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Abstract

Hydrothermal liquefaction (HTL) is a promising technology to convert organic feedstocks
into value-added fuel precursors known as biocrude, solids (hydrochar), and gaseous byproducts.
The HTL process can efficiently break down mixed feedstocks, such as waste, into valuable
chemicals. The current study has investigated the HTL conversion of three waste
materials:municipal sewage sludge,waste plastics,forest residue and an algae strain. This research
applied various gaseous environment beside traditional inert gas with red mud ( an iron-rich

industrial waste) catalyst to enhance the biocrude production with improved quality.

The municipal sewage sludge from the wastewater plant was the first feedstock of this study. This
study applied ethylene gas and pretreated red mud as reaction environment and catalyst,
respectively, to induce the stability in produced biocrude. With respect to the oxidation state, three
modified red mud catalysts were prepared by calcination at 575°C (CRM), and reduction at 500°C
(RRM500) and 700°C (RRM700). The HTL treatment of sludge was highly influenced by ethylene
without any catalyst and produced 41.6 wt.% biocrude yields. The viscosity of the ethylene-
derived biocrudes showed lower variances compared to biocrudes from an inert atmosphere. The
RRM500 lowered the acidity by 14%, while the RRM700 minimized the viscosity by 47%
compared to non-catalytic-inert biocrude samples. The reduced nitrogen content found the mutual
effect of RRM500-ethylene in the biocrude. This study showed the potential of ethylene gas in

improved biocrude production via catalytic HTL treatment.



The second study explored the effects of ethylene, reducing, and oxidative gases to compare the
influences of reaction ambiances over HTL conversion. This work utilized the "Tetraselmis sp.”
algae strain as feedstock and two forms of RM catalysts: RM reduced at 500°C (RRM500) and
nickel-supported RM (Ni/RM). The goal was to compare the catalytic activities of RRM500 and
Ni/RM under four different reaction atmospheres for algae HTL conversion.The nickel metal on
red mud (Ni/RM) catalyst maximized biocrude yield (37 wt.%) in an ethylene environment,
generated the lowest total acid number (14 mgKOH/g) under inert atmosphere, and lowered sulfur
(33-66%) and oxygen (18-30%) from biocrude products irrespective of environments. The
RRM500 catalyst increased carbon content under the reducing environment and minimized the
heavy metal and phosphorus transfer from the feedstock to biocrude in studied ambiances. Among
the reaction environments, the reducing atmosphere optimized carbon content (54.3wt.%) and
calorific value (28 MJ/kg) with minimum oxygen amount (27wt.%) in biocrudes without any

catalyst.

The household waste plastic mix was the third feedstock to evaluate the efficacy of HTL
technology for waste plastic treatment. The chosen plastics were polyethylene terephthalate (PET),
high-density polyethylene (HDPE), low-density polyethylene (LDPE), polypropylene (PP), and
polystyrene (PS). The reduced red mud at 500°C (RRM500) was utilized as a catalyst for its proven
efficiency in sludge and algae liquefaction. Before mixing, each plastic material was studied
individually as control experiments. Without any catalyst, the HDPE generated the maximum
crude yield of 76 wt.%, whereas the PET produced mainly solid (80wt.%) and gaseous products.
The biocrude yield production from non-catalytic plastic conversion followed this trend:
HDPE>PS>PP>LDPE. The mixed plastic feedstock produced approximately 22 wt.% of crudes

and comparatively high solid residue of 35wt.%. The RRM500 catalyst generally suppressed the



biocrude and solid formation from individual plastic feedstock but effectively reduced viscosity
and acidity. After depolymerization, HDPE mainly decomposed into straight-chain alkanes, while
PP and PS-derived crudes were composed of aromatic-cyclic compounds. The catalyst promoted
straight-chain alkanes in LDPE biocrudes. Almost 36-92% of the plastic-derived oil had gasoline
boiling range compounds. The HTL conversion of plastics could be a promising route for mixed
plastic waste treatment with valuable fuel range chemical production.

This study's fourth objective was to increase HTL biocrude production from lignocellulosic
biomass (southern yellow pine). The Pine saw dust was liquified via HTL process using water and
water-ethanol mixture at 250,300 and 350°C reaction temperatures. Iron (Fe) (at zero-valent
oxidation state) was used as a catalyst in the HTL system to enhance the catalytic activity. The
biocrude yield was enhanced by increased ethanol concentration in a water-ethanol medium, and
the pine HTL produced the maximum biocrude yield of 34wt.% at 300°C temperature within
1:1(wt./wt.) water-ethanol mixture. The higher reaction temperature in pure water promoted
biocrude yield without a catalyst. The highest biocrude yield from the water was 18wt.% at 350°C.
The iron catalyst performed the best at 300°C reaction temperature within the water and resulted
in 27wt.% biocrude yield. Moreover, the catalyst improved the biocrude quality by lowering
oxygen content and acidity. The pine-derived biocrudes were mainly composed of phenolic and
acids. The ethanol neutralized the acids by an esterification reaction. The catalyst accelerated the
esterification process. Overall this research has proved the potential of individual waste-based
feedstock for liquid fuel production. The research findings will be beneficiary to mitigate waste

materials by energy production.
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Chapter 1

Introduction

1.1 Background

Due to the uneven distribution of natural resources; global population growth, dependence on
fossil-based fuels, and depletion of fossil energy resources have created an energy crisis worldwide
[1].For the past few decades, 80% of the total global energy has come from petroleum-based
resources [2]. Dependency on fossil fuels for the fulfillment of energy demand has resulted in vast
amounts of greenhouse gases (CO2, CH4, NO2) in nature which are putting nonreversible effects
on climate, including climate change, rise in sea level, loss of biodiversity with consequential
effects on our society and economy [3]. According to the United States Environmental Protection
Agency (US EPA), the transportation sector accounts for about 27% of the total U.S. GHG
emissions, the largest contributor among different sectors. The GHG emissions decreased by 13%
during the COVID-19 pandemic due to travel restrictions but are expected to reach the pre-
pandemic emission level in 2022 [4]. Moreover, the ongoing political crisis between Russia and
Ukraine, with subsequent international sanctions against Russia, has raised the price of petroleum
fuel at an unprecedented rate [5]. The ever-increasing demand and the negative environmental
impact of fossil fuels have led to a continuous global effort to search for eco-friendly and
alternative energy sources. Bioenergy covering two-thirds of global renewable energy
consumption, can significantly combat climate change with effective energy transition from fossil
fuel to renewable energy sources [6]. The abundant biomass is a renewable resource and is
considered carbon neutral as the CO> released during combustion or other conversion processes

will be re-captured by the regrowth of the biomass through photosynthesis [7,8]. The biomass-



derived biofuels is a promising bioenergy source to replace traditional fossil fuel. This fuel is
renewable in nature as it is produced from abundant organic materials of nature and is reported to
produce less GHGs than traditional petroleum fuel. Moreover, the production and utilization of
biofuel can reduce the high fossil fuel demand and mitigate the dependency on petroleum-rich
countries [9]. Recently, the electrification of ground transport has become a critical factor in the
global energy market. For the marine and aviation sectors, liquid fossil fuels are still the primary
energy source, where biofuels can reduce carbon emissions [10]. Since the early 1980s, the
production and consumption of biofuels in the United States have gradually increased. The U.S.
government has adopted policies and programs favoring biofuels to reduce the dependency on
petroleum-based transportation fuel. Due to the COVID-19 pandemic, there was a decline in
biofuel demand which recovered in 2021 to pre-pandemic levels [11]. According to the U.S.
Energy Information Administration (EI1A), the total production of biofuel was 17.5 billion gallons,
where 16.8 billion gallons were consumed, and 0.8 billion gallons were exported [12]. Biofuels
can be utilized by blending with petroleum fuel or in their pure form [13]. However, the cost of
biofuel production, along with downstream processing costs, could be twice the cost of commercial
fuels. On the other hand, the greenhouse gas emission from biofuel could be as low as 15% of
fossil fuel emissions [14]. Thus, biofuel can offset harmful emissions and can offer a sustainable

solution to the energy crisis.

1.2 Hydrothermal liquefaction

Biofuels is a broad term for liquid, solid, and gaseous fuels produced from bio-based materials.
Though biofuels are mostly used as liquid fuel in the transportation sector, they can either be used
as liquid or gaseous forms for power generation or heating purposes [12]. Various biofuel

production methods include biological, chemical, and physical conversion processes [15]. The



biological methods for biomass conversion are time-consuming, and biofuel yield is comparatively
low [16,17]. On the other hand, thermochemical conversion technologies, such as direct
combustion, gasification, torrefaction, pyrolysis, and hydrothermal liquefaction (HTL), can
decompose feedstocks into syngas, biocrude (oil), and solid fuels. Due to the moisture content of
the biomass, a pre-drying treatment of the feedstock is required before the combustion,
gasification, and pyrolysis conversion process [18,19]. Moreover, the excessive moisture content
adds transportation as well as energy cost for drying. It was found that almost half of the total
energy requirements for biofuel production can be consumed by distillation and drying steps [20].
The HTL is the only thermochemical conversion route that uses a water medium during the
conversion reaction; thus, the energy-sensitive drying treatment can be avoided [21]. The HTL
process breaks down organic feedstocks into liquid fuel by hot compressed water at moderate
temperatures (250400 °C) and pressures (10-35 MPa) [22]. Pyrolysis and HTL are two major
thermochemical routes for liquid biofuel production. Though HTL biofuel yield was reported to
be lower than the pyrolysis process, the calorific value of HTL biofuel was much higher because
of low oxygen content [23]. The concept of biomass decomposition in hot water with an alkali
catalyst for oil extraction was first reported in the 1920s [24]. The unique features of the HTL
include less tar yield with increased energy proficiency compared to other thermochemical
processes [22]. When biomass is decomposed under high pressure and temperature, the produced
liquid biofuel is known as “biocrude” [25]. The biocrude obtained from HTL has increased energy
density with improved thermal and storage stabilities compared to biofuels from other biomass
conversion techniques [26]. Moreover, the HTL biocrude can be processed to obtain different fuel
fractions from the distillation process [27]. Despite the numerous advantages of HTL of biomass,

very few labs- and pilot- scales plants exist worldwide [28]. During 1960-1970, the U.S. Bureau



of Mines Pittsburgh Energy Research Center (PERC) successfully produced oil-like substances by
catalytic reaction between various biomass materials (wood municipal solid waste and cattle
manure) and carbon monoxide under moderate temperature and high pressure. The Arab oil
embargo of the 1970s drove the U.S. government to implement the research outcome of PERC
into a commercial size plant known as Albany Biomass Liquefaction Experimental Facility. The
wood dust was used as feedstock in the Albany facility. Wood was blended with recycled oil,
water, and sodium carbonate as a catalyst and then pumped as slurry to a pressurized reactor at
approximately 350°C temperature for 20-60 minutes [29]. Later, Shell adopted the similar HTL
procedure of the Albany setup without catalyst or carbon monoxide gases which raised the oxygen
content of the oil. This process was scaled up to a 10 kg/h dry biomass feed pilot plant and operated
for a 500 h design run in 2004 [30]. For research purposes, the small (10-1000 ml) batch-type
autoclave stirred reactors are widely used to liquefy various feedstock with process optimization
[21]. For a commercial setup, continuous HTL reactor systems offer superior process efficiency
and economic feasibility through advanced process control and feed system [32,33].

The HTL process uses high pressure and temperature with solvent (mostly water) to form a highly
reactive environment. Biomass includes a wide range of materials with varying compositions of
carbohydrates, lignin, proteins, and lipids. Therefore, the reaction mechanisms of biomass
decomposition are complicated [34]. The HTL process mechanism is classified into two feedstock
types: lignocellulose biomass (dry feedstock) and algal biomass (wet feedstock). It is widely
accepted that the HTL process breaks down biomass into small reactive compounds that
depolymerize to form biocrude, water-soluble chemicals, solid residue, and gas. The four
significant reactions that take place during HTL conversion include a) decomposition of biomass

into water-soluble monomers, b) transformation of monomer by dehydration, deamination, and



decarboxylation reaction, c) rearrangement of reactive fractions into water-insoluble biocrude, d)
polymerizing into char for the longer reaction[33]. Figure 1.1 shows the schematic overview of

the HTL reaction pathway, adopted from Gollakota et al.[35].
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Figure 1.1: Reaction pathway of hydrothermal liquefaction

The hydrothermal liquefaction procedure aims to convert biomass to biocrude that can be upgraded
to the whole distillate range of petroleum-derived fuel products. The HTL process is capable of
recovering more than 70% of the feedstock carbon content, and the crude product of this process
has lower oxygen and moisture content with increased higher heating value, thus requiring less
upgrading treatment, which reduces both the fixed and operative costs of handling equipment and
storage compared to other biomass conversion mechanism [36]. In addition, the solid by-products
of the HTL process can be utilized as fertilizer, and aqueous products can be reused in the HTL
process or for other purposes, such as algae growth medium. However, the high-pressure system
increases the installation cost of the HTL unit and raises safety concerns about the HTL operation

[35].



1.3 Process parameters of HTL

The main HTL process parameters that primarily influence the HTL process are the reaction
temperature, the residence time, the use and type of catalyst, the reaction medium (solvent), the
reaction environment, and the biomass-solvent ratio[31]. The increasing reaction temperature
facilitated biocrude formation up to a specific temperature limit, and beyond that limit, no notable
change in biocrude yield was observed [31,37,38]. The residence time of HTL indicates the period
at which the maximum temperature is maintained for HTL reaction [28,31]. Increasing residence
time positively affects biocrude yield and properties until it reaches the threshold limit [39]. The
threshold limit of residence time depends on feedstock type, composition, types of catalysts, and
HTL operating conditions [40]. The catalyst mainly repeals the char formation by reducing the
polymerization reactions of HTL intermediates, subsequently augmenting biocrude yield with
lower solid residue yield [31]. The “alkali” catalyst has been considered the most common in HTL
depolymerization[27]. The HTL studies were mainly performed under an inert atmosphere (N2);
other gases, such as CO2, Oz, and Hz, were also introduced to the HTL system [41]. The effect of
solvents depends on feedstocks and operating parameters [28]. Water is widely used in the HTL
depolymerization process, although alcohols such as methanol and ethanol can be more effective
solvents. During the HTL process, feedstock to water ratio plays a vital role as the wet feedstock
is generally processed through HTL [28]. It was found that using cosolvents could significantly
raise the biocrude yield compared to a single solvent [31]. The abovementioned parameters have
been extensively studied. Feedstock-specific studies are required to evaluate the true potential of

the HTL process.



1.4 HTL feedstocks

Biomass is one of the major renewable energy sources and can play a key role in sustainable energy
systems [34]. It is mainly derived from trees, crops, algae, and organic wastes such as municipal
sludge and kitchen waste [42]. The thermochemical process, such as HTL, transforms
biomass(feedstock) into liquid fuels and other value-added products by using the property of hot
pressurized water [27,33]. The composition and production of HTL biocrude products largely
depend on feedstock composition [33]. The HTL conversion of macroalgae, microalgae, forestry
residues, agricultural residues, manure, bacteria, yeast, food waste, and sludge has been
investigated [43]. This broad range of biomass feedstocks can be classified into two major groups:
dry feedstocks and wet feedstocks, where the major difference is the pre-drying treatment of the
feedstock. Dry feedstocks generally represent wood and other lignocellulose biomass composed
of hemicellulose, cellulose, and lignin constituents. On the contrary, algae are recognized as wet
feedstock built with lipids, proteins, and carbohydrates. The HTL decomposition of wood was
reported to have only 20-30% biocrude yield, whereas the yields from algae range from 40-45%
[31]. However, scaling up biocrude production from algae requires overcoming the challenges of

cultivation and logistics issues [44].

Recently, the use of residual biomass and waste materials as HTL feedstock has drawn significant
attention from the research community. Waste to energy is considered a promising alternative for
waste disposal, reducing the waste volume while producing heat, electricity, or transportation
fuel[45]. Annually, almost 18 billion metric tons of carbon are disposed of as waste materials
throughout the world which can be utilized by the HTL process [46]. Widely available forest
residues or wood-processing industrial wastes have been extensively studied using HTL, but

commercial production was hindered by low biocrude production[31]. The HTL conversion of
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agricultural and municipal wastes such as sewage sludge from wastewater treatment plants, swine
manure, human waste, kitchen waste, and waste plastics has already been studied for biocrude
production [47-51]. The average HTL biocrude from these wet waste depolymerization varied
from 35-45% [31]. The HTL treatments of secondary pulp/paper sludge produced 20-45 wt.%
water soluble and 15-25 wt.% water insoluble biocrude products [38]. The HTL conversion of
bioethanol fermentation residues of reed and corn stover decomposed into lignin and various
organic acids (levulinic acid, acetic acid, propionic acid and formic acid) [52]. Besides value
addition, the HTL process can successfully eliminate the pathogens of waste feedstock and can
concentrate heavy metals from waste in a single HTL product( solid char) [51,53]. The waste
material generally has low bulk density which makes transportation costly and mixing water does
not help much to create pumpable homogenous slurry because of significant density difference.
The use of organic solvents has some advantages over water in making pumpable slurry.The co-
liquefaction of shredded waste with algae can also be a feasible option to valorize the waste

materials[33].

1.5 Research objectives

The main goal of this research is to explore and document the HTL treatment over four specific
feedstocks with and without catalysts in different reaction parameters. The selected feedstocks and
catalysts have become an issue in the waste management sector. The overall objective of this work
is to valorize waste materials as feedstock as well as catalysts for hydrothermal liquefaction (HTL)
with improved biocrude products. To achieve this goal, reaction environment, catalyst, reaction

temperature and mixed reaction mediums were varied in HTL process.



Objective 1: Hydrothermal liquefaction of municipal sewage sludge

In this study, the municipal sewage sludge was decomposed using the HTL process at 350°C for
1 hour, under ethylene and nitrogen(inert) reaction environments using red mud catalyst to
evaluate the effects on biocrude and other byproducts. The detail of this study is provided in

Chapter 2.

Objective 2: Influence of red mud catalyst and reaction atmosphere on hydrothermal

liquefaction of algae

This study explored the effects of reaction environments of inert (N.), ethylene (C2H4), reducing
(10%H2/90%N?>), and oxidizing (10%02/90%N>) on biocrude production from “Tetraselmis sp.”
algae strain using HTL process in the presence of reduced red mud (RRM) and nickel-supported
red mud (Ni/RM) catalysts. The reaction temperature was fixed at 275°C for 1 hour reaction time.

The methodology of the proposed work and its results are discussed in Chapter 3.

Objective 3: Depolymerization of household plastic waste via catalytic hydrothermal liquefaction

In this work, the mixture of five prominent plastic polymers, such as polyethylene terephthalate
(PET), high-density polyethylene (HDPE), low-density polyethylene (LDPE), polypropylene (PP),
and polystyrene (PS), were depolymerized using HTL process with and without reduced red mud
(RM) catalyst. The reaction temperature was approximately 430°C with 2 hours of residence time.

The detailed experimental procedure and outcome of the study are discussed in Chapter 4.

Objective 4: Hydrothermal liquefaction of southern yellow pine

In this study, pine sawdust was liquefied using water and water-ethanol mixtures as solvents at

250, 300, and 350°C reaction temperatures in the presence of the metallic iron (Fe) catalyst. The



catalyst was changed from red mud, to increase biocrude yield from lignecellulosic biomass.

Varying ethanol concentration was studied to observe the effect on biocrude production and

properties. The details of this objective are provided in Chapter 5.

The overall conclusions of this dissertation, with recommendations for future work, are discussed

in Chapter 6.
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Chapter 2

Hydrothermal liquefaction of municipal sewage sludge

Abstract

In this study, ethylene and nitrogen(inert) reaction environments were applied into the
hydrothermal liquefaction (HTL) process of municipal sewage sludge with red mud catalyst to
evaluate the effects on biocrude and other byproducts. Red mud in three oxidation states was used:
red mud calcined at 575°C (CRM), reduced at 500°C (RRM500), and 700°C (RRM700). The
RRM500 lowered the acidity by 14%; whereas, the RRM700 minimized the viscosity by 47%
comparing to non-catalytic-inert biocrude samples. The ethylene ambiance successfully
maximized the biocrude yield by 41.6 wt.% without any catalyst. The viscosity of the biocrudes
produced under ethylene environment, showed lower differences compared to nitrogen
environment. The RRM500-ethylene reaction efficiently reduced the nitrogen content in the
biocrude by 14%. These results suggested that the ethylene atmosphere has the potential for

improved biocrude production during catalytic HTL treatment.

Keywords: Municipal sewage sludge, hydrothermal liquefaction, red mud, ethylene, biocrude oil

2.1 Introduction

Municipal sewage sludge is a nutrient-rich byproduct of the wastewater treatment process. In 2019,
4.75 million dry metric tons of municipal sewage sludge were generated alone in the U.S. Among
the produced municipal sewage sludge, only 51% was applied to the land for both agricultural and
non-agricultural purposes, whereas the rest was disposed of through incineration (16%), landfilling
(22%), and other management practices (10%) [2]. The availability, high volatile content, and high

calorific value make the municipal sewage sludge a promising feedstock for renewable energy
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production. However, the high moisture content of municipal sewage sludge is the greatest barrier
for the thermal conversion pathways. The heat consumed during the drying of feedstock can
significantly affect the conversion efficiency [3]. Only for hydrothermal liquefaction (HTL)
process, the extensive water content of municipal sewage sludge can play the key role since this
thermochemical process uses water as the reaction medium and catalyst at 280-400°C temperature
under high pressure (10-2 5MPa) [4,5]. The product distribution of the HTL process includes
biocrude, aqueous phase, gaseous and solid products. Water loading and density of the slurry can
affect the liquefaction outcomes[6]. From the previous studies of HTL using municipal sewage
sludge, the biocrude yield varies from 10 to 48 wt.% [7,8]. Recently the researchers have adopted
different strategies to improve the biocrude quality and production from municipal sewage sludge.
The HTL of secondary municipal sewage sludge at different temperatures (260-350 °C) was
studied by Xu et al. to understand the variation in yields and compositions of different products
(gases, biocrude and solids). It was found out that the increasing temperature improved the
biocrude quality and the gas yield with reduced water-soluble substance yield, the solid yield, and
the total organic carbon content in the aqueous phase [9]. Fan et al. used two different phases of
sludge from water treatment plant (with and without lipid) to maximize valorization. This
integrated approach of lipid extraction and HTL treatment enhanced biocrude from 21.26 to
29.29 wt.% compared with the HTL of untreated sludge at optimized temperature[10]. The sub-
supercritical conditions were applied to non-catalytic and catalytic (K2.CO3z) HTL reactions of
secondary municipal sewage sludge where the effects of catalysts were more distinguished than
the temperature [11]. The wastewater derived microalgal biomass and sewage treatment plant
sludge was blended for HTL treatment to solve the inconsistent supply of algal feedstock. The

maximum biocrude yield of this co-liquefaction study was higher than the individual HTL highest
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yield of algae or sludge [12]. Different pretreatments on the HTL of dewatered sludge such as
subcritical water pretreatment, cetyl trimethyl ammonium bromide pretreatment, fatty alcohol
polyoxyethylene ether pretreatment, and microwave pretreatment were reported. The subcritical
water pretreatment reduced nitrogen content, cetyl trimethyl ammonium bromide pretreatment
increased calorific value, fatty alcohol polyoxyethylene ether pretreatment brought a change in
chemical composition, and microwave pretreatment enhanced the yield of biocrude products
[13,14]. Liu et al. have explored the effects of inorganic (HCI, HNO3, and H2SO4) and organic
(HCOOH, CH3COOH, and HOOCCOOH) acid pretreatments on HTL of municipal secondary
sludge. Overall, the acid pretreatments enhanced biocrude yield with upgraded properties [15].
These pretreatments raise the overall cost of the HTL process. Introducing waste material-based
additives or catalysts in the municipal sewage sludge liquefaction systems might offer a more
economical approach making the process sustainable in the long run. The Pacific Northwest
National Laboratory (PNNL) of the U.S. Department of Energy has done extensive studies on HTL
of wet feedstocks, including municipal sludge and upgrading for the production of transportation
fuels. The focus of the PNNL is mainly on recovering the nutrients from the aqueous phase and

hydrotreatment of the produced biocrude [16].

The biocrude, however, has a high viscosity, high nitrogen content, and low heating value. A
significant amount of oxygen and nitrogen heteroatoms was found in the HTL biocrude products
from almost all types of feedstock[17]. Thus, upgrading processes for lowering heteroatoms
content in the biocrude presents a significant opportunity for wider adaption for converting
municipal sewage sludge into biofuels. A catalyst with higher activity and lower cost can play a

crucial role here. The catalyst along with optimum reaction temperature and atmosphere can highly
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influence the yield and quality of HTL biocrude[18]. Therefore, developing or finding cheap
catalysts from waste material for catalytic upgrading of biocrude has attracted scientific attention
lately. Red mud (RM) is an industrial waste produced from alumina production. The study reported
that approximately 1.5 tons of red mud is discharged per ton of alumina production[19]. The
traditional disposal method of this alkaline waste (pH~14) in red mud ponds is risky because of
the potential release or leakage of pollutants into groundwater resources [20,21]. Almost 3 billion
tons of RM are currently under storage facilities in massive waste ponds or dried mounds [22].
The name red mud came from the color caused by iron (I11) oxides, comprising approximately 20—
40% of its mass[23,24]. RM can be used as an inexpensive catalyst because of its high iron content.
The iron content of this heterogeneous industrial waste is a key factor for its catalytic activity, and
different forms of iron can be obtained using various catalyst preparation techniques. The use of
iron as the liquefaction catalyst is very attractive since iron is known to react with hot compressed
water or steam according to Equation 1, producing in-situ hydrogen for the reduction of the
intermediates produced during the liquefaction process [25-27].

3Fe+ 4H,0 = Fes04 + 4H; 1)

The use of RM as a catalyst for various applications, including pyrolysis of biomass,
hydrogenation, and liquefaction of coal and biomass, hydrodechlorination and desulfurization
reactions, methanogenesis reaction, and exhaust gas clean-up, has been demonstrated [28-31]. The
hydrodeoxygenation of aqueous-phase produced from the pyrolysis of pinyon-juniper biomass was
performed using a synthesized novel multifunctional red mud-supported nickel (Ni/RM) catalyst
and compared with commercial Ni/SiO2—Al203 [32]. In another study, reduced red mud (RRM)
catalyst removed less reactive organics like alcohols, aldehydes, and acids from hemp-derived bio-

oil and increased the stability by alkanes, alkenes, and aromatics for over the course of 90 days,
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whereas the untreated bio-oil began to degrade [33]. The study has found out that RM and red clay
can enhance biocrude yield with improved quality compared with non-catalytic HTL of food waste
[34]. The comparison between activated and raw forms of RM was made in HTL of algae
(Spirulina platensis). The findings suggested that the increased catalysts to biomass ratio promoted
biocrude yield, and activated RM reduced the nitrogen content in the biocrudes [35]. The catalytic
activity of an iron-based catalyst for tar elimination was studied, and its efficiency strongly
depended on the oxidation state (Fe2Os, FesOs, FeO, or Fe?). Studies have suggested that metallic
iron (FeP) is catalytically more active for tar and methane conversion than iron oxides due to the
ability of Fe® to break C-C and C-H bonds[36,37]. However, the potential of RM as a catalyst in
the HTL of municipal sewage sludge has not been studied. The RM can be modified to prepare an
HTL catalyst while valorizing it. The reaction atmosphere is an important operating parameter that
can affect the distributions of HTL products. Although most HTL studies have been carried out
under an inert atmosphere, other gases such as CO2 ,02 have been used during the HTL
process[38]. Peng et al. found the following trend: CO >H. > N for biomass (cornstalk)
conversion to biocrude[39]. Wang et al. suggested H> gas was more effective than syngas in bio-
oil conversion from sawdust, but both of them were better than Ar and CO gaseous
environments[40]. In other studies, however, the addition of a heterogeneous catalyst with
hydrogen gas during the HTL treatment of algal biomass lowered the O/C ratios of biocrude[41].

To the best of our knowledge, the use of other gases during hydrothermal liquefaction is rare.

In this study, the HTL of municipal sludge has been conducted under an ethylene atmosphere for
the first time. We hypothesized that the C=C bond could react with oxygen-, nitrogen- and sulfur-

based functional groups, producing a more stable biocrude at higher yield and suppressing in-situ
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polymerization reaction. In addition, this study has the potential advantage of gaseous product
valorization in thermochemical biomass conversions. For example, fast pyrolysis of polyethylene
produces high amounts of ethylene in the gas phase [42-44]. But, the gas product mixture may not
be easy to purify. Thus, the proposed pathway can significantly increase the sustainability of other
thermochemical processes such as pyrolysis and gasification. However, the cost of ethylene must
be taken into account if provided from an external source. Additionally, the in-situ catalytic effects
of red mud during the HTL of municipal sewage sludge under both nitrogen and ethylene
atmospheres at a temperature of 350°C were investigated. The contribution of this study is to show
an innovative way to convert wet waste feedstocks such as municipal sewage sludge into a liquid

(biocrude), upgraded biofuel precursor.

2.2 Materials and methodology

2.2.1 Materials

Municipal sewage sludge was collected, after the belt-filter press, from a local wastewater
treatment facility (H.C. Morgan Water Pollution Control Facility, Auburn, Alabama, USA). Red
mud was obtained from Almatis Burnside, Inc. (Gonzales, Louisiana, USA). Airgas Inc. (Opelika,
Alabama, USA) supplied high purity nitrogen, ethylene, and a gas mixture of 10% hydrogen in

90% nitrogen.

2.2.2 Feedstock characterization

The collected sludge samples were dried at 105°C for 24 hours, and a planetary ball mill (MSK-
SFM-1S, MTI Corporation, Richmond, California, USA) was used to grind the dried samples for
uniform size. The EPA 1684 method was followed to measure the total solid content. The ash

content was quantified using ASTM E1755 method, and volatile matter content was obtained
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according to ASTM E872. The higher heating value (HHV) of dried sludge samples was
determined using an oxygen bomb calorimeter (C200, IKA, Wilmington, North Carolina, USA).
The elemental analysis (CHNS/O) was performed according to the ASTM D5373-02 method

(Vario MICRO cube, Elementar, Ronkonkoma, New York, USA).

2.2.3 Catalyst preparation

The as-received red mud (RM) was calcined at 575°C for four hours without any pretreatment and
then sieved to obtain the particle size between 106-595 pum. The three different oxidation states of
RM were used in this study as catalysts: calcined red mud at 575°C (CRM), reduced at 500°C
(RRM500), and reduced at 700°C(RRM700). The thermogravimetric-temperature programmed
reduction (TG-TPR) was used to characterize the reduction behavior. The reduction temperatures
for RM were based on the TG-TPR profile of the calcined red mud. For RM reduction, a gas

mixture of 10% H> and 90% N was used for six hours at the predetermined temperature.

2.2.4 Catalyst characterization

The catalysts were characterized using inductively coupled plasma (ICP) and X-ray diffraction
(XRD). The ICP was performed using an outside laboratory (Hazen Research Inc., Golden
Colorado, USA). A bench-top powder X-ray diffraction system (AXRD, Proto Manufacturing,
Taylor, Michigan, USA) from 20° to 100° (20) with 2 seconds of dwell time and 0.014° of A2O at

30 mA and 40 kV with CuKa radiation (A = 1.5418 A) was used to perform XRD analysis.

2.2.5 Experimental setup and procedure

HTL experiments were performed in a high-pressure, high-temperature reactor from Parr
Instrument Company (Model 4578, Moline, Illinois, USA). The reactor was equipped with a 1.8
L vessel, PID controlled electrical heating unit, controllable agitator, pressure gauge, and J-type

thermocouple to monitor the temperature inside the reactor. For both inert environment (nitrogen)
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and ethylene, the HTL experiments were performed at a reaction temperature of 350°C and a
residence time of 60 minutes. For each HTL experiment, 600 g as-received municipal sewage
sludge (with 17-19% solid content) was loaded into the reactor. For all catalytic HTL experiments,
catalyst: feedstock loading was fixed at 1:3 (i.e., ~34 g catalyst per 600 g as-received feedstock).
The identical catalyst-to-feedstock ratio was used in HTL conversion of food waste feedstock with
red mud and red clay catalyst. Greater carbon yield was found in biocrude by red mud than red
clay[34]. The reactor was purged with desired gas (nitrogen or ethylene) three times to remove air
from the reactor headspace before pressurizing with it to an initial pressure of 200 psi (1.38 MPa).
The reactor was then heated to the desired temperature at the heating rate of ~4°C/min. It was
reported that the reaction temperature of 350°C at 3.33°C/min heating rate favored higher biocrude
production from sewage sludge feedstock [45]. After holding the reactor at the desired temperature
for 1 h, the heater was removed, and the reactor was cooled to room temperature by running cold
water in the internal cooling coil. The products (gas, solid, agueous phase, and biocrude) were

separated as described in Section2.2.6. All experiments were performed in duplicates.

2.2.6 Product separation

After cooling down the reactor to room temperature, its pressure was recorded. The gas products
were analyzed using a micro-GC (Agilent 3000A). The Agilent 3000 A Micro GC is equipped
with three modules: a 10 m Molsieve 5A (MS) column and two 10 m porous polymer (PPU)
columns. Each module had a thermal conductivity detector. The instrument has the ability to split
the sample into three streams. Each stream would go to one of these modules. MS column was
used to analyze hydrogen, methane, and carbon monoxide, while carbon dioxide and ethylene
hydrocarbons were analyzed on the PPU columns simultaneously. Argon and helium were used as

carrier gases for MS column and PPU column, respectively. The gas composition analysis was
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performed in triplicates. After the gas analysis, the remaining gas was vented, and the reactor was
opened to recover the liquid and solid products. The content in the reactor was poured into a large
flask, and the weight was recorded. Then, the reactor content was filtered through Whatman No.50
filter paper (particle filtration size of 2.7 um) to separate the solid from dichloromethane mixed
liquid products, mainly aqueous phase. Then the remaining solids on the filter paper were washed
with dichloromethane (DCM). The aqueous phase was then separated from the DCM mixed bio-
oil by decantation. The weight of all liquids (aqueous and organic phases) was recorded for mass
balance. The DCM was separated from the biocrude using an IKA rotary evaporator at 60°C and
720 mbar vacuum pressure to obtain DCM extracted bio-oil, which is termed as “biocrude oil”

throughout the paper.

2.2.7 Product analysis

The total mass of the gaseous product was calculated back using Equation 2.

Wy = XX MW ngo; (2)

where W, is the total mass of gaseous product (g), x; is the mole fraction of gas i, MW; is the
molecular weight of gas i (g/mole), and n,,; is the total number of moles of gas product.

In the case of ethylene HTL experiments, Ethylene (C2Hs) consumption was estimated using

Equation 3.

moleCzH4) _ (Tl X n ) % 1 1000g
kg sludge - iC2Hy fC2Hy® Tftot 105g organic Sludge 1kg

Ethylene consumption (
©)

where n;c, y, is the initial number of mole of ethylene, x¢,, is the final mole fraction of ethylene,
nreoe IS the total number of moles of gas at the end of the experiment. The yield of liquid, gas and

solid product were calculated on dry-ash free basis using Equations 4, 5, and 6,

respectively[46,47].
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where Wy is the mass of municipal sewage sludge feedstock (g), W;, and W, are the mass of
moisture and ash content of feedstock (g), respectively, W, is the mass of the biocrude product
(9), W is the mass of gas product (g), W; is the weight of total solid residues (g), and W is the
weight of catalyst (Q).

The higher heating value (HHV) of biocrude was determined using an oxygen bomb calorimeter
(Model C200, IKA, Wilmington, North Carolina, USA). The elemental analysis was performed on
each sample using an elemental analyzer (Vario MICRO, Elementar, Ronkonkoma, New York,
USA) according to ASTM D5373-02. The total acid number (TAN) of each sample was
determined through titration according to ASTM D664-07 using a Mettler Toledo T50 Titrator.
The density and kinematic viscosity of the oils were measured at 20°C using a viscometer (SVM
3001, Anton Paar, Austria). The chemical composition of each sample was subsequently analyzed
by Fourier transform infrared (FTIR) and nuclear magnetic resonance (NMR) spectroscopy
analyses. The FTIR of biocrudes was performed by using Thermo Nicolet iS10 (Thermo Scientific,
Waltham,MA). The samples were analyzed for 34 scans over a range of 400-4000 cm!
wavenumbers. Samples for NMR spectroscopy containing 25mg of oil in 1ml of chloroform
(99.9%-D) with 1% v/v tetramethylsilane (TMS) (Acros organic, Switzerland) were prepared in 5
mm 535-PP NMR tubes (Wilmad-LabGlass, Vineland NJ).13C spectra were collected using a
Bruker 500 MHZ spectrometer equipped with a broadband nitrogen-cooled prodigy probe. The

spectra were referenced to chloroform (CDCls, §3C = 77.2 ppm) and processed in Bruker Topspin
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software (3.6.3 version). The Simulated distillation analysis was performed according to ASTM
D2887. Approximately 20 mg of each sample was diluted with carbon disulfide (CS>) until each
diluted sample contained an estimated 1 wt. % oil sample[32,48]. The filled vial was then loaded
into an Agilent Technologies 7890A GC with Flame-lonization Detection (FID) System equipped
with a 7693 Autosampler. The GC-FID contained a 10 m x 0.53 mm x 3 um DB-2887 Column. A
sample volume of 0.2 uL was injected for the simulated distillation analysis. Each sample was then
heated from an initial temperature of 40°C to a final temperature of 350°C at a heating rate of
20°C/min. The GC-FID System was operated in a 1:4 split inlet mode during each simulated

distillation analysis.

The aqueous phase was analyzed for total organic carbon (TOC), total nitrogen (TN) with specific
species distribution(ammonium (NH4*-N), nitrate(NOs -N), organic nitrogen (Org-N)), chemical
oxygen demand (COD), and pH. The TOC and TN were measured by a TOC/TN analyzer (TOC-
L, Shimadzu, Kyoto, Japan). A Prominence Liquid Chromatography (LC) system coupled with a
conductivity detector (Shimadzu, Japan) was used to analyze concentrations of ammonium (NH4"-
N) and nitrate (NOsN) in digestate samples. The detailed procedure can be found in previously
published literature [49]. Briefly, A Dionex lonPac CS12 column (4 x 250mm, Thermoscience)
and a Dionex lonPac AS22 column (4x 250mm) with suppression (Dionex CERS 500 4mm and
Dionex AERS 500 4mm,respectively)were used for ion separation.Acidic eluent (20 mM
methanesulfonic acid) was used on the CS12 column, and basic eluent (4.5mM sodium carbonate
and 1.4mM sodium bicarbonate solution) was used on the AS22 column. The amount of organic
nitrogen (Org-N) was calculated by the difference of total nitrogen and inorganic nitrogen (the
sum of NH4"-N and NOs-N). The COD was determined using a COD assay kit (HACH, Loveland,

Colorado, USA) and a spectrometer(DR900, HACH, Loveland, Colorado, USA). The detailed
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procedure can be found in previous literature [50]. The pH of the solution was measured using a

pH meter (pH510, Oakton, Vernon Hills, Illinois, USA).

2.3 Result and discussion

2.3.1 Feedstock characterization
Table 2.1 shows the proximate and elemental analyses of the municipal sewage sludge feedstock.
The elemental composition of feedstock with high ash (29.8+2.7%, on a dry basis), nitrogen, and
heavy metal contents are in good agreement with other publications [51,52]. These factors can
significantly affect HTL products.

Table 2.1: Characterization of municipal sewage sludge

Present Study [51]? [52]?
Proximate Analysis
(wt.%)

Moisture Content 824+ 12! 2.54 n.r.
Volatile Matter 52.9 + 0.7 49.77 60.8*
Fixed Carbon 3.0+0.5%° 5.42 n.r.

Elemental
Composition?
(wt.%)
C 33.1+0.3 28.71 31.29
H 5.5+0.1 4.66 3.83
N 5.0+0.1 5.01 4.84
S 0.7+0.1 0.5 3.43
Ash 29.8+2.7 42.27 39.2
0? 25.9+0.1 18.82 17.41
HHVZ (MJ/kg) 14.1+0.9 12.82 n.r.
Heavy Metal?
(mg/kg)
Ce 47 150 n.r.
Cd n.d. 3 2.10
Cr 50 130 87
Cu 270 n.r. 150
Mn 560 n.r. n.r.
Pb n.d. 50 61
Zn 560 500 780

! as received basis. 2on dry basis. by difference. %including volatile matter and fixed carbon. n.r.=not reported.
n.d.=not detected.
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2.3.2 Catalysts characterization

Only fresh catalysts were used in this study because the spent catalysts were uniformly mixed with
the solid residue after HTL experiments, and we had difficulties separating the spent catalyst from
solid residues effectively. The different metal oxides were detected by XRD analysis of the
catalysts. Figure 2.1 is showing the most prominent peaks of hematite (Fe2O3), magnetite (FesOa),
anatase(TiO), goethite(Fe**O(OH)), and quartz(SiO) at different 26° positions of all three
catalysts with the enlarged view of iron (Fe) peak at 26 = 43° in RRM500 and RRM700.The
RRM500 has smaller hematite peaks at 26° positions of 26, 33, and 54, where intense peaks were
found in 26° positions of 27 and 35 for hematite and magnetite, respectively. A similar trend was
found in the RRM700 catalysts. Moreover, one extra peak of magnetite was observed in the XRD
peaks of RRM500 and RRM700 at 26° of 68, which was not seen in CRM. These findings
suggested that the reduction process of a catalyst successfully increased the magnetite formation
in the catalyst. In other words, the crystallinity of magnetite could have proportional relation with
the reduction temperature of the catalysts. Similar results were reported for the XRD pattern of
reduced red mud at 450°C, where conversion of hematite to magnetite by reduction process was
mentioned[53-56]. The inductively coupled plasma optical emission(ICP-OES) analysis also
confirmed the high iron (Fe) content (32.2-37.1 wt.%) in three forms of catalysts. The ICP analysis
of catalysts is shown in Table Al of the supplementary material. The iron (Fe) amount increased
in the following order: RRM700>RRM500>CRM. Aluminum(Al), calcium (Ca), sodium (Na),
and titanium (Ti) were also present in considerable amounts, along with iron. The characterization
tests of RM catalysts proved the reduction process at 500, and 700°C changed the hematite to
magnetite. However, this reduction process could not transform all the hematite into magnetite. In

addition, there were a significant amount of other metal oxides (63-67%) in the catalysts.
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Figure 2.1: XRD analysis of RM catalysts

2.3.3 HTL products characterization

2.3.3.1 Products yield distribution

Figure 2.2 illustrates the effect of catalysts under two reaction conditions over product distribution
on dry-ash free basis. In both reaction conditions, the non-catalytic HTL process produced the
maximum biocrude yields. Under this scenario, 41.6 wt.% biocrude was produced using ethylene
compared to 37.1wt.% with nitrogen. This observation suggested that ethylene could react with
municipal sewage sludge-derived components without a catalyst resulting in approximately 5wt.%
higher biocrude yield. Among the catalytic experiments, RRM700 in the ethylene environment
was the best combination to produce the biocrude yield of 38.2 wt.%. The RRM700 in the nitrogen
environment resulted in the lowest liquid yield production (26.7 wt.%), which was about 11wt.%

lower than in the ethylene atmosphere.This suggests that the excess 11wt.% biocrude would come
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from the direct gas-liquid reaction of C=C with organic molecules, the in-situ stabilization of HTL
products that inhibited polymerization, or a combination of both. However, the latter was more
likely to happen because the char yield decreased from 21.2 wt.% to 14.5 wt.% in nitrogen and
ethylene atmosphere, respectively, using RRM700 catalyst. The gas yields were relatively high
primarily because of the reaction temperature of 350°C, where depolymerization can lead to higher
gas yield production [7]. From yield analysis, there is a clear indication that a catalyst has reduced
the biocrude yield. The biocrude yield reduction is prominent in the nitrogen environment
comparing to ethylene. Ethylene gas promoted the gas to biocrude transformation, which increased
the biocrude yield both in catalytic and non-catalytic reactions. Subsequently, this reaction
condition has also caused a high gas yield in both nitrogen and ethylene conditions. The biocrude
yield increased with the reduction temperature of RM under the ethylene atmosphere. This
phenomenon can be described as the synergistic effect of reduced RM catalyst and ethylene

gaseous environment.

60

50 +
40 1
30 +
20 +

Yield (wt.%)

10 +

0 A

No catalyst CRM RRM500 RRM700 |No catalyst CRM RRMS500 RRM700

Nitrogen atmosphere Ethylene atmosphere

EBiocrude ESolid OGas

Figure 2.2: Yield distribution (on dry-ash free basis) under different conditions and catalysts.
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2.3.3.2 Biocrude characterization

Physicochemical properties

Table 2.2 shows the physicochemical properties of biocrude from each experiment. The biocrude
from ethylene experiments had 0.68-5.48 wt.% more carbon compared that with the nitrogen
counterpart. This carbon enhancement is another proof that ethylene reacted with organic material
in the municipal sewage sludge adding carbon to the biocrude product. Among all the experiments,
the lowest nitrogen content was found from the RRM500-ethylene combination. The hydrogen
content of biocrude was slightly increased by ethylene. The breakthrough was, however, observed
in oxygen removal. The ethylene environment successfully reduced the oxygen content in biocrude
by 2-21% compared to the same catalyst combination under an inert (nitrogen) environment. The
minimum oxygen content found in the non-catalytic-ethylene combination with a subsequent
higher heating value of 29.6 MJ/kg. Furthermore, this may suggest that ethylene reactivity with
oxygenated functional groups was more dominant than with sulfur- or nitrogen- heteroatoms. As
presented in Table 4, all ethylene experiments produced more CO; than nitrogen, suggesting that
ethylene might have enhanced decarboxylation reaction. The effects of ethylene over elemental
composition also influenced the heating values of the liquids, and all the ethylene experiments

(except RRM500) attained higher heating value liquid yields than the nitrogen environment.
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Table 2.2: Physicochemical properties of the fresh biocrude.

Nitrogen Ethylene
Elemental
Composition
(wt.%) No catalyst CRM RRM500 RRM700  No catalyst CRM RRM500 RRM700
Cc 54.13+1.98 63.32£0.67 54.52+2.09 53.53+3.95 59.37+1.68 64+2.49 56.76+1.22 59.43+6.13
H 6.55+0.24  8.34+0.15  6.95+0.05  6.98+0.23  7.62+0.34  8.35+0.20  7.38+0.23  7.33+0.44
N 4.26x0.11 4.8+0.10 4.04+0.08  4.42+0.30 4.80+0.08  4.69+0.33  3.74+0.09  4.11+0.50
S 1.30£¢0.10  0.90+0.10  0.95+0.10  1.184#0.10  0.95+0.03  1.03+0.12  2.1740.10  2.67+0.90
ot 33.80+2.33 22.64+0.92 33.39+2.33 33944351 27.97+2.12 22.18+3.14 29.95+1.54 26.47+7.60
HHV
(MJ/kg) 28.30+0.53 29.01+0.64 28.53+0.17 26.62+0.15 29.57+0.37 30.43+0.60 28.29+0.77 28.44+0.20
TAN
(mgKOH/g)  6.29+0.37  6.45+0.95  5.36+0.46  5.81+0.12  7.75+0.41  8.95+044  7.10+0.01  8.76+0.42
Dynamic
Viscosity
(cP) 3.39+0.58  6.25+1.23  4.18+0.35  1.83+0.03  6.35+1.13  8.83+2.58  4.35+0.81  5.48+0.87
Density

(g/cmd) 1.13+0.01  1.12+0.01 1.12+0.01 1.15+0.01 1.12+0.01 1.11+0.01 1.12+0.01  1.13+0.01

Yoy difference

The use of CRM catalyst resulted in increased carbon content and HHV and the removal of oxygen
in both environments. From the XRD pattern of catalysts, it was evident that CRM was full of
metal oxides in their highest oxidation state. Such metal oxides (especially hematite) might favor
the polymerization reaction over cracking, which would explain higher carbon content (lower
oxygen) and HHV compared to other oils. Additionally, CRM increased the nitrogen content of
biocrude in nitrogen atmospheres. In ethylene, CRM decreased the nitrogen comparing to non-
catalytic reaction. However, the CRM-ethylene biocrude still has higher nitrogen than RRM500
and RRM700 ones. The RRM500 catalyst produced the lowest nitrogen content in the oil in both
environments, where the RRM700 catalyst slightly raised the nitrogen content from the non-
catalytic ones and had the lowest HHV under the nitrogen environment.Thus, it showed the effect
of the reduction process in RM’s catalytic effect over biocrude properties. In the case of total acid
number (TAN), the ethylene environment raised slightly compared to the nitrogen environment.
The highest TAN came from the CRM-ethylene combination, whereas the lowest one came from
the RRM500-nitrogen HTL. In both inert and ethylene environments, the RRM500 catalyst was
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the best to keep the TAN number lowest. The dynamic viscosity of the fresh biocrude in the
nitrogen environment was slightly lower than the ethylene environment. However, the sulfur
content and TAN value were also increased by the ethylene reaction environment. Hence, sulfur
compounds might have had a more significant impact on TAN than oxygenated functional groups.
The biocrude samples used in this study were stored at room temperature (23°C) and atmospheric
conditions for nine months (~39 weeks). The aged samples were tested for elemental analysis,
higher heating value, viscosity, and total acid number to compare with fresh product. The result is
presented in Table A2. It is evident that nine months of storage at room temperature has affected
the physicochemical properties of biocrudes. The TAN has significantly increased, which agrees
with other aging test results[57]. After nine months of aging, the TAN in the biocrudes from
RRM500/nitrogen and RRM500/ethylene conditions have increased up to 64% and 32%,
respectively, comparing to the fresh samples. In fact, the biocrudes produced under nitrogen
environment have experienced 31-17% higher TAN surges than the ethylene ones. This means an
improvement in the storage stability of the ethylene biocrude is the main advantage. The elemental
analysis has some minor changes in carbon content in both reaction environments, resulting in
lower oxygen content. However, the HHV remained almost the same after nine months of aging.

The dynamic viscosity of the biocrude was measured over four to seven weeks at 40°C to find the
viscosity trend. To verify the effect on viscosity, all oil samples were tested again on the 39th week
(~ nine months). Figure 2.3 illustrates the dynamic viscosity of the biocrude measured over four
to seven weeks and then 39th week at 40°C. The effect of catalysts was prominent during the
viscosity test of aged oil. The biocrude derived under CRM catalysts in both inert, and ethylene
conditions solidified within five weeks of production. Thus, we could not measure their viscosity

further. Figure 3-A indicates that the RRM700 catalyst worked most efficiently in a nitrogen
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environment to generate biocrude with the lowest and most stable viscosity. The viscosity of CRM
catalyst biocrude in inert as well as in ethylene environment was the highest. This is another proof
that CRM promoted polymerization even at room temperature for weeks. Unlike the nitrogen
environment, RRM500 catalyst showed the best performance in the ethylene environment. All
biocrudes (except CRM) produced from an ethylene environment gave similar viscosity for the
entire test.

One significant effect of the ethylene atmosphere was that the viscosity lines came into a narrower
spectrum than the nitrogen atmosphere, where the trend lines under the nitrogen atmosphere were
more scattered. However, CRM catalyst did not follow that trend. In the case of CRM-nitrogen
condition, the viscosity trend line shown a higher slope in the first three weeks, most probably
polymerization reaction continued, and then oil became stable.The biocrude from the CRM-
ethylene reaction was more reactive for the first week, and then the reaction slowed down, as
evident by the change in the viscosity. These findings indicated that the influence of reaction

atmosphere was more pronounced than the effect of catalysts in viscosity trend.
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Figure 2.3: Dynamic viscosity of biocrude over time: A-nitrogen environment and B-ethylene
environment

Thermogravimetric analysis

Thermogravimetric analysis is presented in Figures 2.4-A, B, C and D. For comparisons,
thermograms for the same catalytic condition are plotted in the same figure for nitrogen and
ethylene environments.A noticeable mass loss was observed in the derivative thermogravimetric
(DTG) curve between 44 and 49°C in the ethylene environment, which shifted between 50 and
70°C for the inert environment. It indicated that except for CRM catalyst, the ethylene atmosphere
generated some lighter compounds than the inert one in the 44-70°C temperature range. The CRM-
ethylene combination expanded the temperature range up to 400°C for lightweight compounds
production. The DTG curves for “no-catalyst” and CRM conditions are parallel up to 380°C, where
biocrude from nitrogen environment has lower mass loss than the ethylene counterpart, but it
increased at the end. The DTG curve of the RRM500 catalyst produced sharp loss peaks at 400°C
and 447°C in nitrogen and ethylene environments, respectively. A similar sharp loss peak was
observed at 417°C only in the non-catalytic experiment of ethylene environment. Thus, the
RRM500 catalyst affected the biocrude oil formation with compounds between 400-446°C boiling
points range, irrespective of environment. Otherwise, the lighter compounds were common
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between the 203-500°C range for ethylene. The maximum temperature for TGA experiments was
700°C, and slight biocrude residue (10-14 wt.%) was left at the TGA pan. Similar mass loss was
reported in the literature of sewage sludge HTL treatment [58]. Above 80% of the biocrudes
obtained in this study had a boiling point under 350°C, suggesting that products were
distillable[59]. The simulated distillation of biocrude products is shown in FigureAl (Appendix
A). The biocrude samples from the ethylene environment were mostly inclined towards
commercial diesel except for the CRM catalysts.In FigureA2(Appendix), it is evident that the
RRM700 catalyst produced the highest gasoline range products (60.3 wt.%) among other
conditions, where RRM500 generated the majority of the jet fuel products under the nitrogen
environment.The minimum dynamic viscosity in RRM700-nitrogen biocrude oil is in agreement
with the highest amount of gasoline range products. Furthermore, CRM catalyst produced the
highest heavy diesel fraction under nitrogen environment which is another indication that CRM
promoted the polymerization reaction. This finding is in agreement with the dynamic viscosity
analysis of previous section. Meanwhile, in ethylene CRM produced slightly (4.28%) more
gasoline products than RRM500 but RRM500 had 37.9% more light diesel products than CRM in
the biocrude. The RRM500 catalyst also produced additional 21.7% heavy diesel range products
in ethylene environment than nitrogen environment. The thermogravimetric analysis has supported
this result by showing the shift of the DTG curve towards higher temperature after 400°C which
is equivalent to heavy diesel range (321-425°C). The production of heavy molecular vacuum gas
range products by RRM700-ethylene pair can be explained by the higher dynamic viscosity of
biocrude than RRM-500 ethylene product. Higher gasoline range products from RRM500-

ethylene biocrude, are also in agreement with viscosity result.
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Figure 2.4: Thermogravimetric analysis of biocrude samples from nitrogen and ethylene
atmospheres: A- No catalyst, B-CRM, C-RRM500 and D-RRM700.

FTIR and NMR analysis

FTIR and NMR analyses were performed on the biocrude samples for the following conditions:
non-catalytic/nitrogen, RRM500/nitrogen, non-catalytic/ethylene, and RRM500/ethylene. The
FTIR spectra of non-catalytic/nitrogen and non-catalytic/ethylene biocrudes were presented in
Figure 2.5-A. The peak intensity in C=0 functional group(1590-1800cm™) has decreased in the
ethylene environment. However, ethylene condition has enhanced the peaks of alcohol, phenolic
compounds(1200-1300cm™), and aromatic compounds (730-800cm™), comparing to the nitrogen
environment. The reduction in -OH peak (3050-3300 cm™), C=0 peak(1590-1800 cm™) under an
ethylene environment has indicated oxygen removal from biocrudes [46]. The elemental analysis
of Table 2.2 supported the reduced oxygen content in biocrude produced in an ethylene
environment. The gas analysis of Table 2.3 also shown higher CO production under ethylene

atmosphere, which indicated more oxygen removal.

The FTIR spectra of non-catalytic/nitrogen and RRM500/nitrogen were compared in Figure 5-B.
The RRM500 has reduced the C=0 functional groups (1590-1800cm™) and added more alcohol,
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phenolic compounds(1200-1300cm™) to biocrudes. This catalyst also reduced the -OH peak (3050-
3300 cm?) comparing to a non-catalytic reaction. Figure 2.5-C contained the non-
catalytic/ethylene, RRM500/ethylene, and RRM500/nitrogen spectra. The synergistic effects of
RRM500 and ethylene atmosphere were the reduction in aromatic compounds(730-800cm™),

alcohol, phenolic compounds(1200-1300cm™), and in the -OH peak (3050-3300 cm™).

13C NMR spectra of the biocrudes are shown in Figure A3 (in Appendix A). Only aliphatic groups
were found in the biocrudes from four conditions in Figure A3. The FTIR spectra in 2.5-A, B and
C, also have the highest peaks in the aliphatic region (2700-3100 cm™). The aliphatic groups were
divided into saturated aliphatic groups (0-28ppm) and unsaturated aliphatic groups (28-
55ppm)[58],[59]. The semiquantitative **C NMR spectra integral (Table A4) has shown that the
RRM500 catalyst has reduced saturated aliphatic groups but increased the unsaturated group in
biocrude samples, irrespective of the reaction environment. The ethylene environment has slightly
decreased (0.1%) the saturated aliphatic group and promoted the unsaturated group in a very small
scale for both catalytic (RRM500) and non-catalytic reactions. The unsaturated bond of ethylene
gas had probably reacted with the feedstock component and added more unsaturated aliphatic
groups in the biocrude. However, the FTIR spectra of the biocrudes (Figure 2.5-A, B, and C) have
not indicated much difference in the aliphatic regions (2700-3100cm™). From individual peak area
(Table A3),6.3% decrease was found at 0 ppm chemical shift, in non-catalytic/nitrogen biocrude,
compared to non-catalytic/ethylene one. On the other hand, the addition of RRM500 catalyst has
increased the same peak area in a nitrogen environment. The most significant difference was found
in the peak area at 1ppm. The addition of RRM500 has decreased the area by 64.3% in the
biocrudes from the nitrogen environment. The peak area at 1 ppm has also decreased for both non-

catalytic and catalytic reactions in ethylene ambiance with a lower rate. Although changes were
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observed within individual peak, saturated and/or unsaturated regions, given the complexity of the
biocrude molecules, it is unclear what these changes in NMR signals are associated with. Thus,

further isotopic studies are needed to clarify the exact reaction mechanisms between ethylene and

feedstock.
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Figure 2.5: FTIR spectra of biocrudes, A-non-catalytic/nitrogen and non-catalytic/ethylene, B-
non-catalytic/ nitrogen and RRM500/nitrogen and C- non-catalytic/ethylene, RRM500/ethylene,

and RRM500/nitrogen
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Analysis of byproducts

Table 2.3 illustrates the characterization of all byproducts: agueous phase, solid residue, and gas
phase. The non-catalyst-inert condition gave the highest TOC of the aqueous phase, whereas
RRM500 gave the highest TOC under an ethylene environment. However, TOC remained less
than 8 g/L under all conditions. The inorganic nitrogen mainly consisted of NH4"-N with very low
NOs-N. The ethylene environment slightly raised NH4"-N concentration in the aqueous phase
comparing to nitrogen ones. The nitrate (NO3z -N) concentration was, however, much higher in
ethylene environment products. The highest (NOs-N) was found from RRM500/ethylene
condition with 34.7 mg/L. The nitrogen atmosphere-derived aqueous products have more organic
nitrogen (Org-N) in non-catalytic and CRM conditions where RRM500 and RRM700 have
increased Org-N transfer in the aqueous phase derived from the ethylene atmosphere. Thus, the
results appear to suggest that ethylene transformed some of the organic nitrogen into nitrates, while
red mud catalyst (regardless of its oxidation state) caused a decrease in total nitrogen. For TN,
nitrogen transfer decreased by the catalyst in both atmospheres. The same trend was found for the
COD of the aqueous phase produced under inert conditions. However, in ethylene, the COD has
increased by RRM500 and RRM700. In pH analysis, there is increasing alkalinity in the aqueous
phase from non-catalytic to catalytic reactions, irrespective of the reaction environment.

The elemental analysis was performed to characterize the solid residue, and the results are reported
on catalyst-free basis. The carbon content is higher in an inert environment comparing to an
ethylene one. The opposite trend was observed in elemental analysis of biocrude samples where
the ethylene environment raised the carbon content. It suggested that the ethylene environment
successfully transferred more carbon towards biocrude than the solid char. From a catalytic point

of view, the non-catalytic reactions generated the maximum carbon and oxygen in the char
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irrespective of the atmosphere. Among catalysts, only RRM700 increased the carbon, hydrogen,
nitrogen, and sulfur content in char. There was enough evidence in this study to show CRM
enhanced polymerization reaction. Moreover, the ash content has increased with the use of
catalysts. This effect was common in both ambiances. Most probably, the catalysts have played a
role in transferring the ash content of the feedstock to the solid char. However, there is no other
evidence except the increased ash content in solid residue to verify this phenomenon as catalytic
activity.

For gas product analysis, it is important to note that only N2, CHa4, Hz, CO, and CO. gases were
quantified using the method discussed in the previous work[60]. The introduction of reduced red
mud catalysts has promoted in-situ hydrogen production. In inert conditions, this effect is more
prominent, and RRM500 raised the hydrogen production by 2.3-4.5 mol% comparing to no
catalyst reaction. RRM500 also increased methane (CHa4) production in the inert atmosphere from
0.2 — 2.4 mol%. The CO> production in inert conditions was almost similar except CRM. CRM
generated the lowest hydrogen and CHs, their composition was 0.8mol % and 4.7 mol%,
respectively, while increasing CO> production significantly (93.3 mol%). These results show the
effect of reduced red mud catalyst under inert conditions over HTL gas products. The ethylene
atmosphere has increased the H> and CO> production by 0.5 and 7.5 mol% in the non-catalytic
experiment, comparing to the inert one. The reaction between ethylene and feedstock might be
responsible for this change in gaseous products. When catalysts were introduced in an ethylene
environment, the synergetic effects of atmosphere and catalysts were observed on gaseous
products. For example, the hydrogen production efficiency of RRM500 catalysts was suppressed
by 2.4 mol% comparing to the inert atmosphere. Another example was the catalytic activity of

CRM catalyst, which raised the CH4 (by 2.1 mol%) and minimized the CO> (6.4 mol.%) production
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in ethylene compared to the nitrogen atmosphere. The performance of RRM700 was similar in

both ambiances except for almost 3mol% more CO> generation in the ethylene atmosphere.The

ethylene consumption was calculated for the HTL experiments in ethylene. The RRM500 has

consumed the least amount of ethylene, where the CRM catalyst consumed the most. The ethylene

consumption trend in this study, CRM>No Catalyst>RRM700>RRM500. This means that the

catalytic reactions by RRM catalysts absorbed less ethylene to influence the HTL products from

municipal sewage sludge feedstock. The minimum ethylene consumption was another proof of the

superiority of RRM500 over the other two catalysts.

Table 2.3: Properties of Sludge HTL byproducts

Ambiance Nitrogen Ethylene
No No
Catalyst Catalyst CRM RRM500 RRM700 | Catalyst CRM RRM500 RRM700
Agqueous phase
TOC (g/L) 7.6+£0.2 3.2+0.2 3.7£0.1  3.8+0.1 3.40.1 2.8+0.1 3.9+0.1  3.4+0.1
NH4*-N(g/L) 55+0.3 4.6+0.1 4505 53+0.2 | 57404 52+0.8 4.6%1.2 5+0.5
NOz-N(mg/L) 175+1.2 21.3+0.2 0.3+1.2 12.8+0.4 | 34.7+0.8 35.3+t1.1 28.6+0.8 29.8+0.3
Org-N* (g/L) 3.3£0.5 2.2+0.6  0.9+0.7 1.1+0.5 2+0.4 1.7+0.2 16+05  1.8+0.7
TN (g/L) 8.9+0.1 5.6+0.8 54403 6.5+0.3 | 7.7£0.1 7+0.2 6.410.2 7+0.1
COD (g/L) 36.8+1.8 29.7+0.2 21.6+0.3 33.4+1.2 | 21.5+1.4 19.240.3 32.840.9 32.7+1.2
pH 8.5+0.1 9.2+0.1 9.240.1 940.1 8.9+0.1 8.7+0.1 9.2+0.1  9.1+0.1
Solid Residue (wt.%)
C 27.3x0.1 17.7#0.1 17.6£1.3 22.8+0.4 | 21.1+0.1 15.9+0.1 17.1+04 20.2£0.5
H 26+0.1 2.1+#01 1.9+0.1 23+0.1 | 1.9+0.1 1.8+0.1 1.9+04 2.2+0.1
N 2240.1 1.8+01 1.7+0.2 2+0.2 1.7¢0.1 1.740.2 17403 1.9+0.1
S 0.6£0.2 0.5+0.1 0.5+0.1 0.7#0.1 | 0.6+0.1 0.5+0.1 1+0.1 0.7£0.1
Ash 57.1+0.9 75.24#09 72.3+0.4 63.7£0.5 6211 71.5+1.2 735+05 73.610.1
0! 10.3+1  2.8+0.9 6+1.9 8.5+0.1 12541 8.8+1.2 4.9+04 1.3+0.6
Gas Phase (mol%)
Ho 0.9+0.1 0.8+0.1 5.3+06 29403 | 1.4+05 1.1+0.2 29+1.1 29+17
CH4 6.4+0.3 47407 7.1+0.2 6.8+1.3 | 3.6+0.7 6.8£0.8 5.7+1.1 5.9+2
CO2 85.3+t0.4 93.3+19 85.8+2.1 88.2+0.2 | 92.9+2.2 86.9+2 88.6+2.1 91.1+0.1
Balance 74406 13+12 19417 21+18 | 2.2+13 5.343 29+2.1  0.140.1
Ethylene
Consumption
(mol/kg feedstock)
NA NA NA NA 1.2+0.4 1.3+0.5 1+0.3 1.2+0.6

Lhy difference. NA = Not applicable.
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2.3.4 Nitrogen and heavy metal distribution

The feedstock characterization confirmed the high nitrogen content in the municipal sewage
sludge, and it is necessary to know the distribution of nitrogen compounds in HTL products.
Especially the presence of nitrogen heavily affects the upgrading of biocrude products and the safe
disposal of the aqueous phase[61]. Several research works have confirmed that the nitrogen
content in biocrude from municipal sewage sludge is significantly higher comparing to that derived
from other biomasses such as barley straw or barks of white pine, white spruce, and white
birch[62]. The nitrogen transfer from feedstock to HTL products of the present work is shown in
Figure 2.6-A by calculating the percentage of feedstock nitrogen that was distributed in each HTL
product. The unquantified nitrogen was accounted as balance since the nitrogen content in HTL
gases was not determined. As shown in Figure 2.6-A, the highest amount of nitrogen (31-64%)
was transferred to the aqueous phase, which is in agreement with other HTL works on sludge and
livestock manure [61,11,63]. The non-catalytic reactions in both environments obtained the
maximum nitrogen in biocrude. The catalysts reduced the nitrogen transfer to the biocrudes
irrespective of environments. Probably the catalytic reaction produced more ammonium in the
aqueous phase and removed the nitrogen from the biocrudes. The least nitrogen transfer to
biocrude was observed using RRM500 catalyst (14.6% and 16.8% under nitrogen and ethylene,
respectively).

The trace of cerium (Ce), chromium (Cr), copper (Cu), manganese (Mn), and zinc (Zn) in HTL
products suggests the heavy metal immobilization from the feedstock to all HTL products. The
distribution of these metals in the HTL process is shown in Figure 2.6-B. Only samples produced
using RRM500 catalyst in the ethylene environment were analyzed. It is evident that the transfer

of heavy metals mostly from feedstock (municipal sewage sludge) to solid residues composed of

44



char and catalyst rather than biocrude. Only Cu (30 mg/kg) and Zn (100 mg/kg) were found in the
biocrude where previous study has reported Pb(0.7mg/kg), Zn(121.0mg/kg), Cu(30.6mg/kg) and
Ni(7.9mg/kg) in municipal sewage sludge derived HTL biocrudes. However, the heavy metal
content in regular petro-diesel is much lower (Pb=0, Zn=0.11-0.14, , Cu=0.081-0.097 and Ni=0—

0.045 mg/kg) [64]. Therefore, the biocrude sample requires further processing to lower its Cu and

Zn contents. The accumulation of heavy metals in solid residue after the catalytic HTL process
was reported by previous work by other researchers as well[45,65].We could not compare heavy
metal contents in the aqueous phase with other HTL work on sewage sludge as they were below
detection limits [9]. ICP detection limits for Cu, Zn, Cr, Mn, and Ce were 0.0025, 0.001, 0.005,

0.0005, and 0.0005 wt.%, respectively.
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Figure 2.6: A-Nitrogen distribution and B-heavy metal distribution in HTL system using
RRM500 catalyst under ethylene ambiance.

2.4 Conclusion

The hydrothermal liquefaction (HTL) of municipal sewage sludge was investigated using three
forms of red mud (RM) catalysts, namely calcined red mud (CRM), reduced red mud at 500°C
(RRM500), and red mud reduced at 700°C (RRM700), under inert (nitrogen) and ethylene
atmosphere. The RRM500 and RRM700 lowered acidity and viscosity, whereas CRM promoted
polymerization in biocrude products. However, the ethylene atmosphere gave a higher biocrude
yield with consistent viscosity. The RRM500-ethylene combination reduced nitrogen content and
viscosity of biocrude. Therefore, ethylene atmosphere and reduced RM catalyst were better

conditions to produce biocrude from municipal sewage sludge.
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Chapter 3

Influence of red mud catalyst and reaction atmosphere on hydrothermal liquefaction of
algae

Abstract

This study investigated the effects of reaction environments on biocrude production from
“Tetraselmis sp” algae strain by hydrothermal liquefaction (HTL) process using red mud (RM)
based catalyst. The inert (N2), ethylene (CzH4), reducing (10%H2/90%N.), and oxidizing
(109%02/90%N>) atmospheres were applied to the non-catalytic as well as catalytic HTL treatments
with two forms of RM catalysts: RM reduced at 500°C (RRM) and nickel-supported RM (Ni/RM).
The Ni/RM catalyst produced the highest biocrude yield (37 wt.%) in an ethylene environment,
generated the lowest total acid number (14 mgKOH/g) under inert atmosphere, and lowered sulfur
(33-66%) and oxygen (18-30%) from biocrude products irrespective of environments. The RRM
catalyst maximized the biocrude carbon content (61 wt.%) under reducing environment and
minimized the heavy metal and phosphorus transfer from the feedstock to biocrude in studied
ambiances. Among the non-catalytic experiments, the reducing atmosphere optimized carbon
content (54.3 wt.%) and calorific value (28 MJ/kg) with minimum oxygen amount (27 wt.%) in

biocrudes.

Keywords: Hydrothermal liquefaction, algae, red mud, reaction environment, catalyst

3.1 Introduction

Hydrothermal liquefaction (HTL) is a widely studied conversion technology for biomass
liquefaction where the conversion of biomass takes place under sub- or super- critical condition of
water, acting it as both reactant and catalyst and produces liquid (a.k.a biocrude), aqueous, solid

and gaseous products [1]. Algae are a diverse group of aquatic organism, gained worldwide
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attention for renewable biofuel production by HTL process as drying stage can be avoided [2].
Therefore, several researchers have explored the HTL technology for various algae conversion.
Recently, Jazie et al. have maximized algae (F. vesiculosus) derived biocrude oil yield by 27.6%,
utilizing 15% of HP zeolite catalyst loading with residence time of 20 min and at reaction
temperature of 300 °C [3]. Xia et al. produced 10% higher biocrude yield from a co-liquefaction
of rice straw and algae (Nannochloropsis) using alkali catalyst (K2CO3) in glycerol-water solvent
compared to pure rice straw feedstock [4]. Norouzi et al. have utilized functionalized graphene
oxide/polyurethane composite as catalyst for HTL of Cladophora glomerata and effectively
repealed the undesired chemicals formation in biocrudes [5]. According to Yu et al., HTL product
of polyculture algae could be utilized as fuel (biocrude) as well as hydrocar which can be used as
renewable anode material in lithium ion batteries [6]. Guo et al. have showed that the addition of
dichloromethane solvent induced about 9 wt.% higher biocrude yields of microalgae Chlorella
vulgaris, compared to non-solvent separation technique [7]. Biswas et al. have explored the co-
hydrothermal liquefaction of Prot lignin and Sargassum tenerrimum macroalgae in water, ethanol,
and water—ethanol solvent mixture and found 7:3 ratio of lignin:macroalgae feedstock under
water—ethanol solvent mixture could maximize the biocrude yield [8]. To reduce the algae
production cost, researchers around the world adopted various strategies. Islam et al. increased the
fecal sludge portion in co-liquefaction of algae and sludge mixture and noticed that the blend of
25% microalgae: 75% fecal sludge could produce the highest biocrude yield with a lighter
hydrocarbon contents[9]. Kim and Lee incorporated a transparent low-density polyethylene film-
based floating photobioreactor to culture Tetraselmis sp. microalga strain in the ocean [10]. Fon

Sing et al. also determined that Tetraselmis sp species can maintain high growth rate under various
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salinity levels ranging from saline to hypersaline conditions [11]. For low production cost and high

growth rate Tetraselmis sp. can be a promising algal feedstock for HTL biocrude production.

The HTL derived biocrude using algae has high viscosity, high oxygen and nitrogen, and low
heating value. Catalytic HTL treatment is a suitable option to upgrade this product. The bauxite
plant residue called red mud (RM), can be used as an inexpensive catalyst by modifying its
properties. The heterogeneity of this industrial waste with high iron content can work as a
liquefaction catalyst as iron is known to react with hot compressed water or steam and produce in-
situ hydrogen to react with the organic fractions of feedstock [12]. Red mud has been employed
as catalyst support due to its low cost, strong stability, high surface area, sintering resistance, and
resistance to poisoning [13]. In separate studies, Ni-based catalysts supported by Al.Oz has been
used for hydrotreatment of the algal biocrude oil which removed sulfur, nitrogen and oxygen
heteroatoms from oil with increased higher heating value (HHV)[14,15]. Red mud supported
nickel (Ni/RM) catalyst successfully utilized for hydrodeoxygenation of pyrolysis oil and
hydrogen production by ammonia decomposition [13,16]. Due to the perceived potential of
Ni/RM, it is being tested for HTL process as well. The reaction atmosphere is an important
operating parameter that can affect the distributions of HTL products. Peng et al. found that under
CO,H2 and N2 gaseous reaction environments biocrude yield from cornstalk followed this trend:
CO >Hz > N2[17]. Wang et al. also used H>, syngas (Hz: 68.1%, CO: 30.1%, C1—C4: 0.9% and
C0O2:0.9%.), Arand CO gases in HTL conversion of sawdust feedstock and mentioned that H> gas
generated more biocrude yield than syngas, Ar, and CO [18]. Yang et al. found out that
NI/REHY(REHY, Y zeolite exchanged with rare earth) catalyst achieved further deoxygenation

and desulfurization of algae (Dunaleilla salina) derived HTL biocrude product under hydrogen
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gas [19]. However, understanding the effect of reaction environment over catalytic and non-

catalytic HTL conversion of any algal feedstock is still rare.

This work aims to investigate the effect of inert, ethylene, reducing and oxidizing reaction
environments over non-catalytic as well as catalytic HTL treatment of “Tetraselmis sp” algae
strain. Our previous work showed the superiority of ethylene reaction atmosphere with reduced
red mud (RRM) catalysts over inert (nitrogen) condition by increased yield and stability of
municipal sewage sludge derived HTL biocrude[20]. Current study assesses the influence of four
different reaction atmospheres over HTL process of highly productive Tetraselmis sp. algae strain
with the reduced red mud (RRM) and Ni metal on RM support (Ni/RM) catalysts. The hypothesis
of this study is that the RRM and Ni/RM will enhance biocrude yield, carbon recovery from
Tetraselmis feedstock. It is also expected that the RM catalysts under reducing environment could
promote mild hydrogenation of Tetraselmis derived biocrude during the HTL reactions and the
oxidizing environment may lead to oxidation of reactive functional groups in biocrude. Thus, the
goal is to enhance biocrude production from algal feedstock with improved quality, which can be

further upgraded via hydrotreatment.

3.2 Materials and methods

3.2.1 Material

Tetraselmis sp. microalga was purchased from Reed Mariculture Inc. (Campbell, California,
USA). Red mud (RM) was obtained from Almatis Burnside, Inc. (Gonzales, Louisiana, USA).
Airgas Inc. (Opelika, Alabama, USA) supplied high purity nitrogen, ethylene, and a gas mixture
of 10% H2/90%N, and 10%02/90%N> which denoted as reducing and oxidizing reaction
ambiance, respectively, in this study. Nickel (1) nitrate hexahydrate (99 wt.% crystalline), was
purchased from Sigma—Aldrich (St. Louis, MO, USA) and was used as received.
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3.2.2 Feedstock characterization

For feedstock characterization, the algae samples were dried at 105°C for 24 hours, and a planetary
ball mill (MSK-SFM-1S, MTI Corporation, Richmond, California, USA) was used to grind the
dried samples for uniform size. The EPA 1684 method was followed to measure the total solid
content. The ash content was quantified using ASTM E1755 method. Biochemical composition of
Tetraselmis sp. strain was provided by the supplier. The elemental analysis (CHNS/O) was
performed according to the ASTM D5373-02 method in Vario MICRO cube, Elementar (New
York, USA). The higher heating value (HHV) of dried algae samples was determined using a

unified correlation (Equation 1) based on elemental analysis, proposed by Channiwala et al.

HHV = 0.3491*C+1.1783*H+0.1005*S-0.1034*0-0.015*N-0.0211*A (@D)]
where, C, H, O, N, S and A represents carbon, hydrogen, oxygen, nitrogen, sulfur, and ash contents

of material, respectively, expressed in mass percentages on dry basis [21].

3.2.3 Catalyst preparation

The RRM500 catalyst was prepared according to our previous work [20]. The as-received RM was
calcined at 575°C for four hours without any pretreatment and then sieved to obtain the particle
size between 106-595 um. The sieved calcined RM was reduced at 500°C temperature. The
reduction temperatures for RM were based on TG-TPR profile. For RM reduction, a gas mixture
of 10% H. and 90% N2 was used for six hours at the predetermined temperature. Incipient wetness
impregnation method was used to prepare Ni/RM catalysts with nickel nitrate hexahydrate
(Ni(NO3)2-6H20) salt. The details of Ni/RM catalyst preparation and characterization such as TG-
TPR analysis can be found in published document elsewhere [16]. In brief, 20g of calcined RM
with 106-595 um particle size was mixed with 350 mL deionized water. To this slurry, calculated

amount of Ni(NO3)2-6H20 salt was added to give 10% Ni loading in the final catalyst. The metallic
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salts mixed with calcined red mud slurry was stirred at 80°C for 4 h to obtain a thick mixture. The
mixture was then dried at 105°C overnight to obtain catalyst precursors. The catalyst precursor
was calcined for 5 h in air at 620 °C in a muffle furnace (Thermo Scientific, Inc., Waltham, MA,
USA). Then, the calcined material was reduced for 6 h at 500 °C using a reducing gas mixture of

10% H. and 90% N> to obtain the final catalyst.

3.2.4 Catalyst characterization

Inductively coupled plasma-optical emission spectrometry (ICP-OES), X-ray diffraction (XRD)
techniques and surface analyzer methods were used to characterize the catalysts. The Soil, Plant,
And Water Laboratory (University of Georgia, Athens, USA) performed ICP-OES analysis. XRD
analysis was performed by the method discussed in our previous work[22]. Briefly, a bench-top
powder X-ray diffraction system (AXRD, Proto Manufacturing, Taylor, Michigan, USA) was
utilized from 20° to 100° (20) with 2 seconds of dwell time and 0.014° of A26 at 30 mA and 40
kV with CuKa radiation (A = 1.5418 A). An Autosorb-iQ (Quantachrome Instruments, USA)
measured specific surface area of the catalysts by BET (Brunauer—Emmett—Teller) equation using
N2-adsorption—desorption isotherm in an adsorption analyzer. The chemisorption macro steps can

be found in our previous work [23].

3.2.5 Experimental setup and procedure

A high-pressure, high-temperature reactor from Parr Instrument Company (Model 4578, Moline,
Illinois, USA) was used for HTL experiments. The reactor setup was the same as our previous
work [20]. The reactor has 1.8 L vessel, PID controlled electrical heating unit, controllable agitator,
pressure gauge, and J-type thermocouple to monitor the temperature inside the reactor. For all
reaction environments (nitrogen, ethylene, reducing and oxidizing), the HTL experiments were

performed at a reaction temperature of 275°C, agitator speed of 550 rpm and a residence time of
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60 minutes. For each HTL experiment, 450 g as-received Tetraselmis sp. (with 18-19% solid
content) was loaded into the reactor. For all catalytic HTL experiments, catalyst:feedstock loading
was fixed at 1:10 on basis of solid content of feedstock (i.e., ~8 g catalyst per 450 g as-received
feedstock).The reactor was purged with desired gas (nitrogen, ethylene,10%H2/90%N, and
10%02/90%N>) three times to remove air from the reactor headspace before pressurizing with it
to an initial pressure of 200 psi (1.38 MPa). The reactor was then heated to the desired temperature
at the heating rate of ~3°C/min. After holding the reactor at 275°C temperature for 1 h, the heater
was removed, and the reactor was cooled to room temperature by running cold water in the internal
cooling coil. The products (gas, solid, aqueous phase, and biocrude) were separated as described

in Section 3.2.6. All experiments were performed in duplicates.

3.2.6 Product separation

After cooling down the reactor to room temperature, the gas was vented followed by the gas
analysis and the reactor was opened to recover the liquid and solid products. The content in the
reactor was poured into a large flask, and the weight was recorded. Then, the reactor content was
filtered through Whatman No.50 filter paper (particle filtration size of 2.7 um) to separate the solid
from aqueous phase. Then the remaining solids on the filter paper were washed with methanol
(MEOH). The weight of all liquids (aqueous and organic phases) was recorded for mass balance.
The MEOH was separated from the biocrude using an IKA rotary evaporator at 85°C and 230 mbar
vacuum pressure to obtain MEOH extracted bio-oil, which is termed as “biocrude oil” throughout

the paper.

3.2.7 Product analysis
The gas products were analyzed using a micro-GC (Agilent 3000A) as discussed elsewhere [20].

The Agilent 3000 A Micro GC is equipped with three modules: a 10 m Molsieve 5A (MS) column
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and two 10 m porous polymer (PPU) columns. Each module had a thermal conductivity detector.
The instrument can split the sample into three streams. Each stream would go to one of these
modules. MS column was used to analyze hydrogen, methane, and carbon monoxide, while carbon
dioxide and ethylene hydrocarbons were analyzed on the PPU columns simultaneously. Argon and
helium were used as carrier gases for MS column and PPU column, respectively. The gas
composition analysis was performed in triplicates.

The mass of the gaseous product was calculated by using Equation 2

Wy = Xxi MW oy (2)

where W, is the total mass of gaseous product (g), x; is the mole fraction of gas i, MW; is the
molecular weight of gas i (g/mole), and n;,; is the total number of moles of gas product.

In the case of ethylene, reducing, oxidizing HTL experiments, ethylene (C2Ha), hydrogen(Hz>),

oxygen(O2) consumption was estimated using Equation 3.

mole of gas ) 1 1000g
— ) = \n; - X .n X X 3
kg Algae ( tgas fgas ftot) mass of algae 1kg ( )

Gas consumption (

where n; 44, is the initial number of moles of ethylene, hydrogen, or oxygen, x¢ 4 is the final mole
fraction of ethylene, hydrogen and oxygen. nr:: is the total number of moles of gas at the end of
the experiment [20]. The yield of biocrude and solid product were calculated on dry-ash free basis
using Equations 4 and 5, respectively [24]. The remaining product fraction was regarded as

“balance” and calculated using Equation 6.

Ypiocrude (%) =—0b %X 100 (4)

Wr—Wm—Wwgq

Ysoria (%) = ———x 100 (5)

Wr—Wm—Wwgq

Ypatance (%) = 100 — Yyiocrudge — Ysotia (6)
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where wy is the mass of Tetraselmis sp. algae feedstock (g), wy, and w, are the mass of moisture
and ash content of feedstock (g), respectively, w;, is the mass of the biocrude product (g), wy is the
weight of total solid residues (g), and w, is the weight of catalyst (g).

The elemental analysis was performed on each sample using an elemental analyzer (Vario
MICRO, Elementar, New York, USA) according to ASTM D5373-02. Effects and interactions of
catalysts and reaction environments on biocrude yield, carbon, sulfur, ash and oxygen content were
analyzed by the two-way analysis of variance (ANOVA) at 0.05 significance level followed by
Tukey HSD test ,using statistical programming software R [25]. The higher heating value (HHV)
of biocrude was determined using Equation 1. The total acid number (TAN) of each sample was
determined through titration according to ASTM D664-07 using a Mettler Toledo T50 Titrator.
Thermogravimetric analysis (TGA) of biocrude was performed by using a Shimadzu TGA-50
(Shimadzu, Japan) under nitrogen atmosphere (flow rate:20 ml/min) with heating rate of 10 °C/min
from room temperature up to 800 °C[26]. The chemical composition of each biocrude sample was
subsequently analyzed by Fourier transform infrared (FTIR) and nuclear magnetic resonance
(NMR) spectroscopy analyses. The FTIR of biocrudes was performed by using Thermo Nicolet
i1S10 (Thermo Scientific, Waltham, MA). The samples were analyzed for 34 scans over a range of
400-4000 cm™! wavenumbers. Samples for NMR spectroscopy containing 15mg of oil in 1ml of
ethanol-d6 (99.9 atom% D) (Acros organic, Switzerland) were prepared in 5 mm 535-PP NMR
tubes (Wilmad-LabGlass, Vineland NJ).2*C spectra were collected using a Bruker 500 MHZ
spectrometer equipped with a broadband nitrogen-cooled prodigy probe. The spectra were
referenced to ethanol-d6 (C2Ds0, §*3C = 56.96 and 17.31 ppm) and processed in Bruker Topspin

software (4.1.3 version).
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The aqueous phase analysis followed the procedure as discussed in the published document
elsewhere [20]. Total organic carbon (TOC), total nitrogen (TN) with specific species distribution
(ammonium (NHs*-N), nitrate (NO3™-N), organic nitrogen (Org-N)), chemical oxygen demand
(COD), and pH, were measured to characterize the aqueous products. The TOC and TN were
measured by a TOC/TN analyzer (TOC-L, Shimadzu, Kyoto, Japan). A Prominence Liquid
Chromatography (LC) system coupled with a conductivity detector (Shimadzu, Japan) was used
to analyze concentrations of ammonium (NH4*-N) and nitrate (NO3™-N) in digestate samples. The
detailed procedure can be found elsewhere [27]. Briefly, A Dionex lonPac CS12 column (4 x
250mm, Thermoscience) and a Dionex lonPac AS22 column (4x 250mm) with suppression
(Dionex CERS 500 4mm and Dionex AERS 500 4mm, respectively) were used for ion separation.
Acidic eluent (20 mM methane sulfonic acid) was used on the CS12 column, and basic eluent
(4.5mM sodium carbonate and 1.4mM sodium bicarbonate solution) was used on the AS22
column. The amount of organic nitrogen (Org-N) was calculated by the difference of total nitrogen
and inorganic nitrogen (the sum of NH4™-N and NOs™-N). The COD was determined using a COD
assay kit (HACH, Loveland, Colorado, USA) and a spectrometer (DR900, HACH, Loveland,
Colorado, USA). The detailed procedure can be found in a published document [28]. The pH of

the solution was measured using a pH meter (pH510, Oakton, Vernon Hills, Illinois, USA).
3.3 Results and discussion

3.3.1 Feedstock characterization

The physicochemical properties of the chosen algae feedstock (Tetraselmis Sp.) were studied by
elemental composition analysis (CHNS/O), higher heating value (HHV), ash content and the
biochemical composition. The characterization result of Tetraselmis sp along with other algae

strains on dry basis, is presented in Table 3.1. The carbon content and HHV of Tetraselmis sp.
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was lower than other strains, which is supported by previous Tetraselmis reports [29,30]. The
biochemical composition of the algae varied widely with the strain. Teteraselmis strain has high
protein content similar to Nannochloropsis strain[31]. The ash content of Tetraselmis sp. was also
in agreement with the previous work. The saline growth culture for this algae might be responsible

for ash content [29].

Table 3.1: Characterization of Tetraselmis sp. feedstock and comparison with other algae
strains[31].

Tetraselmis  Nannochloropsis Pavlova Isochrysis
Proximate Analysis?
(wWt.%)
Moisture 82+1.2 68.88 + 1.24 75.80+0.42 73.93+1.44
Ash 2.6+0.1 3.42+0.38 3.47+0.33 3.39+0.29
Volatile content 13.2+0.3 22.51+1.28 17.74+0.77 18.20+1.01
Elemental Composition ®
(wWt.%)
C 32.2+0.3 56.83 +0.33 5434+136 5576 +1.14
H 5.1+0.2 9.32+0.06 8.69+0.41 8.70+0.34
N 4.4+0.1 10.13 £ 0.06 8.67+0.21 7.96 + 0.06
S 0.8+0.1 0.37+0.19 0.82+0.09 0.62+0.10
Ash 15+0.2 3.42+0.38 3.47+0.33 3.39+0.29
oc¢ 42.440.2 19.93+0.26 2401+2.07 2357+1.65
H/C ratio 1.9 1.96 1.91 1.87
HHV ° (MJ/kg) 12.6+0.2 24.02 £ 0.07 22.69+0.07 22.97+0.02
Biochemical Composition °
(wt.%)
Protein 63 62.79 46.94 44.36
Lipid 11 18.12 13.88 18.98
Carbohydrate 11 8.92 28 25.46

2as received basis, ° dry basis, ¢ by difference

3.3.2 Catalyst characterization

Due to difficulties in separation of catalysts from char, only fresh catalysts were analyzed. Figure
3.1 illustrates the XRD analysis of RRM500 and Ni/RM catalysts. Metal oxides such as gibbsite
(AI(OH)3), quartz(SiO.), hematite(Fe203), calcite(CaCOs), anatase(TiO2) and magnetite(FesOa)
were detected in these RM based catalysts. Major peaks of iron (hematite, magnetite) were detected
by XRD analysis in both catalysts. ICP-OES analysis (Table B1, Appendix B) also determined
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significant amount of Fe metal in RRM500 and Ni/RM catalysts where RRM500 contained 11.8%
more iron than Ni/RM catalyst. The prominent XRD peak of nickel (Ni) in Ni/RM catalyst
indicated the successful incorporation of this transition metal on RM support.
10.5wt.%(104802ppm) of Ni metal was detected by ICP OES analysis in Ni/RM catalyst, which
was very close to the desired Ni loading. However, no significant difference was observed in BET

surface area (Table B2) of Ni/RM (22.4m?/g) and RRM (21.9m?/g) catalysts.

A = Gibbsite(Al(OH);)
B = Quartz(Si0,)
C = Hematite(Fe,Os)

D =Calcite(CaCOs3)

Arbitrary unit

E = Anatase(TiO;)

F = Magnetite(Fe;0y)

G = Nickel(Ni)

26(°)
Ni/RM ——RRM

Figure 3.1: XRD pattern of RRM500 and Ni/RM catalysts

3.3.3 HTL products characterization

3.3.3.1 Products yield distribution

Figure 3.2 demonstrated the product distribution (on dry-ash free basis) for catalytic and non-
catalytic HTL experiments of Tetraselmis under four reaction environments. Without the use of
catalyst, the inert(nitrogen) environment generated the highest biocrude yield by 22.8 wt.% where

the reducing environment produced the lowest biocrude yield by 17wt.%. The trend of biocrude
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yield in non-catalytic reactions under studied reaction environments was as followed: nitrogen>
oxidizing> ethylene>reducing. The biocrude yield of this study was lower compared to other
Tetraselmis HTL biocrude studies where biocrude products were extracted by
dichloromethane(DCM) solvent[29,32]. The increased biocrude yield by DCM solvent from
Chlorella vulgaris microalgae and municipal sewage sludge feedstock was observed in previous
HTL works [7,33]. The use of MEOH instead of DCM, for biocrude separation might be a reason
to obtain lower yield from Tetraselmis feedstock in the current work. Incorporation of catalyst has
increased the biocrude yield in inert, ethylene and reducing ambiances. Except oxidizing
environment, biocrude yield enhanced by the following trend: no catalyst<RRM500<Ni/RM. The
influence of catalysts over biocrude yield was found statistically significant (d.f.=2, F=32.9,
p=0.000) but there was no interaction between the environment and catalysts (TableB3). The
Ni/RM catalyst successfully maximized the biocrude yield up to 37.4 wt.% in ethylene
environment which closely matched with Tetraselmis biocrude yield from HTL study by Pacific
Northwest National Laboratory , at higher temperature (350°C) in inert environment [34].
According to Wang et al., Ni catalyst (Ni/SiO>—Al»Oz) is able to reduce the activation energy for
algae building blocks (protein and carbohydrate) conversion which could generate more biocrude
with higher nitrogen and oxygen content [35]. In this study, the elemental analysis (Table 3.2) of
biocrude showed that Ni/RM catalyst has increased the nitrogen content of biocrude irrespective
of reaction environment. This finding suggested that Ni/RM catalyst might facilitate the higher
conversion of protein from Tetrsaselmis during HTL process comparing to noncatalytic or
RRMS500 reactions in all four reaction ambiances. In addition, the Ni/RM catalyst appeared to
catalyze deoxygenation reaction under reactive ambiances (ethylene, reducing, and oxidizing

environments). The reducing reaction environment and Ni/RM catalyst combination produced
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almost 91% more biocrude products comparing to non-catalytic reaction in reducing environment.
The hydrogenation ability of hydrogen gas could be a reason for higher feedstock conversion
during HTL process [18]. In oxidizing reaction ambiance, the biocrude yield was also increased
by the catalysts compared to non-catalytic condition. Unlike other three reaction conditions,
RRM500 catalyst promoted more biocrude production than Ni/RM one under oxidizing
environment.

The solid residue increased with catalyst regardless of the reaction environment. Except oxidizing
environment, the solid residue increasing trend as followed: no catalyst<RRM500<Ni/RM. The
oxidizing environment increased the solid residue in both catalytic and non-catalytic reactions
compared to other three reaction environments. The oxidizing atmosphere might promote
oxidation of feedstock in HTL condition and raised the char yield. The RRM500 catalyst under
oxidizing environment produced the highest solid residue by 24 wt.% whereas the lowest solid
residue (14wt.%) was found from no catalyst-reducing environment combination. The addition of
Ni/RM catalyst led to 46% more solid residue production than non-catalytic reaction under

reducing ambiance.
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Figure 3.2: Yield distribution of Tetraselmis sp. (on dry-ash free basis) under different reaction
environments and catalysts.

3.3.3.2 Biocrude characterization

Physicochemical properties

Table 3.2 has showed the physicochemical properties of HTL biocrude from Tetraselmis algal
feedstock. Among non-catalytic reactions, the reducing environment has maximized the carbon
content with 54+1.0 wt.% and subsequently minimized the oxygen content (27.4+0.9wt.%). This
result suggested that the reducing environment performed deoxygenation reaction without catalyst
during HTL process. The ash and sulfur contents were also lowered by reducing ambiance in non-
catalytic reaction. Therefore, the HHV of the same biocrude subsequently increased by 10.67%
compared to inert-no catalyst reaction derived biocrude. The hydrogen and nitrogen percentages
in biocrudes remained almost the same in non-catalytic reactions under four reaction
environments. Among catalytic and non-catalytic reactions, the inert environment-no catalyst

combination generated highest ash (6 wt.%), oxygen percentage (32.3 wt.%) with the lowest

68



carbon content of 47.9 wt.% in biocrude, which ultimately led to the minimum HHV of 25.4
MJ/kg. Ethylene reaction atmosphere reduced acidity (TAN) by 15-39% in non-catalytic biocrude
compared to other non-catalytic experiments.

Prominent catalytic effects were observed in carbon, ash, sulfur, oxygen content and HHV of the
biocrudes in all studied environments. Irrespective of reaction environments, both RRM500 and
Ni/RM catalyst increased carbon and nitrogen percentage with reduced ash content in biocrudes
compared to non-catalytic reactions. As a result, the oxygen percentage was lowered in catalyst
derived biocrudes with higher HHV. The interaction of reaction environment and catalyst over the
carbon (d.f.=6,F=41.9,p=0.000), ash (d.f.=6,F=28.2,0=0.000) and oxygen(d.f.=6,F=12.7,p=0.000)
content of biocrude were statistically significant. The RRM500 catalyst in inert and reducing
environments and Ni/RM catalyst in oxidizing environments were successful to maximize carbon
percentage in Tetraselmis biocrude by 61 wt.% and 60.2 wt.%, respectively. Increased carbon
percentage was also found in HTL conversion of Nannochloropsis salina (N. salina) with Ni—
Mo/Al>Oz catalyst under Hz reaction ambiance [36]. However, the catalytic HTL reactions raised
the nitrogen content of the biocrudes. As discussed earlier (section 3.3.3.1), the catalyst probably
converted more protein compounds compared to non-catalytic reactions and increased the nitrogen
content of the biocrudes. Incorporation of Ni metal on RM support has clearly favored
deoxygenation  reaction. The oxygen removal by Ni/RM followed this trend:
inert<ethylene<reducing<oxidizing reaction environment. The low (1.35wt.%) oxygen content in
hydrotreated pyrolysis oil from pinyon-juniper was observed by Ni/RM catalyst at high pressure
hydrogen (6.2 MPa initial pressure)[37]. In this study, the Ni/RM catalyst under reducing
environment lowered oxygen percentage of biocrude by 24% compared to the Ni/RM-inert

reactions under lower hydrogen pressure (1.37 MPa initial pressure). This finding suggested that
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Ni/RM catalyst might perform mild hydrodeoxygenation at lower hydrogen pressure of HTL
process. Addition of Ni/RM catalyst also reduced the sulfur content of the biocrudes by 33-66%
compared to non-catalytic and RRM500 catalytic reactions in four ambiances. This desulfurization
of the biocrudes might occur due to the adsorption ability of Ni/RM catalyst [38]. The sulfur
removal from biocrudes by catalyst found to be statistically significant (d.f.=2, F=8.3,p=0.005)
without any interaction between environment and catalyst(Table B3).

The catalytic reactions increased TAN of Tetraselmis biocrude in all reaction environments, except
inert atmosphere. Higher TAN was reported in HTL conversion of Nannochloropsis by
Ni/TiO; catalyst in inert atmosphere. Most probably, Ni/TiO; catalyst promoted the hydrolysis of
protein and lipids from algae in HTL process which generated more TAN increasing compounds
such as carboxyl group enriched fatty acid, carboxylates, amino acid or phenolic compounds from
amino acid conversion [35]. However, Ni/RM-inert reaction generated minimum acidity in the
biocrude of this study. The presence of TiO. with other metal oxides of AI(OH)s,
SiO2,Fe203,CaCO03, and FesO4 in Ni/RM catalyst, was confirmed by XRD analysis (Figure
3.1). Most probably the mixed metal oxides of RM support affected the Ni/RM catalytic activity
and suppressed the generation of TAN increasing compounds in Tetraselmis biocrude. From ICP
analysis, RRM500 catalysts found to be more effective than Ni/RM catalyst, to suppress the
migration of heavy metals such as copper (Cu) and zinc (Zn) and phosphorus (P) compounds to
biocrudes irrespective of reaction environments. It is well established that treated or untreated RM
can absorb heavy metals and phosphate from soil and water [39]. However, the effect of RM-based
catalyst on metal content of HTL biocrude was rarely investigated. The lowest Cu (0.49 ppm) and
Zn (<2.50 ppm) contents were observed in biocrude from RRM500-reducing reaction

environment. However, the minimum values of Cu, Zn or P from Tetraselmis biocrude were
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higher than conventional petroleum crude oil [40,41]. Significant leaching of iron (Fe) took place

in catalytic reactions derived biocrude. The introduction of Ni metal on RM support also increased

the Ni content in the biocrudes regardless of the reaction atmospheres. Under oxidizing

environment, RRM500 catalyst reduced the iron migration to biocrude by 8-62% compared to

other reaction conditions. The ethylene environment was successful to repeal the Ni leaching from

Ni/RM catalyst to biocrude products by 30-74% compared to other three reaction environments.

Table 3.2: Physicochemical properties of Tetraselmis HTL biocrude

Nitrogen Ethylene Reducing Oxidizing
No Catalyst RRM500 Ni/RM No Catalyst RRM500 Ni/RM No Catalyst RRM500 Ni/RM No Catalyst RRMS500 Ni/RM
Elemental Composition (wt.%)
C 47.9+0.6 61.0+0.1 53.9+0.5 48.9+0.2 57.0+0.3 58.2+0.3 54.3+1.0 61.0+0.1 59.3+0.3 52.5+0.3 54.6+0.6 60.2+0.3
H 10.3+0.4 10.6+0.2 10.2+0.1 10.4+0.2 10.6+0.1 10.5+0.3 10.2+0.5 10.9+0.1 11.2+0.1 10.1+0.6 10.4+0.1 9.5+0.8
N 3.1+0.1 4.4+0.1 4.0+0.1 3.1+0.1 4.1+0.1 4.2+0.1 3.5+0.1 4.5+0.1 4.5+0.1 3.5+0.1 3.9+0.1 4.4+0.1
S 0.4+0.1 0.5+0.1 0.2+0.1 0.5+0.1 0.6+0.1 0.2+0.1 0.3+0.2 0.4+0.1 0.2+0.1 0.5+0.3 0.6+0.1 0.3+0.1
Ash 6.0£0.1 4.9+0.1 4.5+0.0 5.3+0.1 3.8+0.0 4.4+0.2 4.4+0.1 3.9+0.1 2.9+0.1 5.6+0.0 3.4+0.1 4.5+0.0
o° 32.3+1.3 18.8+0.4 27.2+0.7 31.8+0.6 23.9+0.3 22.5+0.8 27.2+19 19.4+0.3 21.9+0.7 27.7%1.2 27.1+0.9 21.2+1.1
HHV (MJ/kg) 25.4+0.8 31.7+0.3 27.9+0.3 26.0+0.3 29.8+0.2 30.3+0.6 28.0+1.1 32.1+0.2 31.5+0.4 27.3+0.9 28.4+0.4 29.9+1.1
TAN 21.9+0.1 27.3+1.0 14.0+01 18.9+0.4 24.6+0.3 27.5+0.3 26.3+0.1 28.5+0.1 28.3+0.4 24.4+1.8 27.1+0.2 30.0+0.8
(mgKOH/qg)
Heavy Metal and Phosphorus
(ppm)
Co 37.91 44.29 16.71 40.31 64.96 57.1 22.40 22.12 71.19 20.64 50.11 52.59
Cr 1.34 1.54 0.97 <1.47 0.44 0.55 <0.90 <3.66 271 0.20 1.85 1.409
Cu 13.06 4.02 8.73 <0.50 <0.50 13.38 4.03 0.49 4.69 <0.50 <0.50 14.63
Fe 1075.02 2788.08 3173.14 1145.24 3408.60 3253.54 854.05 2405.33 1518.86 588.35 1050.53 2233.65
Mn <2.50 <2.50 <2.50 <5.00 <5.00 <2.50 <5.00 <5.00 5.60 9.60 <5.00 <2.50
Ni 280.50 15.48 1448.69 12.67 87.39 1113.24 8.06 6.83 1938.18 16.53 16.11 1540.07
P 37.52 9.62 32.00 42.97 6.14 9.30 160.44 34.93 535.39 25.47 2.48 8.71
Zn 13.49 5.873 12.24 <2.50 <2.50 8.87 13.99 <2.50 8.96 9.91 <2.50 9.76

adry basis, ? by difference

Thermogravimetric analysis

Figure 3.3 presents the thermogravimetric analysis of biocrude products from catalytic and non-

catalytic HTL conversion of Tetraselmis feedstock under nitrogen, ethylene, reducing and

oxidizing reaction environments. Based on decomposition patterns, the TGA thermograms of the

biocrudes were divided into three regions: 100-300°C (referred to as light fraction), 300-550°C
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(medium fraction), and 550-800°C (heavy fraction). The biocrude products of this work contained
32-38wt.% light fraction, 28-36 wt.% medium fraction and 13-22 wt.% of heavy fraction. Among
all non-catalytic reactions, the reducing environment generated 1.2-9.2% higher light fraction in
biocrude. Regardless of the reaction environment, incorporation of catalysts increased the decline
of biocrude weight percentage or mass loss in both medium and heavy fraction regions of the TGA
graphs compared to non-catalytic reactions. The lowest heavy fraction was found in biocrude
sample from non-catalytic reaction under oxidizing ambiance. The Ni/RM catalyst increased the
mass loss in heavy fraction region by 90% compared to non-catalytic reaction in oxidizing
environment. The heavy fraction decomposition in oxidizing environment showed following
trend: No Catalyst < RRM500 <Ni/RM. At 130°C, the biocrude mass loss in oxidizing
environment exhibited following trend: No Catalyst>RRM500>Ni/RM. This finding suggested
that non-catalytic reaction under oxidizing environment might favor gasoline range products in
Tetraselmis biocrude. The Ni/RM-reducing environment combination decreased heavy fraction of

biocrude by 30.8-12.4% compared to other three reaction ambiances with same catalyst.
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Figure 3.3: Thermogravimetric analysis of biocrude samples from non-catalytic and catalytic
reactions: A-Nitrogen, B-Ethylene, C-Reducing and D-Oxidizing reaction environments.
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FTIR analysis

FTIR spectra of Tetraselmis biocrude are presented in Figure 3.4. The non-catalytic reactions
derived biocrude spectra are compared in Figure 3.4A; the effect of RRM500 and Ni/RM catalysts
under inert ambiance are shown in Figure 3.4B whereas Figure 3.4C has compared the biocrude
spectra of non-catalytic, RRM500 and Ni/RM catalyst under reducing environment.

In Figure 3.4A, reducing environment without catalyst showed higher intensity in four regions of
hydroxyl and phenolic groups (3050-3700cm™), methylene groups (2800-3000cm™) and in bands
of 1300-1750cm™ compared to other three reaction ambiances. The sharp peaks of 2800-3000 cm-
! band under reducing environment suggested strong presence of C-H stretching in biocrude [42].
The increased peak in 3050-3700cm™ region under reducing environment might appear due to
high biocrude TAN value as oxygen content was lower in biocrude[35]. Variation in location of
980-1080cm™ might cause by lowest aliphatic esters by the oxidizing environment where reducing
environment has generated the maximum amount.

From Figure 3.4B, the reduction in peak of 3050-3700cm, might took place due to the decline of
-OH group as minimum oxygen content was reported (Table 3.2) from RRM500 catalyst under
inert environment. Both RRM500 and Ni/RM increased methylene groups (2800-3000cm™) and
the bands of 980-1080cm™ and 1300-1750cm™ which suggested that catalysts might promote
nitrogen heteroatom under inert condition which was consistent with the increasing nitrogen
content (Table 3.2) of the catalytic biocrudes [42].

In Figure 3.4C, lower intensity in 3050-3700cm™ area suggested that RRM500 and Ni/RM
catalysts effectively reduced -OH group in reducing environment. This finding was also supported

by the elemental analysis of the biocrude products where oxygen content of RRM500 catalytic
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reactions derived biocrude under reducing environment was lower compared to no catalyst and

Ni/RM conditions.
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Figure 3.4: FTIR spectra of Tetraselmis biocrudes, A- non-catalytic reactions, B- reactions
under nitrogen environment, C- reactions under reducing environment
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NMR analysis

Figure 3.5 illustrated the functional groups of Tetraselmis biocrudes generated under four reaction
atmospheres from three different catalytic conditions, by semi-quantitative integration of 3C NMR
spectra. The aliphatic groups found (such as methyl and methylene carbon atoms) within 0-28
ppm was assigned to saturated aliphatic groups where 28-55 ppm region was attributed to
unsaturated aliphatic groups (separated from oxygen atoms by at least two bonds). The region of
55-95 ppm was designated to alcohols, esters, and anhydrous carbohydrates [43]. The reaction
atmosphere significantly affected saturated aliphatic groups of biocrudes. The ethylene
environment with Ni/RM catalyst has produced the highest saturated aliphatic groups percentage.
The incorporation of catalyst has generated more saturated aliphatic compounds compared to non-
catalytic reaction under reducing environment. This result suggested that both the RRM500 and
Ni/RM catalyst have performed hydrogenation of unsaturated carbon in biocrude during HTL
process under reducing environment [43]. According to absolute integral value (Table B5), Ni/RM
catalyst produced 33% more saturated aliphatic groups in biocrudes than RRM500 catalyst under
reducing ambiance. This finding agreed with the previous hydrodeoxygenation study by Ni/RM
catalyst where incorporation of Ni metal increased the saturated aliphatic compounds in upgraded
pinyon-juniper catalytic pyrolysis oil [37].The maximum alcohols, esters, and anhydrous
carbohydrates were observed in the biocrudes from reducing-RRM500 condition. This result
agreed with aliphatic ester region of FTIR biocrude spectra from the same reaction condition. The
Ni/RM catalyst repealed the aliphatic groups with oxygen, compared to RRM500 catalyst under
reducing environment which can be considered as the catalytic activity of Ni/RM catalyst [37].
The alcohols, esters, and anhydrous carbohydrates groups content were lower in all catalytic

conditions under oxidizing environment compared to other three reaction environments. This
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finding agreed with the aliphatic ester region (980-1080cm™) of oxidizing environment (Figure
3.4A) where the oxidizing environment showed the minimum aliphatic esters peak in non-catalytic

biocrude spectra.
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Figure 3.5: Functional group distribution in 3C NMR analysis of Tetraselmis biocrudes

3.3.3.3 Analysis of byproducts

Table 3.3 presents the analysis of three HTL byproducts: aqueous phase, solid residue, and gaseous
phase. The aqueous phase was characterized by TOC, TN with NH4"-N, NOs-N, COD, and pH.
Among the non-catalytic reactions, the reducing environment has maximized TOC of aqueous
phase where the minimum was found in inert environment. This result suggested that the reducing
ambiance in the absence of catalyst, has solubilized some organic compounds into the aqueous
phase. The addition of catalysts increased TOC value in the aqueous products. The highest TOC
(16.41g/L) was observed in the aqueous phase produced from oxidizing-Ni/RM reaction. Since

pH of aqueous phase was not in acidic side for oxidizing-Ni/RM condition, the TOC increase was
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probably due to the formation of more hydroxyl groups from alcohols and low molecular weight
phenolics. Almost 70% of TN was occupied by Org-N. The majority of Org-N in TN could be the
confirmation of protein decomposition as the nitrogen source in aqueous phase [44]. Incorporation
of catalysts increased the NH4*-N content of the aqueous products and highest amount was
detected in oxidizing-RRM500 reaction. Both RRM500 and Ni/RM catalysts increased COD of
the aqueous phases irrespective of reaction environments which indicated the negative effects of
catalysts over aqueous phase treatment for reuse. The highest COD was observed in the aqueous
product of reducing-Ni/RM reactions. The Ni/RM catalyst under reducing environment also

reduced the pH value of the aqueous byproduct by 2-7% compared to other reactions of this study.

The solid residues of this study were analyzed by elemental composition and the analysis results
were presented as catalyst free basis.The addition of catalyst clearly decreased the carbon content
of solid chars compared to non-catalytic reaction. The carbon percentage of the char showed the
opposite trend of biocrudes: Ni/RM<RRM500<No Catalyst. It suggested that catalysts transferred
the carbon from feedstock to biocrude rather than solid char. The lowered nitrogen content in
catalyst derived solid char was the result of enhanced nitrogen content of biocrude and aqueous
phase. Regardless of reaction environment, increased oxygen and sulfur was found in the solid
residues of catalytic reactions which indicated that the RM based catalysts assisted the migration
of oxygen and sulfur-based compounds from Tetraselmis feedstock to char by HTL treatment in
inert, ethylene, reducing and oxidizing reaction environments. The catalysts also increased ash in
the char under four reaction atmospheres. The similar phenomenon was observed in sewage sludge

HTL study with reduced red mud catalysts under nitrogen and ethylene atmospheres[20].
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The gas phase analysis only quantified Hz, CH4, CO and CO: gases. The RRM500 catalyst has

promoted in-situ hydrogen production in nitrogen, ethylene and oxidizing ambiances. The

hydrogen production maximized under ethylene environment by 1.3-7 mol%. The reaction

ambiance consumption was significantly high with Ni/RM catalyst in ethylene and hydrogen

reaction atmospheres. Addition of catalysts suppressed the CO2 production for all four reaction

atmospheres. The maximum CO2 production was observed from non-catalytic oxidizing

environment which suggested that the decarboxylation is a dominant pathway in this condition.

Table 3.3: Properties of Tetraselmis HTL byproducts

Nitrogen Ethylene Reducing Oxidizing
No RRM500  Ni/RM No RRM500  Ni/RM No RRMS500 Ni/RM No RRM500  Ni/RM
Catalyst Catalyst Catalyst Catalyst
Agueous
phase(g/L)

TOC 1142 13.19 13.65 12.53 13.98 13.79 12.65 13.26 15.80 12.06 13.95 16.41
NH4*-N 2.87 4.00 3.92 2.71 3.74 2.83 3.13 3.15 4.02 3.00 4.20 3.64
NOs™-N 0.02 0.06 0.02 0.01 0.02 0.05 0.03 0.02 0.06 0.02 0.05 0.06
Org-N? 7.41 7.24 7.12 7.54 7.62 7.83 7.52 7.37 6.68 6.98 7.19 7.86

TN 10.30 11.30 11.06 10.26 11.38 10.71 10.68 10.54 10.76 10.00 11.44 11.56

COD 86+0.3 99.6£0.0 89.2+0.1 87.6+0.1 110.0+0.1 96.4+3.6 89.9+0.2 101.1+0.8 119.1+0.2 91.240.3 103+0.2 107.6x0.1

pH 8.3+0.6 8.6+0.1 8.4+0.3 8.7+0.1 8.3£0.5 8.7+0.2 8.3+0.2 8.540.1 7.940.1 8.2+0.2 8.1+0.1 8.2+0.3

Solid
Residue
(Wt.%)

Cc 342+2.3 251401 21.1+14 36.9+0.1 18.3x1.0 225+0.1 28.9+0.9 20.7+£0.3 18.0+£0.2 37.4+1.6 249+1.4 24.7+0.1
H 4.8+0.1 2.7£0.1 2.510.2 4.4+0.1 2.1+0.2 2.4+0.1 3.410.2 1.9+1.4 2.7+0.1 3.5£0.6 3.41+0.3 3.2+0.1
N 2.310.2 1.6+0.1 1.4+0.1 2.240.1 1.310.1 1.5+0.4 1.9+0.1 1.4+0.1 1.240.1 2.840.1 1.8+0.2 1.840.1
S 0.3+0.1 0.5+0.1 1.2+0.1 0.4+0.2 0.4+0.1 1.2+0.1 0.31£0.1 0.4+0.1 1.4+0.1 0.3£0.1 0.410.1 0.8+0.2
Ash 55.4+0.1 58.1+0.2 64.3+0.1 55.3+0.3 68.5+0.2 62.9+0.4 59.6+0.2 57.2+0.1 70.5+0.1 46.7+0.1 47.8+0.2 56.9+0.3
0O 3.1+2.8 12.0+04 9.5+1.8 0.9+0.7 9.4+1.5 9.6+0.9 5.9£1.3 18.4+1.8 6.1+0.4 9.4+24 21.8+2.1 12.6+0.8
Gas Phase
(mol%)
H, 1.5+0.0 6.1+0.2 4.8+0.1 1.1+£0.0 8.0+0.1 6.7£0.1 Consumed 1.0£0.1 3.910.2 2.510.1
CH, 0.1+0.0 1.5+0.1 0.1+0.0 0.1+0.0 1.4+40.1 3.0£0.1 0.1+0.0 1.1+0.1 0.1+0.0 0.1+0.0 0.7£0.1 0.1+0.0
Cco 3.2+0.1 0.8+0.1 4.8+0.1 2.210.0 2.5+0.1 0.1+0.0 3.1+0.1 2.4+0.1 8.4+0.1 1.7£0.0 3.840.2 2.910.0
CO, 80.8+0.9 62.1+0.1 65.8+0.3 72.7£1.2 41.0£16 58.7¢0.1 82.8+0.8 67.5+0.6 69.8+0.2 85.1+1.5 529+05 72.7+0.1
Balance® 14.4+0.9 29.4+0.3 24.6+x0.3 23.9+1.3 47.1+£15 315+0.1 14.0£0.7 29.1+0.8 21.8+0.1 12.2+15 38.1+1.0 21.7+0.1
Consumption
(mol/kg 0 0 0 0.11+0.02 0.72+0.2 1.48+0.4 0.01+0.0 0.04+0.01 1.52+0.3 1.22#0.1 1.07+0.2 1.23+0.4
feedstock)

a hy difference
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3.3.4 Carbon and nitrogen distribution

Carbon distribution in the Tetraselmis HTL products is illustrated in Figure 3.6-A. The carbon
recovery was calculated based on the elemental analysis of Tetraselmis feedstock, biocrude, solid
residue and total organic carbon (TOC) content of the aqueous phase. The carbon addition to the
HTL system by ethylene atmosphere was calculated using the ethylene consumption rate from
Table 3. The carbon mostly transferred from feedstock to biocrude products and carbon transfer
was increased by catalytic reactions. The elemental analysis (Table 3.2) of the biocrudes and
carbon distribution showed the identical carbon transfer trend: No Catalyst<RRM500<Ni/RM.
The carbon recovery in biocrudes were comparatively lower in oxidizing atmosphere. Therefore,
the carbon transfer to solid residue and aqueous phase was increased by oxidizing environment.
Significant carbon transfer to balance (gas phase) portion in non-catalytic reactions of inert,
ethylene and reducing reaction environments was supported by increased CO; production from
non-catalytic reactions (Table 3.3).

Nitrogen distribution of Tetraselmis HTL products was presented in Figure 3.6-B. The N
distribution was calculated based on nitrogen content of feedstock, biocrude, solid residue from
elemental analysis and TN value of aqueous phase. Almost 64-73% of the N ended up in the
aqueous phase whereas 9-25% transferred to the biocrude. There was an unwanted rise of N
transfer in biocrude and aqueous phase. It was evident that the addition of catalysts promoted
higher decomposition of the protein rich Tetraselmis feedstock during HTL process and the
produced nitrogenated compounds distributed among the HTL products. The higher nitrogen
content of biocrudes indicated that further upgrading process was required to use it as

transportation fuel [45].
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3.4 Conclusions

The red mud (RM) based catalysts, reduced red mud (RRM500) and red mud supported nickel
(Ni/RM), were applied to hydrothermal liquefaction (HTL) of Tetraselmis sp. algae strain under
nitrogen, ethylene, reducing and oxidizing reaction environments. Regardless of reaction
environments, the use of catalysts has increased the yield of Tetraselmis derived biocrude. Under
nitrogen, ethylene and reducing environment, the biocrude yield increased by following trend: No
Catalyst<RRM500<Ni/RM. The highest biocrude yield of 37 wt.% was produced under ethylene
environment with Ni/RM catalyst. Both RRM500 and Ni/RM catalysts promoted deoxygenation,
reaction with increased the carbon content and calorific value for the biocrude products in four
reaction atmospheres. The Ni/RM catalyst under inert environment reduced biocrude acidity by
20-50% compared to other reaction conditions. The desulfurization activity of Ni/RM catalysts
and demetallization effect of RRM500 catalyst were observed in all biocrude products, irrespective
of reaction environments. Major portion of nitrogen migrated to aqueous phase from protein
enriched Tetraselmis feedstock after HTL treatment where most of the carbon ended up in the
biocrudes. The reducing environment facilitated mild hydrotreatment during HTL reaction in
presence of both RRM500 and Ni/RM catalysts. Among the non-catalytic HTL reactions, inert
environment maximized biocrude production from TetrasIimis feedstock, ethylene environment
lowered total acid number (TAN) of the biocrudes and reducing environment added maximum

carbon and minimum oxygen and sulfur content to Tetraselmis biocrude.
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Chapter 4
Depolymerization of household plastic waste via catalytic hydrothermal liquefaction

Abstract

In this work, a mixture of five prominent plastic polymers as simulated household waste was
depolymerized using the hydrothermal liquefaction (HTL) process using pretreated red mud
catalyst for crude products. The selected plastics were polyethylene terephthalate (PET), high-
density polyethylene (HDPE), low-density polyethylene (LDPE), polypropylene (PP), and
polystyrene (PS). For proper comparison, each plastic material was treated individually in control
experiments. Among the single plastics, HDPE generated the maximum biocrude yield of 76 wt.%,
whereas PET produced only solid (80wt.%) and gaseous products. The biocrude yield production
from non-catalytic reactions followed this trend: HDPE>PS>PP>LDPE. When PET (42wt.%),
HDPE (20wt.%), LDPE (20wt.%), PP (4wt.%) and PS (14wt.%) were blended together, the crude
yield was 22 wt.%. The catalyst facilitated cracking and gasification with suppressed liquid and
solid formation from individual plastic feedstock and played a vital role in reducing the viscosity
and acidity of HTL liquid products. The plastic crude oil possessed 36-92 wt.% gasoline-range
compounds, while the chemical composition varied with the feedstock. Without a catalyst, HDPE
decomposed into straight-chain alkanes, whereas PP and PS-derived products consisted of
aromatic and cyclic compounds. The catalyst promoted aromatization in plastic mix-derived

crudes and increased the gasoline boiling range of compounds.

Keywords: Plastic, Red Mud, Hydrothermal Liquefaction, Crude Oil

4.1 Introduction
Due to their durability, lightweight with low production cost, plastic materials are widely used in

home appliances to delicate instruments [1]. The excessive use of plastic has created enormous
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amounts of plastic waste with serious impacts on waste management facilities and on the
environment [2]. The heterogeneity of plastic waste makes it difficult to separate different plastic
materials from the waste stream and treat them individually [3]. Hydrothermal liquefaction (HTL)
technology is a promising thermochemical depolymerization process for mixed plastic waste and
individual plastic [4]. The HTL process can depolymerize almost any organic feedstock into liquid
biocrude oil, solid char, and gaseous products at moderate temperature (typically 200-400°C) and
high pressure (typically 10-25 MPa) [5]. Recently plastic materials have gained global attention
as feedstock for the HTL process. Zhao et al. investigated HTL conversion of e-waste plastics,
and the produced organic yield varied from 81.4 to 97.6 wt.% at 350 °C temperature, which mostly
composed of styrene monomers, styrene derivatives, bisphenol A, and caprolactam [6]. Hongkong
et al. explored the non-catalytic co-liquefaction of nylon and Fucus Serratus macroalgae under
350°C with different blend ratios. They reported a maximum of 17 wt.% biocrude yields, enriched
with nylon monomer (caprolactam), from a 1:1 blend of nylon six and microalgae [7]. Poravou et
al. investigated the HTL of plastic waste mix and polypropylene by conventional heating and solar
energy-aided within 350 to 450 °C temperature where single polypropylene produced maximum

HTL fuel, and solar simulator facilitated more biocrude production [8].

The catalysts can play a critical role in improving the thermochemical conversion energy
efficiency and can promote targeted reactions with product selectivity [9]. Wu et al. commented
that there are significant knowledge gaps and challenges that remain in the development of low-
cost, efficient catalysts for the thermochemical conversion of biomass [10]. Widely abundant
waste slag materials, such as red mud (RM), can be utilized as a catalyst in the HTL process. RM
isa byproduct of the alumina production process, composed of mainly iron oxide with other metal

oxides, and poses a serious threat to the environment due to its high alkalinity [11]. This iron-
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enriched industrial waste has been successfully used as a catalyst for HTL conversion of municipal
sewage sludge, food waste, algae, and lignocellulosic biomass. It was found that the RM catalyst
is capable of increasingcarbon conversion efficiency and energy recovery of the HTL Process [12—
14].Caprariis et al. liquefied woody biomass with red mud catalyst by HTL process and found that
red mud actively produced hydrogen in the HTL system, thus increasing the bio-crude yield with
lower oxygen content and higher HHV. This zero-value waste could be recovered from the oak
char and reused again in the HTL system after reduction treatment [15]. Saral et al. successfully
minimized the nitrogen content of algae-derived HTL biocrude by red mud catalyst [16]. The use
of RM catalysts is not rare in the pyrolysis treatment of plastic and polymers. Lopez et al. studied
the influence of ZSM-5 zeolite and RM in the pyrolysis of mixed plastic wastes at 440 and 500
°C. They reported that the RM catalyst required a higher reaction temperature to have a similar
catalytic effect of ZSM-5 catalysts over plastic mixture pyrolysis [17]. Ahmed et al. modified the
catalytic properties of RM by rearranging the agglomerated phases for the co-pyrolysis of biomass
and polyethylene, which showed better performance than ZSM-5 by promoting decarbonylation
over dehydration [18]. To the best of our knowledge, the effect of RM catalyst in HTL of plastic

materials has not been explored yet.

This study aims to investigate the influence of modified RM catalysts over the HTL decomposition
of five different plastic materials such as polyethylene terephthalate (PET), high-density
polyethylene (HDPE), low-density polyethylene (LDPE), polypropylene (PP) and polystyrene
(PS) and the plastic mixture that resemble municipal solid waste. The objective of this study is to
evaluate the efficacy of HTL treatment for mixed plastic streams. We hypothesize that the different
plastics from the mixture during HTL depolymerization will promote the crude formation, and RM

will influence the HTL decomposition by cracking reaction. This study explored the perspectives
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of a mixed plastic product as feedstock for fuel production in association with a zero-value, mixed

metal oxide catalyst.

4.2 Materials and methods

4.2.1 Material

Unused plastic products such as water bottles, food containers, shopping bags, and utensils made
of polyethylene terephthalate (PET), high-density polyethylene (HDPE), low-density polyethylene
(LDPE), polypropylene (PP), and polystyrene (PS) were purchased from a local market. A plastic
granulator (Shini USA, Model: SG-2042NCH) was used to shred each plastic component
separately, and the shredded plastics were sieved to obtain a 2mm particle size. The sieved,
shredded plastics were blended at weight percentage (Table C1, Appendix C) based on the US
Army Research Laboratory (ARL) study and denoted as “PM” throughout this study [19]. The red
mud (RM) was collected from Almatis Burnside, Inc. (Gonzales, Louisiana, USA). Airgas Inc.

(Opelika, Alabama, USA) supplied high-purity nitrogen gas that was used in this study

4.2.2 Feedstock characterization

The shredded plastic feedstocks were characterized for ultimate and proximate analyses and heavy
metal content. The elemental analysis (CHNS/O) was performed according to the ASTM D5373-
02 method in Vario MICRO cube, Elementar (New York, USA) [20]. The EPA 1684 method was
followed to measure the moisture content. The ash content and volatile matter content were
determined using ASTM E1755 and ASTM E872methods, repectively. The heavy metals of the
feedstocks were measured by inductively coupled plasma-optical emission spectrometry (ICP-
OES). The Soil, Plant, and Water Laboratory (University of Georgia, Athens, USA) performed the

ICP-OES analysis of the plastics.
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4.2.3 Catalyst preparation

The RM based catalyst was prepared according to our previous work [12]. Briefly, the as-received
RM was calcined at 575°C for four hours and then sieved to obtain the particle size between 106-
595 pum. The calcined, sieved RM was reduced at 500°C(RRM500) using a gas mixture of 10%

H, and 90% N for six hours and stored for the future use in HTL.

4.2.4 Catalyst characterization

The catalyst was characterized by inductively coupled plasma-optical emission spectrometry (ICP-
OES), X-ray diffraction (XRD) techniques and surface analyzer methods. The methodology of
XRD analysis was discussed in our previous work [21]. Briefly, a bench-top powder X-ray
diffraction system (AXRD, Proto Manufacturing, Taylor, Michigan, USA) was utilized from 20°
to 100° (20) with 2 seconds of dwell time and 0.014° of A26 at 30 mA and 40 kV with CuKa
radiation (A = 1.5418 A). The surface area of the catalyst was measured by an Autosorb-iQ
(Quantachrome Instruments, USA) with BET (Brunauer-Emmett-Teller) equation using Na-
adsorption—desorption isotherm in an adsorption analyzer. The chemisorption macro steps can be

found in our previous work [22].

4.2.5 Experimental setup and procedure

The reaction temperature of all HTL experiment of this study was set at 450°C. However, all single
plastic materials or plastic mixture feedstocks could not reach that high temperature inside the
reactor even after a prolong heating period. Therefore, heating period was fixed with heating rate
of 3°C/min for seven hours ( starting from room temperature) for each HTL experiment and then
the reactor was cooled to room temperature. The highest attained temperature along with pressure
inside reactor during HTL depolymerization of each feedstock is provided at supporting material

(Appendix C, Table C3). A high-pressure, high-temperature reactor from Parr Instrument
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Company (Model 4578, Moline, Illinois, USA) was used for HTL experiments of the plastics.
Details of the reactor setup was discussed in our previous work [12]. Briefly, the reactor has 1.8
L vessel, PID controlled electrical heating unit, controllable agitator, pressure gauge, and J-type
thermocouple to monitor the temperature inside the reactor. For each HTL experiment, 50 g of
shredded and sieved single plastic or plastic mixture was loaded into the reactor with 87.5 g
(feedstock and water ratio of 1:1.75) deionized water as per the published work [23]. For all
catalytic HTL experiments, catalyst: feedstock loading was fixed at 1:10 i.e., 5 g catalyst per 50 g
plastic feedstock. Once the plastic, water and catalyst (if applicable) were loaded in the reactor,
the reactor was sealed. The reactor was then purged with inert gas (nitrogen) three times to remove
air from the reactor headspace before pressurizing with it to an initial pressure of 90 psi (0.62 MPa)
with nitrogen gas. The agitator was turned on with fixed speed 300 rpm above 400°C temperature
to avoid any interruption by thermally degraded semi-solid plastic. After 7 h heating, the heater
was removed, and the reactor was cooled to room temperature by electrical fan and ice bath. The
products (gas, solid, aqueous phase, and plastic oil) were separated as described in Section 4.2.6.

All experiments were performed in duplicates.

4.2.6 Product separation

After cooling the reactor to room temperature, the gas composition was analyzed . Then the reactor
was opened to recover the liquid and solid products. The reactor content was poured into a large
flask, and the weight was recorded. Then, the reactor content was filtered through Whatman No.50
filter paper (particle filtration size of 2.7 um) to separate solid from the liquid phase. The liquid
products were transferred to separatory funnel to decant the organic product after draining the
aqueous phase. The remaining solids on the filter paper were then washed with dichloromethane

(DCM). The DCM was separated from the organics using an IKA rotary evaporator at 65°C and
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700 mbar vacuum pressure to obtain DCM extracted organic phase. The weight of all liquids
(aqueous and organic phases) was recorded for mass balance. The decanted and DCM extracted

organic phases were termed as “crude oil” throughout the paper.

4.2.7 Product analysis

A micro-GC (Agilent 3000A) was used to analyze gaseous products. Details of micro-GC
analysis was discussed elsewhere [12]. Briefly, the Agilent 3000 A micro-GC is equipped with
three modules alongside thermal conductivity detector: a 10 m Molsieve 5A (MS) column and two
10 m porous polymer (PPU) columns. The sample could be split into three streams to go into one
of these modules. MS column analyzed hydrogen, methane, and carbon monoxide, while carbon
dioxide and ethylene hydrocarbons were analyzed on the PPU columns simultaneously. Argon and
helium were used as carrier gases for MS column and PPU column, respectively.

The yield of biocrude and solid product were calculated on dry-ash free basis using Equations
land 2, respectively [24]. The remaining product fraction was regarded as “balance” and calculated

using Equation 3.

Veruae (%) = ==X 100 (1)
Vootia (%) = =0 % 100 @

Ypatance (%) =100 — Ysruge — Ysotia (3)

where wy is the mass of plastic feedstock (g), wy,, and w,, are the mass of moisture and ash content
of feedstock (g), respectively. w,, is the mass of the crude product (g), w, is the weight of total
solid residues (g), and w,. is the weight of catalyst (g).

The elemental analysis was performed on each sample using an elemental analyzer (Vario

MICRO, Elementar, New York, USA). The higher heating value (HHV) of biocrude was
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determined using IKA Model C2000 basic bomb calorimeter (IKA Works, Inc., Wilmington, NC,
USA)[25].The total acid number (TAN) of each sample was determined through titration
according to ASTM D664-07 using a Mettler Toledo T50 Titrator. Thermogravimetric analysis
(TGA) of biocrude was performed by using a Shimadzu TGA-50 (Shimadzu, Japan) under
nitrogen atmosphere (flow rate: 20 ml/min) with heating rate of 10 °C/min from room temperature
up to 800 °C [26].

The simulated distillation analysis was performed according to ASTM D2887 [27]. The diluted
samples (20 mg oil in 2ml of CS;) were analyzed by Agilent Technologies 7890A GC-FID (flame-
ionization detector) system with a 7693 autosampler and a 10 m x 0.53 mm x 3 um DB-2887
Column. A sample volume of 0.2 pL was injected for the simulated distillation analysis and then
heated from 40°C to 350°C at a heating rate of 20°C/min. The GC-FID system was operated in a
1:4 split inlet mode during each analysis. The chemical composition of biocrude samples was
analyzed by an Agilent Technologies 7890A Gas Chromatograph (GC) System with a 7683B
Series Injector, 5975C Inert Mass Selective Detector (MSD) with Triple-Axis Detector. The
details of GC-MS instrument were reported elsewhere [26]. In a brief, 30 m x 250 um % 0.25 um
DB-35MS column was used while the GC oven was heated up to 50 °C and held for 2 min and
then ramped at a heating rate of 5 °C/min to 280 °C and kept for 15 min. The chemical structures
identified by the National Institute of Standards and Technology (NIST) MS Library of the GC—
MS, were then grouped into paraffins, olefins, cyclic-aromatics and oxygenated compounds based
on their peak area percent from semi-quantification.

The aqueous phase was analyzed for total organic carbon (TOC), total nitrogen (TN) and pH. The
TOC and TN were measured by a TOC/TN analyzer (TOC-L, Shimadzu, Kyoto, Japan). The pH

of the solution was measured by a pH meter (pH510, Oakton, Vernon Hills, lllinois, USA).
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4.3 Results and discussion

4.3.1 Feedstock characterization

Table 4.1 presents the ultimate and proximate analyses of the studied plastic materials. The
physicochemical properties of plastic mixtures (PM) were calculated based on the individual
plastic properties with mixing proportion. Among five plastics polymers, polystyrene possessed
the highest amount of carbon by 92.7 wt.%. The minimum carbon of 65 wt.% was found in LDPE.
The oxygen content was significantly low in plastic materials compared to traditional HTL
feedstock, such as sludge, algae, woody biomass, etc. [12,28]. The volatile content was a
prominent part of the ultimate analysis of the plastics. The HDPE contained the highest amount of
volatile (97.1wt.%), and the LDPE had the lowest volatile quantity (78.3 wt.%). The ash content
of LDPE was unusually high. A high concentration of metals was also detected in LDPE samples
(Appendix C, Table C5). The LDPE samples of this study were collected from shredded
commercial shopping bags. The metals are generally incorporated with plastic as additives,
colorants, antioxidants, or stabilizers to improve the quality of the polymer. These additives might
be responsible for higher metal content as well as the ash of LDPE plastic feedstock [29,30]. Both
the elemental composition and ultimate analysis results of the plastic mixtures varied with the

blending ratio and plastic components.
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Table 4.1: Properties of the plastic feedstocks

PET HDPE LDPE PP PS PM
Elemental
Analysis(wt.%)
C 65.3+0.0 86.4%0.2 65.0£2.0 86.4+0.0 92.7+0.0 74.2+0.7
H 3.5£0.3 13.240.1 8.5+0.3 13.0£0.1 7.1+0.0 7.4+0.4
Ash 0.4+0.1 0 20.3+0.2 0.2+0.0 0 4.240.1
o2 30.8+0.4 0.4£0.1 6.2+2.5 0.4+0.1 0.2+0.0 14.2+1.2
Proximate
Analysis(wt.%)
Moisture 0.3£0.0 0.1£0.0 0.4+0.0 0.1+0.0  0.4%+0.0 0.3+0.1
Ash 0.4£0.1 0 20.3+0.2 0.2+0.0 0 4.240.1

Volatile Content 94.0+0.0 97.1+0.0 78.3+£0.2 96.2+0.0 96.3+t0.0 90.9£0.2
Fixed Carbon? 5.320.1 2.8£0.0 1.0£04 3.5+£0.0 3.3x0.0 4.6x0.4
a by difference, ° calculated with the plastic ratio and individual plastic properties

4.3.2 Catalyst characterization

The properties of RRM500 catalyst were discussed in our prior work [12]. The XRD analysis
(Figure 4.1) of RRM500 has distinguished the iron oxide peaks of hematite (Fe.O3), magnetite
(Fe304) along with other metal oxides of calcite(CaCOs), gibbsite(Al(OH)s), anatase(TiO2)and
quartz(SiO.). A high concentration of iron was verified by the ICP analysis data ( Appendix C:
Table C3) of the catalyst with 43 wt.% (435473.0 ppm) of iron content. The metal composition of
RRM500 also included a notable amount of aluminum (7wt.%), calcium (2.4wt.%), and sodium
(3.2wt.%). The surface area (Table C4) of this catalyst was only 21.92 m?/g with 6.15 nm of pore
size. The metal content and physisorption data of RRM500 were within the range of other red mud

reports [31].
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A = Quartz (SiOy)

B = Hematite (Fe,0s)

C = Calcite (CaCOs3)

A B D D = Magnetite (FesO.)
B = E = Gibbsite (Al (OH)3)

F = Anatase (TiO,)

22 32 42 52 62
26(°)

Figure 4.1: XRD analysis of RRM500

4.3.3 HTL products characterization

4.3.3.1 Yield Analysis

Figure 4.2-A shows the yield distribution of plastic HTL reactions on dry-ash free basis.
Depending on the plastic types, HTL product distribution varied widely in both catalytic and non-
catalytic reactions. Without a catalyst, HPDE polymers produced the maximum crude yield of 76
wt.%, and the lowest crude yield of 28 wt.% was generated by LDPE feedstock. Maximum 87
wt.% HTL crude yield from high density and low density polyethylene (PE) was reported at 425
°C with 2.5 h residence time in 500 ml size reactor [23]. Larger HTL reactor (1800 ml) might be
a reason for slightly lower HDPE crude yield of this study. The second highest non catalytic crude
yield (73wt.%) was produced from PS feedstock. This specific plastic material is well known for
high crude oil production (maximum 86 wt.%) even in sub-critical temperature (350°C)[32].
Regardless of catalyst, PET was converted to solid and gas under HTL condition. The solid

production was reduced by 11% by RRMS500 catalyst. Higher depolymerization of PET has
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previously been reported in the presence of an alkali catalyst [33]. The RM is also highly alkaline
in nature (10-15 pH) which might affect the decomposition of PET [34,35]. High solid yield
(84wt.%) from HTL treatment of PET plastic was also observed in other report where DCM could
not dissolve the PET HTL products [32]. Therefore, DCM was not added to PET derived wax
products in this study. Using PET in a plastic mixture of PM also resulted in 22 wt.% solid
productions, separated from biocrude by gravity. The RRM500 catalyst did not favor biocrude
formation from individual plastic materials. The high balance fraction indicated that the plastic
might be decomposed into more gaseous products in this high temperature rather than crudes or
solid products. However, the RRM500 catalyst increased the biocrude yield from the PM and
plastic mixture compared to the non-catalytic condition. Approximately 63 % less solid was
obtained from HTL conversion of PM mixture with RRM500 catalyst, compared to non-catalytic
experiments. Figure 4.2-B compares the experimental value of solid from PET and crude yield
with the calculated yield. The experimental crude yield from each plastic and the experimental
solid yield value of PET were multiplied with their blending ratio to determine the theoretical
“calculated yield” of the PM mixture. The details of calculated yield determination from plastic
mixture was reported elsewhere [36]. It was evident from the comparison that irrespective of
catalyst, less solid was generated from PET in plastic mixture. The lower solid production from
mixed plastic suggested the synergistic effects of plastic mixture in solid generation from PET. A
similar trend was observed in an equi-mass mixture of PP, PET, PS, and PC, where the
experimental biocrude yield exceeded the calculated yield [36]. The opposite effects were
observed in non-catalytic HTL reactions where the experimental yield from PM was less than the

calculated yield from the same condition. Therefore, it can be concluded that the RRM500 catalyst
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promoted crude production from mixed plastic feedstocks rather than an individual plastic
component.

In absence of catalyst, the LDPE has generated the maximum solid residue products with 25 wt.%
yield where polypropylene produced the lowest solid yield of 2 wt.%. The solid production from
the non-catalytic conversion of the individual plastic component has the following order:
LDPE>PS>HDPE>PP. The catalyst promoted the solid formation from individual plastic material,
except PET. The most significant rise was observed in PS-RRM500 reaction where solid yield was
increased by three times with the catalyst. In case of mixture, the catalytic char yield remained

almost same as the non-catalytic reaction.
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Figure 4.2: Product distribution of Plastic HTL — A: Yield distribution of individual and plastic
mixtures, B: Comparison between calculated and experimental biocrude yields of plastic
mixtures

4.3.3.2 Biocrude characterization

Physicochemical properties

Table 4.2 shows the physicochemical properties of plastic biocrudes in this study. Due to little
nitrogen and sulfur content, only carbon, hydrogen, and ash were reported as elemental
compositions of plastic biocrudes. In non-catalytic conditions, the maximum carbon, hydrogen,
and minimum oxygen were found in HDPE-derived HTL crude, leading to this study's highest
HHYV (45.8 MJ/kg). Without a catalyst, no notable change was found in the carbon content of four
individual plastic biocrudes. Depending on the plastic type, the non-catalytic hydrogen content
ranged from 13.4 to 7.8 wt.%. The HHV of the single plastic biocrudes showed the following
order: HDPE>PP>LDPE>PS. Amidst the single plastic non-catalytic treatments, crude from PP
plastic possessed the maximum oxygen of 8.2 wt.%. The carbon and hydrogen contents drastically
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declined in crude oils from the plastic mixture. As a result, high oxygen was detected in mixed
plastic biocrude. The biocrude from PM had the maximum oxygen (27 wt.%) with the lowest HHV
(28.6 MJ/kg) in non-catalytic HTL reactions. When RRM500 catalyst was introduced to HTL
systems, the carbon content of LDPE, PP, and PS was reduced by 7.4 to 11 % in comparison with
the non-catalytic biocrudes from the sample plastic. Most probably, the high reaction temperature
of plastic HTL depolymerization released carbon as gas(CO, CO2) from the HTL system. The
oxygen content of catalytic PScrude was almost three times higher than the no catalyst PS crude
product. The catalyst added little carbon (1%) to HDPE crude but lowered the hydrogen content
compared to no catalyst reaction-derived HDPE crude. For these adverse effects of RRM500
catalyst, the HHV of catalytical biocrudes from single plastic were 1.6 to 20% less than the
biocrudes from no catalyst HTL condition. The elemental composition and HHV of the catalytic

PM-derived biocrude were almost identical to the non-catalytic one, with few differences.

The acidity of HTL plastic crudes was significantly less than our prior HTL study of municipal
sewage sludge [12]. However, the TAN values of plastic crudes were almost two times higher
than commercial diesel fuel [37]. In single plastic non-catalytic HTL conversion, the maximum
TAN value was observed in the biocrude from HDPE, and the minimum was found in the LDPE
biocrude. The PM mixture-derived crude has the highest acidity in this study, with a TAN value
of 20.30 mgKOH/g. The hydrolysis of PET in supercritical water could release acidic compounds
such as terephthalic acid and raise the TAN value of the oil [38]. The RRM500 catalyst
significantly reduced acidity in HDPE, LDPE, PS, and PM-derived biocrude products. The acidity
reduction by RM catalyst was also reported in corn stalk and pine wood chips pyrolysis bio-oil
[39,40]. The RM-based catalyst might play a role in neutralizing the acidic compounds from liquid

products of thermochemical conversion processes.
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The utilization of catalysts has reduced the dynamic viscosity of HDPE, LDPE, and PM mixtures-
derived biocrudes compared with non-catalytic biocrudes. It was reported that the mixed metal
(Fe, Al, and Mg) content of red mud (RM) could crack the heavy compounds of feedstock during
the pyrolysis process [40]. The RRM500 catalyst might crack some plastic components under HTL
conditions and produce less viscous biocrude products. Further evidence of cracking reaction can
be found in the enhanced gaseous yield (balance) within the catalytic product distribution (Figure
4.2-A) of HDPE, LDPE, and PM mixture conversion. The biocrude density was slightly higher
from catalytic HTL conversions. Among non-catalytic HTL reactions, the HDPE biocrude has the

minimum density of 0.79g/cm?, where PM-derived biocrudes had the highest one with 0.95g/cm?.

Heavy metal content (Table C6) of non-catalytic plastic oil was lower than other HTL oil but
higher than petroleum products [12,41]. Some heavy metals (Co and Fe) from RRM500 were
likely leached into the catalytic plastic biocrudes. The catalytic PP and PS biocrude contained
significantly higher Co and Fe metals than non-catalytic products. When all the heavy metals found
in each HTL product from every feedstock were added, the heavy metals from RRM500 mostly
deposited to solid HTL products (Figure C3).

Table 4.2: Physicochemical properties of plastic HTL biocrudes.

Elemental Analysis (wt.%)

Dynamic

HHV TAN Viscosity Density

C H Ash 02 (MJ/kg) (mgKOH/g) (cP) (g/cm3)
HDPE  86.2+0.0  13.4+0.1 0.2+0.0 0.3+0.2 45.8+0.2 1.80+0.21 2.82+0.54 0.79+0.01
Non- LDPE  83.840.8 8.6+0.1  0.1+0.0 7.5+1.0 38.7x0.5 0.35+0.10 1.08+0.43 0.95+0.02
Catalytic PP 82.6+1.6 9.2+0.3 0.0 8.2+1.9 38.8+1.2 0.4+0.12 0.72+0.20 0.81+0.01
PS 84.9+3.0 7.8%0.2  0.1+0.0 7.2+3.2 38.0+1.6 0.58+0.0 0.60+0.17 0.87+0.03
PM 65.5+1.4 7.3+0.1 0.1+0.0 27.1+15 28.6+0.6 20.30+0.52 0.95+0.33 0.95+0.03
HDPE  87.3+1.6  10.1+0.2 0.1+0.0 2.5+1.8 42.0+0.5 0.35+0.10 1.19+0.25 0.85+0.02
LDPE  77.6%0.7 8.5+0.3 0.3x0.0 13.6x1.0 35.7x0.4 0.28+0.10 0.92+0.14 0.90+0.02
Catalytic PP 73.6+2.0 7.7£0.4 0.0 18.7x2.4 32.8+15 0.44+0.1 0.91+0.10 0.86+0.03
PS 73.7+0.4 54403 0.1+00 20.8%0.7 29.9+0.2 0.24+0.11 0.86+0.12 0.90+0.02
PM 65.4+0.5 6.6+0.1 0.1+0.0 27.9+0.6 27.8+0.3 8.39+1.3 0.77+0.30 0.96+0.03

2 by difference
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Thermogravimetric analysis

Figure 4.3 presents the thermogravimetric analysis (TGA) of the plastic HTL crude products. The
TGA profile of each plastic and plastic mixtures derived non-catalytic crudes were compared with
the catalytic counterpart to evaluate the effect of the RRM500 catalyst. From Figure 4.3-A, it was
evident that the RRM500 catalyst has promoted volatile components in HDPE biocrude. This
finding was in agreement with the simulated distillation result (Figure C4), where catalytic HDPE
biocrude has approximately 80% and 52% more gasoline and jet fuel boiling point range
molecules, respectively than the non-catalytic one. There were slightly high (5% higher) low
boiling point compounds in catalytic LDPE biocrude relative to the no catalyst product. It is
another proof that the RRM500 catalyst assisted the cracking reaction of plastic molecules during
HTL conversion, and light compounds were released [40]. TGA thermographs of PP and PS were
also matched with the boiling point distribution of sim distillation. The catalytic PP biocrude
contained 0.5%, and the non-catalytic PS biocrude possessed 8% more gasoline and jet fuel range
compounds than their non-catalytic and catalytic counterparts. The catalytic PM-derived biocrude
contained a 15% higher gasoline range product than the non-catalytic one. On the other hand, the

non-catalytic PM biocrude has 13% more jet fuel range products than the catalytic product.
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Figure 4.3: Thermogravimetric analysis of biocrude samples from no catalytic and catalytic HTL
reactions: A- HDPE, B-LDPE, C-PP, D-PS and E- PM



Chemical Composition

Figure 4.4 shows the semi-quantification and classification of plastic and plastic mixture crude
products. The compounds were presented according to the area percentages, and they were divided
into paraffin, olefins, cyclic and aromatics, and oxygenated compounds (Table C7-C16).
Maximum paraffin was detected in non-catalytic HDPE crude. It is established that the thermal
cracking of HDPE by supercritical water mainly produces alkanes and alkenes products[42].
Olefin, along with a small amount of oxygenates and aromatics-cyclic, were also detected in HDPE
non-catalytic crudes. The catalyst suppressed the olefin production in HDPE crude and increased
the cyclic, aromatic groups, especially in C9-C12 ( Appendix C, Figure C5) groups, significantly
relative to non-catalytic HDPE biocrude. Generally, Gasoline products' carbon atom number
ranges between C4 and C12 [43]. This result was in agreement with the sim distillation of catalytic
HDPE crude oil(Figure C4), where gasoline boiling point range products were significantly high
in catalytic oil compared to non-catalytic one. There is a possibility that the iron oxide (Fe20s,
Fe304) from RRM500 accelerated the dehydrogenation reaction and facilitated the aromatization
of HDPE products [23,44]. In the case of LDPE crude, the RRM500 catalyst promoted the paraffin
compound in biocrude by two times and reduced the cyclic compound by 37%, compared to no
catalyst condition. Lin et al. hypothesized that the iron might increase the active sites of the catalyst
and promote deoxygenation, dehydrogenation, rearrangement, cyclization, and aromatization
reactions [45]. According to other researchres, the untreated and cation-exchanged RM catalysts
were found to be effective for the aromatization of olefins in co-pyrolysis of LDPE, which was not
observed in HTL conversion of LDPE with RRM500 catalyst [17,46]. The excess metal content
of LDPE feedstock (Table C5) might be responsible for this opposite catalytic effect over LDPE

crude product. Regardless of the catalyst, the cyclic and aromatic compounds were the only
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compound group in PP and PS crudes. The formation of cyclic and aromatics from HTL treatment
of PP at or above 425°C was reported before. Xylene was the prominent product in PP crude which
agrees with the current study [47]. The RRM500 catalyst slightly raised the xylene production
from PP (Table C12), which can be considered a catalytic effect. Xylene is a useful chemical
commodity, and RRM500 catalyst can enhance this product recovery from HTL conversion of PP
polymer [48]. The catalyst slightly increased the compounds with C11 and C12 carbon numbers
in PP crude oil, but that difference was not detected in the simulated distillation of the same oil.
The HTL reaction of PS polymer mainly produced toluene, benzene, and ethyl benzene which is
supported by the previous studies [49]. The styrene monomers were not detected in the PS crude
of this study. Long reaction hours might promote the hydrogenation of styrene and raise the amount
of ethylbenzene in PS-derived biocrudes [50].

The plastic mixture biocrude components largely depend on the plastic materials and the mixture
ratio. The paraffin and cyclic-aromatics were the dominant compound groups alongside small
olefins and oxygenated in non-catalytic PM crudes. The catalyst has increased the cyclic-aromatic
group by 11%, where olefin and paraffin formation was suppressed by two times and 14%,
respectively, compared to non-catalytic reaction- PM oil product. Ethylbenzene was the major
aromatic compound in both catalytic and non-catalytic biocrude from the PM mixture. Moreover,
the use of a catalyst has increased ethylbenzene production in PM mixture biocrude rather than PS
biocrude alone. Seshasayee et al. have speculated that the presence of PP in an equi-mass plastic
mixture of PP, PET, PS, and PC(polycarbonate) might be responsible for higher cyclic aliphatics,
and polycyclic aromatics in the HTL biocrude at 400 and 425°C reaction temperature [36]. In this
study, both PP and PS were major constituents of PM mixtures. The high amount of ethylbenzene

indicated that the decomposition of polystyrene might be the dominant reaction in the HTL
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conversion of the PM mixture. Additionally, the RRM500 could be more active in PS

decomposition in PM mixture than individual HTL reactions.

100 + ==
80 +
S 60
=1
]
< 40 1
20 +
0
Non Catalytici Non Catalytici Non Catalytici Non Catalytici Non Catalytic
Catalytic Catalytic Catalytic Catalytic Catalytic
HDPE LDPE PP PS PM

= Parafin @Olefin £ Cyclic-Aromatic © Oxygenated © Not quantified

Figure 4.4: Chemical composition of plastic HTL biocrudes

4.3.3.3 Analysis of byproducts

Table 4.3 presents the three byproducts of this plastic HTL work. The aqueous products were
characterized by probing total organic carbon (TOC), total nitrogen (TN), and pH. In single plastic
non-catalytic criteria, the PET aqueous phase contained the maximum TOC concentration. The
presence of PET in a plastic mixture significantly raised the TOC level in the aqueous products of
the plastic mixture of PM. A similar trend was observed in the co-liquefaction study of pistachio
hulls with PE, PP, and PET plastics, where an increased PET ratio in the mixture raised the TOC
content of the HTL aqueous phase [51]. Except for HDPE, PET, and PP, the RRM500 catalyst has
increased the carbon content of the aqueous phase from single plastic and two plastic mixtures.
There was a sharp decline (almost four times reduction) in the TOC of PP aqueous products by

RRM500. However, still, the PM aqueous phase possessed the maximum TOC of 10.70 g/L. The
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TN level in the agueous product was negligible as the plastic feedstocks do not have nitrogenated
products. The non-catalytic aqueous products of PET, PP, and PS plastics have lower pH than
other feedstocks of this study. Most probably, these plastics released some acidic compounds
during the HTL reaction. There is a high chance PET was decomposed into terephthalic acid, and
it reduced the pH of the water [38,52]. In general, the catalyst shifted the aqueous pH towards the
basic side. Most probably, there was some leaching from the RRM500 catalyst, which raised the
pH level of the aqueous product [53].

The solid residues or char by-products of plastic HTL were analyzed by elemental analysis. The
elemental composition of PET-derived solids was also shown here. A sharp decline in carbon
content was observed in non-catalytic char from PET, LDPE, and PM mixture compared to the
carbon percentage of each feedstock. The carbon in solid products of no catalyst — PS reaction
remained almost the same as PS plastic, but PP char obtained 8% more carbon than PP feedstock.
The hydrogen content was relatively lower in every non-catalytic char product from single and
mixture of plastic feedstocks. The RRM500 catalyst has suppressed the carbon content of the char
by-products. It is noteworthy that the use of a catalyst almost doubled the ash and oxygen content
of the solid residue in both individual and plastic mixtures. The increment of ash in char was also
observed in our previous HTL work with an RRM500 catalyst [12].

In the gas product analysis, the mol fraction (mol%) of Hz, CO, CO2, and CH4 was presented.
There was an expected rise in hydrogen production by the RRM500 catalyst. The gaseous product
of PS plastic has the maximum hydrogen fraction of 12 mol%. The CO and CO production were
dramatically increased by the catalyst in PS gas products, but the gas yield was low (Figure 2).

Therefore, the deoxygenation reaction did not occur for the PS biocrude.
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Table 4.3: Byproducts of Plastic HTL

Non-Catalytic Catalytic
PET HDPE LDPE PP PS PM PET HDPE LDPE PP PS PM
Aqueous
Phase(g/L)

TOC 4.97 1.02 1.96 3.14 0.90 8.12 6.98 0.95 2.45 0.81 1.06 10.70
TN 0.01 0.13 0.09 0.01 0.02 0.01 0.09 0.01 0.05 0 0.01 0.06
pH 4.43 8.01 8.07 3.72 3.97 4.71 4.98 8.28 7.76 8.49 6.91 4.86

Solid

Residue(wt.%)

C 46.7x15 822+10 21502 93.6+0.3 932402 59.6+0.0 | 42.2+0.9 76.5+1.1 147+05 11.8+0.8 65.3%15 36.7+04

H 55+0.2 105+0.3 0.1+0.1 4.2+0.2 5.0£0.2 2.3#0.2 3.8£0.1 11.8+0.3 2.1+0.0 3.5+1.0 2.4+0.1 1.6+0.1

S 0 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.0 0 0.1+0.0 0.2+0.0 0.2+0.1 0.2+0.1 0.4+£0.1
Ash 10503 5.1+#05 775+#0.2 1.3x0.1 0.3£0.0  30.8+2.1 | 12+0.1 7.3£0.4 79.5£15 81.2#1.0 26.7£12 48.4+2.6

02 37.3#2.0 2.1+138 0.8+0.5 0.8+0.6 1.4+0.4 7.242.3 42+1.1 4.3+1.8 3.5+2.0 3.3#2.9 5.4+2.4  13.0£3.2

Gaseous
Product(mol%)

H, 2.0£0.1 5.5+0.3 4.5£0.2 4.7x0.2 0.4£0.3 0.4+£0.0 3.2£0.0 8.7£0.0 6.8+£0.0 5400 121+0.1 5.9%0.0
Cco 402402 80.6+0.3 65704 92.6+1.2 14+11 7.6£0.2 | 44.0+0.6 88.6+0.1 67.0£0.1 91.1+0.2 494403 54.6+0.0
CO, 42.3+0.1  1.4x0.2 2.8+0.1 0.6£0.0 1.4+0.7  17.620.1 | 455%0.2 2.5£0.0 3.4£1.2 1.0+0.3 4600  14.4+0.0
CH, 0 0 0 0 0 0 0 0 0 0 0 1.2+0.0

Balance? 155+0.4 125+0.8 27.0+0.7 2.1+14 96.8#2.1 74.4+0.3 | 7.3+0.8 0.2+0.1 22.8#1.3 25+0.5 33.9+0.4  24.0+0.0

2 by difference

4.3.4 Carbon distribution

Figure 4.5 shows the carbon distribution in plastic HTL products. The carbon recovery was
calculated based on the elemental composition of the feedstock, biocrude, char, and total organic
carbon (TOC) of the aqueous phase. Irrespective of catalyst and feedstock, the majority of carbon
shifted towards biocrude products. HDPE crude oil has the maximum carbon transfer among other
HTL products, whereas LDPE has the minimum one. In the case of PM mixture, 13wt.%, and
19wt.% carbon transferred to solid from PET and crude products, respectively. From vyield
analysis, both solid PET and biocrude products have the same yield, but their individual carbon
content (Tables 4.2 and 4.3) made the real difference here. Among the non-catalytic aqueous
phases, the PM has the maximum carbon recovery as TOC was higher. Most probably, the PET
content of the mixture was responsible for this carbon transfer to aqueous products. The catalyst

promoted the carbon transfer towards gaseous products(balance) rather than biocrudes in each
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feedstock. This is another proof of a cracking reaction by the RRM500 catalyst. The high reaction
temperature for catalytic HTL depolymerization of this study might be responsible for the further
decomposition of plastic feedstocks and high gas (balance) production, which ultimately led to
more carbon transfer towards gas products. The maximum carbon transfer towards gas (balance)
took place in a catalytic PS-RRM500 experiment where carbon transfer increased by 20% in
comparison with a non-catalytic PS reaction. This excess carbon toward gas was supported by the
gas yield data (Table 4.3). In the case of PET, most of the carbon was deposited to solid fraction

than gas as the solid yield was higher.
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Figure 4.5: Carbon distribution in Plastic HTL products.
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4.4 Conclusions

This work investigated the liquefaction of mixed plastic of polyethylene terephthalate (PET), high-
density polyethylene (HDPE), low-density polyethylene (LDPE), polypropylene (PP), polystyrene
(PS) plastics by supercritical water with reduced red mud (RRM500) catalyst. In individual plastic
HTL treatment, the PET converted into a solid, whereas the HDPE produced a high crude yield
(76wt.%). The liquefaction of simulated mixed plastic feedstock composed of PET (42wt.%),
HDPE (20wt.%), LDPE (20wt.%), PP (4wt.%) and PS (14wt.%), generated 22wt.% liquid crude
product along with 22wt.% solid from PET. The addition of catalyst repealed the crude and solid
from PET production and induced low viscosity and acidity to crudes regardless of the reaction
condition. The GC-MS analysis revealed that HDPE oil mainly consisted of paraffin compounds
where PP and PS decomposed into aromatic or cyclic compounds. The RRM500 catalyst
facilitated the paraffin formation in LDPE oils. Moreover, increased gasoline range low boiling
products were recovered from catalytic plastic crudes by simulated distillation. The synergistic
effect of the plastic mix was found in decreased char from PET production, where the utilization
of catalysts in mixed feedstock accelerated liquid crude formation. The result of this plastic
depolymerization study can be used to mitigate the plastic waste problem with energy-enriched

liquid fuel production.
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Chapter 5
Hydrothermal liquefaction of southern yellow pine

Abstract

In this study, pine sawdust was liquefied using a water and water-ethanol mixture at 250, 300, and
350°C reaction temperatures via hydrothermal liquefaction (HTL) process. Metallic iron (Fe)
powder was added to the HTL system to evaluate its catalytic effects. Increasing the ethanol
concentration increased biocrude yield regardless of reaction temperature. The equal ethanol and
water (1:1, wt./wt.) mixture produced a maximum of 34 wt.% biocrude yields (on a dry basis) at
300°C. The effect of reaction temperature was prominent in pure water medium where biocrude
yield followed this trend: 250°C<300°C<350°C. The maximum biocrude yield from the water
medium was 18wt.%, obtained at 350°C. The iron catalyst promoted biocrude production within
the water at studied reaction temperatures. The highest catalytic biocrude yield of 27wt.% was
found at 300°C in the water reaction medium. The oxygen content and acidity of the pine biocrudes
significantly declined with the iron catalyst in the water-ethanol reaction medium. The pine HTL
biocrudes were mainly composed of phenolic and acidic compounds. The ethanol converted acids
to esters while the catalyst promoted esterification during liquefaction. This study showed the
potential of ethanol and cheap iron catalyst for enhanced biocrude yield with improved properties

from pine feedstock.

Keywords: Pine sawdust, Hydrothermal liquefaction, Iron catalyst, Ethanol co-solvent
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5.1 Introduction

Lignocellulosic biomass is a green and abundant resource to produce energy and chemicals.
Mother nature takes millions of years to convert this abundant resource into fossil fuel [1]. The
thermochemical processes can produce the equivalent energy within a few seconds to a few hours
by converting lignocellulosic biomass into value-added products. Among different
thermochemical technologies, hydrothermal liquefaction (HTL) is a prominent method for
producing biofuels and bio-based chemicals from lignocellulosic feedstock. HTL process converts
biomass feedstock into liquid biocrude, gas, and solid products using subcritical or supercritical
water or other solvents at elevated temperature (250-370°C) and pressure (2-24 MPa) [2]. The
most important fact of the HTL process is that the feedstock does not require any pre-drying step,
and the debris-free lignocellulosic biomass can be used just after washing [3]. Techno-economic
analysis has proved that carbon-neutral HTL  biocrude has a significant potential for
commercialization [1]. Recently, HTL conversion of wood feedstock has been extensively studied,
where product yields varied with process parameters such as temperature, pressure, residence time,
type of biomass, and biomass-to-solvent ratio. In general, the molecular structure of biomass is
more complex than other feedstock of first-generation biofuels [4]. Therefore, using suitable
catalysts to improve biocrude yields and quality has gained worldwide attention. Three broad
categories of heterogeneous catalysts for biomass HTL conversion process are redox metals or
acidic metal oxides (e.g., CeO2, ZrO, Fe and Cu based), noble metals (e.g., Pd, Pt, Ru based), and
non-noble metals (e.g., all other transition metals) [5]. Wu et al. performed catalytic hydrothermal
liquefaction of eucalyptus in the presence of NaOH, KOH, and Pd/C catalysts at 260 and 300°C.
They have mentioned that alkali catalysts (NaOH, KOH) enhanced the gaseous products at higher

temperatures (300°C), where the same catalysts increased the biocrude yields from 32.5-61.2% at
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260°C [6]. Maldonado et al. have utilized a mixture of Ni—Mo nitrides and carbides catalyst
(Mo2C—Ni2MosN) doped with nickel in HTL conversion of pretreated pine chip and generated
reduced solid char and an increased gaseous product with higher nickel amount. They recovered a
maximum of 80.41% liquid and 6.43% solid char from pine feedstock at optimal 10% nickel
loading [4]. Tekin et al. have performed HTL treatment of Scotch pine using sodium perborate
monohydrate (NaBO3-H.0) and observed enhanced biocrude yield (~35-40%) from Scotch pine
wood with significantly lower solid residue yields(12-15%) at 300 and 350 °C [7]. Alper et al.
have studied the influence of a Lewis acid (Mg(Cl0O4).), Bransted acid(HCIO4), and their combined
use (HCIO4/Mg(ClOs)2) over the HTL of teak wood. Although higher Mg(ClOa)2 loading
improved the teak HTL biocrude property by deoxygenation reaction,the increasing ratio of

Mg(CIO4)2, HCIO4, and HCIO4/Mg(ClO4). catalysts in general suppressed biocrude formation[8].

The catalysts decompose large biomass molecular chains at high temperatures in HTL reactors,
but the production costs of biocrude can be higher depending on the catalyst materials [4]. Iron
(Fe) based redox catalysts are low cost and well known for in situ hydrogen production in water
medium by oxidation of Fe into FesOs while the released hydrogen can take part in the
hydrogenation of reactive chemical species during HTL reaction. Moreover, the iron (Fe) based
catalysts can be easily regenerated because of their fast oxidation—reduction kinetics properties
[5,9]. Several researchers have explored the role of iron-based catalysts in the wood HTL process.
Capariis et al. have studied the HTL process of oak wood biomass with 10wt.% iron powder
catalyst (Fe, FesOs, Fe203) loading at 260-320 °C reaction temperature. It was found that the
zerovalent Fe maximized oak biocrude production with a 40% vyield, whereas the oxidized Fe

(Fe304, Fe203) led to a minor improvement in the biocrude generation [9]. The zerovalent Fe was
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utilized in catalytic HTL of lignocellulosic palm oil fruit bunch, which promoted biocrude oil yield
by 2-25% with increasing solvent(water) to biomass ratio [10]. The choice of solvents has a great
impact on the biocrude yield and chemical composition [11]. Yuan et al. have concluded from a
rice straw HTL study that the ethanol co-solvent can act as a hydrogen donor solvent and might
stabilize the highly reactive free radicals of HTL products [12]. Cheng et al. have found that the
co-solvent of 50 wt. % ethanol with water, significantly raised the eastern white pine-derived
biocrude yield(up to 65wt.%) at 300 °C for 15 min than those in a mono-solvent of alcohol or
water [13]. Several researchers investigated the role of Fe-based catalysts in the ethanol-water
mixture. Wu et al. have introduced Fex-Co-x)/Al203 catalyst to HTL conversion of poplar biomass
within water along with low-content (10%) ethanol co-solvent. They found that the catalyst
significantly increased the biocrude yield and energy recovery rate with lower oxygen and diverse
lignin-derived phenolic compounds. The highest biocrude yield from poplar was 67.35% with
60Fe-40Co/AlI203 catalyst at 260 °C reaction temperature [14]. Hassan et al. have employed
ethanol and water mixture in  HTL conversion of giant miscanthus (Miscanthus giganteus)
perennial feedstock where 1:1 water-ethanol mixture at 280°C temperature with 15 min residence

time was the optimum condition to produce a maximum 51% of biocrude yield [15].

This study has focused on the HTL conversion of southern yellow pine biomass in different water-
ethanol mixtures with fixed pure iron powder catalyst loading at the varying reaction temperature.
The chosen lignocellulosic feedstock was the southern yellow pine, one of the most common tree
species in the southeastern United States of America. According to the U.S. Forest Service surveys,
loblolly pine is the second-most common tree species in the United States, after red maple [16].

Our previous studies evaluated non-catalytic HTL decomposition of bark and leaf-free loblolly
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pine wood chips and southern yellow pine planer shavings in water-ethanol solvent (1/1, wt./wt.)
at different reaction temperatures [17,18]. This work investigates the influence of zerovalent Fe
catalyst over the HTL reaction of southern yellow pine at 250, 300, and 350°C temperatures in
only water and a 1:1 (wt./wt.) water-ethanol mixture. This work provides important information
on the synergistic effects of hydrogen donor solvent and hydrogen-producing catalyst over HTL

conversion of lignocellulosic biomass.

5.2 Materials and methods

5.2.1 Material

The hammermilled pine sawdust were collected from local timber plants of Alabama. The as
received pine dust was sieved to maintain 106-595 pum particle size. The 200-proof ethanol and
the zero valent iron (Fe) were bought from Sigma Aldrich. The pure nitrogen gas was supplied by

Airgas Inc. (Opelika, Alabama, USA).

5.2.2 Feedstock characterization

The pine sawdust was analyzed for ultimate, proximate, and biochemical composition
(hemicellulose, cellulose, and lignin) analyses. The feedstock characterization is presented in
Table D1 (Appendix D). The elemental analysis (CHNS/O) was performed according to the ASTM
D5373-02 method in the Vario MICRO cube, Elementar (New York, USA) [19]. The ash content
was quantified using ASTM E1755 method, and volatile matter content was obtained according to
ASTM E872. For biochemical composition analysis, pine samples were sent to the Agricultural
and Environmental Science Laboratory (University of Georgia, Athens, USA). The detergent fiber
analyses developed by Van Soest and Wine were followed to determine the hemicellulose,
cellulose, and lignin content of biomass [20-22]. In this procedure, neutral detergent fiber (NDF)
and acid detergent fiber (ADF) of the biomass were determined at the initial step. The neutral
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detergent fiber (NDF) is the residue remaining after digesting the sample in a neutral detergent
solution, predominantly hemicelluloses, cellulose, and lignin. The acid detergent fiber (ADF) is
the residue remaining after digesting the sample with an acid detergent solution composed of
cellulose and lignin. The analyses of NDF and ADF were carried out on an Ankom Fiber Analyzer
(ANKOM Technology, NY) using F57 filter bags (ANKOM Technology, NY). The contents of
hemicellulose and cellulose were estimated from NDF, ADF, lignin, and ash, as shown in

Equations 1 and 2.
%Hemicellulose = %NDF — %ADF (1)
%Cellulose = %ADF — (%Lignin + %Ash) (2)

5.2.3 Catalyst characterization

The pure iron was characterized by X-ray diffraction (XRD) techniques. The methodology of XRD
analysis was discussed in our previous work [23]. Briefly, a bench-top powder X-ray diffraction
system (AXRD, Proto Manufacturing, Taylor, Michigan, USA) was utilized from 20° to 100° (26)
with 2 seconds of dwell time and 0.014° of A20O at 30 mA and 40 kV with CuKa radiation (A =
1.5418 A). The XRD peaks at a 20 value of 44.9° and additional peaks at 65.22°, and 82.50°

(Figure D1) confirmed zero valent state of iron [24,25].No iron oxide peak was detected.

5.2.4 Experimental setup and procedure

A high-pressure, high-temperature reactor from Parr Instrument Company (Model 4578, Moline,
Illinois, USA) was used for HTL experiments of the plastics. Details of the reactor setup was
discussed in our previous work [26]. The reactor has 1.8 L vessel, PID controlled electrical heating
unit, controllable agitator, pressure gauge, and J-type thermocouple to monitor the temperature
inside the reactor. The HTL experiments were performed at 250°C,300°C and 350°C reaction

temperature. The HTL reaction kept at desired temperature for 30 min. For HTL experiment 50
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g of pine sawdust was loaded into the reactor with feedstock and solvent ratio of 1:15. The mixed
solvents of water and ethanol were prepared on weight basis such as 50g water was mixed with 50
g of ethanol for 1:1(wt./wt.) water-ethanol mixture. For all catalytic HTL experiments, catalyst:
feedstock loading was fixed at 1:10 i.e., ~5 g catalyst per 50 g as-received pine feedstock. The
reactor was purged with inert gas (nitrogen) three times to remove air from the reactor headspace
before pressurizing with it to an initial pressure of 200 psi (0.62 MPa) in pure water medium. In
case of high temperature (350°C), no initial pressure was applied and feedstock-solvent ratio was
identical (1:15) with reduced loading such as 15¢g of pine feedstock with 225g of solvent. The
agitator speed was kept at 550 rpm for all experiments. After 30 min heating at desired temperature,
the heater was removed, and the reactor was cooled to room temperature by electrical fan and ice
bath. The products (gas, solid, aqueous phase, and biocrude) were separated as described in Section

5.2.5 All experiments were performed in duplicates.

5.2.5 Product separation

After cooling the reactor to room temperature, the gas was vented followed by the gas analysis and
the reactor was opened to recover the liquid and solid products. The content in the reactor was
poured into a large flask, and the weight was recorded. Then, the reactor content was filtered
through Whatman No.50 filter paper (particle filtration size of 2.7 um) to separate the solid from
liquid phase. Then the remaining solids on the filter paper were washed with dichloromethane
(DCM). The DCM was separated from the organics using an IKA rotary evaporator at 65°C and
700 mbar vacuum pressure to obtain DCM extracted organic phase. The weight of all liquids
(aqueous and organic phases) was recorded for mass balance. The DCM extracted organic phases

were termed as “biocrude oil” throughout the paper.
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5.2.6 Product analysis
A micro-GC (Agilent 3000A) was used to analyzed gaseous products. The details of micro-GC
was discussed elsewhere [26]. Briefly, the Agilent 3000 A Micro GC is equipped with three
modules alongside thermal conductivity detector: a 10 m Molsieve 5A (MS) column and two 10
m porous polymer (PPU) columns. The sample could be split into three streams to go one of these
modules. MS column analyzed hydrogen, methane, and carbon monoxide, while carbon dioxide
and ethylene hydrocarbons were analyzed on the PPU columns simultaneously. Argon and helium
were used as carrier gases for MS column and PPU column, respectively. The gas composition
analysis was performed in triplicates.
The mass of the gaseous product was calculated by using Equation 3

Wy = Xxi. MW gy 3
where W, is the total mass of gaseous product (g), x; is the mole fraction of gas i, MW; is the
molecular weight of gas i (g/mole), and n;,; is the total number of moles of gas product.
The yield of biocrude and solid product were calculated on dry-ash free basis using Equations 4
and 5, respectively [27]. The remaining product fraction was regarded as “balance” and calculated

using Equation 6.

— Wp
Ypiocrude (%) = —Wf_Wm_Wa x 100 (4)
Yso11a(%) = —=——x 100 ()

WF—Wm—Wgq

Ypatance (%) = 100 — Yyiocrude — Ysotia (6)

where wy is the mass of pine feedstock (g), wy, and w, are the mass of moisture and ash content

of feedstock (g), respectively, w,, is the mass of the biocrude product (g), wy is the weight of total

solid residues (g), and w,. is the weight of catalyst (g).
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The elemental analysis was performed on each sample using an elemental analyzer (Vario
MICRO, Elementar, New York, USA) according to ASTM D5373-02. Effects and interactions of
reaction mediums,temperatures on biocrude yield was analyzed by the two-way analysis of
variance (ANOVA) at 0.05 significance level,using statistical programming software R [28]. The
higher heating value (HHV) of pine biocrudes was determined using a unified correlation

(Equation 7) based on elemental analysis, proposed by Channiwala et al.

HHV = 0.3491*C+1.1783*H+0.1005*S-0.1034*0-0.015*N-0.0211*A (7)
where, C, H, O, N, S and A represents carbon, hydrogen, oxygen, nitrogen, sulfur, and ash contents
of material, respectively, expressed in mass percentages on dry basis [29].

The total acid number (TAN) of each sample was determined through titration according to ASTM
D664-07 using a Mettler Toledo T50 Titrator. Thermogravimetric analysis (TGA) of biocrude was
performed by using a Shimadzu TGA-50 (Shimadzu, Japan) under nitrogen atmosphere (flow
rate:20 ml/min) with heating rate of 10 °C/min from room temperature up to 800 °C [30]. The
chemical composition of biocrude samples was analyzed by an Agilent Technologies 7890A Gas
Chromatograph (GC) System outfitted with a 7683B Series Injector and 5975C Inert Mass
Selective Detector (MSD) with Triple-Axis Detector. The details of GC-MS instrument were
reported elsewhere [30]. In a brief, 30 m x 250 um x 0.25 um DB-35MS column was used in GC-
MS to analyze the product. During analysis, the GC oven was heated to an initial temperature of
50 °C and held for 2 min and then ramped at a heating rate of 5 °C/min to a final temperature of
280 °C and holding time of 15 min. The chemical structures identified by the National Institute of
Standards and Technology (NIST) MS Library of the GC-MS were then grouped into acids,
phenols, alcohol, ester, aliphatic and others. The compounds were then semi-quantified based on

their peak area percent. The pine biocrudes were analyzed by electrospray ionization- mass
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spectroscopy (ESI-MS,m/z 90-2000) on a Bio-oil samples (1 mg)were dissolved in methanol
containing 1% acetic acid (1 mL) and directly analyzed in both positive and negative ion
electrospray ionization—mass spectrometry (ESI-MS, m/z 90-2000) on a Finnigan LCQ-Deca
instrument (Thermoquest, San Jose, CA). The detailed procedure reported elsewhere [31]. Briefly
,Amg of biocrude samples were diluted by methanol with 1% acetic acid (1ml) and analyzed by
positive and negative ESI-MS at a flowrate of 10uL/min. The number average molar mass (Mn)
and weight average molar mass(Mw) was calculated by Equation 8 and 9, respectively.

My, = YM;N;/¥.N; (8)

M,, = XM N;/¥M;N; )
The aqueous phase was analyzed for total organic carbon (TOC), total nitrogen (TN)and pH. The
TOC and TN were measured by a TOC/TN analyzer (TOC-L, Shimadzu, Kyoto, Japan). The pH

of the solution was measured using a pH meter (pH510, Oakton, Vernon Hills, Illinois, USA).

5.3 Results and discussion
5.3.1 HTL products characterization
5.3.1.1 Products yield distribution

Effect of Reaction Temperature

Figure 5.1 shows the HTL product distribution of pine feedstocks on a dry basis. The effects of
reaction temperature on pine HTL products in varying ethanol concentrations of water-ethanol
mixtures are depicted in Figure 5.1-A. It was evident that the increased reaction temperature
promoted biocrude with the lower solid formation and increased gas in the water reaction medium
from pine feedstock. The HTL conversion in water resulted in a maximum of 18 wt.% biocrude
yield at 350°C reaction temperature. The pine biocrude production in water followed this trend:

250°C<300°C<350°C. The biocrude yields were within range of other reports on pine HTL work.
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In separate studies, Hu et al. and Wang et al. have recovered 11.35 and 12 wt.% biocrude yield,
respectively, from pine feedstock in pure water medium at 300°C and [32,33]. Hardi et al. have
mentioned improved pine biomass conversion with the increase in the reaction temperature [34].
The solid yield in a water medium confirmed that the reaction temperature of 250°C was not

enough to depolymerize pine biomass, where the majority of pine decomposed at 350°C [35].

Regardless of reaction temperature, the trace of ethanol in the reaction medium has brought a
dramatic change in HTL product distribution. The increasing ethanol concentration facilitated
more biocrude formation, suppressed the solid products, and also produced more gas. At a reaction
temperature of 250°C, the water-ethanol equal mass mixture enhanced biocrude yield by almost
60% and suppressed the solid formation by 26% compared to the biocrude products from the water
medium. The biocrude yield using a 1:1 water-ethanol mixture at 300°C was 34 wt.% with only
5.4 wt.% char yield. The biocrude enhancement by 1:1 (wt./wt.) water-ethanol mixture was
statistically significant. The maximization of pine biocrude yield under (1:1, wt./wt.) water-ethanol
mixture at a reaction temperature of 300°C was also observed in other pine HTL reports [17,32,36].
It was found that ethanol donated hydrogen in the HTL system, which stabilized the pine-derived
free radicals by repealing the recombination of free radicals into solid char [37]. The HTL product
distribution of pine in a water-ethanol reaction medium ranging from 0 to 100% ethanol was shown
in the supplementary material (Figure D2). The ethanol addition suppressed the solid production
remarkably up to 50 wt.% ethanol concentration. The solid yield from a single reaction medium
(only water or only ethanol) was almost identical. Liu et al. explained this low solid product in a
mixed reaction medium as a synergistic effect of a water-ethanol mixture. Besides hydrogen
donation, the water-ethanol mixture could dissolve more oily or high molecular products at

subcritical conditions and thus promote biocrude production and suppress char formation [38].
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However, the maximum biocrude yield (38wt.%) was derived from 100 wt.% ethanol reaction
medium at 300°C ( Figure D2). Cheng et al. produced a similar biocrude yield (~42wt.%) from
pine sawdust at 300°C using ethanol [39]. The lower dielectric constant, critical temperature, and
pressure of ethanol could accelerate biomass degradation and result in more biocrude than water
medium [40]. The increasing ethanol concentration in the water-ethanol mixture led to more gas
and solid production at 350°C reaction temperature. The elevated reaction temperature might
promote pine decomposition via condensations or cracking reactions which could transform the

biocrude products or intermediates into gas and char [13].

Effect of catalyst

The effect of the iron catalyst was shown in Figure 5.1-B and 5.1-C in water and water-ethanol
(1:1, wt./wt.) mixture, respectively. The addition of iron powder to pine HTL conversion has
enhanced biocrude formation significantly in pure water (Figure 5.1-B). The maximum catalytic
pine biocrude yield was 27 wt.%, obtained at 300°C. Zhao et al. reported a pine biocrude yield of
36 wt.% at the same reaction temperature and catalyst loading. The authors described the metallic
Fe as a reducing agent and hydrogen donor in the HTL system. In the presence of water, Fe
produced hydrogen, which might react with pine HTL intermediates during the HTL process and
increase biocrude production [41]. The catalytic biocrude yield from the water was raised by
increasing reaction temperature, where the highest biocrude yield was 29 wt.% at 350°C. However,
the catalyst slightly (4-13%) reduced the biocrude formation and promoted more gas products in
mixed solvents compared to pure water medium (Figure 5.1-C). In a separate study, Zhao et al.
liquefied cornstalk in a water-ethanol (1:1,v/v) mixture with metallic Fe at 300°C and found that
the biocrude yield was significantly enhanced by the Fe addition with much lower char yield [42].

In this study, iron catalyst did not show such an effect over pine biocrude yield in a water-ethanol
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mixture regardless of reaction temperature. The use of a higher biocrude extraction temperature
(35°C higher) in the current study to ensure the removal of ethanol and DCM could be a probable
reason for lower biocrudes yield. The iron catalyst also suppressed biocrude formation in pure
ethanol medium and increased the char yield (Figure D3). The absence of water might affect the
catalytic activity of the iron catalyst in a pure ethanol medium. However, the reduced catalytic
char yield was found by increasing reaction temperature in both water and water-ethanol medium.
Generally, the reactivity of iron (Fe) in HTL conditions increased with higher reaction temperature,
which promoted hydrogen production and limited the char formation [9]. It is notable that the solid
amount gradually decreased by elevated temperature in the water-ethanol mixture. The combined
effect of iron reactivity in higher temperatures and hydrogen donation by ethanol might be

responsible for lower solid char formation in a water-ethanol mixed medium.
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5.3.1.2 Biocrude characterization

Physicochemical properties

Table 5.1 shows the physicochemical properties of pine-derived HTL biocrude products with
increasing ethanol concentration in water-ethanol mixtures under varying reaction temperatures
and catalytic conditions. It is evident that the carbon content of the biocrudes is enhanced by the
higher reaction temperature in pure water regardless of catalytic conditions. As a result, the lower
oxygen content with increased HHV was found in the biocrudes with increasing reaction
temperatures. In water, the carbon content of 73.7 wt.% was obtained at 350°C by non-catalytic
reaction where iron slightly raised the carbon concentration to 75.1 wt.%. The enhanced carbon
with lower oxygen and subsequent high HHV in the biocrude from the increasing liquefaction
temperature was also found in the HTL conversion of pine, hay, oak wood, walnut shell, and
cellulose [35,43]. The greatly reduced oxygen content in the pine HTL biocrudes with the
increasing temperature in the range of 250-350 °C could be attributed to the dehydration reactions
along with CO or CO> formation during the liquefaction process, which will be discussed in the
gaseous product section [44]. The catalyst did not bring much change in carbon, oxygen, and HHV
of biocrudes produced from 250°C and 300°C within a pure water reaction medium.

The acidity was also affected by reaction temperatures. The reaction temperature of 350°C reduced
total acid number (TAN) by 51% in comparison with a lower reaction temperature (250°C). The
reduction of biocrude TAN by enhanced reaction temperature was also found in algae HTL
conversion. The organic acid influences the TAN value of biocrudes [45]. The evidence could be

found in the chemical composition (GC-MS) analysis of the pine biocrudes.
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The increasing ethanol concentration in the water-ethanol mixture suppressed the carbon content
of biocrudes in three reaction temperatures. Therefore, a higher oxygen content with reduced HHV
was found in the biocrude products from water-ethanol mediums. The higher oxygen content of
pine HTL biocrude by water-ethanol co-solvent was also observed in the previous literature [32].
It suggested the formation of oxygenated compounds within water-ethanol mixtures. It also could
be the result of competition between hydrogen donor reduction of oxygen and CO-CO; reduction
of oxygen [44]. The increasing ethanol concentration in water-ethanol co-solvent has raised the
oxygen content in pine HTL biocrudes. In the presence of ethanol, the oxygen of feedstock could
be transformed into CO or CO; rather than water and suppress the carbon content [46]. The
increasing gas yield (“balance” in Figure 5.1) was another proof of higher CO or CO2 formation
from water/ethanol mixtures. The high gas formation might be responsible for the minimum
carbon content of the pine biocrude from 1:1(wt./wt.) water-ethanol mixed medium at 300°C. The
effect of the reaction temperature in the water-ethanol mixture was similar to the water medium,
and high temperature shifted more carbon towards biocrudes. The maximum carbon of 74.8 wt.%
was observed within 10/90 (wt./wt.) ethanol/water mixture at 350°C. The biocrude products from
only ethanol (Table D1) have increased carbon concentration with subsequent oxygen reduction.
The decrement of oxygen contents in sludge HTL biocrudes obtained from the higher ethanol
ratios run (7/3 and pure ethanol) was observed elsewhere. The abundance of ethanol could promote
the hydrogen-donor reduction of oxygen and suppress the CO—-CO- reduction of oxygen [44]. The
lower gas fraction (others in FigureD1) from pure ethanol also supported this theory.

The incorporation of an iron catalyst increased the carbon content of biocrudes leading to a
corresponding reduction in oxygen in both pure water and water-ethanol mixtures. The HHV was

raised by 2-18% throughout the temperature range of 250-350°C with the addition of Fe. Higher
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HHV with metallic Fe when compared with non-catalytic products, suggesting that the in-situ
hydrogen generated from metallic Fe could improve the bio-oil quality via hydro treatment. The
catalyst remarkably reduced the TAN value within the water-ethanol reaction medium by
increasing reaction temperatures. The iron might provide excess hydrogen by reacting with water
and accelerate the esterification process by ethanol of the reaction medium. The TAN value of
catalytic biocrudes from 300°C reaction temperature (Table D1) followed this trend:
water<ethanol<water-ethanol mixture. It suggested that acid neutralization by iron catalyst
required both water and ethanol.

Table 5.1: Physicochemical properties of pine HTL Biocrudes

Elemental Composition(wt.%)

TeFjr?S(cetr:a?Ere I%\tcf%l C H Ash o? HHV TAN
(°C) (MJ/Kg) (mgKOH/g)
0 65.1+0.0 6.240.0 0.40.3 28.3+0.3 27.1+0.1 59.3+1.5
) 10 65.3+0.4 6.0+0.0 0.3+0.2 28.4+0.6 26.9+0.2 51.4+1.9
20 30 60.5+0.3 6.5+0.1 0.4+0.1 32.620.5 25.4+0.3 48.4+4.9
50 60.3+1.3 6.8+0.6 0.4%0.1 32.5+2.0 25.7+1.4 24.5+2.0
0 66.0+0.0 6.0+0.1 0.50.2 27.5+0.3 27.240.1 45322
Non -Catalytic - 10 65.7+0.1 6.040.0 0.4%0.2 27.240.3 28.040.1 40.242.2
Reaction 30 63.8+0.3 6.7+0.0 0.5+0.2 29.040.5 27.240.2 32.941.0
50 55.8+1.2 6.9+0.1 0.240.1 37.1+1.4 23.8+0.7 30.4+1.4
0 73.7+0.0 6.7+0.1 0.4%0.2 19.240.3 31.60.1 39.1+1.8
) 10 74.6+0.2 6.9+0.1 0.6+1.0 18.0+1.4 32.240.3 29.8+1.2
B0 30 74.8+0.4 6.8+0.2 0.6+0.1 17.840.7 32.30.4 28.541.0
50 71.8+0.2 7.240.3 0.60.2 20.4+0.7 31.4+05 9.840.3
) 0 65.7+0.5 6.5+0.2 0.6+0.2 27.2+0.9 27.840.5 33.93.0
207 50 67.6+0.1 7.00.3 0.8+0.2 24.6+0.2 29.3+0.4 8.8+0.2
Catalytic “opec 0 67.0+3.0 6.4+0.7 0.7+0.2 25.9+3.9 28.242.3 32.2+1.7
Reaction 50 67.740.3 6.1+0.2 0.8+0.3 25.4£0.2 28.2+0.4 6.6+0.5
) 0 75.1%3.0 6.5+0.1 0.5+0.1 17.943.2 32.0¢15 26.5+3.3
0 50 77.4+0.0 6.8+0.6 0.7+0.1 15.1+0.7 33.5+0.8 3.240.2

2 by difference
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Thermogravimetric analysis

Figure 5.2 shows the thermogravimetric analysis of biocrude products from catalytic and non-
catalytic HTL conversion of pine feedstock in pure water, ethanol, and water-ethanol co-solvent
at 300°C reaction temperature. The effect of ethanol addition was shown in Figure 5.2-A, and the
catalytic effect of iron in pure water, water/ethanol mixture, and pure ethanol were shown in
Figures 5.2- B, C, and D, respectively. Based on the degradation profile, the TGA thermograms of
the biocrudes could be divided into three basic regions: 100-350°C (referred to as light fraction),
350-600°C (medium fraction), and 600-800°C (heavy fraction). The increasing ethanol in the
reaction medium has remarkably enhanced the light fraction for non-catalytic biocrudes. The
1:1(wt./wt.) water-ethanol mixture raised the light fraction by 5%, whereas pure ethanol increased
that fraction by 62% in comparison with the pure water biocrude thermogram. The temperature
range of 100-350°C could decompose phenolic compounds, vanillin, and other oligomer
compounds, which possibly formed due to the polymerization of the biocrudes. The degradation
below 100°C temperatures could be attributed to the loss of moisture or low molecular weight
compounds such as alcohols, carboxylic acids, and aldehydes. The loss of medium and heavy
fractions could occur due to the chemical bond cleavage of the lignin-derived heavy compounds
from the biocrudes [18]. There was a sharp decomposition peak in pure ethanol at 546°C
temperature, which was absent in pure water or water-ethanol mixture. As a result, the medium
fraction of pure ethanol biocrude was 16% higher than pure water biocrude product. The heavy
fraction of pure ethanol was almost five times lower than pure water medium. The higher heavy
fraction loss for pure water biocrudes indicated the presence of high boiling point aromatic
compounds [18]. These findings suggested the formation of lower boiling point compounds in

pure ethanol-derived HTL biocrudes. The increasing biocrude reaction temperature also influenced

136



the weight loss pattern (Figure D4). The pine biocrude produced at 350°C has a maximum
decomposition peak at 334°C where derivative weight loss curves (DTG) for this biocrude were
much sharper than the biocrude products from 250°C and 300°C. This could be an indication that
higher reaction temperature promoted low boiling point compounds in the biocrudes. The addition
of an iron catalyst has increased the weight loss in all three fractions of pure water and water-
ethanol mixture. In pure water, the maximum decomposition peaks were at 87 and 130°C TG
temperature, where the highest weight loss peak was at 130°C. The addition of alcohol with iron
catalyst has increased the weight loss at a TG temperature of 130°C. This might be the synergistic
effect of water-ethanol co-solvent and iron catalysts. The thermograms of catalytic and non-
catalytic pure ethanol-derived biocrudes were similar except for the sharp decomposition peak at
the medium fraction region (546°C) of catalytic biocrude, which suggested more medium fraction
compounds generation by the iron catalyst. From ESI-MS characterization (Figure D5), the
catalytic pine oil from pure ethanol has more monomers and dimers (m/z<400) than non-catalytic
biocrude. As a result, catalytic pine biocrude from pure ethanol has almost 20% lower number
average molar mass (Mn) than non-catalytic biocrude from the same medium. This result indicated
that an iron catalyst might promote a cracking reaction and reduce the molar mass of the ethanol-

derived pine biocrude [31].
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Figure 5.2: Thermogravimetric analysis of pine HTL biocrude samples produced at 300°C: A-
Effect of ethanol addition in non-catalytic reaction and, B- Effect of catalyst in pure water, C-
Influence of catalyst in water-ethanol mixture(1:1,wt./wt.), D-Influence of catalyst in pure

ethanol reaction medium

GC-MS analysis

Figure 5.3 shows the GC-MS analysis of the pine-derived biocrudes under pure water, ethanol,
and mixed (1:1, wt./wt.) reaction mediums with and without catalyst at a reaction temperature of

300°C. The biocrudes from the HTL experiment of 300°C were selected to compare single and
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mixed reaction mediums with and without catalysts at a fixed temperature. Moreover, this specific
temperature (300°C) promoted the biocrude yield significantly in the water-ethanol mixture in

comparison with the other two reaction temperatures.

The HTL biocrudes from pine sawdust are mainly composed of phenol, acids, and esters, along
with aliphatic and other aromatics. A similar biocrude composition was reported in previous wood
liquefaction works [47]. The major compound group distribution based on carbon number and area
percentage is reported in the Appendix (Figure D6). The acid and phenol groups were dominant
compounds in the biocrudes of this study. The presence of carboxylic acids and phenol was also
observed in other pine HTL biocrude studies [48-50]. The hydrolysis reaction of cellulose
generally produces esters, organic acids, furfural, and derivatives during HTL conversion [36,51].
The carboxylic acids could also be produced from pine extractives [52-54]. The phenols might
originate from the lignin fraction of the pine feedstocks, as lignin contains phenol, hydroxyl,
carboxyl, carbonyl, ether, and ester groups [55]. Lignin is generally depolymerized in water to
form phenolic compounds by hydrolysis of ether and ester bonds [56]. The production of organic
acid was significantly suppressed in the ethanol reaction medium with subsequent higher ester
production. Most probably, ethanol has underwent esterification reaction with the acidic
intermediates from HTL liquefaction and formed acid ethyl esters [57]. More evidence could be
found in the chemical composition of pine biocrude from pure ethanol, where 28% lower acidic
groups with 53% more esters compared to the water-ethanol medium were detected by GC-MS
analysis. There was a 10% reduction in the phenol group in water-ethanol mixtures compared to
pure water, which was also in good agreement with pine liquefaction in water-ethanol co-solvent
[58]. The condensation reaction between ethanol and lignin-derived phenol could be the possible

reason for less phenol detection [17]. Higher amounts of GC-MS compounds were found in the
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biocrudes from pure ethanol medium compared to pure water or water-ethanol mixtures. Pure
ethanol might promote lignin depolymerization and, at the same time, could suppress the re-

polymerization of lignin products which raised the GC-MS detectable compounds [36,57].

The incorporation of iron catalyst has brought a change in acid, phenol, ester, and aliphatic contents
of pine HTL biocrudes. The reduction of acid groups and subsequent rise in esters were observed
in studied catalytic biocrudes, which was supported by lower TAN values of the biocrude (Table
5.1). This was another proof that iron catalyst has played a role in the acid neutralization of
biocrude. The phenol content of catalytic pine biocrude was increased by 5-31% in all three
reaction mediums. The increment of phenol by iron catalyst was also observed in other HTL work
[59,60]. Iron has significantly increased aliphatic compounds in water and water-ethanol medium.
From Figure D5, the carbon number of aliphatic compounds in catalytic biocrudes from mixed
solvents (1:1(wt./wt.) water-ethanol) has shifted towards a lower carbon number. The surge of
aliphatic with lower carbon number could be attributed to the in-situ hydrogen production by the
Fe catalyst in the HTL system [9]. The increased phenol, ester, and aliphatic were also observed
in biocrudes from reaction temperatures of 250 and 350°C (Figure D7 and Figure D8) underwater
and water-ethanol mixture. These results suggested that the catalytic activities of iron catalysts

could be more influenced by reaction mediums than temperature.
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Figure 5.3: GC-MS analysis of pine HTL biocrudes at 300°C

5.3.1.3 Analysis of byproducts

Aqueous Phase

Table 5.2 shows the TOC and pH of the aqueous products of this study. It was evident that the
addition of ethanol to the reaction medium gradually elevated the TOC level of the aqueous phase
in studied reaction temperatures. The increasing reaction temperature has suppressed the TOC
values. This finding indicated lower carbon transfer towards the aqueous product at the elevated
reaction temperature, which will be discussed more in the carbon recovery section. The iron
catalyst added more carbon to the aqueous phase, and the maximum TOC of 63g/L was found at
250°C within the water-ethanol (1:1, wt./wt.) mixture. The pH was mostly acidic, which confirmed
the organic acid production from pine HTL conversion. At higher temperatures, the pH slightly
moved towards the basic sides, and the ethanol accelerated neutralization. However, the acidity of
aqueous products was still considerably high and required further treatment before releasing to the

environment.
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Solid Residue

The elemental composition of the solid residues of this study is shown in Table 5.2. Due to the
negligible or zero sulfur and nitrogen content of the char products, only carbon, hydrogen, and
oxygen (by difference) were reported here. The increasing reaction temperature has added more
carbon to solid chars, which was also observed in the elemental composition of the biocrude
products (Table 5.1). The ethanol suppressed the carbon content of the chars. The metallic Fe
significantly repealed the carbon percentage of the char products. The catalytic effect over gaseous
products will be discussed in the next section. From the elemental composition of biocrudes and
solid char, it was clear that the iron catalyst had actively taken part in the deoxygenation reaction.
From Figure D9 (Appendix D), it was found that the zero-valent iron catalyst has transformed into
iron oxide, mostly magnetite (FesOa), after participating in an HTL reaction with pine. This study
has not explored the recovery or reuse of iron catalysts. But this transformation of the catalyst
could be beneficial for easy separation from char. Moreover, Alam et al. have investigated
composites synthesized from magnetite nanoparticles and willow biochar for the removal of heavy
metal (Cr(V1)) from an aqueous solution [61]. The literature on magnetite mixed pine biochar for
heavy metal removal or other use is still rare. Further investigation is required to value add this

by-product of the HTL process.
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Table 5.2: Properties of aqueous phase and solid residue from pine HTL conversion

Solid Residue
Aqueous Phase Elemental Composition (wt.%)
Temperature Ethanol TOC
(°C) (Wt.%) (g/L) pH Carbon Hydrogen  Oxygen?
0 6.7 2.74 68.7£0.2 4.7+0.0 26.6+0.3
250 10 122 2.92 65.3£0.0 4.840.1 29.9+0.1
30 32.6 3.82 58.3+0.7 5.740.1 36.0£0.8
50 62.3 3.72 47.94£0.6 5.620.0 46.5+0.7
0 5.2 2.8 67.9£0.3 4.5+0.2 22.6+0.4
Non-Catalytic 300 10 18.6 3.18 68.0£0.0 4.510.0 22.5+0.0
30 34.9 3.3 66.1+0.1 4.310.1 24.5+0.2
50 60.3 34 69.3+0.5 4.4+0.1 26.3+0.6
0 4.6 3.32 76.91£0.1 4.2+0.0 18.9+0.1
350 10 7.8 351 77.2+0.1 4.1+0.0 18.6+0.1
30 14.3 4.18 78.8£0.6 4.2+0.0 17.1+0.6
50 18.2 4.21 79.740.3 3.740.0 16.6+0.3
250 0 9.2 3.92 51.6£0.2 3.440.1 45.0£0.3
50 63.0 4.54 45.0+0.3 4.1+0.3 50.9+0.6
Catalytic 300 0 7.5 34 46.410.8 2.7+0.3 50.9£1.0
50 60.7 4.6 66.7+0.3 6.1+0.2 27.3+0.5
350 0 6.5 328 | 38704 26201 58705
50 20.1 4.2 77.1£0.3 3.7£0.1 19.2+0.5

a by difference

Gaseous Products

Figure 5.4 represents gaseous product composition from non-catalytic (Figure 5.4-A) and catalytic
(Figure 5.4-B) HTL conversion of pine feedstock. The gaseous products were determined by
hydrogen(H2), carbon monoxide (CO), carbon dioxide (CO.), and methane (CH4) composition,
and the rest of the gases were denoted as balance. The production of Hy, CO, and CO> was
increased by elevated reaction temperature in pure water. At a reaction temperature of 350°C, a
notable amount (5-6 mol%) of CH4 was also detected in water-derived gas products. The enhanced
CO and CO fractions supported the oxygen removal from biocrudes at higher reaction
temperatures (Table 5.1). The addition of ethanol has raised the H> and CO2 concentrations in the

gaseous product. The maximum hydrogen concentration was observed in the 1:1 (wt./wt.) water-
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ethanol reaction medium. The CO> concentration gradually increased by ethanol percentage in the
reaction medium. From the elemental composition of biocrudes (Table 5.1), the carbon
percentages of biocrudes were decreased by increasing ethanol concentration at three studied
reaction temperatures. It was evident that the extra carbon from ethanol was released in gaseous
form (CO and CO,) rather than biocrude or solid products. However, the production of H, and
CO. started reducing from 70 wt.% ethanol reaction medium. This explained the excess carbon

percentages of pure ethanol-derived biocrude(Table D1).

Except for the pure ethanol reaction medium, the iron catalyst has multiplied the hydrogen
production in the gas product. This might occur due to the hydrogen production by metallic Fe in
a water and water-ethanol mixture, which did not occur in the presence of ethanol. This excess
hydrogen might be the reason low oxygen content of the catalytic biocrudes. The methane (CHa)

was not detected in high temperatures of catalytic HTL conversion.
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Figure 5.4: Gaseous product distribution: A- Non-Catalytic Reaction, B-Catalytic Reaction

5.3.2 Carbon distribution

Figure 5.5 shows the carbon distribution in this pine HTL study. Carbon distribution was
calculated based on the elemental composition of biocrudes, solid residue, and TOC of the aqueous
phase. Figure 5.5-A presents the carbon recovery of non-catalytic reactions, and Figure 5.5-B
depicts the catalytic one. In Figure 5.5-A, the carbon movement toward biocrude products was
suppressed by increasing ethanol with the subsequent rise of carbon in gaseous products. These
findings were supported by the gas product analysis where CO and CO. were increased by ethanol
concentration in the reaction medium. Thus, the excess carbon from ethanol was released by gas
rather than biocrudes or solid products. The maximum carbon transfer to the biocrude product took
place at the reaction temperature of 350°C within the water reaction medium, while the highest
amount of carbon shifted towards gaseous products of water-ethanol mixtures. Throughout the
study, the lower carbon transfer to the solid residue was in agreement with the declining solid yield

by rising ethanol concentration.
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The catalytic HTL conversion of pine added 2-78% more carbon to the biocrudes in the pure water
reaction medium. However, the incorporation of ethanol repealed carbons to biocrude products
and shifted more carbon to gaseous (balance) products compared to only water medium. The
reduction of biocrude yield in the water-ethanol medium by catalyst was the reason for lower

carbon transfer to biocrudes.
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Figure 5.5: Carbon distribution of Pine HTL products: A- Non-Catalytic and B-Catalytic reaction

5.4 Conclusions

The hydrothermal liquefaction of pine sawdust under water and water-ethanol was explored with
metallic iron (Fe) catalyst within a 250-350°C reaction temperature range. The reaction
temperature, presence of ethanol in the reaction medium, and catalyst significantly affected the
biocrude production from pine feedstock. The biocrude production from pure water was influenced
by the reaction temperature, and the highest biocrude yield was 27 wt.% at 350°C. The gradually
increasing ethanol ratio in the water-ethanol reaction medium facilitated biocrude production and
raised the biocrude yield by two-fold in the equal water-ethanol ratio (wt./wt.) at 300°C, compared
to pure water medium. The catalytic effect of iron powder was prominent in a single water medium
by enhanced biocrude production. In a mixed medium, zero-valent iron reduced the oxygen and
acidity of the pine biocrudes. The chemical composition of pine-derived biocrudes was influenced
by the reaction medium and catalyst. The elevated ethanol concentration transformed the acidic

compounds into esters, while the catalyst increased the phenolic compounds in biocrude products.
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The carbon transfer to the biocrudes was improved by the higher reaction temperature with the

catalyst. However, the addition of ethanol led carbon to gaseous products rather than biocrudes or

solids. This study has demonstrated the prospects of single and mixed solvents along with the

metallic iron (Fe) catalyst in pine biomass conversion for enhanced biocrude products with

improved properties.
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Chapter 6

Conclusion and future recommendation

6.1 Conclusions

This research work studied the hydrothermal liquefaction of selected waste material-based
feedstocks for improved biocrude production. Among four feedstocks, two were wet feedstocks:
municipal sewage sludge and algae, and the other two were dry ones: waste plastic mix and woody
residue. This work included four objectives to understand: 1) the effect of ethylene ambiance and
red mud catalyst over municipal sewage sludge liquefaction, 2) the influence of red mud-supported
nickel catalyst and four reaction ambiances in algae conversion, 3) the catalytic activity of red mud
in mixed plastic feedstock and 4) the role of hydrogen donor solvent in different reaction
temperature and iron catalyst over lignocellulosic biomass conversion. The major findings of these

objectives are provided below.

Objective 1: The inert (nitrogen) and ethylene atmosphere were applied to the hydrothermal
liquefaction (HTL) of municipal sewage sludge at 350°C using three forms of red mud (RM)
catalysts given their oxidation state: calcined red mud (CRM), reduced red mud at 500°C
(RRM500), and red mud reduced at 700°C (RRM700). The ethylene atmosphere promoted higher
biocrude yield with consistent viscosity. The RRM500 and RRM700 catalyst reduced acidity and
viscosity, whereas the use of CRM catalyst led to the polymerization of biocrude products. The
mutual effect of RRM500-ethylene was observed by the reduced nitrogen content and viscosity of
the biocrude. Therefore, the ethylene atmosphere and reduced RM catalyst were capable of

improving biocrude formation from municipal sewage sludge.
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Objective 2: The reactive environments by inert (nitrogen), ethylene, reducing, and oxidizing
gases were imposed over the HTL conversion of Tetraselmis sp. algae at 275°C temperature in the
presence of reduced red mud (RRM) and red mud-supported nickel (Ni/RM) catalysts. Irrespective
of the reaction atmosphere, the use of catalysts has increased the yield of Tetraselmis-derived
biocrude, where the Ni/RM showed better performance in yield and carbon content enhancement
with lower oxygen, sulfur percentage, and acidity of biocrudes, compared to RRM catalysts. The
reducing environment facilitated mild hydrotreatment during the HTL reaction in the presence of
both RRM and Ni/RM catalysts. Among the non-catalytic HTL reactions, an inert environment
maximized biocrude production, the ethylene environment lowered the total acid number (TAN)
of the biocrudes, and the reducing environment added maximum carbon and minimum oxygen and

sulfur content to Tetraselmis biocrude.

Objective 3: This work investigated the liquefaction of polyethylene terephthalate(PET), high-
density polyethylene (HDPE), low-density polyethylene (LDPE), polypropylene (PP), polystyrene
(PS) plastics by supercritical water with reduced red mud (RM) catalyst. The addition of catalyst
repealed the liquid crude from HDPE, LDPE, PP, PS, and solid from PET production. The RM
catalyst also induced low viscosity and acidity to biocrudes regardless of the reaction condition.
The plastic-derived crude oil contained 36-92% gasoline range low boiling products where HDPE
produced paraffin compounds and PP and PS decomposed into aromatic or cyclic compounds. The
combined effect of the RM catalyst and the extra metal content of the LDPE sample has promoted
paraffin formation in LDPE oils. The synergistic effect of the plastic mix was found in higher
crude oil production, which can be utilized to mitigate the plastic waste problem with energy-

enriched liquid fuel production.
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Objective 4: The hydrothermal liquefaction of pine sawdust under water and water-ethanol and
pure ethanol was explored with metallic iron (Fe) catalyst within a 250-350°C reaction temperature
range. The maximum biocrude production in pure water was 18 wt.% at 350°C, whereas the
highest biocrude yield of 34wt.% was produced from an equal water-ethanol mixture at 300°C.
The iron powder catalyst enhanced biocrude production in a water medium and reduced the oxygen
and acidity of the pine biocrudes in a mixed medium. The elevated ethanol concentration
transformed the acidic compounds into esters, while the catalyst increased the phenolic compounds
in biocrude products. The carbon transfer to the biocrudes is improved by the catalytic HTL at the
higher reaction temperature. However, adding ethanol led to carbon to gaseous products rather

than biocrudes or solids.

6.2 Future recommendation

The hydrothermal liquefaction (HTL) of organic materials has been extensively studied with a
wide range of feedstocks, catalysts, and process parameters. This study has explored the HTL
conversion of multiple feedstocks under different HTL conditions. A few research gaps were
detected during the experimental work and data analysis, which were not investigated further.

Based on the findings of this study, recommendations for future research are given below.

a. Model compound analysis: The current study has investigated the HTL conversion of
selected feedstocks as a received basis primarily to determine the biocrude yield and biocrude
quality. However, the model compound analysis can be performed to understand the
depolymerization process. Several researchers have studied the HTL conversion chemistry
with monomers of lipid, carbohydrate, protein, and lignin [1-3]. Best to our knowledge, the
reaction mechanism between monomer or model compound and reaction atmosphere during

the HTL process has not been explored yet. To fully understand the reaction mechanism of
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biomass components in hydrothermal media under a reactive gaseous environment, the
conversion of model compounds into desired gas needs to be performed.

Co-liquefaction: The concept of co-liquefaction is well-established and extensively studied.
The feedstocks of recent co-liquefaction studies included various wastes such as household
mixed waste(food, plastic), biogenic wastes(sludge, food residue) with algae, and post-
consumer mixed textile wastes (PET, cotton) [4-6]. The co-HTL of studied waste feedstocks
can be performed to add important information about waste valorization with industrial
residue-based catalysts.

Catalyst reuse: The red mud was applied as the catalyst to the HTL systems of the four
feedstocks. Due to the difficulties in separation and utilization of zero-value industrial waste
(red mud) as a catalyst, this research work did not include catalyst recovery or regeneration.
Moreover, the iron catalyst was also not recovered and reused in the pine sawdust liquefaction
study. These iron-based catalyst mixed char can be used for other application such as waste
water treatment or graphene production [7].

Parametric study: This study did not include investigating the HTL process by varying
reaction time, feedstock, or catalyst loading. The parametric study can provide important
information about the optimum condition for biocrude production from a specific feedstock.
In the case of catalytic plastic depolymerization, a parametric study is required to determine
the optimum temperature for maximum crude products with improved properties.

Effect of solvent: The type of solvent greatly influences the biocrude production and
properties [8]. The chlorine content of dicholormethane extracted biocrude can be determined.
The hydrogen donor solvent ethanol was used in this study to improve the woody biomass

liquefaction. Other hydrogen donor solvents, such as tetralin and formic acid, can be used to
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compare HTL depolymerization's effect. The attachment of solvent to biocrude can be
determined by !3C labeled solvent.Moreover, the current study could not break down
polyethylene terephthalate (PET) plastic polymer by hydrolysis at high temperatures. Using
hexane or octane as a solvent can depolymerize PET and other plastic polymers in the HTL
process.

Bi-products recycling: The HTL depolymerization of plastic has produced a significant
amount of gas fraction. The gaseous products, especially ethylene gas from polyethylene
decomposition, can be utilized in the HTL reaction environment. Moreover, the recovered
aqueous phase from wet feedstock can be applied as a reaction medium for dry feedstock to

study the effect over crude and other by-products from the HTL process.
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Appendix
A

Supporting information for Chapter 2

Hydrothermal liquefaction of municipal sewage sludge

Table Al: ICP analysis of catalysts in wt.%

CRM RRM500 RRM700

Fe 32.2 Fe 36.1 Fe 37.1
Al 8.58 Al 8.55 Al 10.7
Na 3.37 Na 3.81 Na 5.17
Ca 1.69 Ca 1.86 Ca 2.57
Ti 1.43 Ti 1.7 Ti 2.34
Mg 0.147 Mg 0.159 Mg 0.24
\/ 0.091 \Y/ 0.0902 V 0.0799
Zr 0.0469 Zr 0.0598 Zr 0.0684
K 0.041 K 0.038 K 0.051
Cr 0.031 Cr 0.03 Cu 0.041

P 0.009 P 0.021 Cr 0.035
Mn 0.0065 Mn 0.0065 Ni 0.017
Sr 0.006 Sr 0.006 Mn 0.0091
Th 0.0046 Th 0.0059 Zn 0.008
Ce 0.0033 Ce 0.0039 Th 0.0079
Re 0.0017 Re 0.0028 Sr 0.007
Y 0.001 Zn 0.002 Ce 0.005
Zn 0.001 Y 0.0013 Re 0.0028
La 0.0008 La 0.001 Y 0.0016
Cu <0.0025 Cu <0.0025 La 0.0014
Ni <0.0025 Ni <0.0025 P <0.005
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Table A2: Physicochemical properties of the biocrude after nine months.

Nitrogen Ethylene
Elemental  No catalyst CRM RRM500 RRM700  No catalyst CRM RRM500 RRM700
Composition
(wt.%)
C 58.20+1.48 64.73+1.94 61.23+1.2 57.72+1.64 60.81+1.19 64.87+1.10 62.96+1.48 62.93+1.02
H 6.88+0.50 8.55+0.59  7.90+0.41 7.27+0.67 8.18+0.71 8.58+0.04 7.96+0.55  7.72+0.5
N 4.78+0.04  4.98+0.17 4.1740.27 4.74+0.29 4.7610.26 4.83+0.11 4.17+0.14  4.4510.1
S 1.08+0.07 0.92+0.05  0.95+0.1  1.13#0.07 0.95+0.01 1.03+0.12 2.174#0.03  2.67+0.01
0! 29.06+2.10 20.82+1.11 25.74+15 29.14+1.33 25.30+1.73 20.70+1.07 22.74+1.83 22.23+1.64
HHV 28.54+0.23 30.53#0.30 28.05+0.12 25.74+0.22 28.27+0.32 30.64+0.56 29.15+0.24 28.96+0.15
TAN 11.63+0.16 15.38+0.41 15.16+1.23 10.73+0.43 10.42+0.6  15.2+0.66 10.56+0.34 10.27+0.33
(mgKOH/qg)
Dynamic 8.20+0.50 n.d.? 13.81+1.20 7.51+0.23 23+0.12 n.d. 22.30+0.57 24.81+1.12
Viscosity
(cP)
Density 1.13+0.01 1.12+0.01 1.12+0.01 1.15+0.01 1.12+0.01 1.11+0.01 1.12+0.01 1.13+0.01

(g/cm3)

Yoy difference, 2n.d.= not determined.
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Figure A3: 13C NMR spectra of biocrudes: A- Non-catalytic/nitrogen, B- Non-catalytic/ethylene
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Table A3: Individual peak area from*3C NMR spectral integration

Peak chemical shift Peak area based on C analysis!
(ppm) Under nitrogen Under ethylene
No catalyst | RRM500 | No catalyst | RRM500
0 |8.08 8.84 8.63 8.01
Saturated aliphatic 1 1373 1.33 2.21 2.15
(0-28 ppm) 14 |1 0.62 0.44 0.84 0.65
22 1 0.74 0.87 1.16 0.89
.. |129]4.16 4.13 4.38 4.52
é%f;%‘;a;i?)a“pha“c 31025 0.3 0.32 0.44
53 | 1.39 1.59 1 1.22

!Relative integral

Table A4: Functional group distribution in biocrudes from *3C NMR spectral integration

Percentage of carbon based on **C NMR analysis*

Nitrogen

Ethylene

Chemical Shift Region No

No

Dominant type of carbon (ppm) Catalyst RRM500 | Catalyst RRM500
Saturated Aliphatic Groups 0-28ppm 69.4 65.6 69.3 65.4
Unsaturated Aliphatic Groups 28-55ppm 30.6 34.4 30.7 34.6
! Absolute integral
Ethylene
90 y
80 y = 2E-07x + 3.1035 R
< 70 R?=0.9899
E 60
g 0 ..
£ 40
8 30 .
o
© 20
10 |
0
0 100000000 200000000 300000000 400000000
Peak Area

Figure A4: Calibration curve for the quantification of Ethylene using micro-GC peak area.

168



Appendix
B
Supporting Materials for Chapter 3

Influence of red mud catalyst and reaction atmosphere on hydrothermal liquefaction of
algae

Table B1: ICP analysis of feedstock (Tetraselmis sp.) and catalysts (RRM, Ni/RM)

ppm
(parts per million)

Metals  Tetraselmissp.  RRM Ni/RM
Al 5.0 70102.7  100829.0
B 95.9 193.7 2145
Ca 16101.6 243916 182157
cd 0.5 10.0 10.9
Co 41.2 75 37.6
Cr 15 253.4 273.8
cu 135 15.4 6.7
Fe 1150.1 435473.0 317557.0
K 13150.1 247.2 195.3
Mg 2328.3 2201.6 1846.2
Mn 186.3 2.5 2.5
Mo 142.6 13.7 18.7
Na 107736.0 32176.4 33415.7
Ni 2.0 19.2 114802.0
= 17556.1 165.1 385.6
Ph 0.1 62.1 44.9
S 528.7 620.6 765.8
Si 17.4 24.7 3335
Zn 5.0 25.9 386.7

Table B2: Physisorption data of the catalysts

Specific Average Pore Total Pore
Catalyst  Surface area Size Volume
(m?g) nm (cclg)
RRM 21.92 6.15 0.07
Ni/RM 22.39 6.95 0.08
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Table B3: F and p values from two-way ANOVA of Tetraselmis biocrude yields,
carbon,sulfur,ash and oxygen content with reaction environment and catalysts as independent
variables

Source of variation Degree of F p
freedom(d.f.)

Environment 3 3.38 0.054
Biocrude yield Catalyst 2 32.96 0.000*
Environment: Catalyst 6 2.07 0.132
. Environment 3 45.58 0.000*
B'Ocr“d‘: Cat‘rbon Catalyst 2 34061  0.000*
conten Environment: Catalyst 6 41.9 0.000*
. de sulf Environment 3 1.26 0.330
B'Occrgm‘z sditur  Catalyst 2 8.32 0.005*
Environment: Catalyst 6 0.39 0.872
. Environment 3 107.79 0.000*
B'Ocr”tde f‘Sh Catalyst 2 25552  0.000%
conten Environment; Catalyst 6 28.15 0.000*
. q Environment 3 7.74 0.003*
B'“L‘én‘ie‘;’;yge”  Catalyst 2 72.36 0.000*
Environment: Catalyst 6 12.65 0.000*

*Statistical difference (p<0.05)
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Table B4: p values from Tukey HSD test for interaction between reaction environment and
catalyst in carbon, ash, and oxygen content of Tetraselmis biocrude

p value

Environment: Catalyst Carbon Ash Oxygen
Nitrogen:Ni/RM-Ethylene:Ni/RM 0.0008487* 1 0.1035373
Oxydizing:Ni/RM-Ethylene:Ni/RM 0.1822591 0.9999984 0.9954156

Reducing:Ni/RM-Ethylene:Ni/RM 0.7972486 0.0000024* 0.999998
Ethylene:No Catalyst-Ethylene:Ni/RM 0.0000002* 0.0009896* 0.0006409*
Nitrogen:No Catalyst-Ethylene:Ni/RM 0.0000001* 0.0000029* 0.000377*
Oxydizing:No Catalyst-Ethylene:Ni/RM 0.0000502* 0.0000541* 0.0612154
Reducing:No Catalyst-Ethylene:Ni/RM 0.0020856* 1 0.1041109
Ethylene:RRM-Ethylene:Ni/RM 0.8096817 0.0118237* 0.9924072
Nitrogen:RRM-Ethylene:Ni/RM 0.0323904* 0.1239269 0.3038562
Oxydizing:RRM-Ethylene:Ni/RM 0.0037532* 0.0002843* 0.1156699
Reducing:RRM-Ethylene:Ni/RM 0.0286355* 0.0456621* 0.5176787
Oxydizing:Ni/RM-Nitrogen:Ni/RM 0.0000182* 1 0.0223732*
Reducing:Ni/RM-Nitrogen:Ni/RM 0.0000834* 0.0000018* 0.0532349
Ethylene:No Catalyst-Nitrogen:Ni/RM 0.0001884* 0.0015001* 0.1284009
Nitrogen:No Catalyst-Nitrogen:Ni/RM 0.0000276* 0.0000038* 0.0701269
Oxydizing:No Catalyst-Nitrogen:Ni/RM 0.5657464 0.0000766* 0.9999998

Reducing:No Catalyst-Nitrogen:Ni/RM 0.9999035 1 1
Ethylene:RRM-Nitrogen:Ni/RM 0.0116095* 0.0075044* 0.4361003
Nitrogen:RRM-Nitrogen:Ni/RM 0.0000057* 0.19098 0.0015006*
Oxydizing:RRM-Nitrogen:Ni/RM 0.9931314 0.0001949 1

Reducing:RRM-Nitrogen:Ni/RM 0.0000053* 0.0287249* 0.0028877*
Reducing:Ni/RM-Oxydizing:Ni/RM 0.9572158 0.0000016* 0.9999752
Ethylene:No Catalyst-Oxydizing:Ni/RM 0* 0.0017943* 0.0001773*
Nitrogen:No Catalyst-Oxydizing:Ni/RM 0* 0.0000043* 0.0001086*
Oxydizing:No Catalyst-Oxydizing:Ni/RM 0.000002* 0.0000889* 0.0131297*
Reducing:No Catalyst-Oxydizing:Ni/RM 0.0000366* 0.9999999 0.0225013*
Ethylene:RRM-Oxydizing:Ni/RM 0.0117515* 0.0062019* 0.6782947
Nitrogen:RRM-Oxydizing:Ni/RM 0.9868103 0.2277283 0.8028771
Oxydizing:RRM-Oxydizing:Ni/RM 0.0000579* 0.0001665* 0.0250984*

Reducing:RRM-Oxydizing:Ni/RM 0.9787808 0.0236022* 0.957929
Ethylene:No Catalyst-Reducing:Ni/RM 0.0000001* 0* 0.0003604*
Nitrogen:No Catalyst-Reducing:Ni/RM 0* 0* 0.0002159*
Oxydizing:No Catalyst-Reducing:Ni/RM 0.0000072* 0* 0.0311727*
Reducing:No Catalyst-Reducing:Ni/RM 0.0001817* 0.0000022* 0.0535384
Ethylene:RRM-Reducing:Ni/RM 0.09562 0.0005971* 0.9241546
Nitrogen:RRM-Reducing:Ni/RM 0.439781 0.0000001* 0.5063414
Oxydizing:RRM-Reducing:Ni/RM 0.000303* 0.0283938* 0.0596805
Reducing:RRM-Reducing:Ni/RM 0.401482 0.0001931* 0.7528926
Nitrogen:No Catalyst-Ethylene:No Catalyst 0.8757436 0.0089185* 0.9999991
Oxydizing:No Catalyst-Ethylene:No Catalyst 0.0041054* 0.5406252 0.2107926
Reducing:No Catalyst-Ethylene:No Catalyst 0.0000863* 0.0011303* 0.1277049
Ethylene:RRM-Ethylene:No Catalyst 0.0000011* 0.0000034* 0.002828*
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Nitrogen:RRM-Ethylene:No Catalyst
Oxydizing:RRM-Ethylene:No Catalyst
Reducing:RRM-Ethylene:No Catalyst
Oxydizing:No Catalyst-Nitrogen:No Catalyst
Reducing:No Catalyst-Nitrogen:No Catalyst
Ethylene:RRM-Nitrogen:No Catalyst
Nitrogen:RRM-Nitrogen:No Catalyst
Oxydizing:RRM-Nitrogen:No Catalyst
Reducing:RRM-Nitrogen:No Catalyst
Reducing:No Catalyst-Oxydizing:No Catalyst
Ethylene:RRM-Oxydizing:No Catalyst
Nitrogen:RRM-Oxydizing:No Catalyst
Oxydizing:RRM-Oxydizing:No Catalyst
Reducing:RRM-Oxydizing:No Catalyst
Ethylene:RRM-Reducing:No Catalyst
Nitrogen:RRM-Reducing:No Catalyst
Oxydizing:RRM-Reducing:No Catalyst
Reducing:RRM-Reducing:No Catalyst
Nitrogen:RRM-Ethylene:RRM
Oxydizing:RRM-Ethylene:RRM
Reducing:RRM-Ethylene:RRM
Oxydizing:RRM-Nitrogen:RRM
Reducing:RRM-Nitrogen:RRM
Reducing:RRM-Oxydizing:RRM

O*
0.0000538*
O*
0.0004154*
0.0000139*
0.0000003*
O*
0.0000092*
O*
0.2679906
0.0004562*
0.0000007*
0.1524685
0.0000007*
0.0313434*
0.0000108*
0.9999991
0.00001*
0.0021498*
0.0586635
0.0019192*
0.0000164*
1
0.0000151*

0.1714494
0.0000003*
0.0000079*

0.2854879
0.0000031*
0.0000001*
0.0001088*

0*
0.0000001*
0.0000605*
0.0000005*
0.0050993*
0.0000001*
0.0000009*
0.0102067*

0.1427658
0.0002515*
0.0393367*
0.0001039*

0.3755437

0.998438

0.000006*
0.0003074*

0.1132069

0.0000218*
0.1150365
0.0000359*
0.1181765
0.0697326
0.0015914*
0.0000142*
0.0625874
0.0000231*
0.9999998
0.2859558
0.0009286*
0.9999986
0.0017582*
0.4379153
0.0015084*
1
0.0029032*
0.0657894
0.4733693
0.1311516
0.0016662*
0.9999967
0.0032172*

*Statistical difference (p<0.05)
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Figure B1: *C NMR spectra of Ni/RM catalyst derived Tetraselmis biocrudes:

A-Nitrogen, B-Ethylene, C-Reducing and D-Oxidizing reaction environments
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Table B5: Functional group distribution in biocrudes from *C NMR spectral integration

Peak area(x10'%) based on *3C analysis*

Saturated Unsaturated Alcohols, ethers,
Aliphatic Aliphatic phenolic methoxys,
Groups Groups anhydrosugars
(0-28 ppm) (28-55 ppm) (55-95 ppm)
No Catalyst 4.9 4.2 2.3
Nitrogen RRM 6.8 6.7 3.7
Ni/RM 5.8 4.4 3.5
No Catalyst 34 3.8 3.0
Ethylene RRM 5.4 55 3.5
Ni/RM 6.6 3.8 3.4
No Catalyst 3.5 2.3 34
Reducing RRM 3.3 1.3 3.7
Ni/RM 4.4 4.5 3.4
No Catalyst 4.3 5.2 2.4
Oxidative RRM 4.6 4.9 2.6
Ni/RM 4.1 4.3 2.4

tabsolute integral
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Appendix
C
Supporting Materials for Chapter 4

Depolymerization of household plastic waste via catalytic hydrothermal liquefaction

Table C1: Recipe of plastic mixture PM

Resin Identification Plastic Mixing Ratio
Code Type (wt.%)
1 PET 42
2 HDPE 20
3 pPvC? 0
4 LDPE 20
5 PP 4
6 PS 14
7 Other® 0
Total 100

aPolyvinyl Chloride
bOther = polycarbonate, acrylic,nylon,bioplastic, composite etc.
ab Due to high probability of corrosion and simplicity, the plastic component of PVC (resin code 3)
and other(resin code 7) from original plastic recipe were excluded from this work.

Table C2: Reaction temperature and time of Plastic HTL experiments

Temperature @ Reaction time P Pressure 2
Plastic Type (°C) (hour) (psi)
PET 442 2 2247
HDPE 408 2 2181
Non-Catalytic LDPE 425 2 2327
PP 450 15 2313
PS 426 25 2053
PM 429 2 2157
PET 430 2 2147
HDPE 415 2 2100
Catalytic LDPE 426 2 2377
PP 450 2 2385
PS 450 35 2151
PM 436 2 2196

2 highest value obtained in 7-hour long experiment
b Reaction time at highest temperature
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Figure C1:Typical Pressure Profile of plastic depolymerization in 7 hour long experiment

Table C3: ICP analysis of RRM500 catalyst

Catalyst
Metals (ppm)
Al 70102.7
B 193.7
Ca 24391.6
Cd 10.0
Co 7.5
Cr 2534
Cu 15.4
Fe 435473.0
K 247.2
Mg 2201.6
Mn 2.5
Mo 13.7
Na 32176.4
Ni 19.2
P 165.1
Pb 62.1
S 620.6
Sj 24.7
Zn 25.9
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Table C4: Physisorption data of the catalysts

Specific Average Pore Total Pore
Surface area Size Volume
(m?g) nm (cclg)
21.92 6.15 0.07

Table C5: ICP analysis of Plastic Feedstock

(':)A;rt:]i)l PET HDPE LDPE PP PS
Al <1.00 <1.00 108.9 43.58 256
B 1.06 1.38 3.85 0.55 1.69
Ca 137.5 97.8 91228 111.3 3385
Cd <0.50 <0.50 0.94 <0.50 <0.50
Co 53.21 1.84 1.57 1.13 0.84
Cr <1.00 0.76 5.68 <1.00 <1.00
Cu <0.50 <0.50 <0.50 <0.50 3.7
Fe 13.13 <1.00 192.5 12.77 56.74
K <2.50 <2.50 <2.50 <2.50 113.89
Mg 39.9 32 2973 4741 69.5
Mn <2.50 <2.50 8.71 <2.50 <5.00
Mo <0.50 1.13 <0.50 <0.50 <0.50
Na <5.00 <5.00 107.52 <5.00 231.2
Ni <0.50 <0.50 5.72 <0.50 34
P 30.48 12.7 51.82 29.81 41.24
Pb <1.00 <1.00 <1.00 <1.00 <1.00
S 8.68 9.5 605.8 <2.50 90.68
Si 194 477 716 4352 376
Zn <0.50 <0.50 47.23 <0.50 111.9
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Figure C2: Biocrude composition on basis of extraction method
Table C6: Heavy metals in plastic HTL biocrudes
ppm
Co Cr Cu Fe Mn Ni Zn
HDPE 16 8 3 270 3 1 3
LDPE 7 1 3 91 3 1 9
Non-Catalytic PP 6 1 3 41 3 1 3
PS 6 1 3 14 3 1 3
PM 20 1 3 206 3 2 6
HDPE 28 1 3 465 3 1 3
LDPE 12 1 3 91 3 1 8
Catalytic PP 31 1 3 160 3 1 3
PS 21 1 3 65 3 1 3
PM 18 1 3 164 3 1 3
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Figure C3: Heavy metal distribution in catalytic plastic oil.
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Figure C4: Simulated distillation of biocrudes from plastic HTL
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Table C7: Semi quantification of GC-MS detectable compounds from non-catalytic HDPE HTL

crude

Chemical Formula  Paraffin Area
C10H22 Decane 1.8
C11H24 Undecane 2.3
C12H26 Dodecane 2.2
C13H28 Tridecane 2.6
C14H30 Tetradecane 2.8
C15H32 Pentadecane 3.9
Ci6Hsa Hexadecane 4.0
C17H36 Heptadecane 4.1
C30H62 Triacontane 34
C21H44 Heneicosane 2.7
C22H44 Heptadecane 2.6
C30H62 Triacontane 3.4
C28H58 Tetracosane 1.6
C28H58 Tetracosane 2.0
C21H44 Heneicosane 3.9
C20H42 Eicosane 3.6
C18H38 Octadecane 4.1
C19H40 Nonadecane 4.1
C20H42 Eicosane 4.0
C21H44 Heneicosane 3.9
C25H52 Pentacosane 3.1
C26H54 Hexacosane 2.8
C21H44 Heneicosane 2.7
C28H58 Octacosane 2.6
C24H50 Tetracosane 1.2

Total 75.4
Chemical Formula  Olefin Area
C10H20 1-Decene 2.3
C11H22 1-Undecene 1.6
C12H24 1-Dodecene 1.7
C13H26 1-Tridecene 1.6
C13H26 4-Nonene, 5-butyl- 0.3
C14H28 2-Tetradecene, (E)- 1.9
C14H28 3-Tetradecene, (Z)- 0.3
C15H30 1-Pentadecene 1.7
C16H32 1-Hexadecene 1.6
C16H32 7-Hexadecene, (2)- 0.5
C17H34 3-Heptadecene, (2)- 0.4
C18H36 1-Octadecene 14
C18H36 5-Octadecene, (E)- 0.4
C19H38 Z-5-Nonadecene 1.3
C19H38 Z-5-Nonadecene 0.5
C20H40 5-Eicosene, (E)- 0.3
C19H38 1-Nonadecene 1.0
C19H38 Z-5-Nonadecene 1.1
C22H44 1-Docosene 0.3

Total 20.4
Chemical Formula  Aromatic-Cyclic Area
C24H48 Cyclotetracosane 0.9
Chemical Formula  Oxygenates Area
C22H4402 1-Heneicosyl formate 0.8
C22H4402 1-Heneicosyl formate 0.4
C17H320 E-15-Heptadecenal 13

Total 2.4
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Table C8: Semi quantification of GC-MS detectable compounds from catalytic HTL crude from

HDPE
Chemical Formula Paraffin Area
C10H22 Decane 1.6
C1l1H24 Undecane 4.2
C12H26 Dodecane 5.0
C13H28 Tridecane 6.1
C14H30 Tetradecane 1.7
C15H32 Pentadecane 3.8
CieHsa Hexadecane 3.1
C17H36 Heptadecane 3.3
C19H40 Benzene, [1-(2,4-cyclopentadien-1- 25
ylidene)ethyl]-

C20H42 Anthracene, 9,10-dihydro- 18
C20H42 Heneicosane 12
C21H44 Nonadecane 2.0
C22H46 Eicosane 1.0
C24H50 Tetracosane 0.9
C28H58 Docosane 14
Total 455

Chemical Formula Olefin Area
C13H26 1-Tridecene 1.7
C16H32 1-Hexadecene 0.8
Total 25

Chemical Formula Aromatic-Cyclic Area
C9H10 Benzene, 1,3,5-trimethyl- 1.8
C9H12 Benzene, 1,3,5-trimethyl- 1.8
C9H12 Undecane 4.2
C10H8 1H-Indene, 2,3-dihydro-4-methyl- 1.6
C10H10 Cyclododecane 14
C10H10 1H-Indene, 2,3-dihydro-4-methyl- 1.6
C10H12 1H-Indene, 2,3-dihydro-4-methyl- 1.6
C10H12 2-Methylindene 19
C10H12 2-Methylindene 1.7
C11H10 Naphthalene 2.7
C11H10 Naphthalene, 1,2-dihydro-3-methyl- 25
Cl1H12 Naphthalene, 1,2-dihydro-3-methyl- 25
C11H12 1H-Indene, 1,3-dimethyl- 3.0
Cl1H14 Naphthalene, 1,2-dihydro-3-methyl- 25
C12H10 (1-Methylpenta-1,3-dienyl)benzene 2.6
C12H12 Pentadecane 2.8
C12H12 (1-Methylpenta-1,3-dienyl)benzene 1.6
C12H12 1,2,3-Trimethylindene 1.3
C12H12 Naphthalene, 1-ethyl- 2.1
C12H14 Naphthalene, 2,7-dimethyl- 1.8
C12H14 Naphthalene, 1,6-dimethyl- 15
C12H24 1,2,3-Trimethylindene 1.3
Total 49.7

Chemical Formula Oxygenates Area
C22H4402 1-Heneicosyl formate 0.4
C17H320 E-15-Heptadecenal 1.3
Total 24

187




Table C9: Semi quantification of GC-MS detectable compounds from non- catalytic HTL crude

from LDPE

Chemical Formula Paraffin Area
CioHaz2 Decane 0.9
Cl1H24 Undecane 19
C12H26 Dodecane 1.3
C13H28 Tridecane 1.6
C14H30 Tetradecane 25
C15H32 Pentadecane 1.2
Ci6Hsa Hexadecane 1.3
C18H38 Octadecane 1.6
C19H40 Nonadecane 1.6
C20H42 Eicosane 0.5
C21H44 Heneicosane 0.5
C18H38 Octadecane 1.4
C24H50 Tetracosane 0.4
CisHsa Hexadecane 05
C18H38 Octacosane 0.5
Total 17.8

Chemical Formula Aromatic-Cyclic Area
C8H10 Ethylbenzene 1.4
C8H10 p-Xylene 7.1
C8H10 Benzene, 1,3-dimethyl- 2.2
C9H12 Benzene, 1-ethyl-2-methyl- 35
C9H12 Benzene, 1,3,5-trimethyl- 1.2
C9H12 Benzene, 1-ethyl-2-methyl- 1.0
C9H12 Benzene, 1,3,5-trimethyl- 2.6
C10H14 Benzene, 1-methyl-4-propyl- 11
C9H10 Indane 2.6
C10H14 Benzene, 1-methyl-2-(1-methylethyl)- 15
C10H15 Benzene, 1-methyl-2-(1-methylethyl)- 0.8
C10H12 Benzene, (2-methyl-2-propenyl)- 1.6
Cl11H14 1H-Indene, 2,3-dihydro-1,3-dimethyl- 0.4
C10H12 1H-Indene, 2,3-dihydro-4-methyl- 1.8
C10H13 1H-Indene, 2,3-dihydro-4-methyl- 1.8
C10H10 1,4-Dihydronaphthalene 18
C10H10 Tetracyclo[5.3.0.0<2,6>.0<3,10>]deca-4,8-diene 1.6
Cl11H14 1H-Indene, 2,3-dihydro-1,6-dimethyl- 1.4
C11H12 1H-Indene, 2,3-dimethyl- 0.4
C10H8 Naphthalene 2.6
Cl1H14 2,3,4,5,6,7-Hexahydro-1H-cyclopenta[a]pentalene 0.7
Cl11H14 1H-Indene, 2,3-dihydro-4,7-dimethyl- 0.8
C11H12 1H-Indene, 1,3-dimethyl- 2.0
C11H13 1H-Indene, 1,3-dimethyl- 2.4
Cl1H14 1H-Indene, 2,3-dihydro-4,6-dimethyl- 0.5
C12H14 1,2,3-Trimethylindene 0.6
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C11H10 Naphthalene, 1-methyl- 3.3
C11H10 Naphthalene, 2-methyl- 2.6
C12H14 1,2,3-Trimethylindene 1.4
C12H14 1,2,3-Trimethylindene 0.8
C13H16 Naphthalene, 1,2-dihydro-1,4,6-trimethyl- 0.3
C12H10 Naphthalene, 2-ethenyl- 2.1
C12H12 Naphthalene, 1,5-dimethyl- 0.5
C12H12 Naphthalene, 1,3-dimethyl- 0.2
C12H12 Naphthalene, 2,6-dimethyl- 0.6
C13H16 Naphthalene, 1,2-dihydro-3,5,8-trimethyl- 0.5
C12H12 Naphthalene, 2,3-dimethyl- 0.7
C12H12 Naphthalene, 2,3-dimethyl- 0.6
C12H12 Naphthalene, 2,3-dimethyl- 0.5
C13H12 1,1-Biphenyl, 4-methyl- 0.4
C13H14 Naphthalene, 2-(1-methylethyl)- 0.9
C13H14 Naphthalene, 1,4,5-trimethyl- 0.4
C12H10 Acenaphthene 0.9
C13H14 Naphthalene, 1,4,6-trimethyl- 0.4
C13H14 Naphthalene, 1,6,7-trimethyl- 15
C13H14 Naphthalene, 2,3,6-trimethyl- 0.6
C13H14 Azulene, 4,6,8-trimethyl- 0.6
C13H14 Naphthalene, 1,4,5-trimethyl- 0.7
C13H10 Fluorene 11
C14H12 9H-Fluorene, 9-methyl- 1.7
C13H12 1-1sopropenylnaphthalene 0.6
C14H12 9H-Fluorene, 2-methyl- 0.5
C14H12 Anthracene, 9,10-dihydro- 1.0
C14H12 9H-Fluorene, 2-methyl- 0.9
C14H12 4a,9a-Methano-9H-fluorene 0.3
Cl4H14 4,4'-Dimethylbiphenyl 0.4
C14H10 Phenanthrene 0.7
C14H10 Phenanthrene, 9,10-dihydro-1-methyl- 0.5
C15H12 Phenanthrene, 2-methyl- 0.4
C15H12 Phenanthrene, 1-methyl- 0.4
C15H12 Phenanthrene, 2-methyl- 0.6
C16H10 Pyrene 12
C17H12 Pyrene, 1-methyl- 0.4
C17H12 Pyrene, 2-methyl- 0.5
C17H12 Pyrene, 1-methyl- 0.5

Total 77.3

Chemical Formula Oxygenates Area

C9H100 Benzenepropanal 1.8
C12H160 1-Naphthalenemethanol, 1,2,3,4-tetrahydro-8-methyl- 1.7

Total 3.6

189




Table C10: Semi quantification of GC-MS detectable compounds from catalytic HTL crude from

LDPE
Chemical Formula Paraffin Area
CioH22 Decane 2.8
Cl11H24 Undecane 3.7
C12H26 Dodecane 4.0
C13H28 Tridecane 4.0
C14H30 Tetradecane 4.3
C15H32 Pentadecane 2.6
C16H34 Hexadecane 2.1
C17H36 Heptadecane 2.0
C18H38 Octadecane 1.7
C19H40 Nonadecane 1.2
C20H42 Eicosane 0.9
C21H44 Heneicosane 0.8
C20H42 Eicosane 0.9
C20H42 Eicosane 0.6
C24H50 Tetracosane 0.5
C25H52 Pentacosane 0.4
C24H50 Tetracosane 0.4
Total 33.1
Chemical Formula Olefin Area
C10H20 1-Decene 2.5
C12H24 1-Dodecene 1.6
C13H26 1-Tridecene 1.7
C14H28 1-Tetradecene 14
C15H30 1-Pentadecene 19
C16H32 1-Hexadecene 0.7
C17H34 1-Heptadecene 0.6
C19H38 1-Nonadecene 0.3
Total 10.8
Chemical Formula Aromatic-Cyclic Area
C8H10 Ethylbenzene 11
C8H10 p-Xylene 3.9
C8H10 p-Xylene 18
C9H12 Benzene, 1-ethyl-3-methyl- 3.3
C9H12 Benzene, 1-ethyl-2-methyl- 1.2
C19H12 Benzene, 1,2,3-trimethyl- 2.4
C12H24 Cyclopropane, nonyl- 2.1
C10H14 Benzene, 1-methyl-2-propyl- 11
C9H10 Benzene, cyclopropyl- 24
C10H14 Benzene, 1-methyl-3-(1-methylethyl)- 1.9
C10H14 Benzene, 2-ethyl-1,3-dimethyl- 1.0
C10H12 Benzene, 1-ethenyl-3-ethyl- 1.6
C11H14 1H-Indene, 2,3-dihydro-1,3-dimethyl- 0.8
C10H12 1H-Indene, 2,3-dihydro-4-methyl- 1.4
C10H12 Benzene, 2-ethenyl-1,4-dimethyl- 1.8
C10H10 1,4-Dihydronaphthalene 1.8
C10H10 1H-Indene, 1-methyl- 1.3
C11H14 1H-Indene, 2,3-dihydro-1,6-dimethyl- 1.6
C11H12 1H-Indene, 1,3-dimethyl- 0.8
C10H8 Naphthalene 2.2
CliH14 2-Ethyl-2,3-dihydro-1H-indene 0.7
Cl11H14 1H-Indene, 2,3-dihydro-4,7-dimethyl- 0.6
C11H12 1H-Indene, 1,3-dimethyl- 1.7
C11H12 1H-Indene, 1,3-dimethyl- 1.1
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C11H12 1H-Indene, 1,3-dimethyl- 0.9
C12H14 Benzene, 1,4-bis(1-methylethenyl)- 0.6
C11H10 Naphthalene, 2-methyl- 13
C11H10 Naphthalene, 1-methyl- 1.0
C12H14 1,2,3-Trimethylindene 0.9
C12H12 Naphthalene, 1-ethyl- 0.8
C12H12 Naphthalene, 1,7-dimethyl- 1.0
C12H12 Naphthalene, 1,4-dimethyl- 0.9
C12H12 Naphthalene, 1,3-dimethyl- 0.4
C12H12 Naphthalene, 1,5-dimethyl- 0.6
C12H10 Acenaphthene 0.5
C14H12 Anthracene, 9,10-dihydro- 0.7
Total 48.3

Chemical Formula Oxygenates Area
C10H120 4-Methylphenyl acetone 0.6
C12H160 1-Naphthalenemethanol, 1,2,3,4-tetrahydro-8-methyl- 0.7
C9H100 Benzenepropanal 1.0
Total 2.3

Table C11: Semi quantification of GC-MS detectable compounds from non-catalytic PP HTL

crude

Chemical Formula Aromatic-Cyclics Area
C8H10 Ethylbenzene 2.5
C8H10 0-Xylene 17.8
C8H10 p-Xylene 9.9
C8H10 Benzene, 1,3-dimethyl- 3.9
C9H12 Benzene, 1,2,3-trimethyl- 345
C9H18 Cyclohexane, 1,2,4-trimethyl-, (1.alpha.,2.beta.,4.beta.)- 34
C11H10 Naphthalene, 1-methyl- 2.3
C13H14 Naphthalene, 1,4,5-trimethyl- 0.5
Cl1H14 Benzene, (3-methyl-2-butenyl)- 3.2
C12H12 Naphthalene, 2,6-dimethyl- 5.5
Cl1H14 1H-Indene, 2,3-dihydro-1,2-dimethyl- 2.2
C13H14 Naphthalene, 1,4,6-trimethyl- 2.8
C13H18 Naphthalene, 1,2,3,4-tetrahydro-1,5,7-trimethyl- 1.0
C17H16 6,7,8,9-Benzo[b]fluorene 0.7
C18H14 o-Terphenyl 0.5
C24H18 1,1:2'1"-Terphenyl, 4'-phenyl- 3.0
C10H14 Benzene, 1,2-diethyl- 0.2
C10H14 Benzene, 2-ethyl-1,4-dimethyl- 2.1
Total 96.0

Oxygenates Area

C13H100 [1,1'-Biphenyl]-4-carboxaldehyde 2.1
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Table C12: Semi quantification of GC-MS detectable compounds from catalytic PP HTL crude

oil
Chemical Formula Aromatic-Cyclic Area
C8H10 Ethylbenzene 1.6
C8H10 p-Xylene 28.0
C8H10 0-Xylene 1.0
C8H10 Benzene, 1,3-dimethyl- 2.3
C9H12 Benzene, 1,2,3-trimethyl- 234
C9H12 Naphthalene, 1,4,5-trimethyl- 6.1
C9H12 Benzene, 1-ethyl-3-methyl- 3.0
C9H18 Cyclohexane, 1,2,4-trimethyl-, (1.alpha.,2.beta.,4.beta.)- 2.4
C10H12 1-Phenyl-1-butene 1.7
C10H14 Benzene, 1,2-diethyl- 0.7
C11H10 Naphthalene, 1-methyl- 4.6
C11H14 Benzene, 2-ethenyl-1,3,5-trimethyl- 3.0
Cl1H14 .alpha.,.beta.,.beta.-Trimethylstyrene 0.6
Cl1H14 Benzene, (3-methyl-2-butenyl)- 34
C12H12 Naphthalene, 2,6-dimethyl- 8.3
C15H14 9H-Fluorene, 2,3-dimethyl- 0.6
Cl6H14 Phenanthrene, 2,5-dimethyl- 0.5
C17H12 Fluoranthene, 2-methyl- 0.2
C17H12 Pyrene, 1-methyl- 0.8
C24H18 1,1:2',1"-Terphenyl, 4'-phenyl- 4.9
Total 97.1
Oxygenates Area
C13H100 [1,1'-Biphenyl]-4-carboxaldehyde 2

Table C13: Semi quantification of GC-MS detectable compounds from non-catalytic PS HTL

crude oil
Chemical Formula Aromatic-Cyclic Area
C7H8 Toluene 19.3
C8H10 Ethylbenzene 48.4
C13H12 1,1'-Biphenyl, 2-methyl- 0.2
C13H12 Diphenylmethane 1.0
C14H14 Benzene, 1,1'-ethylidenebis- 0.9
Cl4H14 Benzene, 1,1'-(1,2-ethanediyl)bis- 0.2
C16H12 Anthracene, 9-ethenyl- 15
C16H12 2-Phenylnaphthalene 0.4
C16H12 Naphthalene, 2-phenyl- 0.3
C16H12 1H-Indene, 1-(phenylmethylene)- 0.1
C17H14 Anthracene, 9-(2-propenyl)- 0.1
C18H14 m-Terphenyl 2.2
C24H18 1,1:2'1"-Terphenyl, 4'-phenyl- 5.3
C9H12 Benzene, (1-methylethyl)- 17.4
Total 97.3
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Table C14: Semi quantification of GC-MS detectable compounds from catalytic PS HTL crude

Chemical Formula Aromatic-Cyclic Area
C7H8 Toluene 14.8
C8H10 Ethylbenzene 43.1
C9H12 Benzene, 1,2,3-trimethyl- 8.6

C13H12 1,1'-Biphenyl, 2-methyl- 1.0
C13H12 Diphenylmethane 0.6
C14H10 Anthracene 0.1
C14H14 Benzene, 1,1'-ethylidenebis- 0.8
C15H12 1H-Indene, 2-phenyl- 0.1
C16H12 Anthracene, 9-ethenyl- 19
C16H12 Naphthalene, 2-phenyl- 3.8
C16H12 2-Phenylnaphthalene 0.5
C16H12 1H-Indene, 1-(phenylmethylene)- 0.3
C17H12 Pyrene, 1-methyl- 0.1
C18H14 m-Terphenyl 5.4
C24H18 1,1:2'1"-Terphenyl, 4'-phenyl- 13.8
C24H18 1,1:2'1":3",1"-Quaterphenyl 0.6
C9H12 Benzene, (1-methylethyl)- 0.9

C22H16 1H-Indene, 1-(diphenylmethylene)- 0.2
Total 96.7
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Table C15: Semi quantification of GC-MS detectable compounds from non-catalytic HTL crude
from Plastic mixture(PM)

Chemical Formula Paraffin Area
Cl1H24 Undecane 0.7
C12H26 Dodecane 14
C13H28 Tridecane 2.3
C14H30 Tetradecane 25
C15H32 Pentadecane 19
C16H34 Hexadecane 2.0
C17H36 Heptadecane 1.8
C19H40 Nonadecane 13
C20H42 Eicosane 1.0
C21H44 Heneicosane 1.9
C17H36 Heptadecane 1.8
C20H42 Eicosane 16
C25H52 Pentacosane 0.3
C26H54 Hexacosane 13
C24H50 Tetracosane 1.0
C28H58 Octacosane 11
C28H58 Octadecane 2.0

Total 25.9

Chemical Formula Olefin Area
C13H26 1-Tridecene 15
C14H28 2-Tetradecene, (E)- 1.0
C15H30 1-Pentadecene 0.9
C16H32 1-Hexadecene 13

Total 4.7

Chemical Formula Aromatics Area
C8H10 Ethylbenzene 33.7
C9H12 Benzene, (1-methylethyl)- 5.7
C10H8 Naphthalene 11
C11H10 Naphthalene, 2-methyl- 11
C12H10 Biphenyl 2.9
C15H16 Benzene, 1,1'-(1,3-propanediyl)bis- 0.9
C16H12 Anthracene, 9-ethenyl- 31
Cl6H14 3-Methyl-1-phenyl-1H-indene 1.0
C16H12 2-Phenylnaphthalene 35
C17H14 Anthracene, 9-(2-propenyl)- 1.3
Cl7H14 Naphthalene, 2-(phenylmethyl)- 3.8
C18H14 m-Terphenyl 1.3
C24H18 1,1:2'1"-Terphenyl, 4'-phenyl- 3.6

Total 62.9

Oxygenates Area

C8H80O Acetophenone 1.6
C17H320 E-15-Heptadecenal 1.0
C17H320 E-15-Heptadecenal 0.8
Total 34
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Table C16: Semi quantification of GC-MS detectable compounds from catalytic HTL crude from
Plastic mixture(PM)

Chemical Formula Paraffin Area
Cl1H24 Undecane 11
C12H26 Dodecane 1.9
C13H28 Tridecane 3.1
C14H30 Tetradecane 3.2
C15H32 Pentadecane 2.2
Cl6H34 Hexadecane 1.9
C17H36 Heptadecane 1.9
C28H58 Octadecane 18
C19H40 Nonadecane 1.2
C20H42 Eicosane 11
C19H40 Nonadecane 1.0
C28H58 Octadecane 1.8

Total 22.3

Chemical Formula Olefin Area
C14H28 1-Tetradecene 1.0
C15H30 1-Pentadecene 1.6

Total 25

Chemical Formula Aromatic-Cyclic Area
C8H10 Ethylbenzene 35.2
C9H12 Benzene, (1-methylethyl)- 8.2
C9H12 Benzene, propyl- 3.4
C10H8 Naphthalene 2.8
C11H10 Naphthalene, 1-methyl- 1.6
C11H10 Naphthalene, 2-methyl- 24
C12H10 Biphenyl 2.4
C13H12 Diphenylmethane 14
C13H12 1,1'-Biphenyl, 3-methyl- 11
C16H12 2-Phenylnaphthalene 3.2
C17H14 7b-Phenyl-2a,7b-dihydro-3H- 0.8

cyclobuta[a]indene
C17H14 1H-Cyclopenta[l]phenanthrene, 2,3-dihydro- 4.2
C18H14 m-Terphenyl 1.0
Cl6H12 Anthracene, 9-ethenyl- 2.2
Total 69.9

Chemical Formula Oxygenates Area
C8H80 Acetophenone 2.4
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Appendix
D
Supporting Materials for Chapter 5
Hydrothermal Liquefaction of Southern Yellow pine

Table D1: Pine feedstocks characterization

Proximate Analysis(wt.%)

Moisture 7.3+£0.0
Volatile 83.8+3.6
Ash 0.5+0.1
Fixed Carbon? 8.3+3.5
Elemental Analysis 2(wt.%)
C 50.0+0.7
H 6.1+0.2
N 0
S 0.1+0.0
Ash 0.5+0.1
0? 43.3+1.0
Biochemical Composition(wt.%)
Hemicellulose 10.3
Cellulose 42.1
Lignin 24.7

a by difference

Avrbitrary Unit

Fe

Fe?

40 50 60 70 80
26(°)

Figure D1: XRD pattern of iron particle.
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Figure D2: Pine vyield distribution with increasing ethanol in water-ethanol solvent
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Figure D3: HTL product distribution in pure ethanol
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Table D2: Physicochemical properties of pine HTL at 300°C

Elemental Composition (wt.%)

Ethanol
conc. HHV TAN
(wWt.%) C H Ash 02 (MJ/Kg) (mgKOH/g)
0 66.0+0.0 6.0£0.1 0.5£0.2 27.5+0.3 27.2+0.1 45.3+2.2
10 65.7+0.1 6.0£0.0 0.4£0.2 27.2+0.3 28.0+0.1 40.2+2.2
Non-
catalytic 30 63.8+0.3 6.7+0.0 0.5+0.2 29.0£0.5 27.2+0.2 32.9£1.0
50 55.8+1.2 6.9+0.1 0.2+0.1 37.1+1.4 23.8+£0.7 30.4£1.4
70 58.0£1.0 6.2+0.1 0.2+0.0 35.6+1.1 23.8+0.6 12.5+0.6
100 65.6+0.4 6.9+0.1 0.2+0.1 27.3+0.6 28.2+0.3 12.0+£0.7
0 67.0+£3.0 6.4+0.7 0.7+0.2 25.9+3.9 28.2+2.3 32.2+1.7
Catalytic 50 67.7+0.3 6.1+0.2 0.8+0.3 25.4+0.2 28.2+0.4 6.6+0.5
100 65.7+0.1 6.9+0.1 0.2+0.1 27.2+0.3 28.2+0.2 10.1+1.0
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Figure D4: Comparison between pine biocrude thermograms from different temperature
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Figure D5: Negative ion ESI-MS characterization of pine oil from pure ethanol medium at
300°C: A- Non-Catalytic, B- Catalytic

199



Non catalytic, Pure Water

B

50

45

40 +

35 T+

(%)

30 +

(=]

!
T
[Te]
N

Bluad.o

0.20 4

! ! !
T T T

o) o Te} o

— —

ealy

[£30)
T€D
0€d
620
820
LZD
920
G2o
¥2o
€20
[440)
120
020
6TO
81D
LTO
971D
ST1O
4%}
€10
[4%e]

® 110

0To
60
80
LD
90
10)
¥
€0
[49)
10

Carbon number of the compounds

@Ester &Alcohol @ Aliphatics B Others

B2 Acid mPhenol

--

e

|

_ 1
[«B]

L 1

M m

n_rb =

> —EH
[a

- =

C -
S

> 1

= e

£ 1

O e

1

=

—]

0

n O N O n o 1 O 1 O

< ST 0 0 NN A A
(95)abriusalad ealy

[40)
T€D
0€0
620
820
12D
920
G2o
¥2d
€20
(448}
T¢O
020
61O
810
LTO
910
1%0)
14%8)
€10
[4%e]
110
01O
60

80

LD

90

10)

28]

€0

(48}

1%0)

Carbon number

Aliphatics = Others

@ Ester & Alcohol

Acid @Phenol

200



r430)
0€0 2 110
620 S 0€D
(5] -+
820 Ul 620
o X 1
120 % s 8 820
5 > = 1
_ 920 2 s o 220
S 520 o o 2 g 920
& [£49] o = ———1G0
L €20 2 3 ¥22
o T 2 S +
Q ¢ = o) 1 €20
2 110 =i |2
—~ I 020 AIM Lo I A
= leo 5 =@ ] 020
W e 810 8 - ™ 610
= Ty 2 8 (EEEEERERRRRERRE] 9T
S il S 1
LY oo 5§ O [A%
B Jeo€ < e ) o)
=) Tioo 8 10
> Lem S 1 v10
2 q 210 8 | et
Q [0 @ |kae)
5 o010 = Tt
z I...- 6D m _Hmn 010
1| 80 % E——] 60
i = Ao = o 80
e 99 - 140
| %0 M 1 90
| v0 - 199
m.ll mo 1 .Vo
I
10 i
— _ _ _ _ _ _ 10
o n o mnm o m o wm o wn o T T T T T T
N < - < 0 o N N A o o o 0 o o o
o (9] N — -

35

(9p)abrrU82.10

o

ealy

Aliphatics 5 0Others

B Ester & Alcohol
201

@ Phenol

= Acid



Non-Catalytic, Pure Ethanol

z€0
110

L oeo

4 620
1820
120

g 920
=] s20
1 veo

L ez
1z
w1720
e 02D
610
= 81D
1210
g 910
=] §TD
[ 10
€10

———1 210

d 110
(0)%0]
60
80
LD
90
B GO
148}
€0
4]
10

o
Lo

! ! ! ! !
T T T T T
N O U O W
< S o MmN

(95)abeiusale

20 1

[a

!
T
0
—

ealy

10 +

= Aliphatics @ Others

& Alcohol

B Ester

Acid @Phenol

Catalytic, Pure Ethanol

[ ze2
[ 160
[ 0e0
[ 620

820

1o

| 520
[ 20
[ €20
[ 220
[ 120

[ 610
[ 810
[ 110
[ 910
[ 610
[ ¥10
[ €10
[ 210
[ 110
010
60
80
19
90
0
70
%0
20
10

o
™

! ! ! !
T T T T

Yol o o o o o

N

N i —

(9%)abe1usnlad valy

Carbon number

@Ester &Alcohol ®Aliphatics B Others

B Acid ©Phenol

Figure D6: Compound group distribution by carbon number in pine biocrudes derived from

300°C
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Figure D7: The GC-MS analysis of pine wood derived biocrudes from pure water
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Figure D8: The chemical composition of pine HTL biocrudes of 50/50(wt./wt.) water ethanol
mixture
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Figure D9: Comparison of iron powder XRD patterns before HTL conversion (room
temperature:23°C) and after HTL reaction (at 250°C,300°C and 350°C)
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