction
and to develop corrosion-preventing strategies to achieve long-term operation of

HTL reactors.

(4) Accelerate the development and deployment of HTL technology in Canada and the

global bioenergy industry in a cost-competitive manner.

This research would provide valuable assistance in choosing an effective process for
biomass liquefaction. By utilizing the developed kinetic model, the influence of the
biochemical composition of feedstocks, as well as reaction conditions such as temperature
and reaction time, can be assessed more accurately on product yields. Furthermore, this
kinetic model would be more useful in the design of large-scale reactors and enable
thorough techno-economic analysis of the process by integration with heat and mass
balance models. In addition, the outcomes from the comparison of batch- and continuous
HTL process would be helpful in designing the HTL systems for commercialized
production of biocrude and drop-in fuels at a larger scale, using lignocellulosic biomass or

biowaste. This work is also expected to determine the influence of biomass type and the



role of converted products on corrosion in HTL biorefining environments and partially
support the development of applicable materials technology solutions for the construction

of industrial HTL plants.

1.3 Research Approaches and Methodologies

As discussed above, this research can be divided into three main phases. The first phase
involved the development of a kinetic model to predict product yields from hydrothermal
liquefaction (HTL) of lignocellulosic biomass based on its chemical compositions
(contents of cellulose, hemicellulose, and lignin) and validation with our experimental
results from batch-mode HTL of real biomass under N> atmosphere and the publicly
available HTL data in literature obtained with lignocellulosic biomass feedstocks. The
second phase focused on comparing the performance of HTL of various types of bio-
feedstocks in a continuous-flow reactor and a batch reactor in terms of product yields and
chemistry of the bio-oils and energy recovery potential. The third phase was investigating
the corrosion-resistance performance of various candidate alloys in HTL of various types

of lignocellulosic biomass.

The experiments were conducted in batch and continuous flow reactors. Figure 1.1-1.3
show the images of the reactors used. The batch reactors are 100 mL and 500 mL stainless
steel stirred reactors (Parr 4590 and 4575A Bench top reactor), equipped with a mixer,
heater, thermocouple, controller, and pressure gage. The continuous-flow HTL
experiments were conducted on a plug flow HTL reactor (with a maximum slurry feeding
capacity of 6 kg/h) designed and custom-built at our lab. Figure 1.4 is the schematic

diagram of the continuous-flow reactor for biomass HTL.

Typical analyses of HTL products were performed using gas chromatograph-mass
spectrometer (GC-MS), gas chromatograph equipped with a thermal conductivity detector
(GC-TCD), Fourier transform infrared spectrometer (FT-IR), thermal gravimetric analysis
(TGA), elemental analysis (CHNS). The corrosion products were characterized using
scanning electron microscope equipped with energy dispersive X-ray spectroscopy (SEM-
EDX), X-ray diffraction (XRD), Focus Ion Beam microscope (FIB), and transmission

electron microscope (TEM).



Figure 1.1: Photo of the 500 ml batch reactor used in this work.

Figure 1.2: Photo of the 100 ml batch reactor used in this work.



Figure 1.3: Photo of the continuous-flow reactor used in this work.
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Figure 1.4: Schematic diagram of the continuous-flow reactor.

1.4 Thesis Overview

Chapter 1 provides a general introduction of the importance of replacing fossil fuels with
biomass-derived fuels, introduction of hydrothermal liquefaction and its challenges. The

research objectives, approaches and methodology, and thesis structure are also outlined.

Chapter 2 introduces the effects of major process parameters, such as reaction temperature,
residence time, catalysts, biomass type, and biomass to solvent ratio on biomass HTL. The
HTL process modelling and limitations, the corrosion issues in HTL reactor, and

challenges of HTL scaling up are reviewed as well.
Chapter 3 presents investigation on the effects of reactor atmosphere on HTL of pinewood.

Chapter 4 proposes a universal reaction network and a kinetic model based on the
experimental results obtained from HTL of biomass model compounds. Validation with

our experimental results and the publicly available HTL data in literature obtained with




lignocellulosic biomass feedstocks was performed to assess the quality/reliability of the

model predictions.

Chapter 5 compares the performance of HTL of various types of technical lignin (alkali
lignin and kraft lignin) in a continuous-flow reactor and a batch reactor in terms of product

yields and chemistry of the bio-oils or depolymerized lignin and energy recovery potential.

Chapter 6 compares the performance of HTL of various bio-feedstocks (cornstalk,
pinewood, and black liquor) in a continuous-flow reactor and a batch reactor in terms of

product yields and chemistry of the bio-oils and energy recovery potential.

Chapter 7 presents the examination of the corrosion modes and extents of Cr-bearing
SS316L constructional candidate under static and batch-mode catalytic HTL conversion of
two typical biomass feedstocks (bamboo and black liquor). The possible roles of organic

compounds on the sample surface were also introduced.

Chapter 8 presents the main conclusions obtained from the present research and

recommendations for future work.
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Chapter 2

2 Literature Review

Hydrothermal liquefaction (HTL) is a promising thermochemical technology that converts
wet biomass and biowaste feedstocks into bio-oils and valuable biochemicals. HTL
processes are usually operated in hot pressurized water, water-alcohol mixture, with
/without other organic solvents at 200—400 °C and pressures up to 25 MPa with/without
catalysts. Compared with biochemical and other thermochemical conversion methods,
HTL provides a cost-effective solution to the bioenergy industry on the use of wet biomass
streams, especially industrial and municipal biowastes. This chapter introduces the
fundamental concepts and major process parameters of HTL and reviews the most recent

research and development (R&D) progress in this field.

2.1 Chemical Compositions of Biomass

During hydrothermal liquefaction, biomass is subjected to a series of reactions. The basic
reaction pathway involves three major steps: depolymerization followed by decomposition
and recombination. In essence, the biomass is broken down either by thermal
decomposition or hydrolytic depolymerization in hot-compressed water or heated solvents,
resulting in the formation of monomers and unit structures. The produced macromolecules
or fractured units undergo further degradation or decomposition, leading to the production
of intermediates. These reactive fragments and intermediates are then reassembled through
re-polymerization, condensation, and cyclization reactions, generating high molecular
weight oil (bio-oil) while producing aqueous, gas, and char side products [1, 2]. Various
types of biomasses are available for HTL conversion. Lignocellulosic biomass and algal

biomass are the most investigated in HTL [3].

Lignocellulosic biomass consists of different components, including three major chemical
components (cellulose, hemicellulose and lignin) and other minor components (proteins
and lipids) [4, 5]. Algae, on the other hand, has three major components: carbohydrates,
lipids, and proteins [6]. Each component undergoes distinct chemical conversion routes in

HTL, as summarized below.
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Cellulose is a linear polysaccharide with a high molecular weight and composed of anhydro
glucose monomer units and crystalline structure, making it insoluble in water. However, it
can dissolve in supercritical - or subcritical water with high ionic property. At temperature, >

240 °C, decomposition of cellulose increases with an increase in temperature [7].

Hemicellulose is a branched polymer with non-crystalline and random structure and thus
easily hydrolysable [2]. In comparison with cellulose, hemicellulose possesses a weaker
structure and is more susceptible to intramolecular hydrogen bonding, making it easier for
its molecules to break apart. During hydrothermal processing, hemicellulose can be
hydrolyzed easily at temperatures above 180 °C. The hydrolysis produces a mixture of
polysaccharides composed mainly of five-carbon (xylose and arabinose) and six-carbon
sugars (glucose, galactose and mannose), as well as formic/acetic acid, pyran derivatives

and aldehydes [8].

Lignin is an aromatic heteropolymer with a high molecular. As schematically shown below,
lignin consists of three major phenylpropanoid building units: coniferyl, sinapyl, and p-
coumaryl alcohols, making it the most valuable natural source of phenolic compounds [9].
The inter-monomeric linkage in lignin is connected most frequently (over 60%) by p-O-4
aryl ether bond as well as B-O-4 ether bonds and C-C bonds. Lignin is commonly
associated with hemicellulose both physically and chemically through covalent bonds [10].
In contrast to cellulose and hemicellulose, lignin is relatively resistant to chemical or
enzymatic degradation. The major compounds formed during hydrothermal processing of

lignin or lignocellulosic biomass are phenolic compounds [2, 11].
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Figure 2.1: Three common monolignols: paracoumaryl alcohol (1), coniferyl alcohol (2)
and sinapyl alcohol (3).

Lipids are hydrophobic organic compounds, the majority of which are made up of
triglycerides (TAGs), a combination of tri-esters of fatty acids and glycerol [1]. Fats are
easily dissolved with solvents due to the dielectric constant of water at sub-critical
conditions [12-14]. This phenomenon directly impacts the stability of TAGs, leading to the
formation of glycerol, the major by-product of biodiesel industry which consists of fatty
acids, methanol, and salts. The degradation of glycerol produces acetaldehydes,

formaldehyde, acrolein, allyl alcohol, propionaldehyde, ethanol, CO,, CO, and Ho.

Proteins, formed from amino acids, are the major components of microbial or algal [15,
16]. During hydrothermal liquefaction, the peptide chain of proteins undergoes
deamination and decarboxylation reactions, producing hydrocarbons, aldehydes, amines,
and acids. Further degradation leads to the formation of carboxylic acids, acetic acid,

propionic acid, n-butyric acid, and iso-butyric acids [17-19].

2.2 Effects of Process Condition

2.21 Effects of Temperature

Temperature is an important process parameter that could greatly influence the yield of
HTL products. Generally, increasing temperature enhances the fracture of chemical bonds

and the depolymerization of biomass. Consequently, the concentration of free radicals and
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the probability of repolymerization of fragmented molecular are increased, leading to an
increase in the total yield of bio-oil [3]. After the oil yield reaches the maximum value,
further increasing temperature could inhibit oil production because other reactions,
including the secondary decomposition and Boudouard gas reactions to produce gas
products and the recombination/condensation reactions of intermediates (free radicals) to

generate char, become dominant at higher temperatures [20-22].

Zhu et al. [23] investigated the HTL of barley straw at various temperatures ranging from
280 to 400 °C. The yield of bio-oil reached a maximum of 34.9 wt.% at 300 °C. Further
increasing temperature to 400 °C resulted in a decrease in bio-oil yield to 19.9 wt.%. Later,
Jindal and Jha [24] examined the effects of temperature on HTL of waste furniture sawdust.
The sawdust conversion and bio-oil yield significantly increased from 37.5 and 4.6 wt.%
to 61.6 and 12.7 wt.% respectively with increasing temperature from 180 °C to 280 °C.
However, further increase in temperature caused a reduction in both sawdust conversion
bio-oil yield. HTL of eucalyptus was conducted at 260 - 320 °C in subcritical water [25].
At 300 °C for 30 min, a high yield of bio-oil (30.1 wt.%) was generated, which thereafter

declined marginally as the temperature climbed further.

A similar trend was reported in the HTL of algal biomass. Reddy et al. investigated the
temperature effect on HTL of Nannochloropsis gaditana and Chlorella sp. at 180 - 330 °C
[26]. Maximum bio-oil yields of 47.5 wt.% and 32.5 wt.% for Nannochloropsis sp. and
Chlorella sp. respectively were obtained at 300 °C. Further increase in temperature reduced
bio-oil yield. He et al. [27] researched the impact of temperature on Nannochloropsis sp.
as well. The maximum bio-oil yield of 54.11 wt.% was obtained at 320 °C and then showed
a slight decline with a further increase in temperature to 340 °C. Biswas et al. performed
HTL of sargassum tenerrimum and the total bio-oil yield obtained was 11.5%, 16.3% and

14.7% at 260 °C, 280 °C, and 300 °C, respectively [28].

Temperature affects chemical properties of produced bio-oil as well. Villaver et al.
performed the HTL of spirulina platensis at 280, 320, and 350 °C, and discovered that the
maximum HHV of bio-oil (36.99 MJ/kg) and lowest nitrogen content were achieved at

350 °C, while the highest energy recovery from the microalgae (76.8%) was obtained at
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280 °C [29]. According to Zhu et al. [30], increasing temperature could make the produced
bio-oil to have a higher calorific value owing to the decreased oxygen content and increased
carbon content in the produced bio-oil. Higher temperatures are anticipated to be more
favorable for deoxygenation, hence producing more unsaturated molecules. However, the
oil yield would decrease due to condensation and cracking reactions, even though the
quality of the bio-oil generated at a higher temperature improves. Thus, there shall be an
optimum temperature for maximizing both output and quality of bio-oil derived from a

specific biomass feedstock.

2.2.2 Effects of Residence Time

The residence time of biomass in an HTL process would strongly influence the yields,
components, and properties of bio-oil products, and hence the optimization of residence
times is necessary [3, 31]. In a HTL process a shorter residence time is found to be
generally preferred for bio-oil production, especially at a low biomass-to-water ratio [31-
33]. On the other hand, a longer reaction time would induce repolymerization of the

intermediate products, which lowered the yield of bio-oil [3, 34].

By extending the reaction time from 5 min to 30 min, Yang et al. investigated the HTL of
waste coffee residues [35]. The bio-oil yield increased to 31.6% when the retention time
was increased to 10 min. However, the bio-oil yield declined to 22.7% when the retention
period was increased to 30 min, due to the repolymerization of bio-oils, accompanied by
the marginally increased yield of solid residues. In addition, previous studies have also
shown a correlation between reaction time and temperature. Kaur et al. performed HTL of
castor residue at 260-300 °C for 15-90 min [36]. The greatest bio-oil production (15.8
wt.%) was achieved at 300 °C for 60 min. At 280 °C, the maximum yield of biochar was
reached at 30 min but decreased slightly in the 60- and 90-min runs, while at 300 °C, the
biochar yield continued to increase until 90 min. He et al. reported similar trends when
performing HTL tests using an algal biomass Spirulina platensis at 250-350 °C for 0-60
min. [37]. The residence times to reach maximum bio-oil yields at 340 °C and 300 °C were

30 min and 60 min, respectively.
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2.2.3 Effects of Biomass Feedstocks

Various types of biomass feedstocks have been studied, including algae, lignocellulosic
biomass, food waste, manure, etc. [38-45]. Feedstock types and compositions could
significantly affect the overall bio-oil yield and compositions. This is because major
textural components of biomass, i.e., lignin, hemicelluloses, cellulose, protein, and lipid
behave differently during HTL conversion. Generally, the conversion efficiency of
different biomass constituents decreases in the order of lipids > proteins > hemicellulose >
cellulose > lignin. Therefore, the more lignin that the biomass contains, the higher
operating temperature was required [39, 46]. Tian et al. examined four types of crop straws
(including corn straw, peanut straw, soybean straw, and rice straw) at 320 °C for 60 min
[40]. Soybean straw generated the highest bio-oil production, followed by rice straw,
peanut straw, and corn straw. The significant difference in bio-oil yield was attributed to
the different cellulose contents. Feng et al. investigated the effects of white pine bark, white
spruce bark, and white birch bark on bio-oil yield in HTL at 300 °C for 15 min [45]. Results
demonstrated that a higher lignin content in the biomass would generally lead to a higher
bio-oil yield. However, an opposite trend was observed by Chan et al. when conducting
the liquefaction of three types of oil palm biomass, namely, empty fruit bunch (EFB), palm
mesocarp fiber (PMF), and palm kernel shell (PKS) at 330 °C and 25 MPa [47].

224 Effects of Mass Ratio of Water to Biomass

In a HTL process, mass ratio of water to biomass is considered as another key parameter
which has remarkably impacts on bio-oil yield and compositions. In general, a high amount
of water is desirable for more liquid products. Studies have revealed that a high solid-to-
liquid ratio is unfavorable for the dissolving of biomass in water and retards the hydrolysis
and liquefaction processes of the feedstock, consequently leading to decreased biomass
conversion and bio-oil output [48]. The presence of high amount of water content can
support the dissolving of biomass, provide sufficient hydrogen to stabilize the liquefaction
intermediates, reduce the formation of solid residues and gases, and finally enhance the

bio-oil output [24].
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Ye et al. liquefied bamboo shoot shell in polyethylene glycol 400 and ethylene glycol at
different liquid to solid ratio (3:1-6:1) [49]. They reported that a low liquefaction
percentage was obtained at a lower liquid to solid ratio. The liquefaction percentage
increased greatly when the liquid to solid ratio increased from 3:1 to 5:1. Malins et al.
examined the influence of sewage sludge to water ratio (1:0-1:15) on HTL process of
sewage sludge [48]. The results indicated that decreasing the sludge-to-water weight ratio
boosted bio-oil production, energy recovery, and overall conversion. Yin et al. reported
that when mass ratio of water to cattle manure decreased from 2.0 to 0.5, the corresponding
bio-oil yield decreased sharply from 48.7 to 1.5 wt.% [41]. The decrease in oil yield was
believed to be due to the conversion of bio-oil/intermediates into solid residue through self-

condensation reactions.

2.2.5 Effects of Catalysts

Catalyst is another particularly important factor in HTL conversion. Catalysts effectively
promote the decomposition of biomass macromolecules, lower the solid residue production
while increasing the yield and calorific value of bio-oil and inhabiting side reactions like
condensation and repolymerization of intermediates. Different kinds of homogenous and
heterogenous catalysts have been introduced to HTL processes to improve liquefaction
efficiency as well as bio-oil quality. Table 2.1 lists some of the common catalysts applied

to HTL process recently.

Table 2.1: Recent applications of catalysts in HTL of different biomass.

Biomass Type Catalyst Main results

Ref.

Peanut shell Wood MgO, ZSM-5 and Mixture of MgO + ZSM-5
MgO + ZSM-5 achieved the highest bio-

oil yield of 40.6 wt.%.

Larch Wood  K2CO:s The maximum bio-oil

Mongolian oak yields (27.7 wt.% for
Mongolian oak and 25.7
wt.% for larch), and the
highest carbon conversion
ratio were obtained with
0.5 wt.% of catalyst.

Oak wood Wood Fe, Fe3;04 and Fe;03 Highest bio-oil yield of
40.0% was obtained using
Fe at 320 °C.

[50]

[51]

[52]
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Corn straw

Corn straw

Eucalyptus

Ulva prolifera

Ulva prolifera

Chlorella

Spirulina

platensis

Nannochloropsis

Spirulina

Wood

Wood

Wood

Algae

Algae

Algae

Algae

Algae

Algae

CuO + NaOH, NaOH and
CuO

Nano ferrite and NaOH

NaOH, KOH, and Pd/C

KOH, NaOH and Na,COs3

ZSM-5, Y-Zeolite and
Mordenite

Pt/C, Ru/C, and
Pt/C + Ru/C

CeO2

M (Fe, Co, Ni, Mo and
Mn)/TiO>

Pd/HZSM-5@MS and
Pd/HZSM-5 (MS: meso-
Si0,)

Mixture of CuO +NaOH
achieved the highest bio-
oil yield (26.6 wt.%) and
conversion rate (85.6
wt.%).

The maximum bio-oil
yield of 31.3 wt.% was
achieved using ZnFe204
+ NaOH. The bio-oil
yields obtained by single
heterogeneous catalyst
were lower than that of
homogeneous catalyst.
The bio-oil yields obtained
at 260 °C using NaOH,
KOH, and Pd/C were 61.2
wt.%, 57.7 wt.% and 36.8
wt.%.

Maximum bio-oil yield
(26.7 wt.%) was observed
with KOH (0.1 g) catalyst.
ZSM-5 (15.0 wt.%)
catalyst promotes the bio-
oil yield to 29.3 wt.% and
deoxygenation process.
The addition of catalyst
(Pt/C, Ru/C, or

Pt/C + Ru/C) decrease the
water-soluble bio-oil
fraction in total bio-oil.
Conversion rate and bio-
oil production were
enhanced using 0.2g of
CeO, at 250 °C for 30
min.

Ni/TiO2 was the most
effective catalyst to
improve the yield and
quality of bio-oil and the
liquefaction conversion.
Pd/HZSM-5@MS-
catalyzed HTL achieved a
high bio-oil output of
37.3% and a low coke
yield of 8.6 %.

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]
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Spirulina Algae Co/BC, Ni/BC, CoOx/BC, BC catalyst improved the  [62]
platensis NiO/BC (BC: biochar) bio-oil yield, and the

highest bio-oil yield was

36.6 wt.% using Ni/BC.

As summarized in the above Table, the most commonly used catalysts are homogeneous
alkaline catalysts [63]. Previous studies showed the application of homogeneous alkaline
catalysts would significantly enhance the liquefaction of lignocellulosic biomass into bio-
oil products [23, 64]. During the HTL treatment of pinewood sawdust, the effectiveness of
alkaline catalysts on the feedstock conversion was reported to decline in the order of
K>CO3 > KOH > NaxCOs3 > NaOH [65]. In contrast, the addition of mineral acid catalysts,
such as sulfuric acid, promoted the condensation and re-polymerization processes of
intermediate products, resulting in an increased char yield and a decreased oil yield [23,
66]. Furthermore, mineral acid catalysts would corrode core biorefinery equipment as well
[67]. Although organic acids such as acetic acid and formic acid showed catalytic effect by
improving the bio-oil yield, these acids were found to be consumed during the conversion
likely due to the esterification reactions between carboxylic acids and the liquefaction

productions, suggesting that they could act as both a catalyst and a reactant [68].

Recently, extensive studies have focused on employing heterogeneous catalysts in the
biomass HTL process due to their great efficiency and easy separation from the liquid
phase [69]. Gasification catalysts such as metals (Pt, Pd, Mo, Ni, and Ru) supported on
active carbon (AC), SiO2, AlOs, and zeolite were extensively studied for biomass HTL
[70, 71]. Pt/C, Pd/C, and Ru/C work well in terms of improving bio-oil quality by
increasing the H/C ratio. Alternatively, Pt/C, Ni/Si02-Al>03, and sulfide CoMo/y-Al>O3
could effectively lower down the bio-oil O/C ratio [71]. Zeolite catalysts also exhibit
superior catalytic performance in HTL as well. Ma et al. conducted HTL of Ulva prolifera
using three zeolites-based catalysts (ZSM-5, Y-Zeolite and Mordenite) [57]. They reported
that the bio-oil output was up to 29.3 wt.% with the ZSM-5 catalyst at a loading of 15.0
wt.% at 280 °C. Meanwhile, using a zeolite catalyst increased the HHV of bio-oil from
21.2 MJ/kg to 34.8 MJ/kg. The ZSM-5 catalytic liquefaction process resulted in more de-

oxygenation than that of the Y-zeolite or mordenite catalyst.
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Among all the homogeneous and heterogeneous catalysts, alkaline catalysts are still the
most promising catalysts for HTL of biomass, as they could effectively enhance bio-oil
yield by 50-135%, neutralize the pH of the reaction media, avoid the repolymerization of
biocrude-forming intermediates, and thus significantly inhibit the formation of solid

residue [66].

2.3 Modelling of Hydrothermal Liquefaction

For the design and commercialization of HTL process, it is important to comprehend the
formation mechanisms and reaction kinetics for various chemical products. Recently,
several studies on the kinetics of HTL of various biomass feedstocks in lab-scale batch
reactors were reported. Zhang et al. developed a kinetic model for the HTL of softwood
kraft lignin based on the mechanism of two separated reaction phases (the fast and the slow
reaction) in the temperature range of 300-380 °C. [72]. Hardi et al. used a face centered
central composite design to correlate the yields and properties of sawdust HTL products
with HTL temperature, time, and feedstock concentration [73]. However, these models are
only applicable to the specific feedstocks used in the corresponding studies. Thus,
innovations have been made to develop product yield-prediction models for biomass based
on biomass composition [46, 74, 75], whereas these models are only able to predict HTL
product yields under specific processing conditions. Valdez et al. [76], Hietala et al. [77],
and Vo et al. [78] further developed kinetic models of HTL reaction networks for the HTL
of algal biomass based on the feedstock composition to estimate the product yields at
varying reaction temperature/time. An example can be found in Figure 2.2. However, no
existing models are suitable for the HTL of lignocellulosic biomass. The kinetic models
established to date have restrictions in predicting the yields and quality of the products.
More attention needs to be paid to developing a general kinetic model that incorporates the
impacts of operational variables and feedstock compositions on product yields and
properties. A few kinetic models have been integrated in Aspen- and CFD-based process
simulations [79-81]. With no doubt, the reactor hydrodynamics and thorough simulation

of the reaction kinetics with the application of simulators are highly valuable.
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Figure 2.2: Hydrothermal liquefaction reaction network and comparison the experimental
and calculated product yields from the hydrothermal liquefaction of Tetraselmis sp. under
various HTL conditions [78].

2.4 HTL Reactor Configurations and Challenges

Intensive studies have been focused on biomass HTL studies in batch reactors and provided
abundant information about the effects of different operating parameters and a variety of
feedstocks on the yields and properties of bio-oils. Furthermore, the HTL reaction
mechanisms have been well investigated for batch-mode operations. However, a batch
HTL process is hard to scale up to an industrial level. It is more meaningful to develop
continuous-flow HTL reactors. Despite the significant interest from industry, there are lack

of advances in continuous-flow HTL processes due to their challenging performance
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problems and issues [66]. In the following section, recent progresses on continuous-flow
biomass HTL, and the major issues towards continuous-flow operation will be provided

and discussed.

2.4.1  Continuous Flow HTL Operations

One study by Fan et al. compared the bio-oil yield from sewage sludge HTL in a
continuous-flow reactor with that in a batch reactor under the same conditions (350 °C and
8 min). A slightly higher bio-oil yield (33.1 wt.% vs. 30.8 wt.%) was observed in the batch
reactor, while there was no significant difference in the bio-oil yield when using an instant
heating rate to reach the desired temperature. With regard to the oil quantity, the
continuous-flow HTL operation produced a bio-oil with lower nitrogen content than the

batch-mode operation [82].

Researchers from the Pacific Northwest National Laboratory (PNNL) have accumulated
considerable experience in continuous-flow biomass HTL. A recent continuous-flow HTL
study by PNNL on various wet-waste feedstocks (fermentation waste, sludge, manure, food
waste, and mixed waste) clearly demonstrated that an increase in the flow rate and the solid
content of the feedstock improved the bio-oil yield. On the other hand, they used an
alternative reactor system configuration by combining a continuous stirred tank reactor
(CSTR) with a plug flow reactor (PFR). Prior to the PFR, the CSTR was heated to the
desired temperature to reduce the impact of reactor blockage as a result of solid residue
accumulation. When the CSTR was utilized, the average bio-oil yield for each feedstock
type was noticeably improved. With regard to the bio-oil quality (heteroatom content, HHV,
density, and total acid number), no obvious differences were observed with or without the

insert of CSTR [83].

Efforts have been made to improve the continuous-flow HTL reactors. Anastasakis et al.
first developed a hydraulic oscillation device with the intention of boosting the turbulence
inside the tubular reactor in a pilot-scale biomass HTL system (with a capacity for feeding
up to 100 L/h). The oscillators improved the overall mixing and heat transfer inside the
reactor system by increasing the turbulence throughout the entire reactor. Moreover, they

customized the heat exchanger, which recovered up to 80% of heat loss [84].
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Aierzhati et al. proposed an innovative mobile pilot-scale HTL reactor (0.57 L/min) for
food waste conversion, which can be easily delivered by truck. To demonstrate the
economic viability of this mobile reactor system, a techno-economic analysis of food waste
HTL was performed. When there is a widespread availability of biomass resources (more

than 106 miles distance), the mobile HTL unit can be more cost-effective [85].

Although promising results about lab/pilot-scale continuous-flow HTL reactor design have
been reported constantly around the world, none of the institutes or companies is able to
expand beyond pilot plant scale due to capital investment and technical challenges

described below.

24.2 HTL Reactor Corrosion Issues

Up to now, most of previous research on biomass HTL concentrated on optimizing the
reaction conditions, reactor design, catalysts screening, and feedstock selection. However,
Corrosion is one of the major concerns in the complex HTL environments. To ensure the
cost-effective construction and long-term safe operations, it is crucial to understand the

factors causing corrosion and develop practical corrosion control strategy.

2.4.2.1 Organic Acids

During HTL conversion, organic corrodents, such as butyric, acetic, and formic acids, are
formed from the feedstocks. It is possible that the presence of these organic acids in the
hot-compressed water within the HTL process will speed up the chemical loss of oxide
scales that have accumulated on stainless steels at elevated temperatures [86, 87]. It was
discovered that adding acetic acid to water would increase the number of protons in the
pores of powder metallurgy stainless steels, which in turn accelerated the localized
dissolving of metal oxide scales [88]. A recent study in simulated HTL conversion
environments showed that the addition of 5% acetic acid into HTL conversion
environments could not only accelerate the loss of the metal oxide scales formed on SS
310 and P91, but also cause the localized damage of these reactor constructional materials
[89]. Thus, it is necessary to investigate the corrosive effects of organic acids on various

reactor alloys during the HTL conversion.
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2.4.2.2 Inorganic Contents

Typical industrial bio-wastes have been found to contain up to 15,000 and 13,200 ppm of
CI" and S*, respectively [89]. The aggressive inorganic agents will be discharged during
the HTL conversion of these bio-wastes. Cl" and S are known to trigger pitting corrosion
and even stress corrosion cracking of Fe-based and Ni-based alloys in high-temperature
aqueous media [90, 91]. However, it was found that the presence of low concentration
(3500 ppm CI" and 2500 ppm S*) could not likely cause severe general corrosion damage
on Fe-based steels containing 9-22% Cr, nor cause pitting initiation and propagation under
simulated HTL conversion conditions [89]. However, it is unclear whether the
accumulation of Cl-and S*> would cause corrosion of the HTL systems after relatively long-
term operation. Once the contents of the ions exceed the critical level to initiate pitting,
localized corrosion would become a serious concern due to the synergetic effects of pitting
and stress loading from the high-pressure reaction media. More research is still required to

assess the corrosion behaviors of pilot- and industrial-scale HTL processes.

24.2.3 Temperature

A generally accepted temperature range for biomass hydrothermal liquefaction i1s 200—
400 °C. Different from the positive effects of elevated temperature on the bio-oil yield,
increasing the reactor temperature would weaken the protectivity of the oxide layer towards
the substrate [92]. However, Kritzer reported that the corrosion rate under subcritical water
at 300 °C was higher than that in supercritical water at 500 °C, which could be explained
by the different chemical properties between subcritical water (being more ionic) and
supercritical water [93]. The impact of temperature on corrosion in subcritical water has
been thoroughly investigated, but a general consensus about the temperature effect has not
yet been established. A recent study indicated that there could be a transition temperature
point (~ 310 °C) above which the corrosion rates of Cr-bearing steels will decrease with
temperature [94]. At temperatures near or above the critical point (374 °C) where water is
less ionic, chemical reactions instead of electrochemical reactions would dominate,
limiting the formation of metal oxides on the surface of steels and alloys but reducing the
oxides loss due to chemical dissolution [95]. Compared with batch-mode operation of HTL,

the effect of temperature on reactor corrosion could be more complicated in a continuous-
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flow HTL process where a noticeable temperature gradient exists on the reactor materials.
More research is needed to elucidate the role of temperature on reactor corrosion in order

to ensure the safe and reliable operation of commercial HTL plants.

2.4.3 Char Formation and Clogging

Due to the fibrous structure of typical feedstock (lignocellulosic biomass) for HTL, solid
residue (or char) can readily form, consequently clogging/damaging the continuous reactor
system. Because of the smaller tube diameter, continuous reactor systems operated in
laboratories using syringe or injector type pumps are prone to clogging [96]. The following
sections discuss how to reduce solid formation and minimize the clogging problems for

HTL operations.

2.4.3.1 Feedstock Pretreatment

In order to feed the feedstock into the system smoothly, the feedstock slurry should be
evenly distributed, homogeneous, and stable. To this end, carboxymethyl cellulose (CMC)
has been commonly applied as a sedimentation inhibitor and NaOH as a stabilizer in the
preparation of stable feedstock slurry for feeding [97]. The blending process under mild
temperatures (100 °C) was found to be an essential step to achieve stable dispersions,
because it could break the fibrous structure of the feedstock that would cause problems of
sedimentation and low dispersibility [97]. Different from that, Deraban et al. developed a
mechanical way to pretreat a pumpable woody biomass feedstock slurry with more than 20
wt.% solid content, where wood powder was first mixed with water to allow the sorption
of water into the wood pores, followed by the addition of recycled bio-oil to allow the water
phase fill in the pores. Whereas the bio-oil would occupy the interparticle spaces and then

act as a media fluid for the moist biomass particles [98].

24.3.2 System Configuration

To avoid system clogging caused by the solid feedstocks/char and less soluble oil products,
it is important to choose the right conditions and use efficient separation methods, such as
the application of organic solvents in the feed or common physical techniques (filtration

and centrifugation) to treat the reactor effluent. Furthermore, the optimization of system
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configuration can be helpful for reducing clogging issues. The velocity profiles and fluid
flow patterns of the slurry can be changed in the tubular reactors in different shapes or
dimensions under continuous operation. Under some conditions, sedimentation could
occur, leading to gradual accumulation of solids at some specific points and finally
clogging of the system. For instance, clogging could be more common in steeper-angled
bends. The following positions of the bend are subjected to more tendency of clogging: the
tee of a horizontal tube with a vertical branch, and a U-shape bend [99]. Therefore, the
bends of a continuous system should be kept as smooth as possible, and avoid 90 ° elbows

[100].

2.4.3.3 Char Formation Control

Char or hydrochar is produced during HTL processes. The deposition of char would
introduce plugging and scaling problems in continuous-flow systems, finally resulting in
safety concerns and unwanted system failure. Meanwhile, the accumulation of char on the
surfaces of heterogeneous catalysts could deactivate the catalyst by obstructing access to
its active sites [101]. Thus, it is necessary to restrict the char formation. Among the
proposed methods, the addition of suitable co-solvent (such as alcohol) and catalysts can
effectively reduce char formation. For example, Ni/ZrO; and Ni/CeO- proved to have the
potential for restricting char formation and enhancing the energy recovery from HTL of
food waste [102]. Homogeneous catalysts, mainly alkaline and acid catalysts, show a great
promise in biomass HTL as discussed previously. Even though an acid catalyst can
improve the bio-oil yield, alkali catalysts would be more suitable since acidic conditions
can promote polymerization/condensation of the reaction intermediates, resulting in more
char formation [103]. Furthermore, the acid would corrode the HTL reactors. Alternatively,
employing reducing gases such as H> or CO could stabilize the intermediate products of
HTL, which prevents the condensation, cyclization, or repolymerization of the reaction
intermediates, hence decreasing the char formation, and improving the bio-oil yield and

quality [3].
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2.5 Conclusions and Future Perspectives

HTL is a promising technology for producing clean and renewable energy and chemicals
from widely distributed and abundant biomass resources, in particular high water
containing bio-wastes such as wastewater sludge, food processing waste, algal biomass,
“black liquor,” and lignin. Over the past decade, the effects of operating parameters
(temperature, reaction time, feedstock type, liquid-to-solid ratio, and catalysts) on the yield
and quality of bio-oil, have been extensively investigated, although mainly in bench-scale
batch reactors. Several conversion kinetic models for predicting bio-oil yields with various
biomass feedstocks have been proposed as well, and the development of more general
models for bio-oil yield prediction is in progress. To advance the deployment of HTL
technology in the bioenergy sector, efforts have been made on the development of
continuous-flow HTL systems as they are more economical and scalable for industrial
applications. Despite the above significant achievements, future works are urgently needed
to address the following issues: (1) operation conditions to achieve the optimum yield and
chemical composition of bio-oils; (2) knowledge gaps on affordable construction materials
for long-term operation of HTL reactors with minimized corrosion; (3) better designs and
efficient and effective ways to continuously feed the biomass slurry, with controlled char

formation, to avoid clogging of the continuous-flow HTL systems.
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Chapter 3

3  Hydrothermal Liquefaction of Pinewood Sawdust:
Influence of Reaction Atmosphere

Abstract

Hydrothermal liquefaction (HTL) is a thermochemical process for production of bio-oils,
commonly from wet biomass under inert atmosphere (N2). Influence of reaction
atmosphere on HTL of pinewood sawdust was investigated in this work, at 300 °C for 60
min with the presence of KOH or H>SO4 catalyst under N2, Hz, and O> atmosphere,
respectively. Very interestingly, the reaction atmosphere showed significant influence on
both products’ distribution and properties of the bio-oil. Generally, H> atmosphere
enhanced biomass degradation in the presence of either KOH or H>SOj4 catalyst, producing
the highest bio-oil yield, lowest solid residue yield, and the best oil quality in terms of total
acid number (TAN), viscosity and average molecular weights (Mn, Mw). Whereas the HTL
in O, atmosphere showed the poorest performance in terms of yields and properties of bio-
oils. The highest quality of bio-oil was produced using KOH catalyst in H> atmosphere
produced the maximum bio-oil yield (approx. 34 wt.%) and the highest energy recovery
(ER) in bio-oil (ER = 73.14%). The measured properties of the oil are as follows: TAN =
40.2 mg KOH/g, viscosity = 51.2 c¢p, Mn =470 g/mol, Mw = 767 g/mol. In addition, the
bio-oils produced in H» atmosphere contain more light oil (naphtha) fraction (23.9 wt.%
with KOH and 16.5 wt.% with H>SO4) with lower boiling points, while those generated in

O2 atmosphere have more carboxylic acid compounds.

Keywords: Bio-oil properties, Hydrogen, H>SO4, KOH, Nitrogen, Oxygen, Pinewood

sawdust, Products distribution, Reaction atmosphere

3.1 Introduction

The growing energy demand has led to extensive use and overexploitation of fossil
resources, resulting in an energy crisis and severe environmental issues such as climate

changes [1-3]. To mitigate the pressure from the global energy shortage and global
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warming due to fast increased CO» emission, as well as to satisfy the clean energy demand,
sustainable development and carbon neutrality, biomass has gained immense interest for
the production of energy, fuels, chemicals and materials [4, 5]. Biomass is a renewable and
abundantly available resource from dedicated energy crops or various organic wastes, such
as wood and forestry residues, agricultural crops and crop residues, marine products,

wastewater sludge, microalgae, etc. [6-8].

Biomass can be converted into energy, fuels, and chemicals via biochemical and
thermochemical conventional technologies. Biochemical treatments mainly refer to
anaerobic digestion, fermentation, and photobiological hydrogen production. The objective
of these treatments was to utilize various microorganisms or enzymes to convert the
biomass into a variety of products and intermediates. This process offers an opportunity to
produce an assortment of fuels and chemicals, including biogas, hydrogen, ethanol, butanol,
acetone, and various organic acids [9]. However, biochemical processes are very sensitive
to operating conditions (such as pH, temperature, and residence time) and quite slow
(usually requiring days or weeks to complete) [10-12]. Thermochemical processes include
gasification, hydrothermal liquefaction (HTL), pyrolysis, and combustion [13, 14].
Pyrolysis and HTL are two main thermochemical pathways developed for the
transformation of raw biomass materials into liquid products that can be further processed
to produce biofuels or bio-based chemicals. Compared with pyrolysis, HTL has gained
increasing attention because it can produce high quality bio-oils (5%-20% oxygen) as the
primary products with little gas generated [15], and more advantageously HTL can handle
wet feedstocks (with >70% water content) without the requirement for drying [13, 16], and
it typically operates at milder temperatures (250 °C - 400 °C), though under high pressure
(50 bar - 250 bar) in an inert atmosphere (N2) [6, 17, 18].

Many studies focus on the effects of HTL process parameters, e.g., reaction temperature,
pressure, residence time, and types of solvent. Generally, operations at a moderate
temperature between 250-350 °C obtain a higher bio-oil yield, however a too high
temperature would reduce bio-crude yield and increase the amount of solid residue due to
the reactions of bio-oil cracking and repolymerization/condensation of the reaction

intermediates [16, 19-21]. Shortening residence time can prevent those reactions happening
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to a certain extent, resulting in an increased bio-oil yield. However, a too-short duration
would cause incomplete biomass degradation, while a too long residence time would lead
to polymerization/condensation of the reaction intermediates, reducing bio-oil yield [22].
Besides, a lower solid-to-liquid ratio increased the yield of bio-oil and inhibited formation
of solid residues and gases owing to better dissolution of reaction intermediates/products
in the liquid (water or a mixed solvent of water-organic solvent) and the enhanced
hydrolysis reactions of the biomass [23]. Catalyst is another critical factor that affects HTL
bio-oil yield and properties. Homogeneous catalysts, including soluble acids, base, and
alkali salts, are commonly used in biomass HTL. Strong acids (sulfuric acid and
hydrochloric acid) exhibited great performance in biomass conversion. However, strong
acid could corrode the experimental equipment, and the biomass conversion might
decrease when increasing the acid content over a certain level [24, 25], because acidic
condition facilitates the condensation and re-polymerization reactions of the reaction
intermediates, thereby reducing the yield of bio-oil. Alkaline catalysts such as NaOH,
K>COs3, KOH, and Na,CO3 have been widely used in HTL processes [14]. Alkaline
catalysts can neutralize the acid compounds in the hydrothermal products, which prevents
the repolymerization/condensation of the reaction intermediates, thus reducing the
formation of solid residue/char [26]. Recently, researchers have employed mathematical
models to optimize the parameters of HTL of biomass. The goal of this optimization is to
obtain bio-oil with high yield, high carbon and hydrogen content, and low heteroatom
content, along with the corresponding reaction conditions and material composition. The
primary methods include empirical summaries based on experimental laws, response
surface method (RSM), kinetics modeling, and machine learning (ML). For example, Zhu
et al. [27] utilized RSM to optimize reaction temperature, reaction time, catalyst dosage
and biomass/water ratio for highest bio-oil yield. Obeid et al. [28] employed kinetics
modeling to predict the distribution of bio-oil yield. Cheng et al. [29] used multiple linear
regression (MLR), regression tree (RT) and random forest (RF) to predict the quantity and
quality of biomass HTL products.

However, limited studies reported effects of the reaction atmosphere on biomass HTL with
respect to the products distribution and properties of the bio-oil. HTL of biomass is

typically operated in an inert atmosphere with pressurized nitrogen to avoid boiling of the
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reaction mixtures. Zhang et al. found using a reducing gas (CO, Hy) as the HTL reaction
pressurizing gas could inhibit condensation, cyclisation, and re-polymerization of free
radicals of the reaction intermediates, and hence stabilize the depolymerized lignocellulose
fragments and reduce char formation [30]. Yin et.al reported that using CO and H>
(respectively) as the reaction atmosphere in HTL of cattle manure led to increased bio-oil
production by 5-15 wt.% [31]. Interestingly, Yin et al. also tested oxygen as an oxidative
atmosphere for cattle manure HTL, resulting in much lower bio-oil yield compared with
those obtained under N> and CO atmosphere, due to the oxidation of feedstocks/products
in the presence of an excess of oxygen in the reactor [31]. In another research by Rahimi
et al. in HTL conversion of lignin, oxygen atmosphere was found to promote cleavage of
alkyl aryl ether units in lignin to promote yield of low molecular weight compounds such

as vanillin and benzylic/aliphatic alcohols [32, 33] .

Lignocellulosic biomass is one of the most commonly used feedstocks for HTL process.
However, no research has indicated which atmosphere (inert, oxidative, or reductive)
works best for the HTL conversion of lignocellulosic biomass. In this study, we for the first
time compared the oil product yield and properties from HTL of a typical lignocellulosic
biomass - pinewood sawdust — under different reaction atmospheres (N2, Hz, and O2) on
HTL of a typical lignocellulosic biomass - pinewood sawdust. The tests were conducted
with a biomass-to-water ratio of 1:15 (w/w) at 300°C for 60 min under N>, H», and O
atmosphere in the presence of a homogeneous catalyst: KOH or H2SO4. The bio-oil
products were comprehensively characterized for their physicochemical properties, i.e.,
viscosity, total acid number (TAN), functional groups by Fourier-transform infrared
spectroscopy (FT-IR), volatile compositions by gas chromatography-mass spectrometry
(GC-MS), volatility by thermogravimetry analysis (TGA), and average molecular weights
and distributions by gel permeation chromatography (GPC).

3.2 Materials and Methods
3.21 Materials

Pinewood sawdust was collected from a local sawmill (London, Canada). Prior to the HTL

test, it was crushed and sieved to reduce particle size below 40 mesh, followed by pre-
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drying at 105 °C in an oven for 24 h. It contains 40.9 wt.% cellulose, 28.5 wt.%
hemicellulose and 28.4 wt.% lignin. Its proximate analysis and ultimate analysis, were
obtained from our previous work [34], as shown in Table 3.1. Potassium hydroxide (KOH,
99 wt.%) and sulfuric acid (H2SOs4, 98 wt.%) were purchased from Sigma-Aldrich
(Oakville, Canada), and VWR International (Mississauga, Canada), respectively. Reagent-
grade acetone (99.8 wt.%) was received from Fisher Scientific (Ottawa, Canada). De-

ionized water was used as the solvent in HTL experiments.

Table 3.1: Proximate analysis and ultimate analysis of the pinewood sawdust feedstock.

Proximate analysis(wt.%)?

Volatile matter (VM) 85.35+0.99
Fixed carbon (FC) 14.02+0.92
Ash 0.63+0.07
Elemental analysis(wt.%)?

C 48.24+0.82
H 4.72+0.12
oP 46.33+£0.76
N 0.08+0.01
S n.d.®
HHV(MJ/kg)* 14.78

%0n dry basis; *Calculated by difference: %0 = 100% - C% - H% - N% - S% - Ash%; ¢ Not detected; ¢ Higher
heating value, calculated by Dulong equation [HHV (MJ/kg) = 0.338C + 1.428(H-0O/8) + 0.095S].

3.2.2  Apparatus and Methods
3.2.2.1 HTL Experiments

The HTL experiments were conducted in a 100 ml Parr 4590 autoclave batch reactor (made
of SS316L) equipped with a stirrer and temperature controller. In a typical HTL run, 2 g
of pinewood sawdust together with 30 g de-ionized water (solid-to-liquid ratio is fixed as
1:15 w/w) were loaded into the reactor. The catalyst (KOH/H>SO4) dosage was set to be 5
wt.% with respect to the mass of dry biomass feedstock. The reactor was sealed, and the
air inside was displaced by vacuuming and purging for three times with N2, Hz, or Oo,
followed by pressurizing the reactor to 20 bar using different N2, H>, or O2. Then the reactor
was heated under 100 rpm stirring to 300 °C and maintained at the temperature for 60 min
for reaction (reported as the optimum condition for HTL of pinewood in previous studies

[35-37]), followed by quenching in a water bath.
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3.2.2.2 Products Separation

The products from the HTL experiments include gaseous products, bio-oil, aqueous-phase
(AP) products, and solid residues (SR). After the reactor was quenched to room
temperature, the gas products from HTL were vented into a gas bag and analyzed by Micro-
GC-TCD (Agilent 3000). The gas products composition (mainly CO;) was used for
calculation of mass of gas products, Mgas. Then the reactor was opened and the solid/liquid
products inside the reactor were first washed out with distilled water. The resulting
suspension was filtered under vacuum through a pre-weighted VWR No. 413 filter paper.
The filtrate was collected as the aqueous phase (AP) products. As the collected AP contains
extra water from the above washing process, the accurate yield of AP products was
calculated based on the mass balance of conversion processes as shown in Eqn. (3.4). The
reactor was then further washed with reagent-grade acetone to collect the water-insoluble
oil components. The mixture was filtered under vacuum through the same filter paper
(VWR No. 413) retaining the solid residue on it. The solid residue or char was rinsed with
additional acetone until the filtrate became colorless, followed by oven dried at 105 °C
until attaining a constant weight to determine the mass of solid residue (Msr). The filtrate
was evaporated under reduced pressure at 50 °C until bio-oil was precipitated on the flask
inner wall. The remaining aqueous solution was decanted and collected as the aqueous
product (AP). The oily product sticking on the flask, designated as bio-oil or simply bio-
oil, was weighed to determine the mass of bio-o0il, Mpio-oil. The yields of the HTL products
were calculated based on dry and ash-free mass of biomass feedstock, Mpiomassdaf, as

follows:

Biocrude yield (wt.%) = —biocrude 10 (3.1

MBiomass,daf

M

— MR %100 (3.2)

Biomass,daf

SR yield (wt. %) =

Gas yield (Wt. %) = ——9% % 100 (3.3)

Biomass,daf

AP yield (wt.%) = 100 — Biocrude yeild — SR yield — Gas yield
3.4)
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B piocrude » iocrude yield (3.5)

Energy recovery (%) =
HHViomass

3.2.2.3 Products Analysis

The composition of the collected gaseous products in the gas bag was analyzed with a
Micro-GC-TCD (Agilent Micro-GC 3000) by injecting 50 ml of air as the internal standard.
A PerkinElmer Fourier transform infrared spectrometer (FT-IR, Massachusetts, USA) was
used to determine the functional groups of the bio-oil products. The bio-oil viscosity at
80 °C was measured using a Brookfield CAP 2000 + Viscometer. The weight/number
average molecular weights (Mw, M,), polydispersity index (PDI, =Mw/Mn), of the
obtained bio-oil products were determined by Gel Permeation Chromatography (GPC-UV,
Waters Breeze). Volatile compositions of the bio-oil products were analyzed by Gas
Chromatograph-Mass Spectrometer (GC-MS, Agilent Technologies, 5977A MSD)
equipped with an HP-5MS column (30 m x 250 um x 0.25 um). The GC temperature
program was set as: held at 40 °C for 5 min, then increased at 10 °C/min to 150 °C and
held for 2 min, increased at 10 °C/min to 290 °C and held for 5 min. The elemental
compositions (C, H, N, and S) of the biomass feedstock and bio-oil products were analyzed
on an elemental analyzer (Vario EL Cube). The O content was calculated by difference on
a dry basis (%0 = 100% - %Ash - %C - %H - %N -%S) where the ash content of biomass
feedstock was determined by ashing at 700°C for 4 hours in a muffle furnace. The higher
heating values (HHV) of the biomass feedstock, bio-oils, and solid residue were calculated
by Dulong equation [HHV (MJ/kg) = 0.338C + 1.428(H-0O/8) + 0.095S]. The proximate
analysis (volatile matters and fixed carbon contents) of biomass feedstock and bio-oil
products was determined on a thermogravimetric analyzer (Pris 1 TGA, Waltham, USA),
where the sample was heated in 30 ml/min N> flow from 25 °C to 800 °C at 10 °C /min,
followed by soaking at this temperature for 15 min in 30 mL/min air flow for ashing. The
total acid number (TAN) of bio-oil was determined by titration on a pH meter (Titroline
7000) using 0.01 N KOH and phenolphthalein as the titration solution and indicator,
respectively. TAN was calculated in milligrams of KOH/gram of the bio-oil sample as

follows:

TAN = [(A — B)N x 56.1]/W (3.6)
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where:

A = KOH solution required for titration of the sample, ml,
B = KOH solution required for titration of the blank, ml,
N = Normality of the KOH solution,

W = Mass of the bio-oil sample, g.

3.3 Results and Discussion

3.3.1 HTL Products Distribution

Figure 3.1 shows the products distribution in HTL of pinewood sawdust under N>, H», and
0., respectively, with KO or H2SO4 catalyst. As clearly shown in Figure 3.1, reaction
atmosphere and catalyst both have significant influence on the products distribution in HTL
of the woody biomass. In terms of bio-oil yield and biomass conversion (or SR yield), the
alkali catalyst (KOH) outperformed the acid catalyst (H2SO4), and H> atmosphere was
superior to both N2 and O,. The highest bio-oil yield (approx. 34 wt.%.) and maximum
biomass conversion (approx. 91%, or SR ~ 9 wt.%) was achieved under the H> atmosphere
with KOH catalyst. In contrast, the presence of O> atmosphere with KOH catalyst produced
the lowest bio-oil yield (approx. 2 wt.%) and minimum biomass conversion (approx. 63%,
or SR ~ 37 wt.%). Similar results were reported by Singh et al. [38] for HTL of rice straw
under different reaction environments (N2, Oz and CO2). Minimum bio-oil yield (3 wt.%)
and conversion (73 wt.%) was achieved in the case of liquefaction using O». In addition,
Peng et al. [39] reported that higher conversion and liquid product yield were observed in

the HTL of cornstalk under reducing atmosphere (CO, Hy).

Pinewood sawdust is a typical woody biomass contains 60-70 wt.% holocellulose
(cellulose and hemicellulose), 20-30 wt.% lignin, and 5-10 wt.% others (extractives and
ash) [40]. Holocellulose includes polysaccharides with B(1—4) linkage [41], and lignin is
well known a polymer of phenylpropane linked mainly by B-O-4 ether linkage. During
HTL, B(1—4) linkage in holocellulose, and B-O-4 ether linkage in lignin can be broken via

hydrolytic depolymerization, forming carbohydrate/phenolic monomers and oligomers as
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HTL reaction intermediates, which would further undergo recombination reactions to form
bio-oil including mixture of organic acids and phenolics [42]. The hydrolytic
depolymerization process could be catalyzed by acid catalyst or self-catalyzed by the
organic acids formed in the biomass HTL process. However the acid catalyst could catalyze
the condensation/repolymerization reactions of the HTL reaction intermediates to form SR
product, whereas an alkaline catalyst, e.g., KOH can neutralize the organic acids produced
and inhibit condensation/repolymerization reactions [15], hence restricting SR yield and
improving bio-oil yield, as evidenced by the results of this study (Figure 3.1). In addition
to catalyzing the condensation/repolymerization reactions of the HTL reaction
intermediates, an acid catalyst (e.g. H2SO4) could also catalyze decarboxylation and
dehydration of the intermediates, leading to increased formation of SR [43, 44]. Thus, the
above explains why the alkali catalyst (KOH) outperformed the acid catalyst (H.SO4) HTL
of the woody biomass, leading to higher yields of bio-oil and lower yields of SR (Figure
3.1).

On the other hand, the significant effects of the atmosphere on the HTL products
distribution should be discussed. First of all, the H> atmosphere could play positive roles
in breaking of the f(1—4) linkage in holocellulose and B-O-4 ether linkage in lignin via
reductive depolymerization and stabilizing the reaction intermediates [45], which would
hence suppress the condensation/repolymerization reactions, restrict SR formation and
improve bio-oil yield, as evidenced by the results of this study (Figure 3.1). In contrast,
under Oz atmosphere, the reaction intermediates are converted into more carboxylic
compounds that promote the formation of SR product, accompanied by significantly
reduced yields of bio-oil (Figure 3.1). More gaseous products were generated under O»
atmosphere. Further analysis of the gas products indicates that the amount of produced CO»
in O atmosphere is much higher than those in N> or H> (Table 3.2), as a result of the
enhanced decarboxylation and deep oxidation of the intermediates by O.. In addition, the
reductive environment (H2) somewhat limits the production of CO>. In a summary, among
all three types of gas atmosphere examined, biomass HTL under H> atmosphere produced
the highest bio-oil yields and the lowest SR yields. It is worth noting that although an inert

atmosphere (N2) exhibited an average performance in terms of bio-oil yield and biomass
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conversion, N> atmosphere is more economical and safer than H» and O», hence has been

employed most often for biomass HTL.

70
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KOH-H:

KOH-0:
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Figure 3.1: Products distribution from HTL of pinewood sawdust at 300 °C for 60 min
under N», Ho, and O», respectively, with KOH or HoSO4 catalyst.

Table 3.2: Yield of gas products obtained from HTL of pinewood sawdust at 300 °C for
60 min under N>, H», and Oy, respectively, with KOH or H>SOj4 catalyst.

Yield of Catalyst: KOH

Catalyst: H2SO4

eachgas N, H» 0 N H» Oz
species

(mmol/g)

H> 0.0612 - 0.0083  0.0662 - 0.0419
CH4 0.0051  0.0024  0.0058  0.0019  0.0045  0.0103
Cco 0.0818  0.1257  0.0301  0.0951 0.3487  0.1074
COz 0.6196  0.5562  3.7920  0.5628  0.3834  0.9146
CoHy 0.0004  0.0002  0.0006  0.0002  0.0011 0.0006

3.3.2  Properties of Bio-oil Products

Table 3.3 presents the results of the elemental compositions, HHV, viscosity, average

molecular weights, and TAN of the obtained bio-oils from HTL of pinewood sawdust at

300 °C for 60 min under N2, Hz, and O, respectively, with KOH or H>SO4 catalyst. In

terms of elemental compositions of the bio-oil products, the effects of types of catalyst

were minimal, but the atmosphere showed significant influence on elemental compositions

and all other oil properties. Generally, the bio-oil obtained under N> and H atmosphere
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have a better quality than those obtained under O» atmosphere: a higher H/C ratio, lower
O/C ratio, higher HHV, lower TAN, much lower viscosity and much smaller M, and M.
HTL operations under N> and H> atmosphere also led to much higher energy recovery (65-
73% with KOH catalyst and 35-42% with H2SO4 catalyst) than those under O atmosphere
(approx. 3% with KOH catalyst and 16% with H>SOj4 catalyst). The HTL experiment
using KOH catalyst under H; achieved the best energy recovery (ER ~ 73%) owing to the
highest bio-oil production yield (~34 wt.%) obtained under these conditions. Surprisingly
the H/C ratio of the bio-oils obtained under H> atmosphere (suggesting more condensed
structure of the oils, whose causes require future research) is smaller than that of the oils
obtained under N>. However, different results were presented by Peng et al. [39] and Zhang
et al. [46]. They reported that introducing reducing gas (e.g., H> and CO) in HTL process
resulted in a product with slightly more C or H and less O content. The causes of this
opposite result require future research. The oils obtained under H> atmosphere have better
properties: a lower TAN, much lower viscosity and smaller Mn and Mw. Apparently, the
bio-oils from the HTL experiments under H, atmosphere are much less viscous and have
smaller molecular mass than the other oils obtained under N2 or O atmosphere, which
could be attributed to reductive depolymerization reactions of the holocellulose, and lignin
and hydro-cracking reactions occurs. These reactions would result in breakage of the C-O-
C and C-C bonds of the complex macromolecular structure of biomass
substrate/intermediates into simpler small-molecule substances [47], and hence a reduced
viscosity of the bio-oil products. Compared with the average molecular weight of the
[linois shale oil (My = 670 g/mol, M, = 270 g/mol) [48], the bio-oils from the HTL still
have larger average molecular weights (Mw = 654-1347 g/mol, M, = 417-753 g/mol),
because deep-depolymerization of lignocellulose is very difficult by thermochemical
approaches due to the unavoidable occurrence of self-condensation and repolymerization

reactions during the conversion process [49].

In addition, the My and M, of the bio-oils from the experiments with KOH catalyst are
slightly higher than those with H2SO4 catalyst. This result might be owing to the acid-
catalyzed cleavage of alkyl-aryl ether linkages, e.g., B-O-4 linkage, in lignin, as well as the
acid-catalyzed breakage of the 1,4'-B-glycosidic bonds (B(1—4) linkage) in holocellulose
[50]. Moreover, compared with oils obtained with KOH catalyst, the oils obtained with
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H>SO4 catalyst are more acidic, and the oils obtained under O> atmosphere are much more
acidic (with a greater TAN) than those obtained under N> and H», suggesting the presence
of more organic acids in the bio-oils produced under the O atmosphere, which can be

confirmed by the GC-MS analysis results as discussed below.

Table 3.3: Properties of bio-oil products from HTL of pinewood sawdust at 300 °C for 60
min under N, Ho, and O», respectively, with KOH or H>SO4 catalyst.

Catalyst: KOH Catalyst: H>SOq4

N, Ha 0)) N2 H> 0))
Ultimate analysis® (wt.%)
C 72.95 72.44 51.83 7222 71.52 69.75
H 586 4.63 295 555 3.78 3.18
N 0.16 0.05 0.21 0.08 0.06 0.08
S nd® nd° nd° nd® nd° ndS
o° 21.03 22.84 45.01 22.15 24.64 27.00
o/C 022 024 0.65 023 026 0.29
H/C 096 0.77 0.68 092 0.63 0.55
HHVY(MJ/kg) 29.27 27.01 13.69 28.38 25.17 23.29
ER® (%) 64.76 73.14 2.81 4191 3481 16.34

Viscosity @ 80 °C, (cp) 84.1 512 113.6 864 644 109.7
TAN (mg KOH/goil) 457 402 1313 1184 86.6 1483

M, (g/mol) 504 470 753 457 417 704
My (g/mol) 815 767 1347 721 654 1226
PDI .62 1.63 1.75 1.58 157 1.74

2 On dry basis; ® Calculated by difference %0 = 100% - C% - H% - N% - S% - Ash%; ¢ Not detected; ¢
Calculated by Dulong equation; ¢ Obtained by Eqn. (3.5)

The volatile compounds of the bio-oils were analyzed by GC-MS, as shown in Figure 3.2.
The identified compounds are mainly carboxylic acids, alcohols, aldehydes, aromatics,
esters, ethers, hydrocarbons, ketones, nitrogenous compounds, and phenols. It should be
noted that only volatile fractions of bio-oils could be detected by GC-MS, accounting for
only about 20 to 30 wt.% of the total bio-oil. The main volatile compounds in the oils
obtained under N> and H> atmosphere with KOH catalysts are phenols and aromatic
compounds, and the oils obtained under H» atmosphere contain more phenols than those
obtained under N> atmosphere, likely owing to the reductive depolymerization of lignin
[45, 51]. Similar results were obtained in the depolymerization of lignin conducted by
Duangkaew et al. [52]. They found that condition under H> provided bio-oil with better
quality than that under N> with more valuable phenolic compounds and other petrol-like

products produced. In comparison to oils obtained under N> and H; atmosphere with KOH
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catalyst, the bio-oils obtained with H2SO4 catalyst contain much more carboxylic acids and
ketones, suggesting acid-catalyzed degradation of cellulose and hemicellulose structures

[53].

More interestingly, the oils from the HTL experiments under Oz atmosphere contain much
more acids than those obtained under H> or N». Estimated by the area %, the oils obtained
under O; atmosphere with KOH or H2SOy4 catalyst contain approx. 41% and 56% of acids,
and hence much higher TAN and viscosity as evidenced in the results presented previously
in Table 3.3. Under the oxygen atmosphere, phenols could also deprotonate to form
phenoxy radicals by electron transfer on oxygen and be stabilized by the resonance,
resulting in formation of carbonyl and carboxylic acid, and H2SO4 acid could also catalyze
aromatic ring opening, leading to formation of pentatonic acids [54]. Similar phenomenon
was confirmed in the study by Singh et al. [38]. They reported that oxidized products such
as aldehydes, acids, and ketones, etc. were detected when O were utilized, due to the

oxidation of certain phenolic derivatives.
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Figure 3.2: Volatile compositions (area% by GC-MS) of the bio-oil products from HTL
of pinewood sawdust at 300 °C for 60 min under N2, H>, and O3, respectively, with KOH
or HoSOy catalyst.
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The functional groups of the bio-oils were identified by FT-IR and the spectra are
illustrated in Figure 3.3. The broad IR absorption at 3350 cm™ is typical of O-H stretching,
suggesting the presence of alcohols, phenols, carboxylic acids, or water residues in the oils.
The absorbance at 1700 cm™, representing the C=0 stretching vibration of carbonyl groups,
indicates the presence of ketones, aldehydes, esters or carboxylic acids in the oils. The
relatively medium-intense peaks at 1611 and 1495 cm™ represent aromatic nuclei,
indicating the presence of aromatic rings and their derivatives. The IR absorption bands
between 3000 and 2840 cm™! are attributed to C-H stretching vibrations, indicating the
presence of alkyl C-H in the oils. The two absorption peaks at 1370 and 1456 cm™! are
attributed to the bending vibrations of methyl (-CH3) and methylene (-CHz) groups,
respectively. The presence of C-H bonds indicates the alkane groups in the bio-oils. The
bands between 1280 and 1000 cm™ could be related to C-O vibrations, suggesting that the
oils may contain acids, phenols, furans, or alcohols. The presence of the peak at 860 cm™,
attributed to C-H bending, suggests the possible presence of single, polycyclic, and
substituted aromatics. In the oils obtained under O2 atmosphere, more oxygen containing
compounds were produced in the bio-oils, evidenced by the intensive peaks representing
O-H, C=0 and C-O bonds, compared to those of the oils obtained under N> or H;
atmosphere. In addition, the intensities of aromatic absorptions at 1611 and 1495 cm™! are
weaker in the bio-oils obtained when using H>SOj4 catalyst, especially under O, atmosphere,
suggesting that the presence of oxidative agents (i.e., H2SO4 and O>) could possibly restrict

the aromaticity of reaction intermediates derived from lignin in pinewood.
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Figure 3.3: FT-IR spectra of bio-oil products from HTL of pinewood sawdust at 300 °C
for 60 min under N2, Hz, and O, respectively, with KOH or H>SO4 catalyst.

Figure 3.4 and 3.5 illustrate the thermogravimetric (TG) and derivative thermogravimetric
(DTG) curves of the bio-oils obtained under N>, H», and O, respectively, with KOH or
H>SO4. Catalyst. The boiling point distributions of the oils, estimated from the TG curves,
are presented in Table 3.4. The bio-oils obtained under N> and Hz atmosphere had similar
decomposition curves (TG). The initial decomposition of these bio-oils occurred at around
100-140 °C. Whereas, the decomposition of bio-oils from HTL of pinewood under O>
started at around 160-180 °C. The distillate or volatile fractions of the oils (with a boiling
point below 600 °C) obtained under N> and H» atmosphere vary from 59.21 wt.% to 67.26
wt.%, which fell in the range between North American tar sand bitumen (44 wt.% - 65 wt.%
distillate) and the Venezuelan crude oil (66 wt.% distillate) [31,38]. However, the bio-oils
produced under O, atmosphere are more thermally unstable with over 80 wt.% of volatile
matters. Generally, the boiling point distributions of the oils obtained under N>, and H>
with KOH catalyst are similar, but the oil obtained under H> with has a higher light fraction
<193 °C (23.89 wt.%). The oils obtained under Oz have more mild boiling fractions (343 °C
-538 °C) (55.85 wt.% with KOH catalyst, 35.43 wt.% with H>SO4 catalyst) and the least
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heavy residues fraction (>538 °C) (21.07 wt.% with KOH catalyst and 15.10 wt.% with
H>SOy4 catalyst).

The DTG curves (Figure 3.5) of the bio-oils show that the distillation peak temperatures
appear at two main ranges: from room temperature to 300 °C and from 300 °C to 450 °C,
respectively. The weight loss from room temperature to 300 °C could be due to the
evaporation of the low molecular weight fractions in the oil samples. The major weight
loss of all bio-oil samples occurred between 300 °C and 450 °C. Interestingly, intensive
weight loss peaks were observed between 100 °C and 200 °C in the oils obtained under the
H; atmosphere, likely owing to the presence of more low molecular weight compounds
(e.g., phenols) that evaporate between 100 °C to 200 °C, which was confirmed by the GC-
MS and GPC results discussed previously. The oils obtained under O2 atmosphere are more
thermally stable with large boiling points than those obtained under N> or H, with intensive
weight loss peaks between 300 °C to 450 °C. In contrast, the DTG curves of the oils

obtained under N> have flat and broad peaks across the entire temperature range.
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Figure 3.4: TG curves of bio-oil products from HTL of pinewood sawdust at 300 °C for
60 min under N2, H», and Oy, respectively, with KOH (a) or H2SO4 (b) catalyst.
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Figure 3.5: DTG curves of bio-oil products from HTL of pinewood sawdust at 300 °C for
60 min under N2, H», and O», with KOH (a) or H>SO4 (b) catalyst.

Table 3.4: Boiling point distributions of the bio-oil products from HTL of pinewood

sawdust at 300 °C for 60 min under N>, H», and O, respectively, with KOH or H>SO4

catalyst.

Distillate range (°C)

Catalyst: KOH Catalyst: H2SO4
N2 H> Oz N Ha Oz
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<193 (Heavy Naphtha) 15.18 23.89 3.77 12.73 16.49 7.46
193-271 (Kerosene) 9.68 856 11.47 1230 10.56 19.92

271-343 (Gas Oil) 827 11.64 7.84 11.56 9.28 22.09
343-538 (Vac Gas Oil) 2297 21.52 5585 17.56 19.42 3543
>538 (Residues) 4390 3439 21.07 45.85 44.25 15.10
VM?* (wt.%) 59.98 67.26 81.53 56.66 59.21 85.71
Ash (Wt.%) nd® nd nd nd nd nd°
FC* (wt.%) 40.02 32.74 1847 4334 30.79 14.29

2 Volatile matter, calculated by summing fractions below 600°C;

® Not detected;

¢ Fixed carbon, calculated by FC% = 100 - Ash - VM.
3.3.3  Cost-benefit Analysis

To perform a cost-benefit analysis of the HTL process, the costs and benefits associated
with the process need to be considered, including capital investment (e.g., equipment and
infrastructure, site development, engineering, etc.), operating costs (e.g., feedstock, labor,
post-treatment, energy, maintenance, etc.), value of the produced oils, and environ-mental
benefits. As mentioned above, the bio-oil produced under O, atmosphere has a higher
oxygen content and average molecular weight compared to those obtained under N> and
H> atmosphere and thus requires a much higher upgrading cost, including additional
equipment, energy, and labor cost, to convert the bio-oil into gasoline-like products. In
addition, the significant lower bio-oil yield from pinewood HTL process under O:
atmosphere will increase the feedstock and labor cost as well due to the more raw materials
consumed and longer operating time required to achieve the aimed producing capacity.
Besides, the higher TAN value of bio-oil obtained under O will cause corrosion problem
on core HTL equipment, which will increase the maintenance costs. Although biomass
HTL under H; atmosphere showed the best bio-oil yields and chemical properties, the
safety issues accompanying H» will possibly cause additional operating cost (e.g.,
insurance, training, etc.). Thus, N> has been employed most often for biomass HTL. A
comprehensive and detailed techno-economic assessment will be carried out in the future

research.

3.4 Conclusions

The study investigated the effect of reaction atmosphere on hydrothermal liquefaction

(HTL) of pinewood sawdust using KOH or H2SO4 catalyst at 300 °C with an initial pressure
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of 20 bar for 60 min under N>, H», and O, atmospheres. The results showed that HTL under
H> atmosphere with KOH catalyst led to the highest bio-oil yield (approx. 34 wt.%) and
the lowest solid residue (SR) yield (approx. 9 wt.%). Bio-oils obtained under N> or H»
exhibited higher energy recovery and better quality (higher H/C ratio, lower O/C ratio,
higher HHV, lower TAN, and much lower viscosity and molecular weight) than those
obtained under O>. The oils produced in N> or H> atmosphere mainly contained phenols
and aromatic compounds and showed similar boiling point distributions, while more acids
were detected in the oils produced in Oz, which presented the highest mild boiling fractions
and the least heavy residue fraction. Although some progress has been made in the reaction
atmosphere effect on HTL process, there is still much room to explore. The influence of
operating parameters (e.g., temperature, residence time) on HTL products produced under
different atmospheres and the impact of more complex atmospheres comprising mixtures
of gases (e.g., air, H> and N2, or Oz and N;) requires further research, as well as the

comparison of atmosphere effects in batch- and continuous HTL processes.
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Chapter 4

4  Development of a Kinetic Model based on Chemical
Compositions of Lignocellulosic Biomass for Predicting
Product Yields from Hydrothermal Liquefaction under
N2 Atmosphere

Abstract

This study aimed to develop a kinetic model to predict product yields from hydrothermal
liquefaction (HTL) of lignocellulosic biomass based on its chemical compositions
(contents of cellulose, hemicellulose, and lignin). HTL experiments were carried out with
biomass model compounds (cellulose, xylan, and lignin) and lignocellulosic biomass
(bamboo, cornstalk, and pinewood) at various temperatures (225-300 °C) and reaction
times (10-60 min) with K>CO; catalyst. Out of the three major components of
lignocellulosic biomass, lignin was found to be the main contributor to bio-oil formation.
A universal reaction network was proposed, and a kinetic model was developed based on
the experimental results obtained from HTL of biomass model compounds. The kinetic
parameters were determined by the lease-squares method using a MATLAB optimization
function. Assuming no interactions among the components (cellulose, hemicellulose, and
lignin) of lignocellulosic biomass during HTL, a kinetic model was developed based on
the chemical compositions of lignocellulosic biomass and the kinetic parameters obtained
from the model compound. The developed model was validated with our experimental
results from HTL of bamboo, cornstalk, and pinewood and the publicly available HTL data

in literature obtained with lignocellulosic biomass feedstocks.

Keywords: Kinetic model, Hydrothermal liquefaction, Lignocellulosic biomass, Model

compounds, Reaction network

4.1 Introduction

In recent years, the rapid increase in the demand for clean energy and green chemicals as
well as concerns over the supply and environmental impacts associated with fossil

resources have stimulated intensive research on exploring alternatives to fossil resources
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for both energy and chemical production. Among all the potential alternatives, bioresources,
such as lignocellulosic biomass, food waste and algal biomass, are promising candidates
to produce bioenergy and bio-based chemicals owing to their renewability and

sustainability characteristics [1-3].

Utilization of lignocellulosic biomass such as forestry and agricultural residues has
received a particular interest in recent past, as these feedstocks are generated in abundant
amounts in forestry and agricultural sectors. However, direct application of lignocellulosic
biomass is challenging not only because it is usually bulky and hence difficult to transport,
handle, and store, but it has a much lower energy density based on either volume or mass
compared to fossil fuels [4]. It is thus desirable and necessary to convert raw biomass
materials into gaseous, liquid, or solid biofuels before further applications. Typical
conversion technologies include biochemical and thermochemical processes. Biochemical
conversion methods, mainly referring to fermentation of wet carbohydrate materials into
bioethanol and anaerobic digestion to generate biogas at ambient operation conditions [5],
are sensitive to operating conditions (pH, temperature, etc.) and require long processing
time ranging from days to weeks [6]. In contrast, thermochemical conversion processes,
such as combustion, gasification, pyrolysis and HTL, are much faster owing to their high-
temperature operating conditions. Compared to other thermochemical conversion methods,
HTL 1s more cost-effective to process lignocellulosic biomass with moisture content of
over 30% [7]. Particularly, HTL is advantageous for the conversion of wet and waste
biomass feedstocks such as “black liquor” from pulp mills, wastewater sludge, food wastes

and newly harvested algal biomass, etc. [4].

HTL processes are typically performed in the presence of water or water-alcohol mixed
solvents or other organic solvents at mild temperature of 200400 °C and elevated pressure
of 5-25 MPa with/without a catalyst to directly decompose the macromolecules of biomass
into bio-oil products - fragments of light molecules [8]. The research of biomass HTL
mostly focuses on the effects of operating parameters (resistance time, reaction temperature,
and feedstock to solvent ratio), biomass feedstocks (algae, lignocellulosic biomass, food
waste, manure, etc.), and catalysts on production efficiency and chemical properties of the

products [9-24] . Generally, the increase in the residence time and temperature, up to a
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certain extent, have demonstrated promoting effects on the production of bio-oil with a
higher heating value (HHV), beyond which a further increase in time or temperature would
inhibit oil production due to the occurrence of bio-oil cracking and repolymerization [8,
25]. Similarly, increasing solvent-to-biomass ratio to some extent resulted in higher bio-
oil yields [26, 27], but a too high solvent amount would decrease oil yield, due to
competition between hydrolysis and repolymerization reactions [22, 28-30]. The feedstock
type and composition could also significantly affect the overall product yields and
physicochemical properties of bio-oil [29, 31]. As a general trend the HTL conversion
efficiency of different biomass constituents decreases in the order of lipids > proteins >
hemicellulose > cellulose > lignin. Thus, the more lignin that the biomass contains, the
higher operating temperature was required [20, 32]. Catalyst is another factor that affects
HTL bio-oil yield. The most commonly used catalysts are homogeneous alkaline catalysts
[33]. Previous studies showed that the addition of homogeneous alkaline catalysts could
significantly enhance the liquefaction of lignocellulosic biomass into bio-oil products [34,
35]. During the HTL treatment of pinewood sawdust, effect of alkaline catalysts on the
feedstock conversion was reported in the order of KoCO3; > KOH > Na,CO3 > NaOH; the
corresponding conversion efficiency decreased from 96.0% to 86.0%, and the bio-oil yield
from 33.7% to 22.4% [36-39]. In contrast, the addition of mineral acid catalysts, such as
sulfuric acid, led to a reduction in oil yield [35]. The use of organic acid catalysts like acetic
acid and formic acid increased the bio-oil yield, but these acids were found to be consumed
during the reaction suggesting that they would act as both a catalyst and a reactant [40].
Heterogeneous catalysts such as metals (Pt, Pd, Mo, Ni, Ru, and others) supported on active
carbon, SiO2, A>O3, and zeolite, that are widely applied in biomass gasification, were also
extensively studied for biomass HTL [41, 42]. Among all homogeneous and heterogeneous
catalysts, alkaline catalysts are still the most promising for HTL of lignocellulosic biomass
as they could effectively enhance bio-oil yield by 50—-135%, balance the pH of the reaction
media, and avoid the repolymerization of biocrude-forming fragments and thus reduce the

formation of solid residue/char [1].

Despite extensive study on the HTL conversion of biomass, significant knowledge gaps
exist particularly in not fully elucidated reaction pathway and lack of predictability for the

product yields. Recently, a few studies on the kinetics of HTL of various biomass
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feedstocks in lab-scale batch reactors were reported. Zhang et al. proposed a model for
HTL of softwood kraft lignin based on the mechanism of two-phase reactions (the fast and
the slow reaction phases) in the temperature range of 300-380 °C [43]. Hardi et al. used a
face centered central composite design to correlate the yields and properties of sawdust
HTL products with HTL temperature, time, and feedstock concentration [44]. However,
these models are only applicable to the specific feedstock used in the corresponding studies.
Thus, several attempts have been made to develop product yield-prediction models for
biomass based on their composition [32, 45, 46], but these models are only able to predict
HTL product yields under specific processing conditions. Valdez et al. [47], Hietala et al.
[48], and Vo et al. [49] further developed kinetic models of HTL reaction networks for
HTL of algal biomass based on the feedstock composition to estimate the product yields at
varying reaction temperature/time. However, those models were developed and applied
only to algal biomass, not applicable for HTL of lignocellulosic biomass. In this work, for
the first time a kinetic model based on the chemical compositions (cellulose, hemicellulose,
and lignin) of lignocellulosic biomass was developed to predict product yields (gas, liquid,
and solid residue) and elucidate the reaction pathways and mechanisms in HTL of
lignocellulosic biomass. Such kinetic model will be also useful for scaling up the HTL

technology for industrial applications.

4.2 Materials and Methods
421 Materials

Model compounds for lignocellulosic biomass (cellulose, xylan representing hemicellulose,
and alkali lignin) were all purchased from Sigma-Aldrich. lignocellulosic biomass
feedstocks (bamboo sawdust, cornstalk, and pinewood sawdust) were obtained from a
bamboo sawmill in South China, Ontario Federation of Agriculture (OFA) and a local
wood sawmill in London Ontario, respectively. Potassium carbonate (K>CO3), used as the
catalyst in this study, was purchased from Sigma-Aldrich. The ACS reagent-grade acetone
used for bio-oil product recovery, was purchased from Caledon Laboratory Chemicals (ON,

Canada). All chemicals were used as received.
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4.2.2  Hydrothermal Liquefaction

HTL of the model compounds and various lignocellulosic biomass feedstocks were
conducted in a 500 mL stainless steel (SS316L) batch reactor (Parr 4570 HP/HT Reactor)
system, as schematically illustrated in Figure 4.1, to collect essential data for the
development of a kinetic model for HTL of lignocellulosic biomass. The water/feedstock
mass ratio was kept at 15:1 under different temperatures (225, 250, 275, or 300 °C) for
various time duration (10, 20, 30, or 60 min) at the specific temperature in the presence of
K2COg catalyst (catalyst loading: 5 wt.% of dry biomass). In a typical run, 10 g biomass
feedstock, 150 g water, and 0.5 g K»CO3 were loaded into the reactor. The reactor was then
sealed and the air inside was removed by vacuuming and purging with nitrogen for at least
three times. Then the reactor was pressurized to 2 MPa using nitrogen and heated under
stirring at 172 rpm to the desired temperature (225, 250, 275, or 300 °C) and maintained at

that temperature for certain time (10, 20, 30, or 60 min).

<Vent >k #I_‘ > Nitrogen |

< Gas out >
[T > Nitrogen |
@)

Figure 4.1: Schematic diagram of the 500 mL batch reactor for HTL.
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4.2.3 Products Collection and Separation

The products were collected and separated based on the similar separation procedure of
pinewood sawdust in Section 3.2.2.2. The products from the HTL experiments include
gaseous products, bio-oil, aqueous-phase (AP) products, and solid residues (SR). The
yields of products are calculated by the wt.% of the product in relation to dry mass of the

feedstock, as follows:

Yield of bio oil (wt, %) = —assofble ol 19 4.1)

dry mass of feedstock

mass of gas

Yield of gas (wt. %) =

x 100 (4.2)

dry mass of feedstock

Yield of SR (wt. %) = —assofsolidresidue .y (4.3)

dry mass of feedstock

Yield of AP (wt. %) = 100 — bio oil — SR — gas (4.4)

4.2.4  Feedstock and Products Analysis

The moisture content was removed by drying the feedstocks in oven at 105 °C for 24 h.
The element compositions (C, H, N, and S) of feedstocks were analyzed using an elemental
analyzer (Vario EL Cube). The O content was calculated by difference on dry basis (%O
=100% - %Ash - %C - %H - %N - %S) where the ash contents were determined by heating
the feedstocks at 700 °C in air for 4 h in a muffle furnace. The higher heating values (HHVs)
of all feedstocks, bio-oil, and solid residue were calculated by Dulong equation [HHV
(MJ/kg) =0.338C + 1.428(H-0O/8) + 0.095S]. The proximate analysis of the feedstocks was
conducted using a thermogravimetric analyzer (Pris 1 TGA), where the sample was heated
in 30 mL/min N> flow from 25 °C to 800 °C at 10 °C /min, followed by soaking at 800 °C
for 15 min in 30 mL/min air flow for ashing. NREL/TP-510-42718 method was used to
determine the compositional contents of lignin, cellulose, and hemicellulose in oven-dried

lignocellulosic feedstocks.

Table 4.1 shows the proximate, compositional, and ultimate analyses of the lignocellulosic

biomass model compounds and feedstocks.
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Table 4.1: Proximate, compositional, and ultimate analyses of the lignocellulosic biomass
model compounds and feedstocks.

Feedstock Cellulose = Xylan Lignin Bamboo Cornstalk Pinewood
Proximate analysis (wt.%)?
Volatile matters 93.08 69.67 38.01 83.39 74.65 81.54
Fixed carbon 6.92 30.33 61.99 16.17 2291 17.84
Compositional analysis (wt.%)?*

Cellulose® - - - 38.81 35.31 40.70
Xylan® - - - 18.64 31.26 25.82
Lignin! - - - 30.25 19.89 26.80

Ash® - - 2.31 0.44 2.44 0.63

Extractives - - - 11.86 11.10 6.05

Ultimate analysis (wt.%)?
C 41.81 39.93 46.70 47.24 44.85 46.96
H 6.03 6.84 4.97 6.18 5.71 6.03
N 0.04 0.03 0.11 0.21 0.50 0.01
S <0.01 <0.01 3.75 <0.01 <0.01 <0.01
of 52.12 53.20 42.16 45.93 46.50 46.37
HHV (MJ/kg)® 13.44 13.77 15.71 16.59 15.02 16.21

425 Reaction Network and Kinetic Model

Lignocellulosic biomass mainly contains cellulose, hemicellulose, and lignin. Under HTL
conditions, initially cellulose and hemicellulose would be hydrolyzed to Cs or C¢ sugars,
which are then isomerized into aldose and alcohol sugars. They will undergo additional
reactions such as degradation and dehydration to form unstable C,—Cs-based intermediate
products or stable C,—C4 alcohols and other substances due to the presence of carbonyl
groups, some of which would contribute to the aqueous-phase products, while others can
condense into solid residue or bio-oil. On the other hand, the lignin component is initially
hydrolytically depolymerized/degraded into phenolic monomers/oligomers and methoxy
benzene through the cleavage of C-O ether bonds, which would further condense into bio-
oils or solid residue or convert/decompose into aqueous phase and gas products, following
the reaction network as shown in Figure 4.2 [50]. This reaction network, as shown in
Figure 4.2, combines the light and heavy bio-oil fractions into a lump bio-oil and takes
solid residue (SR) fraction into consideration. The reaction rates are expressed as follows:

dXfee
Hieed — —(Igy + ky + ka)Xreed 4.5)
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d)(flip = K1 Xfeed T KsXopil — (K4 + K7)Xpp (4.6)
% = KyXfeed + KaXap — (ks + kg + kg)Xon (4.7)
d)c(liR = K3Xfeed + KeXoil (4.8)
d);gtas = k7Xap + kgXoil (4.9)

where Xfeeq, Xap, Xoil» Xsr, and Xg,s (Wt.%) refer to mass fractions of the feedstock,

aqueous phase product, bio-oil product, solid residue, and gaseous product, respectively.

ki-ks (min™) are the reaction rate constants of each reaction pathway.

Aq phase k7
k1l
k4 k5 Gas
k8
k2
Feedstocks » Bio-oil
K3 k6

Solid residue

Figure 4.2: The reaction network proposed for HTL of lignocellulosic feedstocks.

The rate constants (k;, min') were estimated using the nonlinear least square method (i.e.,
minimizing the sum of the square of the difference between the simulation results Y., and

the experimental data Yeyp), as expressed in the following objective function:
f = min Zyzl(Ycal - Yexp)2 (4.10)

In this work, MATLAB optimization function was used to minimize f at each reaction
temperature. Initially, the boundary conditions of the rate constants were fixed within 0.00-
0.40 min’!, and the fixed-step size for the solver was 0.5 s. This step size was found to be

short enough to achieve converged solutions. The determined values for the rate constant



77

k at different temperatures were used to calculate the activation energy for each reaction

pathway based on the Arrhenius equation:
k = Aexp— (4.11)

where T is the reaction temperature, A is the Arrhenius constant, £ (is the activation energy,
and R is the molar gas constant (8.314 J/K/mol). Taking the natural logarithm, Eqn. (4.11)

can be further expressed as:

Ink = InA — = 1) (4.12)

Through linear fitting of Ink vs. %, the activation energies £ and the pre-exponential factors

A were thus determined.

The predicted yield of each product from HTL of lignocellulosic biomass, Y,, was
calculated additively from the product yields of the compositional components in the whole

biomass using the algebraic equation below:
Y =Zinix (4.13)

Where ¥, is the yield of each product calculated from the kinetic model of individual model
compounds (i.e., cellulose, xylan, lignin), x; is the mass fraction of compositional

components (cellulose, hemicellulose, and lignin) in the dried lignocellulosic biomass.

To assess the quality/reliability of the model predictions, the root mean square deviation
(RMSD) and mean absolute percentage error (MAPE) were calculated for each product

yield and will be discussed in the Results and Discussion Section:

Z%\I=1(Yi_Y\l)2
N

RMSD = (4.14)

MAPE = *31, |Yyi| (4.15)
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Where Y, is the predicted yield of each product from HTL of lignocellulosic biomass, Y; is

the experimental result from HTL of real biomass, N is the number of data points.
For simplicity, the assumptions made for this kinetic model were listed as follow:

1. The reaction kinetics follow a first-order reaction model.

2. All reactions are assumed to be homogeneous, neglecting any spatial variations or
concentration gradients within the system.

3. The effect of temperature on the reaction rate is considered using an Arrhenius
equation, assuming no other factors significantly influence the rate of reaction.

4. The model assumes ideal reactor conditions, disregarding any potential non-
idealities such as heat or mass transfer limitations.

5. There is no synergistic or antagonistic interaction between the compositional

components during the whole biomass HTL process.

4.3 Results and Discussion

4.3.1  Bio-oil Production from HTL of Lignocellulosic Model
Compounds and Feedstocks

The bio-oil yields from HTL of cellulose at different temperatures and reaction times are
presented in Table 4.2. Within the tested temperature (225-300 °C) and time range (10-60
min), only a small amount of gas (<1.5 wt.%) was produced; the maximum bio-oil yield
from HTL of cellulose (25.40 £+ 0.48 wt.%) was obtained at 300 °C, 30 min. The bio-oil
yield of HTL conversion of cellulose increased with temperature. The SR yield decreased
with temperature in the range of 225-275 °C, but started to increase when further elevating
temperature to 300 °C, likely due to the condensation of bio-01l/AP at higher temperatures
[51]. These results are in good agreement with the results from a previous study by Xu et
al. [52]. At relatively high temperature (T>250 °C), the oil yields were around 9.11-21.71
wt.% after 10 min of reaction, and raised to 20.33-25.40 wt.% as the reaction time increased
to 30 min. When extending the reaction time to 60 min, the oil yields, however, decreased
to 17.86-20.78 wt.%, again due to the condensation of bio-oil/AP at a long residence time.

The HTL conversion of cellulose can be considered to comprise three steps:
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macromolecules depolymerization into oligomers/monomers (oils), oligomers/monomers
decomposition to form reactive fragments, and reactive fragments repolymerization into
SR or char [53]. The above results indicate that it takes about 30 min to convert cellulose
and reach the optimum bio-oil yield, after which repolymerization reactions dominate the
process and lowers the oil production. Meanwhile, an increase in SR yields was observed

at longer reaction time (i.e., 60 min) due to the generation of char.

Table 4.3 presents the product yields from HTL of xylan (a model compound for
hemicellulose) at a temperature ranging from 225 °C to 300 °C) for reaction time from 10
min to 60 min. Compared to cellulose HTL (Table 4.2), no significant changes in product
yields from xylan HTL were observed within the tested ranges of temperature and time,
likely because xylan can be readily hydrolyzed at temperatures as low as 120 °C [54]. The
bio-oil yields from xylan HTL varied from 15.06-22.90 wt.%, with the maximum obtained
at 275 °C, 10 min.

The product yields from HTL of lignin at different temperatures and reaction times are
presented in Table 4.4. It was found that the bio-oil yield increased with temperature. The
oil yields at 225 °C were slightly lower than those from cellulose and xylan HTL under the
same conditions, likely because the hydrolytic depolymerization of lignin is limited at such
a low temperature [55, 56]. Increasing temperature to 250 °C led to a sharp growth in bio-
oil yield, while no obvious increase in bio-oil yield occurred at temperatures higher than
275 °C. A similar trend was reported in previous research work [56, 57]. These results
indicate that lignin depolymerization takes place rapidly at HTL temperatures over 250 °C.
At above 275 °C, the repolymerization or self-condensation reactions of bio-oil fragments
could become favorable [58, 59], resulting in less generation of bio-oil, accompanied by
more SR formation. The effect of reaction time on oil yield exhibited the same trend as that
observed in cellulose HTL, and the maximum bio-oil yield (77.58+0.69 wt.%) of lignin
HTL was obtained at 300 °C, 30 min.

Table 4.2: Product yields obtained by HTL of cellulose at different temperatures and
times.
Temp. Time  Bio-oil yield SR yield Gas yield AP yield
(°O) (min) (Wt.%) (Wt.%) (Wt.%) (wt.%)
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10 7.52+0.81 59.90+0.30 0.52+0.03 32.08
20 13.53+0.91 47.704£0.28 0.48+0.10 38.32
225 30 13.04+0.96 42.60+0.42 0.53+0.04 43.87
60 15.27+0.79 30.80+0.32 0.56+0.06 53.44
10 9.11+0.95 32.50+0.19 0.44+0.11 57.95
250 20 13.82+0.63 18.20+0.45 0.524+0.13 67.48
30 20.33+0.55 7.71+0.68 0.74+0.12 71.25
60 17.86+0.76 5.40+0.77 0.89+0.14 75.91
10 20.03+0.49 3.30+0.95 0.91£0.09 75.79
275 20 21.10+0.66 2.90+0.82 0.94+0.13 75.06
30 24.60+0.44 2.88+0.97 1.03+0.11 71.49
60 20.52+0.45 7.90+0.79 1.10+0.08 70.50
10 21.71+0.53 4.84+0.91 1.43+0.12 72.03
300 20 23.354+0.42 4.26+0.85 1.52+0.13 70.92
30 25.40+0.48 3.28+0.69 1.49+0.15 69.83
60 20.78+0.40 4.45+0.77 1.55+0.12 73.30

Table 4.3: Product yields obtained by HTL of lignin at different temperatures and times.

Temp.  Time Bio-oil yield SR yield Gas yield AP yield
(°0) (min) (wt.%) (wWt.%) (wt.%) (wWt.%)
10 15.40+0.81 3.84+0.92 0.53+0.03 80.23
20 16.71+£0.91 2.28+0.89 0.64+0.05 80.38
225 30 18.55+0.91 3.36+0.84 0.79+0.10 77.35
60 15.06+0.63 3.45+0.95 0.73+0.03 80.82
10 16.33+£0.55 4.61+0.68 0.59+0.12 78.50
550 20 17.12+0.96 4.19+0.80 0.71+0.13 78.00
30 21.10+0.71 5.77+0.93 0.88+0.09 72.25
60 17.28+0.68 2.55+0.87 0.87+0.11 79.38
10 22.9040.63 6.60+0.69 0.92+0.16 69.58
57s 20 19.64+0.79 7.86+0.75 0.93+0.01 71.61
30 18.15+0.70 2.65+1.12 0.91+0.04 78.34
60 15.22+0.74 4.02+0.77 0.95+0.06 79.83
10 20.11+0.58 7.02+0.54 1.1540.11 71.73
300 20 15.40+0.81 3.84+0.92 0.53+0.03 80.23
30 16.71+£0.91 2.28+0.89 0.64+0.05 80.38
60 18.55+0.91 3.36+0.84 0.79+0.10 77.35
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Table 4.4: Product yields obtained by HTL of lignin at different temperatures and times.

Temp.  Time Bio-oil yield SR yield Gas yield AP yield
(°O) (min) (Wt.%) (Wt.%) (Wt.%) (Wt.%)
10 2.55+1.32 1.13+0.45 0.54+0.08 95.83
20 4.71+0.76 2.27+0.56 0.71+0.05 92.32
225 30 6.2340.92 3.9040.47 0.8840.13 89.02
60 11.67+0.83 4.08+0.78 0.85+0.01 83.47
10 44.54+0.87 4.15+0.91 1.06+0.16 50.29
550 20 57.10+0.75 4.29+0.44 1.04+0.16 37.57
30 72.21£0.54 4.33+0.43 1.20+0.08 22.27
60 69.89+0.60 2.61+0.59 1.30+0.15 26.29
10 60.02:0.65 6.37+0.55 1.55+0.07 32.08
275 20 70.66+0.96 8.99+0.92 1.57+0.11 18.84
30 75.04+0.57 10.88+0.29 1.69+0.00 12.43
60 73.51+1.01 7.58+0.76 1.77+0.08 17.15
10 64.90+:0.78 6.33+0.75 1.87+0.09 26.90
300 20 72.16+0.53 7.54+0.38 1.90+0.05 18.46
30 77.58+0.69 8.87+0.57 1.96+0.14 11.67
60 74.04+0.74 6.68+0.53 1.95+0.10 17.37
4.3.2 Kinetic Model and Parameter Estimation

Figures 4.3-4.5 show the model calculated values (solid lines) and the experimental values
(discrete points) from HTL of model compounds at 225 °C, 250 °C, 275 °C, and 300 °C.
Overall, the calculated values based on the developed model well match the experimental
values of the product yields. As shown in Figure 4.3, the conversion of cellulose proceeded
slowly at 225 °C, and the loaded feedstock was not completely converted even after 60 min
of HTL processing. Elevating temperature facilitated the cellulose HTL. When the
temperature was 275 °C or higher, the cellulose could be liquefied completely within 10
min. Likewise, all product yields gradually increased at low reaction temperatures (225
and 250 °C), while at the temperature above 275 °C, the yields rapidly reached the maxima
with plateaus coming after. Overall, the dominant product from HTL of cellulose was AP,
followed by bio-oil, and the gas and solid products only took a small portion (<10 wt.%),

and formation of these products increased by extending the residence time.

As shown in Figure 4.4, xylan can be quickly converted (in 10 min) under all temperatures

investigated (225-300 °C) likely because xylan with amorphous structure can be readily
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hydrolyzed at temperatures as low as 120 °C [54], way below the reaction temperatures
tested. At lower temperatures (225 and 250 °C), the product yields increased quickly in the
first 10 min and leveled off afterwards. When the reaction temperature increased to 275-
300 °C, the bio-oil yield gradually decreased with time after the initial 10 min,
accompanied by an increase in the yield of AP, suggesting the formation of AP from
reactive fragments at high HTL temperatures. Negligible amount of gases was produced

from HTL of xylan and the reaction time showed insignificant effects on the SR formation.

As illustrated in Figure 4.5, at all temperatures there was a rapid decrease in lignin during
the first 5 min, accompanied by a fast increase in the formation of AP products, likely due
to the readily dissolution of alkali lignin in the alkaline reaction medium. The components
in AP could subsequently be converted into bio-oil products, and such conversion became
more pronounced and faster at elevated temperatures. At 275-300 °C, achieving
equilibrium after 30 min of reaction, while the equilibrium time was longer at lower
temperatures. In HTL of lignin, the gas yield increased linearly with reaction time at all

temperatures, while the generation of SR is nearly independent of reaction time.
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Figure 4.3: Experimental (discrete points) and calculated (continuous curves) values of
product yields from HTL of cellulose as a function of time at different temperatures.
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Figure 4.4: Experimental (discrete points) and calculated (continuous curves) values of
product yields from HTL of xylan as a function of time at different temperatures.
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Figure 4.5: Experimental (discrete points) and calculated (continuous curves) values of
product yields from HTL of alkali lignin as a function of time at different temperatures.

Table 4.5 lists the optimized values of rate constant of each reaction pathway (Figure 4.2)
during HTL of the model compounds (cellulose, xylan and alkali lignin) at different
reaction temperatures. The apparent rate constants of conversion of cellulose to AP, bio-
oil, and SR, i.e., ki, k> and k3, are enhanced at elevated temperatures, as expected. The
values of ki and k> are 7-116 times than that of k3, indicating less possibility of direct
formation of SR from cellulose. The rate constants of the interconversion of AP products
and bio-oil also increase with temperature, and the rate constants for bio-oil generation are

lower than those for bio-o0il consumption. The formation of SR and gases during cellulose
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HTL is less favorable compared to that of AP and bio-oil under the testing temperature

range, as evidenced by the small reaction rate constants (43, ks, k7 and kg).

In xylan HTL, k1 and k> are obviously much higher than the other rate constants, indicating
that the readily formation of AP products and bio-oil from xylan are the dominant reaction
pathways. Temperature rarely affects the rate constants of xylan to AP, suggesting the
complete dissolution or hydrolysis of xylan under the temperatures tested. The rate

constants of xylan to bio-oil increase at higher temperatures as expected.

In HTL of alkali lignin, k1 has a constant value at all temperatures, because alkali lignin is
highly soluble in alkaline water, particularly in the presence of K2COs catalyst (catalyst
loading: 5 wt.% of dry biomass). The bio-oil formation from alkali lignin is more
pronounced at increased temperatures, as shown by the bio-oil yield results from our
experiments (Figure 4.5) and the increasing values of k1 with reaction temperature (Table
4.5). It was also reported that a higher temperature facilitated the cleavage of ether bonds
in lignin and the subsequent degradation to form bio-oil products [60]. It can also be
observed that the rate constants of AP—Bio-oil (k4) are all higher than those of the reverse
reaction (ks) at temperatures above 250 °C, which should be another cause to the high bio-
oil yield in lignin HTL. The activation energies of each pathway were also determined as
shown in Table 4.5. The activation energies for the decomposition of model compounds
into bio-oil in HTL are lower compared with those of pyrolysis of lignocellulosic biomass
as reported in the literature [61-63]. In the kinetic model presented in this work, the
pathway from cellulose to SR has the greatest activation energy at 128.9 kJ/mol. Among
all the reaction pathways that lead to bio-oil, the pathways from cellulose and lignin to bio-
oil require higher activity energy (74.29 and 64.83 kJ/mol), compared with that from xylan
(25.74 kJ/mol). The activation energies required in all pathways to gas formation for all
model compounds are relatively high, which accounts for a very low gas yield in their HTL

processes.

Table 4.5: Optimized values of rate constants and activation energies for the reaction
pathways proposed in Figure 4.2.

Rate constant (min™) E
225°C  250°C  275°C  300°C  (kJ/mol)

Feedstock Paths Reactions

Cellulose 1 Cellulose—AP 0.034 0.10 0.26 0.27 68.92
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2 Cellulose—Bio-oil 0.020 0.022 0.15 0.16 74.29
3 Cellulose—SR 0.00073  0.00086  0.022 0.023 128.90
4 AP—Bio-oil 0.048 0.048 0.12 0.13 38.32
5 Bio-oil—>AP 0.12 0.14 0.37 0.40 43.93
6 Bio-0il—»SR 0.00010  0.00010 0.00018  0.0013 75.72
7 AP—Gas 0.00010  0.00010 0.00018 0.00061 55.93
8 Bio-o0il—>Gas 0.0011 0.0011 0.0070  0.0080 73.83
1 Xylan—AP 0.34 0.35 0.35 0.37 2.88
2 Xylan—Bio-oil 0.071 0.080 0.15 0.14 25.74
3 Xylan—SR 0.014 0.022 0.028 0.031 26.00
Xylan 4 AP—>Bio-oil 0.0038 0.0044  0.0061 0.0070 20.52
5 Bio-0il—AP 0.019 0.024 0.037 0.038 23.93
6 Bio-0il—»SR 0.000050  0.00010 0.00050 0.00070 90.62
7 AP—Gas 0.00010  0.00010 0.00018 0.00032 38.15
8 Bio-o0il—Gas 0.00010  0.00010  0.00049  0.00082 74.44
1 Alkali lignin—AP 0.40 0.40 0.40 0.40 -
2 Alkali lignin—Bio-oil ~ 0.000030 0.064 0.11 0.24 64.83
3 Alkali lignin—SR 0.0072 0.019 0.046 0.050 64.42
Alkali 4 AP—Bio-oil 0.0031 0.072 0.13 0.13 28.06
lignin 5 Bio-oil—>AP 0.0095 0.014 0.026 0.026 28.61
6 Bio-oil»SR 0.000020  0.00010 0.00012 0.00014 58.39
7 AP—Gas 0.00036  0.00081  0.0019  0.0024 62.45
8 Bio-o0il—>Gas 0.00010  0.00080  0.0010  0.0016 82.44

As discussed previously, in this work, the model (Eqn. 4.13) established to predict the yield
of each product from HTL of lignocellulosic biomass was based on the assumption that
there is no synergistic or antagonistic interaction between the compositional components
during the whole biomass HTL process. To validate this assumption, the following
experiments were performed. Mixtures of the three model compounds (cellulose, xylan and
lignin) were prepared according to the compositional analysis (Table 4.1) of three whole
biomass feedstocks: bamboo, cornstalk and pinewood. HTL experiments were performed
on these mixtures, compared with the whole biomass feedstocks for 30 min at various
temperatures. Table 4.6 presents the HTL bio-oil yields from the model compounds
mixtures (simulating the whole biomass compositions), from the whole biomass of bamboo,
cornstalk, and pinewood, and from the model calculations. The results clearly indicate that
at all temperatures and for each biomass feedstock, the obtained HTL bio-oil yields from
the model compounds mixtures (simulating the whole biomass compositions) are similar
to those from the whole biomass feedstock, as well as are close to the model (Eqn. 4.13)
calculations (the mass-fraction weighted average of the product yield from individual
model components). As such, the assumption for the model (Eqn. 4.13) is that there is no
synergistic or antagonistic interaction between the compositional components during the

whole biomass HTL process, can be validated. In addition, the experimental results in
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Table 4.6 further demonstrate that the HTL bio-oil yield was strongly positively correlated
to the lignin content in the feedstocks, as concluded in many previous studies in literature
[64-66]. Admittedly, some differences can be observed between the HTL bio-crude yields
from whole biomass and those from the model compounds mixtures could be caused by
the presence of extractives in the whole biomass feedstocks [67, 68]. The extractives in the
whole biomass feedstock would decompose to fatty acids [69-71], as a part of the HTL

bio-oil products.

Table 4.6: HTL bio-oil yields from the model compounds mixtures (simulating the whole
biomass compositions), from the whole biomass of bamboo, cornstalk, and pinewood,
and from the model calculations.

Feedstock Bio-oil Yield (wt.%)
250 °C 275 °C 300 °C
Bamboo Model compounds mixture  27.14+2.10 29.30+£2.12 32.04+1.99
Calculated yield? 33.65 35.61 36.64
Whole biomass 32.97£0.25 34.56+0.05 36.15+0.25
Cornstalk  Model compounds mixture  20.27£0.92 21.87+0.71 22.33+0.58
Calculated yield 27.45 28.51 29.19
Whole biomass 17.50+1.20 22.50+0.50 24.75+0.75
Pinewood Model compounds mixture 21.12+0.72 24.98+0.44 27.05+0.54
Calculated yield 33.06 34.79 35.73
Whole biomass 18.00+£1.10 28.50£1.50 29.67+2.00

aThe calculated yield is the mass-fraction weighted average, based on results from the kinetic model of the
individual model components.

Figure 4.6 compares the HTL product yields obtained by model calculations and by the
experiments at 250, 275, 300 °C for 30 min with different lignocellulosic biomass (bamboo,
cornstalk, and pinewood). The root mean square deviation (RMSD) and mean absolute
percentage error (MAPE) of each type of products were calculated to assess the
quality/reliability of the predictions. The interpretation of MAPE values is presented in
Table 4.7. As shown in Figure 4.6, the model provides a reasonable and good accurate
prediction for AP yields (MAPE: 14.3%; RMSD: +10.12 wt.%) and bio-oil yields (MAPE:
20.7%; RMSD: £5.64 wt.%), respectively, for all three lignocellulosic feedstocks across
all experimental conditions. However, the RMSD and MAPE values for SR yields are
+11.35 wt.% and 49.7%, respectively, suggesting the model’s predictions of this product

is not as accurate as that of bio-oil and AP products.
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Figure 4.6: Comparison of the HTL product yields obtained by model calculations and by
experiments with bamboo, cornstalk, and pinewood at 250, 275, 300 °C for 30 min.

To further validate the generality of the developed kinetic model, the model predictions of
HTL product yields are also compared to the experimental results from literature on HTL
of different lignocellulosic feedstocks under various operating conditions (temperatures:
230-350 °C, residence time up to 60 min, with/without alkali catalyst) [35, 64, 68, 72-79],
as illustrated in Figure 4.7. As clearly shown, the model provides good accurate prediction
of bio-oil (RMSD: £6.60 wt.%) yields with a MAPE of 18.9%, followed by reasonable
forecasting of SR (RMSD: +4.94 wt.%; MAPE: 24.5%) and AP (RMSD: £7.52 wt.%;
MAPE: 40.4%) yields. Admittedly there are still some deviations between model
calculations and experimental results. This could be caused by the simplifications made in
the model development, and the complexities in the biomass feedstock compositions and
particle sizes, reactor configurations and conditions (heating rate, catalyst loading, etc.)

and the complexities in the HTL reactions [32, 80]. For instance, the ash contents of the
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feedstocks could influence the products yields [81, 82]. K and Ca in the ash content proved
to catalyze the conversion of biomass [18]. In addition, the synergistic or antagonistic
effects from interactions among the components during HTL could increase or decrease
the bio-oil yield [32, 83]. Furthermore, the efficiency of lignocellulosic biomass
liquefaction could be constrained due to the high crystallinity and degree of polymerization
of cellulose [84]. More future work will be done to further improve the accuracy and

robustness of the kinetic model developed in this work.
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Figure 4.7: Comparison of HTL product yields obtained by model predictions and by
experiments reported in literature [35, 64, 68, 72-79] on HTL of different types of
lignocellulosic biomass under various operating conditions.

Table 4.7: Interpretation of typical MAPE values [85].

MAPE (%) Interpretation
<10 Highly accurate forecasting
10-20 Good accurate forecasting

20-50 Reasonable forecasting
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>5() Inaccurate forecasting

4.4 Conclusions

This study aimed to develop a kinetic model based on chemical compositions of
lignocellulosic biomass for predicting HTL product yields. HTL experiments of the model
compounds for lignocellulosic biomass (cellulose, xylan, and lignin) and lignocellulosic
biomass (bamboo, cornstalk, and pinewood) were conducted in the temperature range of
225 °C-300 °C for a residence time from 10 min to 60 min with K>CO3 catalyst. Lignin
was found to be the main contributor to bio-oil formation from HTL of lignocellulosic
biomass. A kinetic model was developed based on the experimental results obtained from
HTL of biomass model compounds to predict HTL product yields based on chemical
compositions of lignocellulosic biomass (contents of cellulose, hemicellulose, and lignin).
The model was validated using our experimental results from HTL of bamboo, cornstalk,
and pinewood and the publicly available data in literature from HTL of various
lignocellulosic biomass feedstocks. However, there are still some limitations on this kinetic
model: (1) The model does not account for potential side reactions or competing reaction
pathways that may occur simultaneously. (2) The model assumes steady-state conditions
and does not account for transient behavior or dynamic changes in the reaction system. (3)
The model does not take operating parameters like moisture content, inorganic content,
and interaction of biomass component into consideration. More future work is required to

further improve the accuracy and robustness of the kinetic model developed in this work.
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Chapter 5

5  Production of Bio-oils or Depolymerized Lignin from
Technical Lignin through Hydrothermal Liquefaction:
Comparison of Batch and Continuous-flow Operations

Abstract

Batch reactor systems have been predominantly used for laboratory and pilot-scale
hydrothermal liquefaction (HTL) of biomass. However, the development of continuous-
flow reactor systems is crucial for the cost-effective industrial deployment of HTL
technology. In this study, a continuous-flow HTL system capable of processing up to 6
kg/h of feed was developed and used to convert alkali lignin and kraft lignin into bio-oils
or depolymerized lignin (DL) using K>COs catalyst at 300 °C for 15 min. The bio-oils or
DL produced were extensively characterized using FT-IR, GPC, TGA, and elemental
analysis. The study aimed to compare the performance of the HTL process in the
continuous-flow HTL reactor and a batch reactor under the same reaction conditions, in
terms of bio-oil or DL yields, chemistry, and energy recovery potential. The results showed
that the continuous-flow HTL reactor obtained a lower yield of bio-oil or DL (28.5 wt.%
and 43.9 wt.%, respectively) and lower energy recovery rate (50.8% and 50.6% for alkali
and kraft lignin, respectively) than those of the batch reactor (36.9 wt.% and 50.6% for
alkali lignin, 50.6 wt.% and 64.2% for kraft lignin). These results will be useful for future
development and deployment of HTL technology for lignin liquefaction/depolymerization

on a large scale.

Keywords:  Batch reactor, Bio-oils, Continuous-flow reactor, Depolymerization,

Depolymerized lignin, Hydrothermal liquefaction, Technical lignin

5.1 Introduction

The growing consciousness regarding environmental issues like global warming has
prompted the exploration of alternative sources that are renewable and sustainable for both

energy and chemicals production [1, 2]. Biomass is a significant component of this quest
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and encompasses a diverse array of materials ranging from forestry and agricultural by-
products to energy crops and organic waste like sewage sludge, food waste, and sorted
organic waste [3]. Given its widespread availability, biomass is more evenly distributed

globally than traditional fossil fuels.

Hydrothermal liquefaction (HTL) is one of the most promising technologies to convert
different types of wet biomass into bio-oils or liquid chemical feedstock through reactions
such as depolymerization, bond breaking, rearrangement and decarboxylation at elevated
temperatures (200400 °C) and the pressure up to 30 MPa [4-6]. HTL has been receiving
increased attention compared to pyrolysis due to its ability to generate bio-oils of superior
quality, which contain a lower oxygen content (5-20 wt.%) and produce less gas and solid
by-products. More advantageously, HTL can handle high-moisture (>70%) feedstocks
without requiring pre-drying.

The majority of research on biomass HTL has been carried out in batch reactors, focusing
on the optimisation of the process conditions such as temperature, pressure, and reaction
time [3, 7], effects of feedstock type [5] and evaluation of catalysts [8, 9]. Recently,
continuous-flow HTL processes have attracted particular attention due to its obvious
advantages, such as flexibility, lower supply chain inventory and a higher overall
equipment effectiveness as well as a smaller footprint [3, 10, 11]. A few examples of the

continuous-flow HTL processes are introduced below.

A continuous-flow HTL reactor was developed by lowa State University and assessed
based on the bio-oil yields obtained during steady-state operation. However, it was
observed that bio-oil production was not entirely stable [12]. A new two-stage HTL process
was developed at Aalborg University in order to enhance the pumpability of lignocellulosic
feedstocks containing high solid loading (25% dw) in HTL. The initial stage of alkaline
treatment produced a suitable wood paste for the second stage, which was processed at
400°C and 30 MPa. This continuous bench-scale HTL system had the ability to transform
lignocellulosic wood chips into bio-oil at a feed capacity of 20 kg/h [13]. Cheng et al. [14]
modified a pilot-scale continuous flow reactor (CFR) for HTL of algae slurry under

subcritical conditions to assess the potential for scaling up from batch to continuous
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processing. The modifications included a unique dual filter system capable of eliminating
solids under the system pressure and temperature, as well as in-situ cleaning. Aierzhati et
al. [15] presented a novel mobile pilot-scale HTL reactor system (0.57 L/min) for food
waste conversion. The mobile HTL system can be delivered to everywhere by truck, and
their work demonstrated the economic viability of this mobile HTL system when there is

a widespread availability of biomass resources (more than 106 miles).

However, the accumulated information of continuous-flow HTL processes is quite limited
and there are no clear comparisons between batch and continuous-flow HTL operations\.
The findings from batch processing cannot be directly and effectively applied to the
continuous-flow processes, which are more desirable for future industrial scale
applications of the HTL technology [4, 16]. In addition, Lignin, as the only natural source
of aromatic compounds, is a valuable renewable resource for producing biofuel or phenolic
chemicals by hydrothermal liquefaction process [17]. Therefore, the objective of this study
was to compare the efficacy of a continuous-flow reactor and a batch reactor in the HTL
of various types of technical lignin (alkali lignin and kraft lignin). The comparison was
made in terms of product yields, bio-oil or DL chemistry, and energy recovery potential.
The HTL of two types of technical lignin was conducted in a plug-flow HTL reactor (with
a slurry feeding capacity of up to 6 kg/h) and a 100 ml autoclave batch reactor, both
operating at a temperature of 300 °C for 15 min and with the addition of Ko2CO3 catalyst.
The characteristics of the resulting bio-oils or DL were analyzed by techniques such as
Fourier transform infrared spectroscopy (FT-IR), gel permeation chromatography (GPC),

thermogravimetric analysis (TGA), and elemental analysis.

5.2 Materials and Methods
521 Materials

The alkali lignin used in this work was provided by Shengquan Co. Ltd, Shandong, China,
while the kraft lignin was provided by Lancotek Co. Ltd, Ontario, Canada. Both types of
lignin were pre-drying at 105 °C in an oven for 24 h. The chemical compositions of both
types of lignin are presented in Table 5.1. Potassium carbonate was purchased from Sigma-

Aldrich (Oakville, Canada). Sulfuric acid was bought from VWR International
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(Mississauga, Canada). Reagent-grade acetone and ethanol were obtained from Fisher

Scientific (Ottawa, Canada).

Table 5.1: Chemical compositions of the two types of lignin.
AlKkali lignin Kraft lignin

VM? 38.6 52.8
FC? 46.0 37.5
Ash? 15.4 9.7
Purity (%)° 41.7 83.6
Ultimate analysis (wt.%)?

C 40.1 62.5
H 6.1 4.8
N 0.4 0.2
S 0.3 2.1
0° 37.7 30.4
HHV (MJ/kg)? 15.6 24.5

20n dry basis; "Measure by UV-Vis; ¢ By difference; ¢ Calculated by DuLong equation: HHV (MJ/kg) =
0.338%C + 1.428(%H-%0/8) + 0.095%S.

5.2.2 Experimental Setup

The batch-mode HTL experiments were conducted in a 100 ml autoclave reactor (Parr
4590 HP/HT reactor) under the operating conditions listed in Table 5.2. In a typical run,
lignin, distilled water, ethanol (as a co-solvent) and K>,COs3 (catalyst) were loaded into the
reactor. After that, the reactor was sealed and purged with nitrogen to completely remove
any residual air. Following that, the reactor was pressurized with nitrogen to 2 MPa and
then heated under stirring at 172 rpm to the desired temperature and maintained at that

temperature for 15 min as the residence time.

The continuous-flow HTL experiments were conducted on a plug flow HTL reactor (with
a maximum slurry feeding capacity of 6 kg/h) designed and custom-built by our lab. Figure
5.1 is the schematic diagram of the continuous-flow reactor. The main parts of the system
include a 5/8-inch SS316L tubular reactor, two piston feeders, feed tank, HPLC pump, pre-
heater, and main furnace, cooler, gas-liquid separation vessel and back pressure regulator
(BPR). The feedstock slurry was first well-mixed and stored in a stirred container, and then
fed into the piston feeders. At the beginning of the experiment, nitrogen purge was
introduced into the system to remove any residual air. The reactor was then heated to the

desired temperature while pumping distilled water through the reactor system. The pressure
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of the reactor system was adjusted through the back pressure regulator (BPR) to reach the
desired pressure and maintained at 1500 psi in this work. As soon as the reactor reached
the desired temperature (300 °C inside the reactor) and pressure, the outlet valve of one of
the piston feeders was opened and the HPLC pump was switched to pump water from the
water tank to the piston feeder to feed the feedstock slurry to the reactor, afterwards flowing
through a pre-heater where the feed was pre-heated to approx. 140 °C. The reactor effluent
was cooled in a cooler and then in a liquid-solids separation vessel. The gas and some
liquids were released from the top of the separation vessels and solid/liquid products were
mainly collected from the bottom of the vessel. When one of the piston feeders was empty,
the outlet valve of the other one was opened to maintain a continuous flow through the
system. In a typical run, the feed was prepared by mixing the lignin powder, K»COs3, and
water/ethanol co-solvent. The mixture was fed into the reactor system and reacted at 300
°C inside the tube reactor. The estimated average residence time inside the reactor was
controlled at 15 min by setting the slurry feeding speed at 20 mL/min (or 1.2 kg/h). The
detailed process parameters for continuous-flow HTL experiments are presented in Table

5.2.
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Figure 5.1: The continuous-flow reactor system used for HTL of lignin.
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Table 5.2: Detailed operating conditions for HTL of alkali lignin and kraft lignin in the
batch/continuous-flow reactors.

Alkali lignin Kraft lignin
Solvent Water/EtOH (1:1, v/v)
Solid/solvent ratio (w/w) 1:5 1:10
Catalyst K2COs3 (10 wt.% of dry feedstock)
Temperature 300 °C
Residence time 15 min

5.2.3 Conversion Products Separation

In the batch-mode HTL tests, the major reaction products were depolymerized lignin,
which dissolves very well at alkaline pH due to the ionization of its weakly acidic phenolic
and carboxyl groups. Decreasing the pH will progressively protonate these groups and
lower the existing electrostatic interactions within the aqueous solution [18]. The
solid/liquid products inside the reactor were washed with distilled water. The resulting
suspension was acidified to pH = 2 with sulfuric acid, causing the bio-oil or DL to
precipitate out of solution. The mixture was then vacuum-filtered to obtain a solid cake and
a filtrate through the same pre-weighed VWR No. 413 filter paper. The dry filter cake
composed of bio-oil and SR was then rinsed with acetone, followed by filtration to separate
the acetone-soluble phase. The acetone insoluble SR was retained on the filter paper. The
acetone-soluble phase was evaporated under reduced pressure at 50 °C wherein acetone

was removed and bio-oil or DL was collected.

In the continuous-flow HTL tests, the solid/liquid products were mainly collected from the
separation vessels (rinsed with acetone after the each run) and the resulting suspension was
vacuum-filtered through a pre-weighed VWR No. 413 filter paper. The separated solids
were then oven dried at 105 °C overnight to a constant weight to determine the yield SR.
The total amount of the filtrate solution collected was weighed. A fixed amount of filtrate
sample was then taken and separated using the same procedure as that for the batch-mode
HTL tests to determine the bio-oil or DL yeild. In all tests, the yields of aqueous products

(AP) and gaseous products (Gas) were lumped and determined by difference.

The yields of the HTL products were calculated based on dry biomass as follows:

Bio — oil or DL yield (wt. %) = —assofblo=oll 4509 (5.1)

Mass of feedstock




108

SR yield (wt. %) = —200R__ o 1000 (5.2)

Mass of feedstock

(AP + Gas) yield (wt.%) = 1 — Bio — oil or DL (wt. %) — SR (wt. %) (5.3)
Energy recovery (%) = HVbiooil » Big — oil (wt. %) X 100% (5.4)
HHVfeedstock

5.2.4 Lignin and Products Analysis

Fourier transform infrared (FT-IR) analyses were conducted on a PerkinElmer FT-IR
spectrometer (Massachusetts, USA) to characterize the functional groups of the bio-oil or
DL products. The average molecular weight (Mw, M), polydispersity index (PDI,
PDI=My/M;) of the bio-oil or DL products were determined using Gel Permeation
Chromatography (GPC, Waters Breeze) equipped with 1525 binary pump, UV detector set
at 270 nm, Waters Styragel HR1 column at 40 °C. The polystyrene (linear polymer)
standards were used in GPC-UV calibration. The proximate analysis (volatile matters and
fixed carbon contents) of lignin and the boiling point distribution of bio-oil products were
determined on a thermogravimetric analyzer (Pris 1 TGA, Waltham, USA), where the
sample was heated in 30 ml/min N2 flow from 25 °C to 800 °C at 10 °C /min, followed by
soaking at this temperature for 15 min in 30 mL/min air flow for ashing. The element
compositions (C, H, N, and S) of the feedstocks and bio-oil or DL products were
determined on an elemental analyzer (Vario EL Cube). The O content was calculated by
difference on a dry basis (%0 = 100% — %Ash — %C — %H — %N — %S) where the ash
contents of the lignin and bio-oil or DL products were determined by ashing at 700 °C for
4 h in air in a muffle furnace. The purity of lignin was analyzed by UV-visible
spectrophotometry (UV-Vis, Evolution 220). The higher heating values (HHV) of all

feedstocks and bio-oils were estimated by Dulong equation.

HHV (M]/kg) = 0.338%C + 1.428(%H-%0/8) + 0.095%S (5.5)
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5.3 Results and Discussion

5.31 Products Distribution

Figure 5.2 shows the products distribution in HTL of alkali lignin and kraft lignin in the
batch/continuous-flow reactors at 300 °C for 15 min, respectively. The yields of bio-oil or
DL products from alkali lignin and kraft lignin in the continuous-flow reactor (28.5 wt.%
and 43.9 wt.%, respectively) were lower than those from the batch reactor (36.9 wt.% and
50.6 wt.%, respectively). Whereas the SR yields were slightly lower under the continuous-
flow operation. These results are consistent with the research conducted by Erdocia et al.
[19]. They observed that the bio-oil yield from organosolv lignin increased with the
reaction time until reaching a maximum at a prolong residence time of 80 min,
accompanied with an opposite trend of residue yield. In continuous-flow operations, the
feed was controlled at the reaction temperature as it entered the reactor. In contrast, in batch
operations, the feedstock was gradually heated from room temperature to the reaction
temperature, and the time taken for heating (which was approximately 30-60 min in this
work) was not considered as part of the reaction time. Consequently, the actual residence
time in the continuous-flow operations was shorter compared to that in the batch
operations. Generally, a longer reaction time would hence the degradation of lignin and
increase bio-oil yield in lignin HTL [20, 21]. Besides, long reaction induction period of the
intermediates enabled secondary reactions including re-polymerization, cross-linking and
rearrangement, thereby forming marginally higher products yields [22]. Thus, the
relatively lower residence time of the lignin feed in continuous-flow reactor could possibly
cause the incomplete cracking of the easily cleaved bonds in lignin molecule such as ether
bonds and carbonyl groups, resulting in the formation of bio-oil or DL with a higher
molecular weight, as evidenced by the GPC analysis for the bio-oil or DL products (Table
5.3).
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Figure 5.2: Products distribution in HTL of alkali lignin (left) and kraft lignin (right) in
the batch and continuous-flow reactors at 300 °C for 15 min (Solid: Batch; Diagonal
strips: Continuous-flow).

5.3.2  Chemical Analysis of Bio-oils

Table 5.3 presents the elemental compositions, HHVs, energy recovery rates and
molecular weights and distribution of the bio-oil or DL derived from alkali and kraft lignin
in the batch/continuous-flow HTL operations. Compared to the bio-oil or DL products
obtained from HTL of alkali lignin in the batch reactor, the products from the continuous-
flow operation have much higher oxygen content (32.4 wt.% vs 17.9 wt.%), leading to a
lower HHV value and the energy recovery rate (31.0 MJ/kg and 64.2% from the batch
reactor vs. 28.2 MJ/kg and 50.6 % from the continuous-flow reactor). These again could
result from the enhanced deoxygenation reactions owing to a relatively longer reaction time
in the batch operations [23]. Similar results were observed in the HTL process of kraft
lignin. In addition, as shown in Table 5.3 and Figure 5.3, the molecular weights of the bio-
oil or DL products from the continuous-flow reactor are higher than those obtained from
the batch reactor with both alkali lignin and kraft lignin, which was likely due to the shorter
residence time in the continuous operations leading to incomplete depolymerization of
lignin. Longer residence time favored the formation of simple compounds [24], since an
extended reaction time could ensure the complete degradation of all ether bonds in lignin

and subsequent gradual degradation of the stable C-C bonds [22]. As reported by Tolesa et
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al., increasing the reaction time from 30 min to 60 min, the values of average M, further
decrease down in the case of alkali lignin depolymerization [25]. Consistent results were

observed in the study from Erdocia et al. as well [19].

Table 5.3: Comparison of chemical properties of the bio-oil or DL products derived from
alkali lignin and kraft lignin in the batch/continuous-flow HTL operations at 300 °C for

15 min.
Alkali lignin Kraft lignin
Batch Continuous- Batch Continuous-

flow flow
Yields (wt.%) 36.9 28.5 50.6 43.9
Ash? 1.8 2.5 3.2 4.8
Ultimate analysis (wt.%)?
C 72.0 63.8 73.3 59.7
H 6.9 6.3 6.3 8.1
N 0.3 0.5 0.1 0.1
S 1.1 0.8 1.2 5.0
o° 17.9 324 15.9 22.3
HHV (MJ/kg)° 31.0 24.8 31.0 28.2
Energy recovery (%)" 82.2 50.8 64.2 50.6
Molecular weight
My (g/mol) 468 812 995 1229
M (g/mol) 322 514 602 718
PDI 1.45 1.57 1.65 1.71

2On dry basis; ® By difference, assuming negligible ash content; ¢ Calculated by DuLong equation;
HHV ;) XxWeightgj) % 100
HHVfeedstock XWeightfeedstock '

dEnergy recovery (%) =
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Figure 5.3: The GPC curves of bio-oil or DL products obtained from HTL of alkali lignin
and kraft lignin in the batch/continuous-flow operations at 300 °C for 15 min.

Figure 5.4 shows the FT-IR spectra of the bio-oil, or DL products obtained from HTL of
lignin in the batch /continuous-flow reactors. As clearly shown in the figure, the FT-IR
spectra of all bio-o0il/DL products are almost the same. The broad IR absorption at 3500
cm’! is typical of O-H stretching, suggesting the presence of alcohols, phenols, carboxylic
acids, or water residues in the products. The absorbance at 1700 cm™!, representing the C=0
stretching vibration of carbonyl groups, indicates the presence of ketones, aldehydes, esters
or carboxylic acids. These bands are more pronounced in the product from alkali lignin in
the continuous-flow operation, suggesting the presence of more conjugated C=0 groups in
the product. The relatively medium-intense peaks at 1611 and 1495 cm™! represent aromatic
nuclei, indicating the presence of aromatic rings and their derivatives in the DL products
as expected. The IR absorption bands between 3000 and 2840 cm! are attributed to C-H
stretching vibrations, indicating the presence of alkyl C-H in the products. The two
absorption peaks at 1370 and 1456 cm™ are attributed to the bending vibrations of methyl
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(-CH3) and methylene (-CH») groups, respectively. The presence of C-H stretching
vibration and the C-H blending indicates the alkane groups in the bio-0il/DL products. The
peaks between 1280 and 1000 cm™! are likely related to vibrations of C-O ether linkages in
the DL products. The peak at 860 cm™! in the products from the continuous-flow operations,
attributed to C-H bending, suggests the presence of single, polycyclic, and

substituted aromatics.
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Figure 5.4: FT-IR spectra of bio-0i1l/DL products obtained from HTL of alkali lignin and
kraft lignin in the continuous-flow and batch reactors at 300 °C for 15 min.



114

100
8o
£ el
= L
A L
= i e
= [ —Alkali lignin batch
-% 40 4+ - - --Alkali lignin continuous
= [ —AlKali lignin
- —— Kraft lignin batch
L - - - -Kraft lignin continuous
201 Kraft lignin
o T W
0 200 400 600 800
Temperature (°C)
0.00
-0.05 +
S 104
E
°\° L
o)
E -0.15 +
] L
n
o
= -0.20 + S
Y —— Alkali lignin batch
g 3 - - - - Alakli lignin continuous
095 — Alkali .Iigr?in
—— Kraft lignin batch
r - - - -Kraft lignin continuous
030 Kraft lignin
| 1 | L | L |
I T I T

0 200 400 600 800

Temperature (°C)
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Figures 5.5a and S5.5b illustrate the thermogravimetric (TG) and derivative
thermogravimetric (DTG) curves, respectively, of the alkali lignin and kraft lignin
feedstocks and their derived bio-o0il/DL products obtained from HTL in the batch and
continuous reactors. The boiling point distributions of the bio-oils, estimated from the TG
curves, are presented in Table 5.4. Generally, the boiling point distributions of the oils
obtained from the batch reactor have a larger light fraction (<193 °C) than those from the
continuous-flow reactor (alkali lignin: 14.3 wt.% vs. 7.5 wt.%; kraft lignin: 9.5 wt.% vs.
4.9 wt.%). For both types of lignin, the oils from both reactors have similar boiling point
distributions in the distillate ranges of 193-271 °C (Kerosene) and 271-343 °C (Gas Oil).
The alkali lignin-derived oil from the batch reactor has a higher fraction (32%) of the
distillate range 343-538 °C (Vac Gas Oil) than that (24.1%) from the continuous-flow
reactor, corresponding to a lower Residues (>538 °C) fraction for the oil from the batch
reactor. In contrast, a reverse trend was obtained for HTL of kraft lignin, with the produced
oils from the batch reactor having a lower fraction (17.5%) of the distillate range 343-538
°C (Vac Gas Oil) than that (32.7%) from the continuous-flow reactor, as well as a larger
Residues (>538 °C) fraction for the oil from the batch reactor. Such inconsistency was
likely due to the differences in the chemical compositions and purities of the two types of

lignin.

As shown in the DTG curves (Figure 5.5b), the initial decomposition of both oils obtained
in the batch reactor occurred at around 100-130 °C, whereas that the decomposition of oils
from the continuous-flow HTL reactor started from around 200 °C, suggesting that the oils
from the batch reactor have lower boiling points. With both types of lignin, the oil obtained
from both types of reactors thermally degraded mainly between 200-300 °C and 400-500
°C.

Table 5.4: Boiling point distributions of the bio-oil products from HTL of alkali lignin
and kraft lignin at 300 °C for 15 min.

Distillate range (°C) Alkali lignin Kraft lignin
Batch Continuous-flow Batch Continuous-flow
<193 (Heavy Naphtha) 14.3 7.5 9.5 4.9
193-271 (Kerosene) 11.2 145 6.8 4.5
271-343 (Gas Oil) 1.1 121 5.2 6.3

343-538 (Vac Gas Oil) 32.0 24.1 17.5 327
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>538 (Residues) 313 418 60.7 51.5

5.4 Conclusions

This study compared the performance of lignin HTL/depolymerization in a continuous-
flow reactor and a batch reactor operating at 300 °C for 15 minutes. The yields of bio-
oil/DL from alkali and kraft lignin were found to be lower (28.5 wt.% and 43.9%,
respectively) in the continuous-flow reactor compared to those produced in the batch
reactor (36.9 wt.% and 50.6%, respectively), as well as having a lower energy recovery
rate. Additionally, the bio-0il/DL products produced from the continuous-flow reactor have
lower HHVs, lower fractions of light oil with boiling points (<193 °C), but higher
molecular weights due to the shorter reaction time in the continuous-flow operations. These
findings would be useful for development of continuous-flow HTL systems for production

of biofuel or phenolic chemicals from lignin on a large-scale.
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Chapter 6

6  Production of Bio-oils from Various Bio-feedstocks
through Hydrothermal Liquefaction: Comparison of
Batch and Continuous-flow Operations

Abstract

Laboratory- and pilot- scale hydrothermal liquefaction (HTL) of biomass has
predominantly been carried out in batch reactor systems. However, the development of
continuous-flow reactor systems is critical for industrial deployment of HTL technology in
a cost-competitive manner. In this study, a continuous-flow HTL system (with a feed
capacity up to 6 kg/h) was developed and employed to convert various types of bio-
feedstocks (wood sawdust, cornstalk, and black liquor) into bio-oils in the presence of
K>CO;s catalyst at 300 °C for 12 min. The produced bio-oils were characterized in detail
by using GC-MS, FT-IR, GPC, and elemental analysis. This work compared the
performance of the continuous-flow HTL process with that of a batch HTL process under
the same conditions in terms of the yields and chemistry of the bio-oil products as well as
the energy recovery potential. The results indicated that HTL of different bio-feedstocks,
particularly cornstalk and pinewood, in the continuous-flow reactor led to a higher yield of
bio-oil (32.4 and 34.5 wt.%, respectively) with lower molecular weights and less solid
residue (2.9 and 4.6 wt.%, respectively) as well as a higher energy recovery rate (53.3 and
52.0%, respectively) compared with those in the batch reactor (Cornstalk: 23.8 wt.%, 6.2
wt.% and 46.5%; Pinewood: 28.5 wt.%, 10.3 wt.% and 50.8%, respectively). These
promising results shall advance the future development and deployment of the HTL

technology in Canadian and global bioenergy sectors.

Keywords: Batch reactor, Bio-oils, Black liquor, Continuous reactor, Hydrothermal

liquefaction, Wood sawdust

6.1 Introduction

Serious environmental concern and increasing demands for clean and renewable energy

and chemicals have significantly propelled the development and deployment of advanced
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bioenergy production and application technologies. Biomass is a plant-based renewable
resource, including mainly forestry and agricultural residues, energy crops, sewage sludge,
microalgae, food and other organic wastes [1]. Compared with fossil resources, biomass is
renewable in nature [2-5], making it as a very important alternative for fossil resources for

global energy and chemical production.

Pyrolysis and hydrothermal liquefaction (HTL) are two main thermochemical pathways
developed for the transformation of raw biomass materials into liquid products that can be
further processed to produce biofuels or bio-based chemicals. Over the past decades, HTL
has developed to be one of the most promising thermochemical conversion methods to
valorize different types of biomass feedstocks, ranging from lignocellulosic biomass to
microalgae and organic wastes, in particular for wet bio-feedstocks. Recently HTL has
gained more attention than pyrolysis because it produces higher quality bio-oils with a
lower oxygen content (5-20 wt.%) and much less by-production of gas and solid products
[6], and it can process high-moisture (>70%) feedstocks without the requirement for pre-
drying [7, 8]. HTL of biomass or organic wastes operates at mild temperatures (200—
400 °C) and the pressure range of 5-25 MPa due to the presence of water or an organic

solvent or a mixed solvent [9].

Intensive efforts have been made in biomass HTL in batch reactors, generating abundant
information on the effects of different operating parameters and a variety of feedstocks on
the yields and properties of bio-oils [7, 10-14]. However, precise control of residence time
and pressure in a batch reactor are quite challenging due to the variability in reactor
heating/cooling rates, and the autogenic pressure (temperature, solvent and reactor volume
dependent) during the HTL processes [15]. Thus, the findings from batch processing
cannot be directly and effectively applied to the continuous-flow processes, which are more
desirable for future industrial scale applications of the HTL technology [1, 16]. Recently,
continuous-flow HTL processes has attracted particular attention due to its obvious
advantages, such as flexibility, lower supply chain inventory and a higher overall
equipment effectiveness [3, 17, 18]. For example, researchers from the Pacific Northwest
National Laboratory (PNNL) have accumulated considerable experience in continuous-

flow biomass HTL. They developed a continuous-flow HTL reactor system comprising a
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continuous-flow stirred-tank reactor and a horizontal tubular reactor, and conducted
continuous-flow HTL investigations on a variety of wet-waste feedstocks (fermentation
waste, sludge, manure, food waste, and mixed waste) [19-21]. The University of Bath's
continuous HTL reactor proved to be a cost-effective solution, which made it a viable
option for large-scale implementation. The reactor's unique design, consisting of a double
tube with an inner tube placed within a reactor, enabled the cold algae feed to be introduced
through the top of the inner tube, where it was gradually heated. The resulting products
were then directed up through the annulus of the reactor and exited from the top [22].
Anastasakis et al. [23] developed a pilot-scale continuous- flow biomass HTL system
employing a hydraulic oscillation device to boost the turbulence inside the tube reactor
(with a slurry feeding capacity up to 100 L/h). The oscillators improved the overall mixing
and heat transfer inside the reactor system by increasing the turbulence throughout the
reactor. In addition to this, they demonstrated the efficiency of a customized heat exchanger,
being able to recover up to 80% of heat in the reactor effluent. Aierzhati et al. [24]
presented a novel mobile pilot-scale HTL reactor system (0.57 L/min) for food waste
conversion. The mobile HTL system can be delivered to everywhere by truck, and their
work demonstrated the economic viability of this mobile HTL system when there is a
widespread availability of biomass resources (more than 106 miles). However, the
accumulated information of continuous-flow HTL processes is quite limited and there are
no clear comparisons between batch- and continuous-HTL modes. Also, it is unclear about
the role of biomass types (especially biowastes) on the performance of continuous HTL

processes.

In summary, most of the HTL research has been conducted in batch reactors, and
continuous-flow reactor systems are more desirable for industrial applications of biomass
HTL. Therefore, this study aimed to compare the performance of a continuous-flow reactor
and a batch reactor in HTL of various types of bio-feedstocks (pinewood sawdust, cornstalk,
and black liquor) in terms of product yields and chemistry of the bio-oils as well as the
energy recovery potential. In this work, HTL of the three types of biomasses were
processed in a plug-flow HTL reactor (with a slurry feeding capacity of up to 6 kg/h) and

a 100 ml autoclave batch reactor at 300 °C for 12 min in the presence of K>COs catalyst.
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The physicochemical characteristics of the bio-oils were analyzed using Fourier transform
infrared spectroscopy (FT-IR), gas chromatography mass spectrometry (GC-MS), gel

permeation chromatography (GPC), and elemental analysis techniques.

6.2 Materials and Methods
6.2.1 Materials

Cornstalk used in this work was provided by Ontario Federation of Agriculture collected
from South Ontario, Canada. Pinewood sawdust was collected from a local sawmill in
London, Canada. The black liquor used in this study was provided by FPInnovations
Bioeconomy Technology Centre, Thunder Bay, Canada. The cornstalk and pinewood
sawdust were pre-drying at 105 °C in an oven for 24 h and grounded to particles finer than
40 mesh. The chemical compositions of the three bio-feedstocks are presented in Table
6.1. Potassium carbonate and sodium carboxymethyl cellulose (CMC) were purchased
from Sigma-Aldrich (Oakville, Canada). Sulfuric acid was bought from VWR International
(Mississauga, Canada). Reagent-grade acetone and ethanol were obtained from Fisher

Scientific (Ottawa, Canada).

Table 6.1: Chemical compositions of the bio-feedstocks.
Cornstalk  Pinewood  Black liquor

Proximate analysis (wt.%)

Moisture content 6.1 12.4 -
Cellulose® 353 40.7 -
Hemicellulose? 32.6 25.8 -
Lignin® 18.6 26.8 42.0
Extractives? 11.1 6.1 -
Ash? 2.4 0.6 32.1
Ultimate analysis (wt.%)?

C 46.0 47.0 37.3
H 5.9 6.0 3.9
N 0.6 0.01 0.03
S <0.01 <0.01 1.6
oP 46.5 46.4 25.0
HHV (MJ/kg)° 15.0 16.2 13.9

2On dry basis; ® By difference; © Calculated by DuLong equation: HHV (MJ/kg) = 0.338%C +
1.428(%H-%0/8) + 0.095%S.
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6.2.2 Experimental Setup

The batch-mode HTL experiments were conducted in a 100 ml autoclave reactor (Parr
4590 HP/HT reactor) under the operating conditions listed in Table 6.2. In a typical run,
biomass feedstock, distilled water, ethanol (as a co-solvent) and K>COs (catalyst) were
loaded into the reactor. After that, the reactor was sealed and purged with nitrogen to
completely remove any residual air. Following that, the reactor was pressurized with
nitrogen to 2 MPa and then heated under stirring at 172 rpm to the desired temperature and

maintained at that temperature for 12 min as the residence time.

The continuous-flow HTL experiments were conducted on a plug flow HTL reactor (with
a maximum slurry feeding capacity of 6 kg/h) designed and custom-built at our lab. Figure
6.1 is the schematic diagram of the continuous-flow reactor for biomass HTL. The detailed
information of this setup was described in Section 5.2.2. In a typical run, the feedstock was
prepared by mixing the ground biomass particles, K2CO3, and water or water/ethanol co-
solvent. To facilitate pumping the cornstalk or pinewood slurry with high solids
concentration, CMC as a dispersant was added to the feedstock slurry at an amount of 3
wt.% of the total reaction mixture to obtain a homogeneous suspension. The slurry was fed
into the reactor system and reacted at 300 °C inside the tube reactor. The estimated average
residence time inside the reactor was controlled at 12 min by setting the slurry feeding
speed at 25 mL/min (or 1.5 kg/h). The detailed process parameters for continuous-flow
HTL experiments are presented in Table 6.2. The purpose of adding EtOH in HTL of
cornstalk and pinewood was to prevent potential clogging of the reactor by the bio-oils as
ethanol could dissolve the bio-oils produced. The bio-oils produced from cornstalk and
pinewood were highly viscous and thus could not be dissolved in water after passing
through the cooler in the continuous-flow system, consequently resulting in clogging
problem in the continuous-flow operations. Whereas the bio-oil converted from black

liquor was water-soluble due to its high alkali content.
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Figure 6.1: The continuous-flow reactor system used for HTL of bio-feedstocks.

Table 6.2: Detailed operating conditions for the batch/continuous-flow HTL of cornstalk,
pinewood, and black liquor.

Feedstock Cornstalk, Pinewood Black liquor
Solvent Water/EtOH (9:1, v/v) Water
Solid/solvent ratio (w/w)  1:19 1:9
Viscosity modifier CMC (3 wt.% for the continuous- n.a.

flow reactor only)
Catalyst K2COs3 (5 wt.% of dry feedstock)
Temperature 300 °C
Residence time 12 min

6.2.3  Conversion Products Separation

The products from HTL processes include gaseous products (Gas), bio-oil, aqueous phase
(AP), and solid residue (SR). In the batch-mode HTL tests for cornstalk and pinewood, the
products were collected and separated based on the similar separation procedure of
pinewood sawdust in Section 3.2.2.2. For the batch-mode HTL tests of black liquor, the
products were collected and separated based on the similar separation procedure of batch-

mode lignin HTL process in Section 5.2.3.

In the continuous-flow HTL tests, the solid/liquid products were mainly collected from the

separation vessels (rinsed with acetone after the each run with cornstalk or pinewood) and
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the resulting suspension was vacuum-filtered through a pre-weighed VWR No. 413 filter
paper. The separated solids were then oven dried at 105 °C overnight to a constant weight
to determine the yield of SR. The total amount of the filtrate solution collected was weighed.
A fixed amount of filtrate sample was then taken and separated using the same procedure

as that for the batch-mode HTL tests.

The yields of the HTL products were calculated based on dry biomass as follows:

Bio — oil yield (wt. %) = —ss ofblo—oll 4 6.1)

Mass of feedstock

SR yield (wt. %) = —=23390R__ o 100 (6.2)

Mass of feedstock

(AP + Gas) yield (wt.%) = 100 — Bio — oil (wt. %) — SR (wt. %) (6.3)

HHVpio-oil

Energy recovery (%) =
gy y HHV¢eedstock

X Bio — oil (wt. %) x 100 (6.4)

6.2.4 Feedstocks and Products Analysis

Fourier transform infrared (FT-IR) analyses on a PerkinElmer FT-IR spectrometer
(Massachusetts, USA) were conducted to characterize the functional groups of the bio-oils.
The average molecular weight (Mw, Mn) and polydispersity index (PDI, PDI=Mw/Mu) of
the bio-oils were determined using Gel Permeation Chromatography (GPC, Waters Breeze)
equipped with 1525 binary pump, UV detector set at 270 nm, Waters Styragel HR1 column
at 40 °C. The polystyrene (linear polymer) standards were used in GPC-UV calibration.
The volatile compositions were analyzed with Gas Chromatograph-Mass Spectrometer
(GC-MS, Agilent Technologies, 5977A MSD) equipped with an HP-5MS column (30 m
x 250 um x 0.25 um). The GC temperature program was set as: held at 40 °C for 5 min,
then increased by 10 °C/min to 150 °C and held for 2 min, then increased by 10 °C/min to
290 °C and held for 5 min. The injection mode and ionization mode were split mode and
electron ionization (EI), respectively. After a solvent delay of 3.0 min, full scan mass
spectra were acquired from 40 to 400 m/z. It should be noted that some low molecular-
weight oil compounds might be lost in the solvent evaporation stage, and most of the heavy

compounds cannot be eluted into the column [25]. The identification of the peaks was
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conducted based on the NIST Library with 2011 Update and then integrated and
normalized to 100 to get a semi-quantitative result. According to their functional groups,
the main chemical compounds in bio-oils were categorized into furans, acids, aldehydes,
phenols, esters, alcohols, ketones, aromatic compounds, and others (e.g., sulfides,
chlorides). The element compositions (C, H, N, and S) of the feedstocks and bio-oils were
determined on an elemental analyzer (Vario EL Cube). The O content was calculated by
difference on a dry basis (%0 = 100% — %Ash — %C — %H — %N — %S) where the ash
contents of the feedstocks and bio-oils were determined by ashing at 700 °C for 4 h in air
in a muffle furnace. NREL/TP-510-42718 method was used to determine the compositional
contents of lignin, cellulose, and hemicellulose in oven-dried lignocellulosic feedstocks.
FPI-in-house method was used to determine the lignin content in black liquor. The moisture
content in the lignocellulosic biomass was determined by drying in an oven at 105 °C for
12 h. The higher heating values (HHV) of all feedstocks and bio-oils were estimated by

Dulong equation.

HHV (MJ/kg) = 0.338%C + 1.428(%H-%0/8) + 0.095%S (6.5)

6.3 Results and Discussion
6.3.1 Cornstalk and Pinewood HTL
6.3.1.1 Products Distribution

Figure 6.2 shows the product yields in HTL of cornstalk and pinewood in the
batch/continuous-flow reactor at 300 °C for 12 min. It should be noted that all batch tests
were repeated 2-3 times and the relative errors are presented as error bars, while the
continuous-flow tests were not repeated due to their long-time operations. The yields of
bio-oil from cornstalk and pine sawdust in the continuous-flow reactor (32.4 wt.% and 34.5
wt.%, respectively) were both noticeably higher than those from the batch reactor (23.8
wt.% and 28.5 wt.%, respectively). Moreover, the SR yields were much lower under the
continuous-flow operations. The different reactor type thus accounted for the differences
in the products distributions in HTL of both lignocellulosic feedstocks. Some possible
reasons are discussed here. First of all, the differences in heat/mass transfer in the batch

and continuous-flow reactor systems would certainly influence the biomass HTL reactions.
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In addition, in the continuous-flow operations, the feed reached the reactor controlled at
the reaction temperature, whereas in the batch operations, the feedstock was progressively
heated from room temperature to the reaction temperature, and the heating time (approx.
30-60 min) was not counted in the reaction time. As such, the actual residence time in the
continuous-flow operations would be shorter than that occurred in the batch operations. In
a HTL process, a shorter residence time was found to be generally preferrable for bio-oil
production, especially in the operations with a low biomass-to-water ratio [6, 7, 26]. A
longer residence time would induce repolymerization and condensation of intermediate
products into insoluble large molecules or SR [3], hence lowering the yield of bio-oil [27-
29]. Different results were described in others’ research. Barreiro et al. [30] provides a
comparison between the performance of CSTR and batch reactors on HTL of microalgal
species. The bio-oil yield decreased for both strains when using a CSTR. (from 51.5 £2.1
wt.% in batch to 42.6 + 5.5 wt.% in CSTR for S. almeriensis; from 52.6 + 2.3 wt.% in batch
to 50.8 £ 1.1 wt.% in CSTR for N. gaditana). Similarly, Laleh reported that the yield of
bio-oil from HTL of waste activated sludge in the continuous-flow reactor (25.3 wt.%) is
slightly lower than that from the batch reactor (~30 wt.%) [31]. It should be noted that the
higher bio-oil yield in the continuous-flow operation could also be attributed to the
conversion of some CMC added as the feedstock dispersant in the continuous-flow
operations [32, 33]. In addition, the higher bio-oil yield obtained from pinewood HTL
process could possibly be due to the higher cellulose and lignin content in pinewood

sawdust [34, 35].
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Figure 6.2: Products yields from HTL of cornstalk (left) and pinewood (right) in the
batch and continuous-flow reactors at 300 °C for 12 min (Solid: Batch; Diagonal strips:
Continuous-flow).

6.3.1.2 Chemical Analysis of the Bio-oils

Table 6.3 summarizes the chemical property results for the bio-oils obtained in the batch-
mode/continuous-flow HTL of cornstalk and pinewood at 300 °C, for 12 min: their
elemental compositions, HHV, energy recovery and molecular weights. Compared with
those obtained from the continuous-flow operations with both feedstocks, the bio-oils
obtained from the batch operations have slightly higher carbon contents, lower oxygen
contents, and higher HHVs (29.3 MJ/kg and 28.9 MJ/kg, respectively, from the batch
reactor vs 24.7 MJ/kg and 24.4 MJ/kg, respectively, from the continuous-flow operations
reactor). These could result from the enhanced deoxygenation reactions owing to a
relatively longer reaction time in the batch operations [36]. Similar trend was reported by
Fan et al. [16]. Higher content of oxygen was found in the bio-oil from continuous flow
HTL of sewage sludge. They indicated that a faster heating rate in continuous operation
improves the formation of oxygenates. Although a greater HHV of bio-oil is always
desirable, a balance on bio-oil yield and HHV must be considered to have better energy
recovery rate for bio-oil production from biomass HTL [37]. As shown in Table 6.3, the

energy recovery into the bio-oil produced from cornstalk and pinewood was slightly higher



130

in the continuous-flow reactor (53.3% and 52.0%, respectively) compared to that in the
batch reactor (46.5% and 50.8%, respectively). The bio-oils obtained from both reactors
have similar My, (572-742 g/mol) and M, (410-476 g/mol), as presented in Table 6.3.

Table 6.3: Comparison of chemical properties of the bio-oils derived from
cornstalk/pinewood in the batch/continuous-flow HTL processes at 300 °C for 12 min.

Cornstalk Pinewood
Batch Continuous- Batch Continuous-

flow flow
Yields (wt.%) 23.8 324 28.5 34.5
Ultimate analysis (wt.%)?
C 70.5 67.6 69.8 66.1
H 6.7 4.7 6.6 5.0
N 0.05 0.3 0.86 0.2
S <0.01 0.1 <0.01 0.05
o° 22.8 27.3 22.8 28.6
HHV (MJ/kg)° 29.3 24.7 28.9 24.4
Energy recovery (%)" 46.5 53.3 50.8 52.0
Molecular weight
My (g/mol) 708 742 632 572
M (g/mol) 453 476 410 422
PDI 1.56 1.56 1.54 1.36

2On dry basis; ® By difference, assuming negligible ash content; ¢ Calculated by DuLong equation;
HHV ;) XxWeightgj) % 100
HHVfeedstock XWeightfeedstock '

dEnergy recovery (%) =

The GC-MS analysis results of main volatile chemical compounds in the bio-oils from
HTL of cornstalk and pinewood sawdust in the batch/continuous-flow operations are
compared in Figure 6.3. The major components detected by GC-MS are aromatic and
phenolic compounds, and some ketones, which could be derived from cellulose in the
cornstalk/pinewood feedstocks. Compared with the oils from the batch operations, the bio-
oils obtained from the continuous-flow operations contain higher amount of furan
compounds, with relatively smaller molecular weight. This could be due to the longer
retention times in the batch HTL process , causing condensation/repolymerization of the

furans into large-molecule compounds or even hydrochar [3].
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Figure 6.3: GC-MS analysis results for the bio-oils obtained from HTL of cornstalk and
pinewood in the batch/continuous-flow operations at 300 °C for 12 min.

Figure 6.4 shows the FT-IR spectra of the bio-oils converted from HTL of cornstalk and
pinewood sawdust in the batch /continuous-flow reactors. The broad IR absorption at 3350
cm’! is typical of O-H stretching, suggesting the presence of alcohols, phenols, carboxylic
acids, or water residues in the oils. The absorbance at 1700 cm™!, representing the C=0
stretching vibration of carbonyl groups, indicates the presence of ketones, aldehydes, esters
or carboxylic acids in the oils. These peaks were observed to be more intensive in the bio-
oils obtained in the batch-mode experiments, indicating possible formation of esters
between acid intermediates and alcohol. In addition, these peaks are relatively stronger in
the bio-oils obtained from HTL of pinewood possibly due to the higher cellulose content
in pinewood leading to the production of more ketones or acids [38]. The relatively
medium-intense peaks at 1611 and 1495 cm™ represent aromatic nuclei, indicating the
presence of aromatic rings and their derivatives. The IR absorption bands between 3000
and 2840 cm™! are attributed to C-H stretching vibrations, indicating the presence of alkyl
C-H in the oils. The two absorption peaks at 1370 and 1456 cm™ are attributed to the
bending vibrations of methyl (-CH3) and methylene (-CHz) groups, respectively. The



132

presence of C-H stretching vibration and the C-H blending indicates the alkane groups in
the bio-oils. The peaks between 1280 and 1000 cm™ could be related to C-O vibrations.
These peaks are relatively stronger in the bio-oils obtained in the continuous-flow
operations, suggesting that the oils may contain higher concentrations of acids, phenols,
furans, or alcohols. The peak at 860 cm™ in the oils from the continuous-flow HTL of
cornstalk, attributed to C-H bending, suggests the possible presence of single, polycyclic,
and substituted aromatics. In general, the shorter residence time in continuous HTL process
could lead to the higher content of small-molecule compounds, such as furans, as indicated
in the GC-MS results (Figure 3) and the relatively stronger peaks at 1100 cm™ representing
C-O vibration.
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Figure 6.4: FT-IR spectra of bio-oils obtained from HTL of cornstalk and pinewood in
continuous and batch-mode reactors at 300 °C for 12 min.

6.3.2 Biowaste-Black Liquor HTL
6.3.2.1  Products Distribution

The products distribution for HTL of black liquor on the batch/continuous-flow reactors at
300 °C, for 12 min are compared in Figure 6.5. The bio-oil, SR, and (AP+Gas) yields from

black liquor processed in the continuous-flow reactor were 53.0, 4.2, and 42.8 wt.%,
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respectively, which are closed to those in the batch reactor (52.8, 4.5, and 42.7 wt.%,
respectively). These results indicate that the differences in the types of operations (batch
vs. continuous-flow) had negligible effects on the products distribution for the black liquor
HTL, likely owing to the faster conversion of lignin in the black liquor, which is different
from what was observed in HTL of lignocellulosic feedstocks (pinewood and cornstalk)
(Figure 6.2). A higher bio-oil yield was obtained in black liquor HTL process than those
of cornstalk and pinewood, since the major organic compounds in black liquor is lignin

which produces higher amount of bio-oil than cellulose and hemicellulose [39].
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Figure 6.5: Products yields from HTL of black liquor in the batch/continuous-flow
reactors at 300 °C for 12 min (Solid: Batch; Diagonal strips: Continuous-flow).

6.3.2.2 Chemical Analysis of Bio-oils

Table 6.4 presents the elemental compositions, HHVs, energy recovery rates and
molecular weights of the bio-oils derived from black liquor in the batch/continuous-flow
HTL operations. Both batch and continuous-flow HTL of black liquor produced bio-oils
with lower HHVs (20-23 MJ/kg), compared with 24-29 MJ/kg for the oils obtained from

pinewood and cornstalk. Compared with the batch HTL system, the continuous-flow
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reactor system produced bio-oils with a slightly higher oxygen content and hence lower
HHYV, and a reduced energy recovery rate (78% in the continuous-flow process vs. 86% in
the batch process), as similarly reported in previous studies [16, 30, 31]. These results could
be due to the shorter in-reactor reaction time and less deoxygenation of reaction
intermediates during the continuous-flow HTL process [40, 41]. Similar results were
Furthermore, the molecular weights (My=1089 g/mol, M,=672 g/mol) are also lower for
the oil obtained from the continuous-flow system in comparison with those of the batch
system (My=1348 g/mol, M,=805 g/mol). As discussed previously, the shorter in-reactor
residence time in the continuous-flow operation could reduce the extent of
repolymerization of the reaction intermediates, and hence produce bio-oils with reduced
molecular weights [36, 40]. Similar results were obtained by Barreiro et al. [30]. They
found that batch experiments led to a bio-oil containing molecules with higher molecular
weight. The reduced heating and cooling durations in the continuous reactor, combined
with the ongoing extraction of products from the reaction mixture, could diminish the
occurrence of repolymerization reactions. As a result, this can lead to the production of a

bio-oil with a lower concentration of heavy molecules [30].

Table 6.4: Comparison of chemical properties of the bio-oils derived from black liquor in
the batch/continuous-flow HTL operations at 300 °C for 12 min.

Batch Continuous-flow
Yields (wt.%) 52.8 53.0
Ultimate analysis (wt.%)?
Ash (wt.%) 11.7 6.9
C 58.8 55.7
H 4.2 4.1
N 0.08 0.2
S 4.7 6.1
QP 20.5 27.0
HHV (MJ/kg)® 227 20.4
Energy recovery (%) 86.0 77.6
Molecular weight
My (g/mol) 1348 1089
M, (g/mol) 805 672
PDI 1.67 1.62

20n dry basis; By difference; ¢ Calculated by DuLong equation;
HHV ;) xWeightgj; % 100
HHVfeedstock XWeightfeedstock '

YEnergy recovery (%) =


https://www.sciencedirect.com/topics/engineering/deoxygenation
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As also observed from Table 6.4, the ash of bio-oil from the batch operation is almost two
times of that from the continuous-flow HTL operation. The relatively longer retention time
in batch reactors could possibly enhance the release of ash from the bio-feedstocks into
subcritical water, which may facilitate the combination between ash component and bio-
oil intermediates, leading to the higher ash content in bio-oil produced from the batch

operation.

The compositions of volatile fractions of the bio-oil samples obtained from batch and
continuous-flow HTL of black liquor were analyzed by GC-MS and the results are
compared in Figure 6.6. The major volatile compounds of both bio-oil samples are
phenolic and aromatic compounds, as expected, because of the dominant presence of lignin
in the black liquor feedstock. The bio-oil obtained from the batch HTL process contains
more long-chain esters compared with that from the continuous-flow process, possibly due
to the repolymerization of small-molecule reaction intermediates during the relatively
longer in-reactor residence time in the batch system as discussed previously. This result
can be further evidenced by the FTIR spectra of the bio-oils as illustrated in Figure 6.7.
The relatively stronger peaks at 1700 cm™, 1280 cm™!, and 1000 cm™! indicate that the bio-
oil sample from batch system contains a higher content of esters. In addition, the peaks
between 1611 and 1495 cm™! were observed to be more intensive in the bio-oil obtained in
the continuous HTL system, which suggests the presence of more aromatic compounds or
phenols. Furthermore, the stronger peak of O-H at 3500 cm™! indicates that the bio-oil from

batch-mode process contained more phenols.
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Figure 6.6: GC-MS analysis results of the bio-oils obtained from HTL of black liquor in
the batch/continuous-flow reactors at 300 °C for 12 min.
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Figure 6.7: FT-IR spectra of the bio-oils obtained from HTL of black liquor in the
batch/continuous-flow reactors at 300 °C for 12 min.
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6.4 Conclusions

In this study, the performance of a continuous-flow HTL process against that of a batch
HTL process was compared for processing three types of bio-feedstocks at 300 °C for 12
min. The HTL of cornstalk and pinewood in the continuous-flow reactor produced more
bio-oils (32.4 and 34.5 wt. %, respectively) and less solid residues (2.9 and 4.6 wt.%,
respectively) as well as higher energy recovery rates (53.3 and 52.0 %, respectively)
compared with those in the batch reactor (Cornstalk: 23.8 wt.%, 6.2 wt.% and 46.5%,
respectively; Pinewood: 28.5 wt.%, 10.3 wt.% and 50.8%), although the HHVs of the bio-
oils from the continuous-flow reactor are slightly lower. The bio-oils obtained from these
lignocellulosic biomass feedstocks in both reactors have similar molecular weights
(Mw:572-742 g/mol and Mn: 410-476 g/mol), while the oils obtained from the continuous-
flow operations contain higher amounts of furan compounds. The HTL product yields from
black liquor do not exhibit significant difference between the continuous-flow and batch
operations, while the bio-oil obtained from the continuous operation has a slightly lower
HHV (20.4 vs. 22.7 MJ/kg) and smaller molecular weights (My:1089 vs. 1348 g/mol and
Ma: 672 vs. 805 g/mol). These results would be helpful for designing the HTL systems for
continuous production of bio-oil and drop-in fuels at a larger scale, using lignocellulosic

biomass or biowaste.

While HTL has undergone significant improvements, there are still some major challenges
to be addressed for commercializing the HTL process. The availability and storage of
biomass can present logistical challenges. The lower density of biomass compared to fuel
density has a detrimental effect on processing and transportation costs and logistics [42].
Feeding biomass to continuous reactors can also pose challenges when dealing with slurries
that contain a high content of solid particles, especially under high pressures. The presence
of solid particles in the feed can lead to blockages in both the reactor's inlet and outlet. An
additional challenge in large-scale applications is the presence of solids in the product
stream. The gravitational separation currently used could be time consuming with a time
up to 90 min for the solid products to settle [43]. Other challenges allied with HTL

continuous operations including potential corrosion caused by ash content in biomass, the
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replacement of catalyst, the excess need of water for specific types of biomasses (e.g.

microalgae and lignocellulosic biomass) and etc.
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Chapter 7

/  Roles of Biomass Feedstocks and Corresponding
Organic Products on Corrosion of SS316L under
Hydrothermal Liquefaction (HTL) Conversion

Abstract

The industrial application of hydrothermal liquefaction technology is retarded due to
limited materials and corrosion knowledge on corrosion of reactor alloys. To fill
knowledge gaps and partially support the development of material technology guideline on
HTL plant construction, this study investigated the effects of biomass feedstocks and
organic products on the corrosion of a candidate construction alloys (SS316L) in catalytic
hydrothermal liquefaction environments. It is found that some organic compounds
produced from the conversion of bamboo may act as corrosion inhibitors to facilitate the
formation of a carbon-rich layer on the surface oxide scale of the steel. The presence of
excessive amounts of S and ash in black liquor feedstocks can completely change the
corrosion mode of SS316L in the HTL environments and significantly accelerate the

COITOS1ON Process.

Keywords: Bamboo, Bio-oil, Black liquor, Corrosion, Hydrothermal liquefaction, SS316L

7.1 Introduction

Over the past decades, serious environmental concerns caused by the production and
application of conventional fossil resources and continuously increasing demand for
energy supply have prompted extensive R&D activities on the development of reliable,
clean and sustainable energy alternatives to partially and even completely replace the fossil
fuels [1, 2]. Among the identified alternatives, raw biomass materials, such as food
residues, energy crops, forest and agricultural products and residues, and waste from
industry, farms and households, have been widely recognized as one of the most promising
resources since the conversion of them into marketable biofuels and biochemicals can help

achieve environmental-friendly and renewable targets [3-5]. It is estimated that the annual
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global primary energy production from biomass resources can be roughly equivalent to the
4,500 EJ (1 EJ = 10'8 J) of solar energy captured per year [6]. More attractively, abundant
industrial and municipal biowastes can also be directly and rapidly converted into green
bioenergy products via either biochemical or thermochemical processes. Compared with
the biochemical methods, the thermochemical pathways are more efficient in terms of
process duration, the ability to decompose the biomass fractions, and carbon conversion

efficiency [7].

Hydrothermal liquefaction (HTL) is a thermochemical conversion process in which hot-
compressed water, water-alcohol mixed solvents, or other organic solvents are used as a
medium to convert wet biomass and biowaste feedstocks into crude biooil at temperatures
ranging from 200-400 °C and pressure up to 35 MPa [8-10]. This process has attracted
particular attention for the conversion of wet energy crops and biowaste streams, such as
black liquor, wastewater sludge, food waste, and freshly harvested algal biomass, etc. [11-
13]. These feedstocks generally consist of a complicated mixture of carbohydrates,
proteins, and minerals and pose unique chemical and physical characteristics [14, 15].
Different from them, the agricultural and forest feedstocks, such as straw, corn stalks, soft
and hard woods, and bamboo [16], are mainly composed of three major compounds,
namely cellulose, hemicellulose and lignin [15, 17]. Among the HTL feedstocks, municipal
or industrial waste stream is likely to be the most complicated feedstock which usually
consists of highly aggressive components, such as hydroxide, sulfide, and thiosulphate. It
is worth noticing that the components and elements within the biowastes could be

remarkably different, depending on their original sources and processing conditions.

Despite the different compositions of HTL feedstocks, the general HTL conversion
mechanism involves the breakdown of intermolecular hydrogen bonds into monomers,
followed by the hydrolysis of biopolymers. However, the chemical content (such as O, H,
and C), structural components (such as hemicellulose and lignin), lipid, and carbohydrate
composition of different biomass feedstocks can vary significantly, resulting in significant
difference of reaction processes and kinetics and consequently leading to different final
yield and quality of bio-oils. In recent years, several studies [18-20] have been conducted

to predict the yield and quality of bio-oil from different biomass feedstocks based on
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kinetic modeling and/or lab-scale testing. However, a general kinetic model is still not
available to quantitively predict HTL product yields based on feedstock chemistry and
processing parameters. Additionally, compared with the biooil produced via pyrolysis
process (14-20 MJ/kg), HTL-generated oil has reduced oxygen and moisture contents,
higher HHV (25-35 MJ/kg), and less corrosivity [21, 22].

To achieve optimum carbon conversion efficiency and obtain high-quality bio-oil, a
heterogeneous (e.g., ZSM-5, Pt/C, Pd/C, and Ru/C) or homogeneous (such as K>COs,
KOH, Na>xCO3, NaOH and H>SOs) catalyst is also introduced into the HTL processes [23-
26]. Among all the catalysts, alkaline catalysts are seen as the most promising and cost-
effective options for HTL conversion as they can effectively prevent the repolymerization
of biocrude-forming fragments and enhance bio-oil yield by 50—135 % [27]. The overall
rank of catalyst activity on the HTL conversion has been proposed as KoCO3 > KOH >
NaCOs > NaOH [28]. It is worth noticing that the major challenge of using homogeneous
catalysts lies in the difficulty of isolating the product from liquid media and the associated
acceleration in the corrosion rates of reactor alloys as their addition can make the process
environmental chemistry more aggressive. For instance, a recent study reported that the
addition of 0.5 M K»COs3 could increase the environmental pH up to ~ 12 at room
temperature, at which the major alloying elements (Cr, Fe, Ni) in reactors alloys would

suffer active corrosion instead of protective oxidation [29].

Despite its simplicity and high suitability for wet feedstocks, the widespread
commercialization of HTL technology has not been established due to several economic
concern and knowledge gaps, including high capital investment and technical obstacles
such as clogging and corrosion of core components. In the case of water HTL conversion,
the operating environments are expected to be highly corrosive to the refining reactor alloys
due to the presence of hot-pressurized water medium, caustic catalysts, and the by-
production of organic acids and inorganic corrodents (such as Cl-and S*) [30-32]. Previous
operation experience and knowledge accumulated on high-temperature aqueous systems,
such as boiling and pressurized water nuclear reactors, have shown that the corrosion of
constructional alloys must be a significant factor for safe long-term operation [33-38].

Moreover, recent studies in simulated HTL environments indicated that the presence of an
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alkaline catalyst could cause a remarkable increase in corrosion rate as the formed surface
scale was composed of porous hydroxides with high solubility in high temperature aqueous
environments instead of stable and compact oxides [39, 40]. Furthermore, the feedstock
type and composition will affect the overall bio-oil yield, compositions, and the contents
of corrodants released. For instance, industrial bio-wastes can contain more than 10,000
ppm of CI" and S* ions, which are well known agents to facilitate localized pitting and
stress corrosion cracking of Fe-based steels and Ni-based alloys [32, 41-44]. The organic
acids generated from the HTL processes shall change the environmental pH and possibly

change the corrosion mode and extent of reactor alloys [39, 45].

Fe-based stainless steels, such as SS316L, have been widely used as construction materials
in high temperature aqueous environments [46, 47]. Recent studies in simulated HTL
environments indicated that SS316L could be a very promising candidate for the
construction of HTL reactors [31, 48]. According to our knowledge, however, few
corrosion studies have been conducted in real biomass HTL conversion environments.
Compared with the simulated HTL environments, the chemistry of real biomass conversion
environments is much more complicated as inorganic corrodants (e.g., CI" and S**) and
organic products (such as phenolic and carboxyl compounds) are produced during the
conversion and the environmental pH remarkably varies with the conversion processes.
According to pilot-scale testing results, the HTL processes with KoCOs catalyst are likely
operated at the pH range of 612 [49-51]. To accelerate the development and deployment
of HTL technology in Canada and the global bioenergy industry in a cost-competitive
manner, it is important to determine whether the steel is the suitable materials of
construction for the HTL reactor and explore the influence of biomass types and major
conversion product on corrosion. Therefore, this study investigates the corrosion modes
and extents of SS316L steel under the catalytic batch-mode HTL conversions of two
representative feedstocks, bamboo (similar to sawdust) and black liquor, and analyzes the
conversion products to advance fundamental mechanistic understanding of the HTL

conversion processes and related corrosion mechanisms.
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7.2 Materials and Methods

7.2.1 Raw Materials and Chemicals

Bamboo and black liquor, obtained from a bamboo sawmill in South China and
FPInnovations Bioeconomy Technology Centre, Thunder Bay, Canada, were used as the
feedstocks in this study. The bamboo sawdust was pre-dried at 105 °C in an oven for 24 h
and grounded to fine particles less than 40 mesh size. The chemical compositions of those
two bio-feedstocks are listed in Table 7.1. As expected, the black liquor has much higher
S content, but lower oxygen compared to bamboo. As mentioned above, the addition of
homogeneous alkaline catalysts can significantly enhance the liquefaction of biomass into
bio-oil products [27]. During the HTL treatment of pinewood sawdust, the effect of these
catalysts on feedstock conversion was in the rank of KoCO3> KOH> NaxCOs> NaOH; the
corresponding conversion efficiency decreased from 96.0% to 86.0%, and the bio-oil
production yield from 33.7% to 22.4% [28, 52-54]. Thus, the catalyst employed in the
batch-mode tests was K2CO3 (99%, purchased from Sigma-Aldrich, Oakville, Canada) at
a concentration of 5 wt.% of dry feedstock, which optimized the conversion of bamboo;
and 0.5 M in the static test of simulated conditions, which optimized the conversion of
general forest, agricultural and microalgae feedstocks. Other chemicals used, including
KOH (99%), phenolphthalein, reagent-grade acetone (99.5%) and sulfuric acid (98%) were
obtained from Sigma-Aldrich (Oakville, Canada), VWR International (Mississauga,
Canada) and Fisher Scientific (Ottawa, Canada).

Table 7.1: Chemical compositions of bio-feedstocks used in this study.
Bamboo Black liquor

Ash (wt.%)* 0.44 32.1
Ultimate analysis (wt.%)?

C 47.24 37.32
H 6.18 3.93
N 0.21 0.03
S <0.01 1.64
o° 45.93 24.98
HHV (MJ/kg)° 16.59 13.92

20n dry basis; ° By difference; ¢ Calculated by DuLong equation
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7.2.2  Corrosion Test Specimen Preparation

Testing coupons (20 mm long x 10 mm wide x 2 mm thick) were machined from a
commercial SS316L plate and its composition is presented in Table 7.2 based on the
certificate provided by the supplier. A small hole with a radius of 2 mm was drilled into
each coupon near the top to facilitate mounting on a homemade sample holder. Prior to
each corrosion test, the coupons were well polished with SiC papers up to 600 grits in
deionized water to completely remove possible contamination and defects introduced
during machining, rinsed using ethanol in an ultrasonic bath for 10 minutes, cleaned with
ultrapure water, and finally dried using pressurized air. After that, a sample ID was stamped
on each coupon near its top-left edge based on the in-house standard method. Before a
batch-mode HTL test, each coupon was weighed using a micro-balance with a precision of
1 pg, and its dimensions were measured using a digital caliper with a precision of 10 pm.
For each test, two coupons of stainless steel were used to ensure the accuracy and precision

of obtained results.

Table 7.2: Chemical Compositions of SS316L in this study.
Element Cr Ni Mo Mn C Si P Fe
Composition (wt.%) 16.60 10.0 1.60 1.20 0.02 0.30 0.02 Bal.

7.2.3  Test Facility and Procedure

Table 7.3 shows the autoclave test matrix which was performed to identify the effect of
feedstocks and organic products on corrosion under simulated and real biomass-contained
catalytic HTL conversion conditions. Note that the concentration of Cl- and S* in test #1
was chosen based on their maximum contents in industrial biowastes and the feeding
water/solid mass ratio of 15:1. Note that 10 wt.% of acetic acid was added in the test to
simulate the production of organic acids during the batch-mode tests, and the final pH value
after the simulated test is around 5.4, close to that after bamboo-contained HTL test (test
#2), which is 4.8-5.3. As shown in Figure 7.1, the test #1 was conducted in an Alloy C-
276 autoclave based on ASTM G31 standard [55], with a pre-oxidized Alloy 625 liner to
mitigate the influence of autoclave wall alloy. Note that Alloy 625 liner was pre-oxidized
in an air furnace at 400 °C for 24 hours and used for accommodating testing solution and

samples. Before the testing, the freshly prepared samples were loaded on the Alloy 625
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holder using 20Cr-80Ni alloy wires, which were also pre-oxidized to avoid the galvanic
effect between testing samples and the holder. The autoclave was then sealed and purged
with nitrogen gas for at least 60 min to produce a deaerated environment, following the
leaking test under high pressure N> condition. After that, the autoclave was powered on to
reach the target temperature. Once the temperature reached 310 °C, the time was recorded
as the start point and the test was allowed to proceed for 10 days. When the exposure
duration was reached, the heater was powered off, and the autoclave was allowed to cool
down to room temperature, before removing the exposed SS316L samples for subsequent

cleaning and characterizations.

Test #2 and 3 (batch-mode real HTL conversion experiments) were performed in a 500 ml
autoclave reactor (Parr 4575A HP/HT reactor). Although the concentration of K>COs in
the two tests is much lower than that in the simulated HTL test, the initial pH value of the
two tests is still higher than that of test #1 due to the addition of acidic acid. Figure 7.2
schematically shows the experimental setup for the tests. Figure 7.3 are the photo images
of batch reactor and sample holder used in this study. The testing samples were hung on a
pre-oxidized SS316L holder, which was placed at the bottom of the reactor during the tests.
Before a real HTL test, the oxygen in the reactor was completely removed by N2 purging.
After that, 2 MPa of nitrogen was charged into the reactor at room temperature. All alloy
coupons were subjected to cyclic batch-mode exposures for a total of 20 cycles at 300 °C
with the designed water/dried feedstock mass ratio of 15:1. The residence time of each
cycle was 30 min, which is also the duration required to completely convert the feedstocks
into bio-oils. Thus, the total exposure time for the corrosion tests was 10 hours. Afterwards,
the corroded coupons were removed from the reactor and rinsed with distilled water for 5
min, followed by acetone cleaning in an ultrasonic cleaner for 5 min. The collected
corroded samples were then used for subsequent corrosion rate measurements and
corrosion product characterizations. Meanwhile, the conversion products were also
collected for chemical analyses as described in the following section. In addition, the

autoclave reactor was cleaned using acetone and water before and after each cycle.
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Table 7.3: Test matrix conducted to identify the influence of biomass feedstocks and
organic products under simulated and real biomass-contained HTL conversion
conditions.

Test# Testing Conditions

in a static Alloy C-276 autoclave with an Alloy 625 liner containing deaerated 0.5
#1 M K2COjz+ 3500 ppm CI" + 2500 ppm S? + 10 wt.% acetic acid at 310 °C for 10
days

in a batch-mode autoclave containing deaerated 0.024 M K>CO3 (5 wt.% of dry

#2 biomass) and 6.25 wt.% bamboo (on dry basis) at 300 °C for 10 hours

in a batch-mode autoclave containing deaerated 0.024 M K>CO3 (5 wt.% of dry

#2 biomass) and 6.25 wt.% black liquor (on dry basis) at 300 °C for 10 hours
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Figure 7.1: (a) Schematic of the static autoclave setup used for test #1 in this study; (b)
Top-view photograph of the Alloy 625 liner, testing samples and sample holder.
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Figure 7.2: Schematic of the experimental set-up used for batch-mode read HTL tests
(tests #2 and 3).
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Figure 7.3: Photographs of a 500 ml batch reactor and test coupon holder.

7.2.4  Conversion Products Separation and Analysis

The products from HTL processes include gaseous products (Gas), bio-oil, aqueous phase
(AP), and solid residue (SR). In the bamboo HTL tests, the products were collected and
separated based on the similar separation procedure of pinewood sawdust in Section
3.2.2.2. For the black liquor HTL tests, the products were collected and separated based on

the similar separation procedure of batch-mode lignin HTL process in Section 5.2.3.

Fourier transform infrared (FT-IR) analyses on a PerkinElmer FT-IR spectrometer
(Massachusetts, USA) were conducted to characterize the functional groups of the bio-oils.
The volatile compositions were analyzed with Gas Chromatograph-Mass Spectrometry
(GC-MS, Agilent Technologies, 5977A MSD) equipped with an HP-5MS column (30 m
x 250 pm % 0.25 pm). The GC temperature program was set as: held at 40 °C for 5 min,
then increased by 10 °C/min to 150 °C and held for 2 min, then increased by 10 °C/min to
290 °C and held for 5 min. The element compositions (C, H, N, and S) of the feedstocks
and bio-oils were determined using an elemental analyzer (Vario EL Cube). The O content
was calculated based on the difference on a dry basis (%0 = 100% — %Ash — %C — %H
— %N — %S) where the ash contents of the feedstocks and bio-oils were determined by
ashing at 700 °C for 4 h in air in a muffle furnace. The higher heating values (HHV) of all
feedstocks and bio-oils were estimated by [56, 57].

HHV (M]/kg) = 0.388%C + 1.428(%H — %0/8) + 0.095%S (7.1)
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The total acid number (TAN) of the bio-oil products was evaluated by using 0.01 N KOH
and phenolphthalein as the titration solution and indicator, respectively. TAN was then

calculated in milligrams of KOH/gram of sample as follows:

TAN = [(A— B)N x 56.1]/W (7.2)
where:

A=KOH solution required for titration of the sample, ml,

B=KOH solution required for titration of the blank, ml,

N=normality of the KOH solution,

W=weight of sample used, g.

7.2.5 Corrosion Rate Measurement

Two weight change measurement methods, including direct weight change and indirect
weight loss measurements, are usually employed to determine the corrosion rates of
candidate alloys in high temperature environments. As considerable chemical dissolution
and localized breakdown of the formed corrosion layers as well as organic compound
deposition possibly occur during the exposures to the HTL environments, indirect weight
loss measurement is therefore seen as a more accurate method for assessing corrosion rates

in this study.

Based on ASTM G1 standard [58], the indirect weight loss measurement involves two
major steps: (a) descaling the formed surface corrosion products on an alloy coupon; and
(b) calculating the mass change of the coupon before a corrosion test and after the descaling.
Descaling can be achieved by immersing the coupons in specific chemical solutions, which
do not corrode metal substrates, but effectively remove the formed corrosion layers through
chemical dissolution reactions. In this study, the descaling was achieved by immersing the
corroded coupons in solution A (composed of citric acid, dibasic ammonium citrate, and
Disodium EDTA) at 90 °C for one hour, and then submerging in solution B (composed of

potassium permanganate and caustic soda) at 90 °C for another hour. After weighing, the
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coupon is then immersed in solution A for one hour again and weighed. The above
immersion treatment process was applied repeatedly until the weight of the coupon reached
a constant value. The descaling procedure has been demonstrated to be an effective way to
remove the oxide scale formed on Fe-based alloys when exposed to subcritical and
supercritical water environments [59, 60]. After the descaling, the coupons were cleaned
using ethanol and deionized water, dried with pressurized air, and weighed using a
microbalance. The corrosion rate of an alloy in millimeters per year was thus calculated by:

Corrosion Rate = 8.763 x 104 - 52 (7.3)
dst

where Am is the mass loss of the coupon in gram, d is the alloy density in g/cm?, S is the

measured surface area of the coupon (cm?), and t is the testing duration in hours [61].

7.2.6 Corrosion Products Characterization

After a corrosion test, primary optical examination on the corroded samples were
performed to roughly identify corrosion modes and extents of the tested materials.
Following that, one of the corroded coupons was selected from the replicate set for
microscopic electron characterizations. The corrosion products on the SS316L samples
were examined in detail using a FEI Nova NanoSEM 650 scanning electron microscope
(SEM) system and a Hitachi SU3900 large chamber variable pressure scanning electron
microscope system to identify corrosion modes (active corrosion, general oxidation, and/or
pitting) of oxide layers, respectively. A Rigaku SmartLab X-ray diffractometer (XRD) with
a Cu X-ray and Co Ka X-ray was used to determine the phase compositions of the corrosion
products formed. FT-IR (Bruker Tensor II system equipped with Hyperion 2000
microscope) were applied to identify the organic compounds deposited on the sample

surfaces.

7.3 Results and Discussion

7.3.1  Chemical Properties of HTL Products

The chemical compositions of produced bio-oils were analyzed using GC-MS, and the

results are summarized in Figure 7.4. The major compounds of bio-oils produced from the
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two feedstocks are phenolic and aromatic compounds. The bio-oil derived from black
liquor contains more phenols and aromatics, but fewer ketones compared to that converted
from bamboo. This can be attributed to the fact that the major organic compound in black
liquor is lignin (42 wt.% of the dried solid contents), while bamboo contains 57 wt.% of
carbohydrate (cellulose and hemicellulose) and 30 wt.% of lignin. The difference in
feedstock types and compositions can significantly affect the overall bio-oil compositions
due to various reaction behaviors of major components in raw biomass during HTL
conversion. Carbohydrates, including cellulose and hemicellulose, are firstly hydrolyzed
into monosaccharides and then undergo Retro-Aldol condensation to produce organic acids,
ketones, and alcohols [62]. Different from them, lignin is converted to aromatic compounds

via hydrolysis, C-C bond cleavage, and C-O bond cleavage [62].
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Figure 7.4: GC-MS analysis of the bio-oil obtained from the HTL of bamboo and black
liquor at 300 °C for 30 min, respectively.

FT-IR analyses of the bio-oil samples in the range of 4000-400 cm™ were performed to
identify the functional groups, and the collected spectra are presented in Figure 7.5. The

bands between 3000 and 2840 cm™ represent C-H stretching vibrations, indicating the
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presence of alkyl C-H. The two absorptions at 1370 and 1456 cm™ are attributed to the
bending vibrations of methyl (-CH3) and methylene (-CH») groups, respectively. The peak
at 1456 cm™! may be related to aromatic compounds presented in the oil. The broad
absorption at 3350 cm! is typical of O-H stretching, suggesting the presence of alcohols,
phenols, carboxylic acids, and water residues in the bio-oil. The absorbance at 1700 cm’!
represents the C=O stretching vibration of carbonyl groups and indicates the presence of
ketones, aldehydes, and carboxylic acids in oils. The peaks at 1611 and 1456 cm™ represent
aromatic rings and their derivatives. The bands between 1280 and 1000 cm™ could be
related to C-O vibrations, suggesting the possible presence of acids, phenols, furans, or
alcohols in the bio-oil. The peak at 860 cm™ attributed to C-H bending suggests the possible

presence of single, polycyclic, and substituted aromatics.
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Figure 7.5 : FT-IR spectrum of the bio-oil from the liquefaction of bamboo and black
liquor at 300 °C for 30 min, respectively.
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Table 7.4 summarizes the ultimate analysis results of bio-oils as well as the TAN value of
the produced bio-oils. From the corrosion perspective, the bio-oil produced from black
liquor is much more aggressive as it contains higher sulfur content (4.71 wt.%) and has a
higher TAN value of 106.22 +2.76 mg KOH/g compared to those generated from bamboo.
Note that a higher TAN value indicates the presence of a high concentration of organic

acids.

Table 7.4: Ultimate analysis results and associated TANs of produced bio-oils.

Feedstock Bamboo Black liquor

Ash (wt.%) n.d. 11.71

Ultimate analysis (wt.%)?2

C 70.40 58.83

H 6.38 4.20

N 0.33 0.08

S <0.01 4.71

oP 22.89 20.47

HHV (MJ/kg)© 28.82 22.68
TAN (mg KOH/qg) 40.07 £ 3.52 106.22 + 2.76

2On dry basis; ® By difference; ¢ Calculated by DuLong equation.

7.3.2  Characterization of Formed Corrosion Products and
Deposited Organic Products

The representative photographic images of SS316L samples before and after the exposures
to different HTL environments are shown in Figure 7.6. Before the tests, the surface of a
freshly prepared coupon was shining metal luster. However, after the exposures to the
simulated and real HTL conversion environments, the steels exhibited dark surface color,
implying the formation of thick corrosion layers and/or the deposition of organic
compounds. In addition, the samples exposed to bamboo and black liquor-contained
solution have relatively large black deposits on the surface, probably due to the formation
and agglomeration of organic compounds above the surface oxide layers. It is also noticed
that spallation occurred on the sample exposed to the black liquor-contained HTL

environment.
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Freshly 0.5 M K,CO;+ 3500 ppm CI + 0.024 M K,CO; + 0.024 M K,CO; +
prepared 2500 ppm S* + 10 wt.% acetic acid 6.25 % bamboo 6.25 % black liquor

K

Figure 7.6: Photographic images of SS316L before and after the exposures to simulated
HTL environment at 310 °C for 10 days and biomass-contained HTL environments at
300 °C for 10 hours, respectively.

In order to further explore the impact of organic feedstocks and organic deposits, top-view
SEM images were obtained and are shown in Figure 7.7. In the simulated HTL
environment, the steel experienced general oxidation and suffered considerable chemical
dissolution of formed oxides. Localized nodular oxidation and corrosive product
deposition were observed. Note that the deposition was likely to occur during the autoclave
cooling-down as described in a recent study [63]. As suggested in previous studies [64, 65],
stable Fe and Cr oxide are thermodynamically unfavorable to be formed in the simulated
catalytic HTL environments, and would have relatively high chemical dissolution rates in
the environment . Moreover, the addition of inorganic and organic corrodants (S*-, CI" and
acetic acid) into the simulated catalytic environment could further enhanced their

dissolution due to the following reactions:
CH;COOH + OH = CH3;COO" +H>0O (7.4)
S*+ H,0 =HS + OH" (7.5)

This corrosion mechanism shall also be applied on the steel exposed to the real HTL

conversion environments.

For the corrosion in real biomass conversion environment, a unique feature observed is the
localized accumulation of organic compounds on the steels, as shown in Figure 7.7 (b)
and (c). After the 10 hours exposure to the bamboo HTL environment, a porous and thick
carbon-rich deposition layer was presented on the steel, below which an oxide scale was
possibly formed. Cracks were found to develop along the whole surface layer. Different

from that, obvious spalling of the outer surface layer occurred on the steel exposed to the
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black liquor HTL conversion environment. Below the carbon-rich layer, a corrosion layer
was grown on the steels, accompanied by randomly distributed nodular oxides.
Interestingly, micro-pores and cracks are not observed on the corrosion layer. More
importantly, S* and ash are known to facilitate the steels susceptible to pitting [66-68].
However, the results indicated that pitting would be unlikely to occur even under the black

liquor HTL conversion.

The formation of organic compounds above the oxide layer implies that their functional
group might interact with oxide cation/anion and/or their vacancies. For instance,
CH3COO  ions produced from the reaction (4) could also interact with metal cations (M™")

in the oxide to form dissolvable metal acetate based on previous studies [29]:
nCH;C00~ + M3t ,.— M(CH;C00), (7.6)

The interaction could be quite complicated during the HTL conversion of bamboo or black
liquor due to the existence of numerous functional groups, as suggested by Figure 7.8

below.
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SU3900 15.0kV 10.0mm x1.00k SE
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Figure 7.7: Top-view SEM images collected on SS316L samples after the exposures to
(a) simulated HTL environment at 310 °C for 10 days, (b) bamboo-contained HTL
environments at 300 °C for 10 hours, and (c) black liquor-contained HTL environments
at 300 °C for 10 hours.

Figure 7.8 shows the FTIR spectrum collected on a SS316L sample after being corroded
in the bamboo-contained HTL at 300 °C for 10 hours. The absorbance at 1700 cm™,

representing the C=0 stretching vibration of carbonyl groups, indicated the presence of
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ketones, aldehydes, esters, or carboxylic acids within the deposited carbon-rich layer. The
relatively medium-intense peaks at 1611 and 1495 cm™ represented aromatic nuclei,
suggesting the presence of aromatic rings and their derivatives. The IR absorption bands
between 3000 and 2840 cm™ would be attributed to C-H stretching vibrations from alkyl
C-H in the oils. The two absorption peaks at 1370 and 1456 cm™ were attributed to the
bending vibrations of methyl (-CH3) and methylene (-CHz) groups, respectively. The
presence of C-H stretching vibration and the C-H blending was possibly due to the alkane
groups. The peaks between 1280 and 1000 cm™ were related to C-O vibrations, suggesting
the possible presence of acids, phenols, furans, or alcohols. The peak at 860 cm™ is
attributed to C-H bending suggested the possible presence of single, polycyclic, and
substituted aromatics. The functional groups observed on the SS316L corroded in black
liquor-contained environment were similar to that exposed to bamboo-containing
environment. In general, the carbon-rich layer deposited on the steel are mainly composed
of phenolic and carboxyl compounds. The roles of these compounds on corrosion will be

discussed in detail in Section 7.3.4 below.
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Figure 7.8: FT-IR spectrum collated on a SS316L sample after exposed to the bamboo-
contained HTL at 300 °C for 10 hours.
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To explore the chemical composition of corrosion layer formed, XRD spectra were
collected on the steel samples exposed to different HTL environments, and the results are
shown in Figure 7.9. The major oxide compounds formed under simulated HTL
environment are Fe and Cr spinel oxides as well as magnetite. Note that the spectrum has
been smoothed to better illustrate the location of minor peaks. Different from that, the oxide
layer formed under bamboo-contained environment might be quite thin and only the bulk
metal phase was detected. Note that the broad peak at 25° possibly referred to the
uncrystallized carbon-rich layer. In high-temperature aqueous solutions, a Cr-rich oxide
layer is expected to form on SS316L due to its Cr content > 16%. Thermodynamic
calculation suggested that the alloying elements (Cr and Fe) would be ready for the oxide
formation in all the three testing environments because of the negative formation energy
of their oxides [33]. The undetected Cr/Fe oxide signals on the sample exposed to bamboo-
contained environment could be attributed to the following factors: (1) the formed surface
scale might be too thin; and/or (2) the chemical dissolution of Cr oxides be remarkably
enhanced in the conversion environment. Compared with bamboo, the corrosion layer in
the black liquor HTL environment would be relatively thicker as the signals of FeS, Fe3Os,
and (Fe, Ni) Cr204 were collected. The FeS and Fe;O4 might be formed from the deposition
of corrosive ions or above the Cr-enriched oxides, since Cr oxides should be more
chemically stable in the testing environment compared to Fe compounds. Cross-section

TEM characterization is needed to further confirm the observations.
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Figure 7.9: XRD spectra collected on SS316L samples after the exposures to (a)
simulated HTL environment at 310 °C for 10 days, (b) bamboo-contained HTL
environments and (c) black liquor-contained HTL at 300 °C for 10 hours, respectively.

7.3.3 Corrosion Rates of SS316L in Different HTL Environments

The average corrosion rates of SS316L in different HTL environments were estimated
based on the weight loss measurement and Eqn. (7.3) as described in Section 7.2.5, and
the obtained results are shown in Figure 7.10. Following observations and discussions are

made:

(1) SS316L suffered the highest corrosion rate (336 um/year) in the black liquor-
contained HTL environment, while experienced the lowest corrosion rate (62
pm/year) in the bamboo-contained HTL environment at 300 °C, consistent with the
observations in Figure 7.7. Given the pH value of conversion media and

thermodynamic predications conducted in a previous study [29], the major alloying
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elements (Fe, Cr, and Ni) in the steel would experience active corrosion in the black
liquor HTL environment, but undergo passivation and relatively high chemical
dissolution of surface oxide in the other two HTL environments. Although the final
pH value (~ 4.8-5.3) of bamboo-contained HTL environment after the conversion is
close to that (~ 5.4), of simulated HTL environment the corrosion rate of SS316L in
the simulated condition is noticeably higher than that in the bamboo-contained
environment, implying that (1) the presence of Cl and S anions could enhance the
chemical dissolution of surface oxides; and/or (2) certain organic products produced
during the conversion of bamboo might act as corrosion inhibitor to somewhat

protect the surface scales formed.

Compared with the rate obtained in the simulated HTL environment, the highest
corrosion rate of the steel in the black liquor HTL environment suggests that the
excessive amounts of S?* and ash in the black liquor could make the environment
more aggressive to the steel even though some organic products and functional
groups (e.g., carboxylic group and phenolic hydroxyl) produced from this feedstock
might serve as corrosion inhibitors to mitigate the corrosion damage. This also
implies that the S* and ash could act as more dominant factors on the corrosion
compared to the organic intermediate and products. Additionally, the results also
suggest that there might be critical contents of S* and ash, above which the surface
oxide scale formed on the steel would become unprotective to the metal substrate,
leading to the corrosion mode controlled by the active corrosion. Further work is
needed to determine the critical levels of two corrodants for long-term safe operation

of HTL reactor.

As there is no materials technology guideline available to define the maximum
allowable corrosion rate of the HTL reactor alloys, one can assume that the maximum
limit should be less than 100 um/year based on existing operating experience and
knowledge at paper and mill plants [69, 70]. Therefore, SS316L is likely to be a
suitable candidate of construction for common forest or agricultural biomass
conversion, but unapplicable for handling highly corrosive biowastes such as black

liquor.
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In general, the above findings indicate that except for hot pressurized water, basic catalyst
and corrodants release during the conversion, the organic intermediates, and products
during the catalytic HTL conversion could also affect the corrosion kinetic of SS316L steel.
More importantly, the corrodants (S* and ash) presented in the biowastes possibly act as

more dominant factors on corrosion process compared with other operating parameters.
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Figure 7.10: Variation of corrosion rates of SS316L in (a) simulated HTL environment at
310 °C for 10 days, (b) biomass-contained HTL environments at 300 °C for 10 hours, and
(c) black liquor-contained HTL environments at 300 °C for 10 hours.

7.3.4 Possible Role of Organic Compounds on Corrosion

As described above, the organic compounds deposited on of the corroded SS316L could
act as inhibitors to reduce corrosion damage. The chemistry of HTL environment is quite
complicated and it is different to clarify the role of each organic compound on corrosion.
Theoretically, the efficiency of organic corrosion inhibitors is controlled by multiple
factors, including the size of the organic molecules, the types and numbers of bonding
atoms or functional groups, and the nature of the surface charge and its distribution

(electron releasing or withdrawing) [71-73].
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According to previous studies [74, 75], there are two major pathways in which organic
inhibitors would absorb and deposit on the metal/oxide surface. The first is physisorption,
in which positively charged inhibitor and metallic surface interacted through electrostatic
force. Another way is named chemisorption, where non-bonding or mn-electrons were shared
between inhibitors and metallic d-orbital. As shown in Figure 7.8, several bonding and
corresponding functional groups, including -OH (in alcohol, carboxylic acid, and phenol),
C-H (in alkane, alkene, and methyl), C=C, C=0 and C-O., are detected in the deposited
organic layer on SS316L surface after the exposed to bamboo-contained HTL conversion.
These functional groups may act as the inhibitor by imposing electrostatic force with the
formed oxides and then retaining on the surface oxide through physical approaches.
Moreover, the produced polar functional groups, which have sulfur, oxygen, or nitrogen
atoms (see Figures 7.4 and 7.5), can also improve the performance of these organic

inhibitors.

Based on previous studies [76-78], the organic compounds produced during the HTL
catalytic conversion could exhibit different ways to reduce corrosion damage and protect
the steel. Firstly, primary alcohol functional groups could suppress the accessibility of CI°
to the steel surface and consequently reduce localized pitting susceptibility. Secondly,
carboxylate might inhibit the chemical dissolution of oxides in alkaline solutions with pH
of ~11.5. Thirdly, the -OCH3 groups can facilitate both physical and chemical adsorption

on the steel surface for the formation of a carbon-rich corrosion barrier.

Fourthly, the polar functional groups with hetero atoms, such as O, S and N, could be
benefit to the adsorption on the steel surface to reduce cathodic and anodic reactions
occurred at the steel/solution interface. These atoms have also been found to perform well
on stainless steels in acidic environment by interacting with metals to increase their surface

hydrophobicity [79-82].

It is worth noticing that most of the previous corrosion studies on inhibitors are conducted
at room or moderate temperatures, the effects of these functional groups in alkaline
solutions at elevated temperature (> 300 °C) have not yet been well studied. In this study,

even though the relatively low corrosion rate of SS316L during bamboo-contained HTL
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conversion suggests that protective oxide layer would likely to form on the surface,
previous thermodynamic calculations [29] implying that in the initial catalytic environment
(pH > 10.5) or after fully converted (pH= 4.8 ~ 5.3), the steels would not only experience
general oxidation, but also suffered high chemical dissolution of formed oxides. In this
case, the hetero atoms within the formed organic compounds may donate lone electrons to
the cations in the oxides to form a persistent organic layer, which consequently retard the
reaction rate of both cathodic and anodic reactions occurred on steel/solution interface.
According to former studies [83] , they are likely to form strong covalent bond and
chemisorption would thus to be the dominant approach in this HTL environment. Further
microscopic characterization on the oxide/organic layer interface is required to reveal the

puzzle.

7.4 Conclusions

This chapter investigated the influence of biomass feedstocks (bamboo and black liquor)
and organic products on corrosion of SS316L during catalytic HTL conversion. Following

preliminary conclusions are made:

(1) The major compounds presenting in both bio-oils from bamboo and black liquor are
phenolic and aromatic compounds. The bio-oil derived from black liquor contains
more phenols and aromatics, but fewer ketones compared to that converted from HTL
of bamboo. In addition, the application of black liquor leads to the produced bio-oils
with higher concentrations of S and organic acids compared to bamboo feedstock.

(2) SS316L steel exhibits the lowest in bamboo-contained HTL environment, but suffers
the highest attack during the HTL conversion of black liquor. Compared with the
corrosion in simulated catalytic HTL environment, it is likely that the application of
bamboo somewhat reduces corrosion damage, likely due to the formation of Carbon-
rich inhibition layer on the surface scale.

(3) There are possible critical contents of S** and ash in biowaste, above which the use
of the wastes for the conversion could lead to unacceptable damage on HTL

conversion reactors. Further work is required to determine these limits.
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Chapter 8

8 Conclusions and Recommendations for Future Work

8.1 Conclusions

The major objectives of this research were to develop a kinetic model based on chemical
compositions (cellulose, hemicellulose, and lignin) for predicting HTL product yields (gas,
liquid, and solid residue) from various types of lignocellulosic biomass with different
chemical compositions, investigate the corrosion-resistance performance of various
candidate alloys in HTL of various types of lignocellulosic biomass under varying
conditions, in order to establish guidelines for selecting proper materials for HTL reactor
construction and to develop corrosion-preventing strategies to achieve long-term operation
of HTL reactors, as well as compare the performance of HTL of lignocellulosic biomass
(pinewood, cornstalk, alkali lignin, kraft lignin, and black liquor) under various
atmospheres (N2, Hz, or O2) or in various types of reactor (continuous-flow vs. batch). The

following detailed conclusions were drawn from this research:

(1) Effects of reaction atmosphere on hydrothermal liquefaction (HTL) of
pinewood sawdust were investigated in a batch reactor using KOH or H2SOq4
catalyst at 300 °C with an initial pressure of 20 bar for 60 min under N2, Ho,
and O; atmospheres. The results showed that HTL under H> atmosphere with
KOH catalyst led to the highest bio-oil yield (approx. 34 wt.%) and the lowest
solid residue (SR) yield (approx. 9 wt.%). Bio-oils obtained under N> or H»
exhibited higher energy recovery and better quality (higher H/C ratio, lower
O/C ratio, higher HHV, lower TAN, and much lower viscosity and molecular
weight) than those obtained under O». The oils produced in N> or Hz atmosphere
mainly contained phenols and aromatic compounds and showed similar boiling
point distributions, while more acids were detected in the oils produced in Oz,
which presented the highest mild boiling fractions and the least heavy residue

fraction.
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(2) A kinetic model was developed for predicting HTL product yields from various
types of lignocellulosic biomass based on its chemical compositions. HTL
experiments of the model compounds for lignocellulosic biomass (cellulose,
xylan, and lignin) and lignocellulosic biomass (bamboo, cornstalk, and
pinewood) were first conducted in the temperature range of 225 °C-300 °C for
a residence time from 10 min to 60 min with K,COs catalyst. Lignin was found
to be the main contributor to bio-oil formation from HTL of lignocellulosic
biomass. A kinetic model was then developed based on the experimental results
obtained from HTL of biomass model compounds to predict HTL product
yields based on chemical compositions of lignocellulosic biomass (contents of
cellulose, hemicellulose, and lignin). The model was validated using our
experimental results from HTL of bamboo, cornstalk, and pinewood and the
publicly available data in literature from HTL of various lignocellulosic

biomass feedstocks.

(3) This study compared the performance of lignin HTL/depolymerization in a
continuous-flow reactor and a batch reactor operating at 300°C for 15 minutes.
The yields of bio-0il/DL from alkali and kraft lignin were found to be lower
(28.5 wt.% and 43.9%, respectively) in the continuous-flow reactor compared
to those produced in the batch reactor (36.9 wt.% and 50.6%, respectively), as
well as having a lower energy recovery rate. Additionally, the bio-o0il/DL
products produced from the continuous-flow reactor have lower HHVs, lower
fractions of light oil with boiling points (<193 °C), but higher molecular
weights due to the shorter reaction time in the continuous-flow operations.
These findings would be useful for the development of continuous-flow HTL
systems for production of biofuel or phenolic chemicals from lignin on a large-

scale.

(4) The performance of a continuous-flow HTL process against that of a batch HTL
process was compared for processing three types of bio-feedstocks at 300 °C
for 12 min. The HTL of cornstalk and pinewood in the continuous-flow reactor

produced more bio-oils (32.4 and 34.5 wt. %, respectively) and less solid
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residues (2.9 and 4.6 wt.%, respectively) as well as a higher energy recovery
rate (53.3 and 52.0 %, respectively) compared with those in the batch reactor
(Cornstalk: 23.8 wt.%, 6.2 wt.% and 46.5%; Pinewood: 28.5 wt.%, 10.3 wt.%
and 50.8%), although the HHVs of the bio-oils from the continuous-flow
reactor are slightly lower. The bio-oils obtained from these lignocellulosic
biomass feedstocks in both reactors have similar molecular weights (Mw:572-
742 g/mol and Mn: 410-476 g/mol), while the oils obtained from the
continuous-flow operations contain higher amounts of furan compounds. The
HTL product yields from black liquor did not exhibit significant difference
between the continuous-flow and batch operations, while the bio-oil obtained
from the continuous operation has a slightly lower HHV (20.4 vs. 22.7 MJ/kg)
and smaller molecular weights (Mw:1089 vs. 1348 g/mol and Mn: 672 vs. 805
g/mol). These outcomes can be utilized to design pilot-scale systems for
continuous production of bio-oil on a larger scale, using lignocellulosic biomass
or biowaste. The data provided is valuable for selecting suitable bio-feedstocks
for producing drop-in fuels through HTL processes and estimating fuel products.
While HTL has undergone significant improvements, there are still some major
challenges to be addressed, such as blockages in either the reactor outlet or
downstream systems during continuous processing, as well as potential

corrosion caused by ash content in bio-feedstocks.

(5) The major compounds presenting in both bio-oils from bamboo and black
liquor are phenolic and aromatic compounds. The bio-oil derived from black
liquor contains more phenols and aromatics, but fewer ketones compared to that
converted from HTL of bamboo. In addition, the application of black liquor
leads to the produced bio-oils with higher concentrations of S and organic acids
compared to bamboo feedstock. SS316L steel exhibits the lowest in bamboo-
contained HTL environment, but suffers the highest attack during the HTL
conversion of black liquor. Compared with the corrosion in simulated catalytic
HTL environment, it is likely that the application of bamboo somewhat reduces
corrosion damage, likely due to the formation of Carbon-rich inhibition layer

on the surface scale. There are possible critical contents of S* and ash in
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biowaste, above which the use of the wastes for the conversion could lead to
unacceptable damage on HTL conversion reactors. Further work is required to

determine these limits.

8.2 Recommendations for Future Work

(1) Impact of more complex atmospheres comprising mixtures of gases (e.g., air, H»
and Na, or Oz and N>) on biomass HTL process need to be explored. In addition, a
comprehensive and detailed techno-economic assessment should be carried out to
evaluate the economic feasibility of the HTL process under various reaction

atmospheres for large-scale application of HTL technology.

(2) Although a kinetic model has been developed for the prediction of HTL product
yields (gas, liquid, and solid residue) from various types of lignocellulosic biomass,
there are still some deviations between model calculations and experimental results.
This could be caused by the simplifications made in the model development, and
the complexities in the biomass feedstock compositions, reactor configurations and
conditions (heating rate, catalyst loading, etc.) and the complexities in the HTL
reactions. More future work is required to further improve the accuracy and

robustness of the kinetic model developed in this work.

(3) The continuous-flow HTL process needs to be optimized to maximize the bio-oil
yield, including optimization of catalyst and reaction conditions, such as residence
time, solid loading in the feed, and temperature. In addition, there are still some
major challenges in operating a continuous-flow HTL process, such as the
pumpability of a feed containing a high solid loading, blockages of the reactor
outlet or downstream systems by biochar or bio-oil during the continuous-flow
operations, as well as potential corrosion caused by ash in bio-feedstocks. Moreover,
a detailed comparison between various types of reactors (e.g., tubular, CSTR, and

PFR) needs to be addressed.

(4) Long-term corrosion tests are needed to determine whether the candidate alloys are

suitable for construction of HTL reactors. Given the presence of high operating
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pressure, it is necessary to investigate the stress corrosion cracking (SCC)
susceptibility of the testing alloys under HTL conditions. In addition, the
conversion chemistry of typical lignocellulosic biomass model compounds in HTL
environments and the corrosion performance of candidate alloys in such
environments need to be comprehensively investigated in order to facilitate the
development of corrosion mechanisms of candidate alloys in HTL of various

lignocellulosic bio-feedstocks.

8.3 Contributions and Novelties

Based on the results from this research, the main contributions and novelties of the thesis

are summarized as follows:

In Chapter 3, the influence of reaction atmosphere on HTL of woody biomass was for the
first time comprehensively investigated in terms of bio-oil yields and properties. Bio-oils

obtained under N> or H» exhibited higher energy recovery and better quality.

In Chapter 4, a kinetic model was developed based on the chemical compositions of
lignocellulosic biomass and was validated with our experimental results from HTL of
bamboo, cornstalk, and pinewood and the publicly available HTL data in literature

obtained with lignocellulosic biomass feedstocks.

In Chapter 5, HTL of lignin for the production of bio-oil or depolymerized lignin was
realized for the first time in a continuous-flow reactor, although the continuous-flow
operations led to lower yields of bio-oil/depolymerized lignin and larger molecular weights,
compared with the batch operation, due to the shorter reaction time in the continuous-flow

operations.

In Chapter 6, performance of HTL of lignocellulosic biomass (cornstalk, pinewood) and
biowaste (black liquor) in a continuous-flow reactor and a batch reactor was compared.
The continuous-flow operations resulted in higher yields of bio-oil, although with slightly

poorer qualities compared with those obtained from batch operations.
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In Chapter 7, the effects of biomass feedstocks and organic products on the corrosion of a
candidate construction alloys (SS316L) in catalytic hydrothermal liquefaction

environments were investigated for the first time.
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Appendix A: Detailed chemical compounds identified in the bio-oil obtained from HTL of pinewood sawdust at 300 °C for 60 min
under N», Ho, and O», respectively, with KOH or H2SOy4 catalyst.

RT? (min) Compounds Name

Relative Composition by Percent Area

KOH-N» KOH-H: KOH-O> H2S04-N2  H2S04-H2 H2S04-0:2

3.780 Acetic acid 3.036
5.967 2-Pentanone, 4-hydroxy-4-methyl- 1.409 1.025 2917 2.731 0.824
7.700 2-Cyclopenten-1-one, 2-methyl- 0.435
8.517 1,3-Dioxolane-4-methanol, 2,2-dimethyl-, (S)- 0.468
8.948 Benzaldehyde 0.640
9.142 2-Cyclopenten-1-one, 3-methyl- 1.036
9.527 Phenol 0.658
9.908 Cyclotetrasiloxane, octamethyl- 0.789
10.288  2,5-Furandione, dihydro-3-methyl- 0.900
10.555  2-Cyclopenten-1-one, 2,3-dimethyl- 1.264 0.569
10.868  DL-Norvaline, N-[(phenylmethoxy)carbonyl]- 0.838
11.054  Acetophenone 1.284 3.519 1.320
11.109 Pentanoic acid, 4-oxo- 0.927 25.374 6.830 51.470
11.464  Phenol, 2-methoxy- 4.110 42.040 1.627
11.959  2-Isopropylbenzenethiol, S-methyl- 2.366
12.204 N-Chlorocarbonyl-N-methoxy-N- 2131

isopropylamine
12.284  Pentanoic acid, 2-methyl-4-oxo- 1.155
12.454 Phenol, 2,6-dimethyl- 0.902
12919  2-Cyclopenten-1-one, 2,3,4,5-tetramethyl- 0.935
13.028  Benzoic acid 11.585 1.545
13.143  Creosol 2.549 1.818 0.656
13.232  Catechol 2.648 1.136



13.341
13.460
13.895
14.022

14.200

14.230
14.327
14.420
14.445
14.805
15.067
15.113
15.210
15.325
15.405
15.418
15.553
15.629
15.963
16.001
16.048
16.149
16.293
16.331
16.412
16.623
16.754
16.792
16.953
16.961

Butanedioic acid, monopropargyl ester
1H-Benzimidazole, 2-ethyl-
Butanedioic acid, methyl-

4-Nonanol, 4-methyl-

Cyclohexene, 1-methyl-4-(1-
methylethylidene)-

Naphthalene, 2,6-bis(1,1-dimethylethyl)-
Benzoic acid, 3-methyl-

Phenol, 4-ethyl-2-methoxy-
1H-Inden-1-one, 2,3-dihydro-
1-Methylindan-2-one
2-Cyclopenten-1-one, 2,3-dimethyl-
3-Cyclohexen-1-one, 2-isopropyl-5-methyl-
Hydrocinnamic acid

1,4-Benzenediol, 2-methyl-
1(3H)-Isobenzofuranone
7-Methylindan-1-one

Benzaldehyde, 3-hydroxy-

Phenol, 2-methoxy-4-propyl-
Benzene, 1-ethenyl-4-methyl-
Ethanone, 1-(3-hydroxyphenyl)-
Vanillin

Benzoic acid, 3-(1-methylethyl)-
1H-Inden-1-one, 2,3-dihydro-3,3-dimethyl-
1,2-Diethoxybenzene
2-(Cyclohex-1-enyl)-furan
Acetophenone, 4'-hydroxy-

Phenol, 2-methoxy-4-(1-propenyl)-
Benzoic acid, 3-formyl-
3-Ethenylheptan-2,6-dione

Phenol, 2-(1,1-dimethylethyl)-

0.926

4.622

0.370

3.286
1.105

0.578

1.203

1.309

0.723

1.700

2.253

1.250

0.834

0.516

1.520

1.363
0.260

0.809

0.400

0.780
0.615

2.079
1.428

0.869
0.733

1.012

0.891

2.111

5.944
0.882

2.494

1.674

1.281
0.932

1.404

1.314

1.958

1.395

0.812

0.508

1.059

0.966

1.479

1.482

0.484

1.121
2971

1.896

184

0.734

0.445
0.170

0.865
1.040

0.900

0.531



17.067
17.071
17.169
17.287
17.355
17.384
17.782

17.883

18.175
18.196
18.234
18.462
18.648

18.813

18.890
19.109
19.460
19.562
19.630
19.659
19.828
19.951
19.968
20.146
20.213
20.315
20.365

20.391

4-Methylphthalaldehyde

1,4-Benzenediamine, N,N,N’,N'-tetramethyl- 1.014
1-Tetralone, 8-hydroxy-

Benzoic acid, 4-hydroxy-

Apocynin 1.549
Ethyl 3-(2-furyl)propenoate
4-Hydroxy-3-methylacetophenone
2-Cyclopentenecarboxylic acid, 5-hydroxy-5-
methyl-2-(1-methylethyl)-, methyl ester, trans-
2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)- 1.637
1-(4-methylthiophenyl)-2-propanone

Benzenamine, 4-methyl-3-nitro-

4-Acetylbenzoic acid

Phenol, 2-(1,1-dimethylethyl)-4-methyl-

Benzene, 1-methyl-3,5-

bis[(trimethylsilyl)oxy]-

4-Hexylphenol, trimethylsilyl ether
4-Ethoxy-3-anisaldehyde

Phthalan

Phenol, 2,6-dimethyl-4-nitro-

Benzofuran, 2,3-dihydro-
1,4-Benzenedicarboxaldehyde, 2-methyl-
Aminosalicylic Acid

Benzene, 1-methoxy-4-(1-methyl-2-propenyl)- 1.820
Benzaldehyde, 3-methyl-

Homovanillic acid 1.719
Naphthalene, 2-ethoxy-

Ether, bis(p-tert-butylphenyl)

2-Naphthalenol, 3-methoxy- 1.046
9-Methyl-3.,4-dihydro-2H-pyrido(1,2-
a)pyrimidin-2-one

0.267

0.615

0.681

1.716

1.816

0.563

0.558

0.465

0.556

10.221

0.602

0.930
4.376
0.509

2.952

3.261

0.261

0.405
0.487

1.708

1.287

185

0.342
0.470

2.935 0.868

0.223

0.477

0.218
0.183

0.689



20.446
20.496
20.539
20.547
20.695

20.704
20.962
20.983

21.122
21.148
21.258

21.346

21.363
21.389
21.397

21.592

21.735
21.820
21.854
22.006

22.010

22.137
22.209
22.213
22.222
22.230

4-Hydroxy-3,5-dimethylbenzoic acid
4,6-Dimethoxy-1-naphthaldehyde

Terephthalic acid

Benzofuran, 2,3-dihydro-2,2,4,6-tetramethyl-  0.965
1,2-Dihydropyrido(3,2,1-kl)phenothiazin-3-one
Butan-1-one, 1-(2,3-dihydro-7,8-dinitro-1,4-
benzodioxin-6-yl)-

10H-Phenothiazine, 2-(trifluoromethyl)-
2-Propenoic acid, 3-(3-hydroxyphenyl)-,
methyl ester

5-Hydroxy-1-tetralone

Salicylhydroxamic acid
1,4-Benzenediamine, N,N'-diethyl-
Benzaldehyde, 2-nitro-,
diaminomethylidenhydrazone
Methyleugenol

2-Methyl-5-nitrobenzoic acid
1H-Benzotriazole-5,6-dicarbonitrile
Pyridine, 4-(5-benzo[1,3]dioxol-5-yl-
[1,2,4]oxadiazol-3-yl)-

Benzenesulfonic acid, 4-methyl-
4-Methoxycinnamaldehyde
Dihydrofuranno(3,2-f)coumaran 2.134
4,4'-Stilbenedicarbonitrile
(6,7-Dimethoxy-3,4-dihydro-1-
isoquinolinyl)acetonitrile

1-[2,2":5",2" Terthiophen-5-yl-ethanone

Benzene, 1-phenyl-4-(2,2-dicyanoethenyl)
Benzo(a)phenazine
Dibenzo[c,h][2,6]naphthyridine

2,2'-Bi-1H-indene

1.575

1.511

0.984

0.736
0.553

0.777

1.056

0.941

1.321

0.375

0.226

0.692

2.026

1.085

1.139
0.628

1.447

1.290

1.450

1.202

1.229

1.385

1.232
1.378

2.105

1.482

1.680

1.748

1.615

186

0.481

0.584

0.363

0.481



22.340
22.509
22.535
22.683

22.924
23.106
23.135
23.321

23.385
23.402
23.579

23.588

23.596
23.681

23.824
23.884
23.968

24.006
24.019

24.159

24.180
24.302

1,4-Dimethyl-4,5,7,8-tetrahydroimidazo-[4,5-
E]-1,4-diazepin-5,8(6H)-dione
2-Ethoxyphenyl isocyanate

Asarone

Tricyclo[4.3.0.0(7,9)]nonane, 2,2,5,5,8,8-
hexamethyl-,
(1.alpha.,6.beta.,7.alpha.,9.alpha.)-
Benzaldehyde, 2-methoxy-4-methyl-
6-Acetyl-5-hydroxy-2,7-dimethyl-1,4-
naphthoguinone

Benzoic acid, 3-methoxy-

As-Indacene, 1,2,3,6,7,8-hexahydro-1,1,6,6-
tetramethyl-4-(1-methylethyl)-

(+)-3-Carene, 2-.alpha.-isopropenyl-
2,2'-Isopropylidenebis(3-methylbenzofuran)
2.,4,5,6-Tetrachloro-nicotinamide
9,10-Dihydro-12H-5-oxabenzocyclodecene-
6,11-dione

Fluorene, 2,7-bis(1-hydroxyethyl)-
1,3-Benzodioxole, 4-methoxy-6-(2-propenyl)-
[1,2,4]Triazolo[1,5-a]pyrimidine, 6-chloro-2-
(2-furanyl)-5,7-dimethyl-

Benzene, 2-ethyl-1,3-dimethyl-
Dithiocarbonic acid, O-ethyl ester, methylene-
S(IV)-trifluoromethyl ester
Estra-1,3,5(10)-trien-3-ol

n-Hexadecanoic acid
7-Oxabicyclo[4.1.0]heptane, 1-(2,3-dimethyl-
1,3-butadienyl)-2,2,6-trimethyl-, (E)-
1,2-Dimethyl-3-nitro-4-nitroso-benzene
Benzenemethanol, 2-methyl-.alpha.-phenyl-

1.220

1.683

1.063

1.082

1.299

0.689

0.419

1.538
1.912
0.785
0.944
0.643
1.996
0.532

2.477

0.977

1.837
0.587

2.927

1.374

0.934

1.211

2.247

1.728

3.234

1.862

0.564

187

1.088

0.789

0.495

0.287

1.063

0.595



24311

24.412

24.488
24.531

24.552

24.704
24.729
24.742
24.801

24818

24.962
25.118
25.127
25.199
25.211

25.216

25.372
25.385
25.478
25.512
25.541
25.736
25.833
25.842

1-Phenanthrenecarboxaldehyde,

1,2,3,4,4a,9,10,10a-octahydro-1,4a-dimethyl-7-

(1-methylethyl)-, [1S-
(1.alpha.,4a.alpha.,10a.beta.)]-

Methyl 2-hydroxy-4-methoxybenzoate,
trimethylsilyl ether

Phenol, 4,4'-methylenebis-
7,8-Dihydro-9H-cyclopenta[a]pyren-9-one
1,4-Cyclohexanedicarboxylic acid, 2,5-dioxo-,
diethyl ester

Ketone, 7-methoxy-2-benzofuranyl methyl
2-Acetyl-3-methylbenzo[b]thiophene
Benzo[b]thiophene, 2,3-diethyl-
2,4(1H,3H)-Quinazolinedione, 1,3-diethyl-
I-METHOXY-2-TERT.-BUTYL-4,6-
DINITROBENZENE

di-p-Tolylacetylene
5-Methoxy-2-naphthalen-2-yl-2H-indazole
Silane, dimethyl(2-naphthoxy)isobutoxy-
Homovanillic acid
2,3,6-Trimethoxybenzoic acid
Imidazo[1,2-b]-1,2,4-triazine, 6-(3-
methoxyphenyl)-2,3-dimethyl-
Androstane-3,17-dione, (5.alpha.)-
2,5-Diethyl-3,4-diphenyl cyclopentadienone
1,2,3,4-Tetrahydrobenz[a]anthracene
9H-Xanthen-9-one, 1,3-dihydroxy-2-methyl-
3,5-di-tert-Butyl-4-hydroxybenzyl alcohol
Naphthalene, 1-(2-naphthalenyloxy)-
cis-Vaccenic acid

4-Methoxyphenol, pentafluoropropionate

1.238

4.555

1.263
1.459

3.021

0.877

1.523

0.598

0.974

1.884

0.412

0.398

0.807

9.907

1.256

0.811

0.659

2.705

4.552

2.017

2.870

1.563

1.641

1.304

1.817
1.271

1.355

1.207

188

0.684

0.969

0.863

0.723

1.073

2.427



25.871
26.066

26.192

26.205

26.273
26.328
26.450
26.455
26.543
26.590
26.708
26.713
26.806
26.899
26.966

26.975

26.983

26.987
27.148

2-Hexanone, phenyl(2-propenyl)hydrazone 0.664 0.925
Ethyl Oleate 3.889
1,2-Epoxy-3,4-

dihydroxycyclohexano[a]pyrene, (3s,4s-)
2H-1-Benzopyran-3(4H)-one, 8-methoxy-2-(1-
naphthalenyl)-, oxime
3H-Benzo[f]chromen-3-one, 2-(4-
methoxyphenyl)-

3,4-Dimethoxychalcone

Benzoic acid, 4,5-dimethoxy-2-(2-
phenylethenyl)-
Estra-1,3,5(10)-triene-6,17-dione, 3-hydroxy-
1,3-Cyclohexanedione, 2-[4-(4-
methoxyphenylamino)-2-thiazolyl]-

Retene

Benzene, 1,3-dimethoxy-5-[(1E)-2-
phenylethenyl]-
p-Bis(p-methoxyphenyliminomethyl)benzene
trans-3',4",5'-Trimethoxy-4-
(methylthio)chalcone
1-Benzhydrylazetidin-3-ol
2-(((6-Fluoro-4H-1,3-benzodioxin-8-
yl)methyl)sulfanyl)-1H-benzimidazole
Benzoic acid, 4,5-dimethoxy-2-(2-
phenylethenyl)-

2-Amino-4-azido-5-[3.4,5-
trimethoxybenzyl]pyrimidine
3Alpha,5-cyclo-6beta,19-epoxy-5Salpha-
androstan-17-one
Acridin-9-yl-(2,4-dimethoxy-phenyl)-amine ~ 0.979

0.812

1.047

1.780

0.696

0.965

3.408

1.159

4.803

1.142

1.794

1.156
2.831

1.289

1.827

0.851

1.625

1.055

2.830

0.880
2.653

0.877

189

1.477
1.911

2.305

1.466
0.574

0.663



27.203

27.254
27.296
27.322

27.457

27.461

27.567
27.571

27.732

27.740

27.829
27.931

27.969

28.146
28.239
28.243
28.315
28.556
28.772

13-(2-Methoxyphenyl)tricyclo[8.2.2.24,7]
hexadeca-1(13),4,6,10(14),11,15-hexaene-5-
carbaldehyde

Estra-1,3,5(10)-trien-17-one, 3-methoxy-
(.+/=.)-Uleine

N,N-Dimethylindoaniline 4.244
2-[4-(1,2-Diphenyl-but-1-enyl)-phenoxy]-
ethylamine

Benzofuran-5-ol, 3-(2-furanoyl)-4-
dimethylaminomethyl-

Homovanillic acid

Ethyl homovanillate 5.919
Benzeneacetic acid, 4-hydroxy-3-methoxy-,
methyl ester

3-Penten-2-one, 4-(2,2,6-trimethyl-7-
oxabicyclo[4.1.0]hept-1-yl)-, (E)-
2(1H)-Pyrazinone, 3,5,6-tris(1,1-
dimethylethyl)-

Pyridine, 2-(phenylethynyl)-
8H-5,12b-(Iminoethano)-1H-phenanthro[3,2-
d][1,3]dioxin, 2,3,4,4a,5,6-hexahydro-15-
methyl-, [4aR-(4a.alpha.,5.alpha.,12b.alpha.)]-
1-(10-Methylanthracen-9-yl)ethanone
1H-1,2,3,4-Tetrazole-1,5-diamine, N(1)-[(2-
ethoxy-3-methoxyphenyl)methyl]-
3-(3-Hydroxy-4-methoxyphenyl)-l-alanine 0.769
Benzaldehyde, 2-nitro-,
diaminomethylidenhydrazone

Methyl p-(trans-styryl)-trans-cinnamate 1.551
1-.beta.-d-Ribofuranosylpyrazolo[3,4- 1,052
d]pyrimidin-4(5H)-one '

4.038

0.713

1.146

0.522
0.385

1.801

1.827

2.750

0.556

1.301

1.432

2.782

1.431

1.978

190

2.588

3.109

0.788

3.722



29.229

29.415

29.664
29.685
30.096
30.282
30.336
30.425
30.455

30.540

30.722
31.309
31.318

31.457

31.690
31.952
31.969

Benzene, 1-methoxy-4-(2-cyano-2-
phenylethenyl)

2-(E)-Heptenoic acid, (4S)-4-[(t-
butoxycarbonyl-(R)-alanyl)amino]-6-methyl-,
ethyl ester

4H-1-Benzopyran-4-one, 5-hydroxy-7-
methoxy-2-phenyl-
Dinaphtho[2,1-b:1",2'-d]furan
4-Methoxy-4',5'-methylenedioxybiphenyl-2-
carboxylic acid

i-Propyl nonadecanoate 1.419
2,5-Cyclohexadien-1-one, 4-[[4-
(dimethylamino)phenyl]imino]-2,5-dimethyl-
Dibenz[a,h]anthracene, 1,2,3,4-tetrahydro-
4H-1-Benzopyran-4-one, 5,7-dimethoxy-2-
phenyl-

Benzene, 1-(1,1-dimethylethyl)-3,5-dimethyl-
2,4,6-trinitro-

4H-1-Benzopyran-4-one, 5,7-dimethoxy-2-
phenyl-

Dimethyldaidzin

3H-1,3,4-Benzotriazepine, 7-chloro-2-
(methylamino)-5-phenyl-
4-(1,1-Dimethylallyl)-9-methoxy-7H-furo[3,2-

0.661

2.098

g][1]benzopyran-7-one 2:442
Benzothiophen-3(2H)-one, 2-(4-ethoxy-3- 0.889
methoxybenzylideno)- '
Benzaldehyde, 2,4-dihydroxy-

2-Cyclohexen-1-one, 2-methyl-5-(1- 2,108

methylethenyl)-, O-methyloxime, (+)-

0.633

0.807

2.369

0.801

0.547

2.505

4.897

1.102

2.566

1.208

4.742

3.414

2.024

191

1.046

1.245

0.674
0.612

2323
0.944
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Silane, [[(16.alpha.,17.alpha.)-16,17-

32.942 epoxyestra-1,3,5(10)-trien-3-ylJoxy]trimethyl-

1.385

aRetention time
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Appendix B: The GPC curves of bio-oils obtained from HTL of cornstalk and pinewood
in the batch/continuous-flow operations at 300 °C for 12 min.

Cornstalk batch
— — =Cornstalk continuous
Pinewood batch
— = =Pmewood continuous

UV absorbance

Elution time (min)
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Appendix C: The GPC curves of bio-crude oils obtained from HTL of cornstalk and
pinewood in the batch/continuous-flow operations at 300 °C for 12 min.

Black liquor batch
— — -Black liquor continuous
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Elution time (min)
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Appendix D: The GC-MS chromatograms of bio-oils obtained from HTL of cornstalk in
the batch/continuous-flow operations at 300 °C for 12 min.

Relative Intensity

Relative Intensity

Retention time (min)

Continuous
1 l i I 1 I 1
I Batch o
1 l 1 l 1 I i
0 10 20 30 40
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Appendix E: The GC-MS chromatograms of bio-oils obtained from HTL of pinewood in
the batch/continuous-flow operations at 300 °C for 12 min.
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Appendix F: The GC-MS chromatograms of bio-oils obtained from HTL of black liquor
in the batch/continuous-flow operations at 300 °C for 12 min.
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