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Abstract

Hydrothermal liquefaction (HTL) is a promising technologgomvertorganic feedstocks
into valueadded fuel precursors known as biocrustdids (hydrochar)and gaseous byproducts.
The HTL process can efficientlgreak downmixed feedstocks, such as waste, into valuable
chemicals. The current study hasvestigated the HTL conversion ofthree waste
materialsmunicipal sewage sludge,waste plastics,forestuesidd an algae straifihis research
applied variousgaseous environmeteside traditional inert gasith red mud ( an iromich

industrial wastetatalystto enhance theiocrude productiomvith improved quality.

The municipal sewage sludge from thastewater plant was the first feedstock of this study. This
study applied ethylene gas and pretreated red mud as reaction environment and catalyst
respectivelyto induce the stability in produced biocrubidith respect to the oxidation state, three
modified red mud catalysts were prepabgdcalcination at 575°C (CRMandredudion 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 visadsthe 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 nogatalyticinert biocrude samples. The reducédagen content found the mutual

effect of RRM508ethylene in the biocrude. This studigowedthe potential of ethylene gas in

improvedbiocrude productiownia catalytic HTL treatment.



The secondstudy explored the effects of ethylene, reducing, and oxidgéisedo compare the
influences of reaction ambiances over HTL conversion. This work utilizedTétea’selmissp.”
algae strain as feedstock and t woRRMBO)masl of RN
nickelsupported RM (Ni/RM)The goal waso compare the catalytic activities of RBPDand

Ni/RM underfour different reaction atmospherés algae HTL conversiafhe nickel metal on

red mud (Ni/RM)catalyst maximzed biocrude yield (37 w#o) in an ethylene environment,
generated the lowest total acid number (14 mgKOH/g) under inert atmosphere, and lowered sulfur
(33-66%) and oxygen (:80%) from biocrude products irrespective of environments. The
RRM500 catalyst increased carbon contentleinthe 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 M3}g) with minimum oxygen amount (27wt.%) in biocrudes without any

catalyst.

The household waste plastic mix was the third feedstockvaluate the efficacy of HTL
technology for waste plastic treatmeFiie chosen plastiavere polyethylene terephthalate (PET),
high-density polyethylene (HDPE), lodensity polyethylene (LDPE), polypropylene (PP), and
polystyrene (PS). The b0§dasctdizéd as acdtalystiodits praven5 0 0
efficiency in sludge and adg 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 bicrude vyield production from necatalytic plastic conversion followed this trend:
HDPE>PS>PP>LDPEThe mixed plastic feedstock produced approximately 22 wt.% of crudes

and comparatively highdid residueof 35wt.%. The RRM00 catalyst generally suppresst



biocrude andsolid formation from individual plastic feedstock but effectively reduced viscosity

and acidity. After depolymerization, HDPE mainly decomposed into stralgih alkanes, while

PP and P&lerived crudes were composed of aromayiclic compounds. The catalyst promoted
straightchain alkanes in LDPE biocrudes. Almost@®8% of the plastiderived oil had gasoline

boiling range compounds. ThETL conversionof plastics could be a pmisingroute for mixed

plastic waste treatment with valdalfuel range chemical production.

This study's fourthobjective was to increase HTL biocrude production frolignocellulosic
biomasgqsouthern yellow pine ThePine saw dust was liquified via HTL process using water and
waterethanol mixturea t 250, 300 and 350 Iror (Eed (at Zerevalentt e mp e r
oxidation state) was used as a catalyst in the HTL system to enthancatalytic activity The
biocrudeyield wasenhancedy increased ethanol concentration in a watbanol medium, and

the pine HTL produced the maximum biocrude vy
1:1(wt./wt.) waterethanol mixture. The higher reaction temperature in puater promoted
biocrude yield without a catalyst. The highest
The iron catalyst performed the best at 300

in 27wt.% biocrude yieldMoreover, the catalysmproved the biocrude quality by lowering

oxygen content and acidity. The piderived biocrudes were mainly composed of phenolic and

acids. The ethanol neutralized the acids by an esterification reaitiertatalyst accelerated the
esterification procgs. Overall this research has proved the potential of individual \wasezl

feedstock for liquid fuel production. ThesearcHindings will be benefciary to mitigate waste

materials by energy production.
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mud
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Chapter 1

Introduction

1.1Background

Due to theunevendistribution of natural resourceglobal population growth, dependence on
fossitbased 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 petrakean
resource$2]. Dependeny on fossil fuels for the fulfillment of energy demdrakresulted in vast
amounts of greenhouse gases {0CH:, NOy) in nature which are putting nonreversible effects

on climate, including climate change, rise in sea level, loss of biodiversity widegoential

effects on our society and econofy. According to the United States Environmental Protection
Agency (US EPA), the transportation sector accatiot about 27% of the total U.S. GHG
emissions, the largest contributor among different sectors. The GHG emissions decreased by 13%
during the COVID19 pandemic due to travel restrictions but are expected to reach the pre
pandemic emission level in 2022).[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 rgf4. The evefincreasing demand and the negative environmental
impact of fossil fuels have led to a continuous global effort to search fofriendly and
alternative energy sources. Bioenergy covering -ttwals of global renewable energy
consumption, can significantly combat climate change with effective energytitarigim fossil

fuel to renewable energy sources [6]. The abundant biomass is a renewable resource and is
considered carbon neutral as the>@€&eased during combustion or other conversion processes

will be re-captured by the regrowth of the biomass tigio photosynthesi¥,8]. The biomass
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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
producelessGHGs tha traditional petroleum fuel. Moreover, the production and utilization of
biofuel can reduce the high fossil fuel demand and mitigate the dependency on peticbeum
countrieg[9]. Recently, the electrification of ground transport has become a critatal fa the

global energy market. For the marine and aviation sectors, liquid fossil fuels are still the primary
energy source, where biofuels can reduce carbon emisibhsSince the early 1980s, the
production and consumption of biofuels in the Uni&tdtes have gradually increased. The U.S.
government has adopted policies and programs favoring biofuels to reduce the dependency on
petroleumbased transportation fuel. Due to the COMI® pandemic, there was a decline in
biofuel demand which recovered R021 to prgpandemic levelgll]. According to the U.S.
Energy Information Administration (EIA), the total production of biofuel was 17.5 billion gallons,
where 16.8 billion gallons were consumed, and 0.8 billion gallons were expbPled@iofuels

canbe utilized by blending with petroleum fuel or in their pure forid].[However,the cost of

biofuel production, along with downstream processing costs, could be twaastoécommercial

fuels. On the other hand, the greenhouse gas emission from Ibtofuld be as low as 15% of

fossil fuel emissions M. 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 liquicolid, and gaseousels produced fronbio-basedmaterials.
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 purpb2esVvarious biofuel

production methods ingtle biological, chemical, and physicanversion processgs5]. The



biological methods for biomass conversion are fooesuming, and biofuel yield is comparatively

low [16,17]. On the other hand, thermochemical conversion technologies, such as direct
combustion, gasificationtorrefaction, pyrolysis, and hydrothermal liquefaction (HTL), can
decompose feedstocks into syndascrude (oil) and solid fuelsDue to the moisture content of

the biomass, a pmrying treatment of the feedstock required before the combustion,
gasification, and pyrolysis conversion procgs$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 biaglproduction can be consumed by distillation and drying $&&hs

The HTL is the only thermochemical conversion route that uses a water medium during the
conversion reaction; thus, the enesgnsitive drying treatment can be avoided].[Zhe HTL
process breaks down organic feedstocks into liquid fuel by hot compressed water at moderate
temperatures (25@ 0 0 UC) a n di35pMPa)[2%. Ryrodysis and1HIL are two major
thermochemical routes for liquid biofuel production. Though HTL biofuel yield reported to

be lower than the pyrolysis process, the calorific value of HTL biofuel was much higher because
of low oxygen contenf23]. The concept of biomass decomposition in hot water with an alkali
catalyst for oil extraction was first reported let1920s [2]. The unique features of the HTL
include less tar yield with increased energy proficiency compared to other thermochemical
processef2?2]. When biomass is decomposed under high pressure and temperature, the produced
liquid biofuel is known ag b i o c[25l The Wocrude obtained from HTL has increased energy
density with improved thermal and storage stabilities compared to biofuels from other biomass
conversion techniques§R Moreover, the HTL biocrude can be processed to obtain diffareht f
fractions from the distillation procef&7]. Despite the numerous advantages of HTL of biomass,

very few labs and pilot scales plants exist worldwid28]. During 19601970, the U.S. Bureau



of Mines Pittsburgh Energy Research Center (PERC) suctiggsfaduced oilike 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. goweent 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 carhate as a catalyst and then pumped as slurry to a pressurized reactor at
approximately 35060 ninateqpo% Latet, Shelleadoptedrthe Kndilar HTL
procedure of the Albany setup without catalyst or carbon monoxide gases which raisgdéme o
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 20Q30]. For research purposes, the smalli@@0 ml) batckype
autoclave stirred reactors are widely used to liquwafyous 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 sy2{88h [3

The HTL process uses high pressame 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
decompogion are complicated @8. 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 toform biocrude, watesoluble chemicals, solid residue, and gas. The four
significant reactions that take place during HTL conversion include a) decomposition of biomass

into watersoluble monomers, b) transformation of monomer by dehydration, deamiretcn,



decarboxylation reaction, c) rearrangement of reactive fractions into-matduble biocrude, d)
polymerizing into char for the longer reactioB[3Figure 1.1 shows the schematic overview of

the HTL reaction pathway, adopted from Gollakota et 5].[3
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Figure 11: Reactionpathway ofhydrothermaliquefaction

The hydrothermal liquefaction procedure aims to convert biomass to biocrude that can be upgraded
to the whole distillate range of petroletdarived fuel productsThe 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 redudesth the fixed and operative costs of handling equipment and
storage compared to other biomass conversion mech§tgnin addition, the solid byproducts

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, tpedsgire 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 procesparameters 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 biomasdvent ratio[3]. The increasing reaction temperna
facilitated biocrude formation up to a specific temperature limit, and beyond that limit, no notable
change in biocrude yield was observetl 83,38]. The residence time of HTL indicates the period

at which the maximum temperature is maintained for kddction[28,31]. Increasing residence

time positively affects biocrude yield and properties until it reaches the threshold BniTf&
threshold limit of residence time depends on feedstock type, composition, types of catalysts, and
HTL operating coditions [40]. The catalyst mainly repeals the char formation by reducing the
polymerization reactions of HTL intermediates, subsequently augmenting biocrude yield with
lower solidresidueyieldf . The fal kali 06 catalystnimAE been
depolymerization[Z]. The HTL studies were mainly performed under an inert atmospheye (N
other gases, such as @, and H, were also introduced to the HTL systgfi]. The effect of
solvents depends on feedstocks and operatingmeter$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 generallyprocessed through HTJ28]. It was found that using cosolvents could significantly

raise the biocrude yield compared to a single soljg#jt The abovementioned parameters have
been extensively studied. Feedstagecific studies are required to evaluidwe true potential of

the HTL process.



14 HTL f eedstocls

Biomass is one of the major renewable energy sources and can play a key role in sustainable energy
systems [38]. Itis mainly derived from trees, crops, algae, and organic wastes soamaspal

sludge and kitchen waste 24 The thermochemical process, such as HTL, transforms
biomass(feedstock) into liquid fuels and other vaddeded products by using the property of hot
pressurized watef27,33]. The composition and production of HTlLobrude products largely
depend on feedstock compositi@3]. The HTL conversion of macroalgae, microalgae, forestry
residues, agricultural residues, manure, bacteria, yeast, food waste, and sludge has been
investigated [3]. This broad range of biomasseidstocks can be classified into two major groups:

dry feedstocks and wet feedstocks, where the major difference is tdeyprg treatment of the
feedstock. Dry feedstocks generally represent wood and other lignocellulose biomass composed
of hemicellulog, 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 280% biocrude yield, whereas the yields from algae rémge 40-45%

[31]. However, scaling up biocrude production from algae requires overcoming the challenges of

cultivation and logistics issuesq§

Recently, the use of residual biomass and waste materials as HTL feedstock has drawn significant
attention fom 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 disposedsoivaste materials
throughout the world which can be utilized by the HTL prodéé$ Widely available forest
residues or woogrocessing industrial wastes have been extensively studied using HTL, but

commercial production was hindered by low biocrudedpotion[3l]. 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 averagddTL biocrude from these wet waste depolymerization varied
from 3545% [3l]. The HTL treatments of secondary pulp/paper sludge produced5 2@.%

water soluble and 125 wt.% water insoluble biocrude produ¢®8]. The HTL conversion of
bioethanol fermetation residues of reed and corn stover decomposed into lignin and various
organic acids (levulinic acid, acetic acid, propionic acid and formic ac]) Besides value
addition, the HTL process can successfully eliminate the pathogens of waste feadstaan
concentrate heavy metals from waste in a single HTL product( solid cla53][5 The waste

material generally has low bulk densithich makes transportation costly anking water does

not help much tacreatepumpable homogenous slurry because of significant density difference.
The use obrganic solventhas some advantages over watemaking pumpablslurry.The co
liquefaction of shreddedwaste with algae caalsobe a feasibleption to valorize the waste

material$33].

1.5 Researchobjectives

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 managementBeetoverall objective of this work

is to valorize waste materials as feedstock as well as catalysts for hydrothermal liquefaction (HTL)
with improved biocrude product¥o achieve this goateaction environmentatalyst, reaction

temperature and mixed reaction mediums wargedin HTL process.



Objective 1: Hydrothermal liquefaction of municipal sewage sludge

I n this study, the municipal sewage sludge wa
1 hour, unér ethylene and nitrogen(inert) reaction environmersisig 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 ohydrothermal

liquefaction of algae

This study explored the effects of reaction environments of ine)t éthylene (GH4), reducing
(10%H/90%Nb), and oxidizing (10%&90%N.) on bi ocr ude Tepasamsigt d® on f
algae strain using HTL process in the presence of reduced red mud (RRM) anduigated
red mud (Ni/RM) catalysts. The reaction tempe

The methodology of the proposed work and its results arastied 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), highdensity polyethylene (HDPHpw-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 a|

The detailed gxerimental 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 ve#tanol mixtures as solvents at

250, 300, and 350 reaction temperaturTees i n t



catalystwas changed from red mudo increasebiocrude yieldfrom 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 recommenddafimrfgture 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 theto
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 stasegwva

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 noftatalyticinert biocrude samples. The ethylermmbiance succesfully
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 RRM508ethylene reaction efficiently reduced the ogfen contenin 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, ethylemeude oil

2.1 Introduction

Municipal sewage sludge is a nutrigith byproduct of the wastewater treatment process. In 2019,
4.75million dry metrictons of municipal sewage sludge were generated alone in the U.S. Among
theproduced municipadewage sludge, only 51% was applied to the land for both agricultural and
nonagricultural purposes, whereas the rest was disposed of through incineration (16%), landfilling
(22%), and other management practices (1J@Jo)lhe availability, high volatileantent, and high

calorific value makdhe municipal sewage sludgepeomising 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 pathwayghe heat cosumed during the drying of feedstock can
significantly affect the conversion efficiend@]. Only for hydrothermal liquefaction (HTL)
process, the extensive water content of municipal sewage sludge can play the key role since this
thermochemical processasswater as the reaction medium and catalysta28@0 C t emper at
under high pressure (4D 5MPa)[4,5]. The product distribution of the HTL process includes
biocrude, aqueous phase, gaseous and solid probaist loading and density of tiskurry can

affect the liquefaction outcomi&}. From the previous studies of HTL using municipal sewage
sludge, the biocrude yield varies from 10 towt8% [7,8]. Recently the researchers have adopted
different strategies to improve the biocrude qualitgt production from municipal sewage sludge.

The HTL of secondary municipal sewage sludge at different temperaturés3(2360 A C) was
studied by Xu et al. to understand the variation in yields and compositions of different products
(gases, biocrude and sdid It was found out that the increasing temperature improved the
biocrude quality and the gas yield with reduced watduble substance yield, the solid yield, and

the total organic carbon content in thgueous phag8]. Fan et al. used two different phases of
sludge from water treatment plafwith and without lipid) to maximize valorizatiorirhis
integrated approach of lipid extraction and HTL treatment enhanced biocrude from ta21.26
29.29wt.% compared with the HTL of untreated sludge at optimized tempd@lré&he sub
supercritical coditions were applied to necatalytic and catalyti¢K.COz) HTL reactions of
secondary municipal sewage sludgdere the effects of catalysts were more distinguished than

the temperatur¢ll]. The wastewater derived microalgal biomass and sewage tregptaat

sludge was blended for HTL treatment to solve the inconsistent supply of algal feedstock. The

maximum biocrude yield of this daguefaction study was higher than the individual HTL highest
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yield of algae or sludgfl2]. Different pretreatmentsn the HTL of dewateredludgesuch as
subcritical water pretreatment, cetyl trimethyl ammonium bromide pretreatment, fatty alcohol
polyoxyethylene ether pretreatment, and microwave pretreatment were rephesdbcritical

water pretreatment reduced ogen 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 exploredhe effects of inorganic (HCI, HNDand HSQs) and organic
(HCOOH, CHRCOOH, and HOOCCOOH) acid pretreatments on HTL of municipal secondary
sludge. Overall, the acid pretreatments enhanced biocrude yield with upgraded pr{jfties
These pretreatments raise the overall cost of the HTL process. Introskastey materiabased
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 ekteasive 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 agueous phase and

hydrotreatment othe produced biocre{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 feedstddk]. Thus, upgrading pomsses 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 catalysbaly with optimum reaction temperature and atmosphere can highly

17



influence the yield and quality of HTL biocrdd8&]. 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 profiL@&tiorhe
traditional disposal method of this alkaline waste (pH~14) innmad ponds is risky because of

the potential release or leakage of pollutants into groundwater resf20(@H, Almost 3 billion

tons of RM are currently under storage facilities in massive waste ponds or dried nj@a@hds

The name red mud came fronetbolor caused by iron (1l) oxides, comprising approximately 20
40% of its mag23,24]. 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 catdiyiig,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,duawing insitu hydrogen for the reduction of the
intermediates produced during the liquefaction prof&s27].

3Fe+ 4HO 2z Fes0s + 4H; (2)

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 gasugehas been demonstd{28-31]. The
hydrodeoxygenation of aqueepbase produced from the pyrolysis of pimjjaniper biomass was
performed usin@ synthesized novel multifunctional red mswpported nickel (Ni/RM) catalyst

and compared with commercial Ni/SIQAI203 [32]. In another study, reduced red mud (RRM)
catalyst removed less reactive organics like alcohols, aldehydes, and acids froatehieegbbie

oil and increased the stability by alkanes, alkenes, and aromatics for over the courdays, 90
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whereas the untreatbib-oil began to degrad83]. The study has found out that RM and red clay
can enhance biocrude yield with improved quality compared witkcatalytic HTL of food waste

[34]. The comparison between activated and raw forms of RM was made in Halgasd
(Spirulina platensiys The findings suggested that the increased catalysts to biomass ratio promoted
biocrude yield, and activated RM reduced the nitrogen content in the biof86¢l€Ehe catalytic
activity of an ironbased catalyst for tar elimiian was studied, and its efficiency strongly
depended on the oxidation statefBg FeOs, FeO, or F®). Studies have suggested that metallic
iron (F€) is catalytically more active for tar and methane conversion than iron oxides due to the
ability of F€ to break GC and GH bond$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 itThe reaction atmosphere is an important apeygparameter that

can affect the distributions of HTL products. Although most HTL studies have been carried out
under an inert atmospherether gases such as €@, have been used during the HTL
procesg38]. Peng et al. found the followingend: CO>Hz>> N, for biomass (cornstalk)
conversion to biocrud89]. Wang et al. suggested Hjas was more effective than syngas in bio

oil conversion from sawdust, but both of them were better than Ar and CO gaseous
environmentglO]. In other studies however, the addition of a heterogeneous catalyst with
hydrogen gas during the HTL treatment of algal biomass lowergd/@®eatiosof biocrudg41].

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 wrdethylene atmosphere for
the first time. We hypothesized that the C=C bond could react with oxygangen and sulfuf

based functional groups, producing a more stable biocrude at higlieayiesuppressing-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 ethylenehe gas phadd2-44]. 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,Situicatalytic effects

of red mud during the HTL of municipal sewage sludge under both nitrogerethpltne

at mospheres at a temper at ur dutionfoftidsStddys towlow e i n v e
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 wallected, after the beftiter 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 10
SFM-1S, MTI Corporation, Riemond, 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 toASTM 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 m&3#gthod

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

2.2.3 Catalyst preparation

The asreceived red mud (RM) was calcined at 575°C for four hours without any pretreatment and
then sieved to obtain the particle size betweenr3d%um. The three different oxidan 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 thermogravirdetmperature programmed
reduction (TGTPR) was used to characterize the reduction behaMa reduction temperatures

for RM were based on the TGPR profile of the calcined red mud. For RM reduction, a gas

mixture of 10% Hand 90% Nwas used for six hours at the predetermined temperature.

2.2.4 Catalyst characterization

The catalysts were characterized using inductively coupled plasma (ICP)-ayddifraction

(XRD). The ICP was performed using an outside laboratory (Hazen Research Inc., Golden
Colorado, USA). A benclop powder Xray diffraction system (AXRD, Proto Mafacturing,
Taylor, Michigan, USA) from 20A to 1000 (2d)
30 mA and 40 kV with CuKU radiation (& = 1.54
2.2.5 Experimental setup and procedure

HTL experiments were pfrmed in a higkpressure, higitemperature reactor from Parr
Instrument Company (Model 4578, Moline, lllinois, USA). The reactor was equipped with a 1.8

L vessel, PID controlled electrical heating unit, controllable agitator, pressure gaugeyped J

thermocouple to monitor the temperature inside the redéboiboth 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, 600rgcased municipal sewage
sludge (with 1719% solid content) was loaded into the readtor.all catalytic HTL experiments,
catalyst: feedstock loading was fixedlaB (i.e., ~34 g catalyst per 600 graseived feedstock).

The identical catalysio-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 heating rate of ~4°C/miit. was
reported that the reaction temperature of 350
production from sewage sludge feedstpt. After holding the reactor at the desired temperature

for 1 h, the heater wasmoved, and the reactor was cooled to room temperature by running cold
water in the internal cooling coil’he products (gas, solid, agueous phase, and biocrude) were

separated as described in Se@i@r6. All experiments were performed in duplicates.

2.2.6 Productseparation

After cooling down the reactor to room temperature, its pressure was recorded. The gas products
were analyzed using a miefaC (Agilent 3000A).The Agilent 3000 A Micro GC is equipped

with three modules: a 10 m Molsieve 5A (MS) columnd 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, metkaand 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, respectiVélg.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 reactdenbwas filtered through Whatman No.50

filter paper (particld i | t rati on size of 2.7 em) to separ at
liquid products, mainly aqueous phase. Then the remaining solids on the filter paper were washed
with dichloromethaa (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
bal ance. The DCM was separated from the biocr
720 mbar vacuum pressure to obtain DCM extracteebhiol |, which is termed

throughout the paper.

2.2.7 Product analysis

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

W Bod w & 2

wherew is the total mass of gaseous product (g)is the mole fraction of ga§0 w is the
molecular weight of ga$ig/mole), and s the total number of moles of gas product.

In the case of ethylene HTéxperiments, Ethylene (8s4) consumption was estimated using

Equation 3.

OO QBER | 606 N6-Q&t ¢ w &

3)

whereg is the nitial number of mole of ethylene is the final mole fraction of ethylene,

¢ ¢isthe total number of moles of gas at the end of the experiment. The yield of liquid, gas and
solid product were calculated on eagh free basis usindequations 4, 5, and 6,

respectivelj46,47].
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wherew is the mass of municipal sewage sludge feedstogko(g)and ®w are the mass of
moisture and ash conteof feedstock (g), respectivelgy is the mass of the biocrude product

(9), w is the mass of gas product (g), is the weight of total solid residues (g), aidis the
weight of catalyst (g).

The higher heating value (HHV) of biocrude was dateed using an oxygen bomb calorimeter
(Model C200, IKA, Wilmington, North Carolina, USAJhe elemental analysis was performed on
each sample using an elemental analyzer (Vario MICRO, Elementar, Ronkonkoma, New York,
USA) according to ASTM D53782. Thetotal acid number (TAN) of each sample was
determined through titration according to ASTM Dé®4 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, Austriafhe 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 NicoletiS10 (Thermo Scientific,
WalthamMA). The samples were analyzed for 34 scans over a range G#G@D cm?
wavenumbers. Samples for NMR spectroscopy containing 25mg of oil in 1ml of chloroform
(99.99%D) with 1% v/v tetramethylsilane (TMS) (Acros organic, Switzerland) were prepared in 5
mm 535PP NMR tubes (WilmadlabGlass, Vineland NJJC spectra were collected using a
Bruker 500 MHZ spectrometer equipped with a broadband nitrogeled prodigy probe. The

spectra were referenced to chloroform (CHCFGI= 77.2 ppm) and processed in Bruker Topspin
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software (3.6.3 version).he Simulated distillation analysis was performed according to ASTM

D2887. Approximately 20 mg of each sample was diluted with carbon disulfid¢ (68 each

diluted sample contaidean estimated 1 wt. % oil samf32,48]. The filled vial was then loaded

into an Agilent Technologies 7890A GC with Flateaization Detection (FID) System equipped

with a 7693 Autosampler. TheGEI D cont ai ned a 10-2887Qoludn.A3 mm
sanpl e volume of 0.2 €L was injected for the si
heated from an initial temperature of 40°C to a final temperature of 350°C at a heating rate of
20°C/min. The GE&FID System was operated in a 1:4 split inlatda during each simulated

distillation analysis.

The aqueous phase was analyzed for total organic carbon (TOC), total nitrogemi{ff specific
species distribution(ammonium (MHN), nitrate(NQ'-N), organic nitrogerfOrg-N)), chemical
oxygen demand (COD), and pfihe 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 amriNéhium (

N) and nitrate KlOs® N) in digestate samples. The detailed procedure can be found in previously
published literatur¢49]. Briefly, A Dionex lonPac CS12 column (4 x 250mm, Thermoscience)
and a Dionex lonPac AS22 column (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 bicarbonatelgiion) was used on the AS22 colunirhe amount obrganic
nitrogen(Org-N) was calculated by the difference of total nitrogen iandganic nitrogerfthe

sum of NH*-N and NQ'-N). The COD was determined using a COD assay kit (HACH, Loveland,

Colorado, USA) and a spectrometer@®, HACH, Loveland, Colorado, USA). The detailed

25


https://www-sciencedirect-com.spot.lib.auburn.edu/topics/agricultural-and-biological-sciences/organic-nitrogen
https://www-sciencedirect-com.spot.lib.auburn.edu/topics/agricultural-and-biological-sciences/organic-nitrogen
https://www-sciencedirect-com.spot.lib.auburn.edu/topics/agricultural-and-biological-sciences/organic-nitrogen
https://www-sciencedirect-com.spot.lib.auburn.edu/topics/earth-and-planetary-sciences/inorganic-nitrogen

procedure can be found in previous literati@]. The pH of the solution was measured using a

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

2.3 Result and discussion

2.3.1 Feedstoclcharacterization

Table2.1 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 otitler publicationg51,52]. These factors can
significantly affect HTL products.

Table 21: Characterization of municipal sewage sludge

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

Moisture Content 82.4+1.2 2.54 n.r.
Volatile Matter 52.9+0.7 49.77 60.8
Fixed Carbon 3.0+0.53 5.42 n.r.

Elemental
Compositiord
(wt.%)
C 33.1+0.3 28.71 31.29
H 5.540.1 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
o3 25.9+0.1 18.82 17.41
HHVZ (MJ/kg) 14.120.9 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

1 as received basigon 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 difficulties separating the spent catalyst from

solid residues effectively. The different metal oxides were detected by XRD analysis of the
catalysts. Figur@.1 is showing the most prominent peaks of hematitggfemagnetite (F£.),
anatase(Tig), goethite(FE'O(OH)), and quartz(Si§) at different Z positions of all three
catalysts with the enlarged view of iron (Fe) peak#&t=243 in RRM500 and RRM700.The
RRM500 has smaller hematite peaksgt Rositions of 26, 33, and 54, where intepsaks were

found in 24 positions of 27 and 35 for hematite and magnetigpectively. 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 a#i 2of 68, which was noseen 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 temperaturd the catalysts. Similar results were reported for the XRD pattern of
reduced red mud at 450 , where conversion of
mentioneb3-56]. The inductively coupled plasma optical emission(l@PS) analysis also
confirmed the high iron (Fe) content (3282.1 wt.%) in three forms of catalysts. The ICP analysis

of catalysts is shown in Tabkel of the supplementary material. The iron (Fe) amount increased

in the following order: RRM700>RRM500>CRM. Aluminum(Al), calciuf@a), sodium (Na),

and titanium (Ti) were also present in considerable amounts, along with iron. The characterization
tests of RM catalysts proved the reduction pi
magnetite. However, this reduction procesdatowt transform all the hematite into magnetite. In

addition, there were a significant amount of other metal oxide6{6d) in the catalysts.
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Figure 21: XRD analysis of RM catalysts

2.3.3 HTL products characterization

2.3.3.1 Products yield distribution

Figure 22illustrates the effect of catalysts under two reaction conditions over product distribution
on dry-ash free basis. In both reaction conditions, the-gaialytic HTL process produced the
maximum biocrude yields. Under this scenario, 41.6 wt.% biocrudemedsiced using ethylene
compared to 37.1wt.% with nitrogen. This observation suggested that ethylene could react with
municipal sewage sludegerived componentsithouta catalyst resulting in approximately 5wt.%
higher biocrude yield. Among the catalyggperiments, RRM700 in the ethylene environment
was the best combination to produce the biocrude pie88.2 wt.%. The RRM700 in the nitrogen
environment resulted in the lowest liquid yield production (26.7 wt.%), which was about 11wt.%

lower than in tle ethylene atmosphere.This suggests that the excess 11wt.% biocrude would come
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from the direct gatiquid reaction of C=C with organic molecules, thesitu stabilization of HTL
products that inhibited polymerization, or a combination of both. Howewerdatter 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 catdljzst.gas yields were relatively high
primarily because of the reaction temperatureso03 where depolymerization can lead to higher

gas yield productiofi7]. 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 etfiene. Ethylene gas promoted the gas to biocrude transformation, which increased
the biocrude yield both in catalytic and rcatalytic reactionsSubsequently, this reaction
condition has also causadhigh gas yield in both nitrogen and ethylene condgidrhe biocrude

yield increased with the reduction temperature of RM under the ethylene atmosftisre.
phenomenon can be described as the synergistic effect of reduced RM catalyst and ethylene

gaseous environment.
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Figure 22: Yield distribution (on dryash free basis) under different conditions and catalysts.
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2.3.3.2 Biocrude characterization

Physicochemical properties

Table2.2 shows the physicochemical properties of biocrude from egaériment. The biocrude

from ethylene experiments had 0-688 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 catiedihe biocrude product. Among all the experiments,

the lowest nitrogen content was found from the RRM&¥lene combinatioriThe hydrogen
content of biocrude was slightly increased by ethyl@he.breakthrough was, however, observed

in oxygen removalT he 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 noatalyticethylene combination with a subsemnt

higher heating value of 29.6 MJ/kg. Furthermore, this may suggest that ethylene reactivity with
oxygenated functional groupsagmore dominant than with sulfuor nitrogen heteroatoms. As
presented in Table 4, all ethylene experiments produced @@réhan nitrogen, suggesting that
ethylene might have enhanced decarboxylation reaclioa.effects of ethylene over elemental
composition also influenced the heating values of the liquids, and all the ethylene experiments

(except RRM500) attained highleeating value liquid yields than the nitrogen environment.
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Table 22: Physicochemical properties of the fresh biocrude.

Nitrogen Ethylene

Elemental

Composition

(wt.%) No catalyst CRM RRM500 RRM700 No catalyst CRM RRM500 RRM700
C 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 1.304¢0.10 0.90+0.10 0.95+0.10 1.18+0.10 0.95+0.03 1.03+0.12 2.17+0.10 2.67+0.90
ot 33.804£2.33 22.64+0.92 33.39+2.33 33.94+3.51 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 28.531#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+0.44 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

(glcn) 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

1oy 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 oxidpsdiely 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 étmg, CRM decreased the nitrogen comparing te non

catalytic reaction. However, the CR&thylene biocrudstill hashigher nitrogen than RRM500

and RRM700 ones. The RRM500 catalyst produced the lowest nitrogen content in the oil in both

environments, wherthe 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 reduct

number (TAN), the ethylene environment raised slightly compared to the nitrogen environment.

on

process in

RM6 s

c a ttadal agid i ¢

The highest TAN came from the CR&thylene combination, whereas the lowest one came from

the RRM506nitrogen HTL. In both inert and ethylene environisethe 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 lowénan the ethylene environmentHowever, the sulfur
content and TAN value were also increasedh®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 studye stored at room temperat28 )  atmdspheric
conditions for nine rnths (~39 weeks)lhe 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 Tabl&2. It is evident that nine month storage at room temperature has affected

the physicochemical properties of biocrudes. The TAN has significantly incredsiet agrees

with other aging test resul&]. After nine monthsof aging, the TAN in the biocrudefrom
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 hae experienced 317% higher TAN surgethan the ethylene oseThis means an
improvement irthestorage stability of the ethylene biocrude is the ndwantageThe elemental
analysis has some minor chaage carbon content in both reaction environmengsultingin

lower oxygen content. However, the HHV remairs@mostthe same after nine montlod aging.

The dynamic viscosity of the biocrudmsme asur ed over four to seven
viscosity trend. To verify theffect onviscosity, all oil samples were tested agairt@B89th week

(~ nine moths). Figure2.3 illustrates the dynamic viscosity of the biocrude measured over four
to seven weeks and Theheffact of3catalysts wag gdminent durihgthe.
viscosity test of aged oil. The biocrude derived under CRM catalysts in kesthaind ethylene
conditions solidified within five weeks of productiofhus, we could not measuteeir viscosity

further. Figure 3A indicates that the RRM700 catalyst worked most efficiently in a nitrogen
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environment to generate biocrude with the laveesl 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. Undiketrogen
environment, RRMO0O catalyst showed the best performancth@ethylene environment. All
biocrudes (except CRM) produced fran ethylene environment gave similar viscosity for the
entire test.

One significant effect of the ethylene atmosphere was that the viscosgtycéime 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 ofn@RiEN
condition, the viscosity trend line showrhmher 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 chamgin the viscosityThese findings indicated that the influence of reaction

atmosphere was more pronounced than the effect of catalysts in viscosity trend.
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Figure 23: Dynamic viscosity of biocrude over time:mitrogen environment and-8thylene
environment

Thermogravimetric analysis

Thermogravimetric analysis is presented in Figu2esA, B, C and D. For comparisons,
thermograms for the s@e 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 i n the ethyler
70 for the inert environment. It indicated th:
generated some lighter compounds than the inertone inthedD44 t emper at ur € r angeée
ethyl ene combination expanded lighttveghttcempourels at ur e
production. Thec®dT&l garveasnd oCRMnoondi ti ons ar
biocrude from nitrogen environment has lower mass loss than the ethylene counterpart, but it
increased at the end. The DTG curve ofthe BRMO cat al yst produced shar
and 447 i n nitrogen and ethylene environment
observed at 4 1 7-catalygio éxpgerimem of ethykene environment. Thus, the
RRM500 catalyst affected thocrude oil formation with compounds between-40@ 6 boiling
points range, irrespective of environment. Otherwise, the lighter compounds were common
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between the 268 0 0 range for ethylene. The maxi mum t
700 , atrbidcrudel rasidue (204 wt.%) was left at the TGA pan. Similar mass loss was
reported in the literature of sewage sludge HTL treatrfe8it Above 80% of the biocrudes
obtained i n t his study had a b oprdducts gverepoi n't
distillablg59]. The simulated distillation of biocrude products is shown in FyLr@ppendix

A). The biocrude samples from the ethylene environment were mostly inclined towards
commercial diesel except for the CRM catalysts.In Figaf@ppendix), 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 RR8O-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 polymerizatioreaction. 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 biocrudeThe 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 temperatere aft4 0 0 whi cl
is equivalent to heavy dieselrange (325 ). The production of heav
range products by RRM76€thylene pair can be explainbg the higher dynamic viscosity of

biocrude than RRM00 ethylene product. Higher gasolinenga products from RRM560

ethylene biocrude, are also in agreement with viscosity result.
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Figure 24: Thermogravimetric analysis of biocrude samples from nitrogen and ethylene
atmospheres: ANo catalyst, BCRM, GRRM500 and BRRM700.

FTIR and NMR analysis

FTIR and NMR analyses were performenithe biocrude sampldsr the following conditions:
noncatalytic/nitrogen, RRM500/nitrogen, naatalytic/ethylene, and RRM500/ethylenghe
FTIR spectraof noncatalytic/nitrogen and necatalytic/ethylene biocrudes were presented in
Figure 25-A. The peak intensity in C=0 functional group(15B800cm') has decreased the
ethylene environmenHowever,ethylene condition has enhanced the peaks of dlcphenolic
compounds(1200300cmt), and aromatic compoun@g30-800cm?), comparing tahe nitrogen
environment. The reduction #DH peak (305300 cm'), C=0 peak(1594.800 cm') underan
ethylene environment has indicated oxygen removal from biocfd@gsThe elemental analysis
of Table 22 supported the reduced oxygen content in biocrude producezh iethylene
environment. The gas analysis of TaBl8 also shown higher Gproductionunder ethylene

atmospherewhich indicated more oxygen removal.

TheFTIR spectra of nowatalytic/nitrogen and RRM500/nitrogen were compared in FiguBe 5
The RRM500 has reduced teO functional groups (1590800cm') and addednore alcohol,
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phenolic compounds(126D300cmt) to biocrudes. This catalyst also reduced@id peak (3050
3300 cm') comparing to a noncatalytic reaction. Figure 25-C contained the nen
catalytic/ethylene, RRM500/ethylene, and RRM500/nitrogen spelit synergistic effects of
RRM500 and ethylene atmosphere were the reduction in aromatic compour8B(ta®),

alcohol, phenolic compounds(120800cmt), and in theOH peak (3058300 cmt).

13C NMR spectra of the biocrudes are shown in Figu8¢in Appendix A. Only aliphatic groups

were found in the biocrudes from four conditions in Figh8e The FTIR spectra iB.5-A, B and

C, also have the highest peakstiaaliphatic region (2708100 cm?b). The aliphatic groups were
divided into saturated aliphatic groups-48ppm) and unsaturated aliphatic groups- (28
55ppm)[58],[59]. The semiquantitatitéC NMR spectra integral (Tabke4) has shown that the
RRM500 catalyst has reduced saturated alipltataps 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 prothetedsaturated group eavery small

scale for bdt catalytic (RRM500) and necatalytic reactionsThe unsaturated bond of ethylene

gas had probablyeacted with the feedstock component and added more unsaturated aliphatic
groups in the biocrude. However, the FTIR spectra of the biocrudes (Bi§ukeB, and C) have

not indicated much difference in the aliphatic regions (2¥D@0cmt). From individual peak area
(TableA3),6.3% decrease was found at 0 ppm chemical shift, ircatadytic/nitrogen biocrude,
compared to nowgatalytic/ethylene one. On tlither handthe addition of RRM500 catalyst has
increased the same peak areanitrogen environment. The most significant difference was found

in the peak area at 1pprihe addition of RRM500 has decreased the area by 64.3% in the
biocrudes from thaitrogen environment. The peak area at 1 ppm has also decreased for both non

catalytic and catalytic reactions in ethylene anbé witha lower rate. Although changes were
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observed within individual peak, saturated and/or unsaturated regions, given thexayropthe
biocrude molecules, it isnclearwhat 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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Analysis ofbyproducts

Table2.3 illustrates the characterization of all byproducts: aqueous phase, solid residue, and gas
phase.The noncatalystinert condition gave the highest TOC of the aqueous phase, whereas
RRM500 gave the highest TOC under an ethylene envieahrdowever, TOC remained less

than 8 g/L under all condition$he inorganic nitrogen mainly consisted of NHN with very low

NOs'-N. The ethylene environment slightly raised N concentration irthe aqueous phase
comparing to nitrogen ones. Thérate (NQ'-N) concentration was, however, much higher in
ethylene environment product¥he highest (N@-N) was found from RRM500/ethylene
condition with 34.7 mg/L. The nitrogen atmosphdegived aqueous products have more organic
nitrogen (OrgN) in non-catalytic and CRM conditions where RRM500 and RRM700eha
increased OrgN transfer inthe aqueous phase derived frdhe ethylene atmosphere. Thus, the
results appear to suggest that ethylene transformed sdahe®mofanic nitrogen into nitrates, wail

red mud catalyst (regardless of its oxidation state) caused a decrease in total rifmodew,
nitrogen transfer decreased by the catalyst in both atmospheres. The same trend was found for the
COD of the aqueous phase produced under inert conditimveever, in ethylene, the COD has
increased by RRM500 and RRM700. In pH analysis, there is increasing alkalinity in the aqueous
phase from nowatalytic to catalytic reactionsrespective of the reaction environment.

The elemental analysis was performi@dharacterize the solid residue, and the results are reported
on catalysffree 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 g¢hylene 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 noncatalytic reactions generated the maximum carbah @tygen in the char
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irrespective of the atmosphere. Among catalysts, only RRM700 increased the carbon, hydrogen,
nitrogen, and sulfur content in charherewas enough evidence in this study to show CRM
enhanced polymerization reactioMoreover, the asttontent has increased with the use of
catalysts. This effect was common in both ambiances. Most probably, the catalysts have played a
role in transferringthe ash content dhe 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 on)yaks, Hz, CO, and CQgasesvere
guantified using the method discussed in the previous[8@KT he introduction of reduced red

mud catalysts has promotedsitu hydrogen production. In inert conditions, this effect is more
prominent, and RRM500 raised the hydrogen production .By4.3 mol% comparing to no
catalyst reaction. RRM500 also increased methane)(@idduction in the inert atmosphere from

0.27 2.4 mol%. The C@production in inert conditiomwas almost similar except CRM. CRM
generated the lowest hydrogen and sCther composition was 0.8mol % and 4.7 mol%,
respectively, while increasing G@roduction significantly (93.3 mol%). These results show the
effect of reduced red mud catalyst under inert conditamer HTL gas products. The ethylene
atmosphere has increasi#® H and CQ production by 0.5 and 7.5 mol% in the rcattalytic
experiment, comparing to the inert ofidne reaction between ethylene and feedstock might be
responsible for this change in gaseous prodWtsen 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 theicaitetivity of

CRM catalyst, which raised the @by 2.1 mol%) and minimized the G(5.4 mol.%) production
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in ethylene compared to the nitrogen atmosphEhne. performance of RRM700 was similar in

both ambiances except for almost 3mol% more: Géherdion 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, CRMaNCatalyst>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 RRM50®ver the other two catalysts.

Table 23: Properties oSludgeHTL byproducts

Ambiance Nitrogen Ethylene
No No
Catalyst Catalyst CRM RRM500 RRM700| Catalyst CRM  RRM500 RRM700
Aqueous phase
TOC (g/L) 7.6+0.2 3.2+0.2 3.7+0.1 3.8#0.1 | 3.+0.1 2.8+0.1 3.940.1 3.4+0.1
NH4*-N(g/L) 5.5+0.3 4.6+0.1 4.5+0.5 5.3+0.2 | 5.7+0.4 5.2+0.8 4.6t1.2 5+0.5
NOs-N(mg/L) 17.5+1.2 21.3+0.2 0.3+1.2 12.8+0.4| 34.7+0.8 35.3%1.1 28.6+0.8 29.8+0.3
Org-N? (g/L) 3.3t0.5 2.240.6 0.9+0.7 1.1+05 | 2+04 1.7¢+0.2 1.6+0.5 1.840.7
TN (g/L) 8.9+0.1 5.6+0.8 5.4+0.3 6.5+0.3 | 7.7+0.1 7%0.2 6.4+0.2 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 19.2+0.3 32.840.9 32.7+1.2
pH 8.540.1 9.240.1 9.2+0.1 9+0.1 8.94¢0.1 8.7#0.1 9.2+0.1 9.140.1
Solid Residue (wt.%)
C 27.3t0.1 17.7#0.1 17.6£1.3 22.8+0.4| 21.1+0.1 15.9+0.1 17.1+0.4 20.2+0.5
H 2.6+0.1 2.1+0.1 1.9+0.1 2.3+0.1 | 1.9+0.1 1.840.1 1.9+0.4 2.2+0.1
N 2.2+0.1 1.840.1 1.7+0.2 2+0.2 1.740.1 1.740.2 1.7+0.3 1.9+0.1
S 0.6+0.2 0.5+0.1 0.5+0.1 0.740.1 | 0.6£0.1 0.5+0.1 1+0.1 0.7+0.1
Ash 57.1+0.9 75.2+0.9 72.3+0.4 63.7+£0.5 62+1 715+1.2 73.5+0.5 73.61+0.1
0ot 10.3+1 2.840.9 6+1.9 8.5+0.1 | 12541 8.8+1.2 4.9+04 1.3+0.6
Gas Phase (mol%)
H2 0.9+0.1 0.8+0.1 5.3+0.6 2.9+0.3 | 1.4+0.5 1.1+0.2 2.9+1.1 2.9+1.7
CHs 6.4+0.3 4.7+20.7 7.1+0.2 6.8+1.3 | 3.6+0.7 6.8+0.8 5.7+1.1 5.9+2
Co 85.3+t0.4 93.3+1.9 85.8+2.1 88.2+0.2| 92.9+2.2 86.9+2 88.6+2.1 91.1+0.1
Balance 7.4+06 1.3+1.2 19+1.7 2.1+18 | 2.241.3 5.313 2.9+2.1 0.1+0.1
Ethylene
Consumption
(mol/kg feedstock)
NA NA NA NA 1.2+0.4 1.3x0.5 1+0.3 1.2+0.6

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

The feedstock characterization confirmed the higfihogen 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 aqueoyshas¢6l]. 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 barkshdk pine, white spruce, and white
birch[62]. The nitrogen transfer from feedstock to HTL productthefpresent work ishownin
Figure2.6-A by calculating the percentage of feedstock nitrogen that was distributed in each HTL
product. The unquantified nitrogen was accounted as balarethe nitrogen content in HTL
gases was not determined. As shown in Fi@BeA, the highest amount of nitrogen (84%)

was transferred to the aqueous phase, which is in agreement with other HTL works on sludge and
livestock manurg61,11,63]. The nm-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
agueous phase amémoved 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), an@ana 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 F@6fB. 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
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char and catalyst rather than bioeu®nly Cu (30 mg/kg) and Zn (100 mg/kg) were found in the
biocrude where previous study has repoRed.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 regulapetradiesel is much lower (Pb=0, Zn=011114, , Cu=0.08i10.097 and Ni=D

0.045mg/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 catdlitiorocess

was reported by previous work by other researchers agl#6b].We could not compare heavy

metal contents in the aqueous phase with other HTL work on sewage sludge as they were below
detection limitg9]. ICP detection limits for Cu, Zn, CKn, and Ce were 0.0025, 0.001, 0.005,

0.0005, and 0.0005 wt.%, respectively.
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Figure 26: A-Nitrogen distribution and Bieavy metal distribution in HTkystem using
RRM500 catalyst under ethyleaenbiance

2.4 Conclusion

The hydrothermal liquefaction (HTL) of municipal sewage sludge was investigated using three
forms of red mud (RM) catalystsamely calcined red mud (CRM), reduced red mud at 500°C
(RRM500), and red mud reduced at 700°C (RRM7Qgler inert (rtrogen) and ethylene
atmosphereThe 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 RRM5@ghylene corhination 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 reactiemvironments on biocrude production from
fiTetraselmissp al gae strain by hydrother mal l i quef ac
based catalyst. The ineflN2), ethylene (CzHs), reducing (10%H/90%Np), and oxidizing
(10%G/90%Nb) atmospherewere appkd to the nortatalytic as well as catalytic HTL treatments
with two forms of RM catal yst ssuppditéti RMENIRM).e d a't
The Ni/RM catalyst produced the highest biocrude yield (37 wt.%) in an ethylene environment,
generated the lowest total acid numd@mgKOH/g) under inert atmosphere, and lowered sulfur
(33-66%) and oxygen (:80%) from biocrude products irrespective of environments. The RRM
catalyst maximized the biocrude carbon content (61 wt.%) under redanwigbnment and
minimized the heavy metal and phosphorus transfer from the feedstock to biocrude in studied
ambiance. Among the nowatalytic experiments, the reducing atmosphere optimized carbon
content(54.3wt.%) and calorific value (28 MJ/kg) with mimum oxygen amour(27 wt.%) in

biocrudes.

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

3.1 Introduction

Hydrothermal liquefactio(HTL) is a widely studied conversion technology for biomass
liquefactionwhere the conversion of biomass tagkace under sutor super critical condition of
water, actingt as both reactant and catalgsid producesquid (a.k.abiocrudg, aqueous, solid

and gasea products[1]. Algae are a diverse group efjuatic organismgained worldwide
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attention for renewable biofuel productibg HTL processasdrying stage can be avoid¢z].
Therefore several researchers have explotteelHTL technology for variousilgaeconversion.
Recently Jazie et alhave maximized alga€F. vesiculosusderived biocrude oil yieldby 27.6%
utilizing 15% of Hb z e o | i toadinge veith rasidgneet time of 2Min and at reaction
temperature of 30€C [3]. Xia et al. produced 10% higher biocrude yield fraoo-liquefaction
of rice straw and alga&l@nnochloropsisusingalkali catalyst (KCOgz) in glycerotwater solvent
compared to pure rice straw feedstgdk Norouzi et al have utilized functionalized graphene
oxide/polyurethane composite as catalyst for HTLClaf[dophora glomerataand effectively
repealed the undesired chemicals formation in biocrfgeéccording to Yu et aJ] HTL product
of polyculture algae coulbdeutilized as fue(biocrudg as well as hydrocar which can be used as
renewable anode material in lithium ion battef&s Guo et al. hae showedthatthe addition of
dichloromethane solvenhduced about 9 wt.% higher biocrude yeldf microalgaeChlorella
vulgaris, compared to nosolvent separation techniq(id. Biswas et alhave explored the co
hydrothermal liquefaction of Prot lignin aBdrgassum tenerrimumacroalgae in water, ethanol,
and wateirethanol solvent mixture and found 7:3 ratio of lignin:macroalgae feedstock under
wateil ethanol solvent mixture could maximize the biocrude yi@d To reduce the algae
production cost, researchers around the wadiopted various strategidslam et al. increased the
fecalsludgeportionin co-liquefaction of algae and sludge mixture and noticed thddlémel of
25% microalgae: 75%ecal sludge could pduce thehighestbiocrudeyield with a lighter
hydrocarba contentf9]. Kim and Leencorporatedh transparedbow-density polyethylen&lm -
based floatingphotobioreactor to cultur€etraselmissp. microalgastrainin the ocearj10]. Fon

Sing et alalsodetermined thafetraselmisp species camaintainhigh growth rate under various
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salinity levelsranging from saline to hypersaline conditi¢hs]. For low production cost and high

growth rateTetraselmisp. can be a promising algal feedstdok HTL biocrudeproduction.

The HTL derivedbiocrudeusing algaéhas high viscosity, higlexygen andnitrogen, and low
heating value. Catalytic HTL treatment is a suitable option to upgrade this prodatiauxite
plant residuecalled red mud (RM)can be used as an inexpensoatalyst by modifying its
properties.The heterogeneity of this industrial waste with high iron content can wokk as
liquefaction catalysasiron is known to react with hot compressed water or steam and proeuce in
situ hydrogen to react wittihe organicfractions of feedstockl2]. Red mud has been employed
as catalyst support due to itsv cost,strong stability, high surface area, sintering resistance, and
resistance to poisonirf@3]. In separate studiedli-based catalysts supported by®@d has been
used for hydrotreatment of the algal biocrude wihich remowed sulfur, nitrogen and oxygen
heteroatoms from oivith increased higher heating value (HH}9,15] Red mud supported
nickel (Ni/RM) catalyst successfully utilized fdrydrodeoxygenation of pyrolysis oil and
hydrogen production by ammonia decompositj@8,16] Due to the perceived potential of
Ni/RM, it is being tested foHTL processas well The reaction atmosphere is an important
operating parameter that can afféat tlistributions of HTL products. Peng et al. fotimat under
CO,H: and N> gaseous reaction environments biocrude yield from cornstalk followed this trend
CO>H>>N2[17]. Wang et alalso use2, syngagH>: 68.1%, CO: 30.1%, £Cs: 0.9% and
COu: 0.9%.) Ar and CO gases in HTL conversion of sawdust feedstocknantioned thaitl> gas
generated more biocrude yietdan syngas, Arand CO|[18]. Yang et al.found out that
NI/REHY(REHY, Y zeolite exchanged with rare eartiatalystachieved further deoxygenation

and desulfurization adlgae Dunaleilla saling derivedHTL biocrude productunder hydrogen
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gas[19]. However,understandinghe effect of reaction environment over catalytic and-non

catalytic HTLconversion of any alg&éedstocks still rare.

This work aims to investigatthe effect ofinert, ethylene, reducing and oxidizing reaction
environments ovenon-catalytic as well as catalytid TL t r e a Tamaseinis sp dlgaef
strain Our previous work showed tlseiperiority of ethylene reaction atmospherth reduced
red mud(RRM) catalystsover inert(nitrogen) condition by increased yield and stability of
municipal sewage sludge derived HTL biocriafd. Current study asse=ssthe influence of four
different reaction atmospheres over HTL proceshighly productiveletraselmis spalgae strain
with the reduced red mud (RRM) and Ni metal on RM support (Ni/RM) cataljseshypothesis
of this study isthat the RRM andNi/RM will enhance biocrude yield, carboacovery from
Tetraselmideedstock. It is also expected that the RM catalysts under reducing environment could
promote mild hydrogenation dfetraselmisderived biocrude during the HTL reactions and the
oxidizing environmentnay lead to oxidation of reactive functional groups in biocritieis, the
goal is toenhanceiocrudeproduction fromalgal feedstock with improved qualjtyhich can be

further upgraded vihydrotreatment.

3.2 Materials and methods

3.2.1 Material

Tetraselmis spmicroalga wagpurchasedrom 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% H/90%N> and 10%Q/90%N> which denotedas reducing andxidizing reaction
ambiancerespectively in this study Nickel (ll) nitrate hexahydrate (99 wt.% crystalline), was
purchased from Sigrin&ldrich (St. Louis, MO, USA) and was used as received.

57



3.2.2 Feedstock characterization

For feedstock characterizatiohgetalgae sampleswetter i ed at 105 for 24 hot

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 wasaqgtified using ASTM E1755 methoBiochemical composition of
Tetraselmis spstrain was provided byhe supplier. The elemental analysis (CHNS/O) was
performed according to the ASTM D5302 methodin Vario MICRO cube, ElementgiNew

York, USA). The higherheating value (HHV) of dried algae samples was determined asing

unified correlationEquation 1) based on elemental analysisposed by Channiwala et al

HHV = 0.3491*C+1.1783*H+0.1005*9.1034*0G0.015*N-0.0211*A (1)
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 dri2thhsis

3.2.3 Catalyst preparation

The RRMb0Ocatalyst was prepared according to our previous \&f¥k The asreceived RM was
calcined at 575°C for four hours without any pretreatment and then sieved to obtain the particle
size between 10695 um. The sieved calcined RM was reduced at 5a@f@peré&ure The
reduction temperatures for RM were based @TPR profile For RM reduction, a gas mixture

of 10% H and 90% Nwas used for six hours at theedeterminetemperaturelncipient wetness
impregnation methodvas used to prepar&i/RM catalystswith nickel nitrate hexahydrate
(Ni(NO3)2t6H.0) salt The details of Ni/RM catalyst preparation and characterization such-as TG
TPR analysis can be found in published document elseb@fdn brief, 20g ofcalcined RM

with 106-595 umparticle sizevas mixed with 350 mL deionized water. To this slurry, calculated

amount of Ni(NQ).t6H.0O salt was added to give 10% loading in the final catalyst. The metallic
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salts mixed with calcined red mud slurry was
mixture was then dried at 105 overnight to obtain catalyst precursof$ie catalyst precursor
wascalcned or 5 h in air at 620 AC in a muffle fur
USA).Then,thec al ci ned materi al was reduced for 6 h

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

3.2.4 Catalyst characterizaion

Inductively coupled plasmaptical emission spectrometry (IGPES), Xray diffraction (XRD)
techniques andurface analyzer methodsereused to characterize the cataly3tse Soil, Plant,

And Water Lalratory(University of Georgia, Athens, U3Aerformed ICPOESanalysisXRD

analysis was performed by the method discussed in our previouR@joiRriefly, abenchtop

powder Xray diffraction system (AXRD, Proto Manufacturing, Taylor, Michigan, US/s

utilizedf rom 20A to 1068 o2dywwithtPmeeand 0. 014A
kV with CuKU r adi an AumsorbiQ éQuantchiomes IdsiruBnenis,) USA)
measured specific surface area of the catalysts by BET (Brtiamsreti Teller) equation using
N2-adsorptioindesorptiorisotherm in an adsorption analyz&€he chemisorption macro steps can

be found in our previous wofR3].

3.2.5Experimental setup and procedure

A high-pressure, highemperature reactor from Parr Instrument Company (Model 4578, Moline,
lllinois, USA) wasused for HTL experiments. The reactor setup th@same as our previous
work[20]. The reactor has 1.8 L vessel, PID controlled electricaldgeatit, controllable agitator,
pressure gauge, anetype thermocouple to monitor the temperature inside the re&aomll
reaction environmeat(nitrogen, ethylene, reducing awndidizing), the HTL experiments were

performed at a reaction temperatofe275°C, agitator speed of 550 rpm and a residence time of
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60 minutes. For each HTL experiment, 450 geeivedTetraselmis sp(with 18-19% solid

content) was loaded into the reacteor all catalytic HTL experiments, catalyst:feedstock loading

was fixed atl:100n basis of solid content of feedstqgtle., ~8 g catalyst per 450 g-eeceived
feedstock)The reactor was purged with desired gas (nitrogen, ethylene 908kl and
10%Q/90%Ny) three times to remove air from the reactor headspace before pressurizing with it
to an initial pressure of 200 psi (1.38 MPH)e reactor was then heated to the desired temperature

at the heating rate of ~3°C/miffter holding the reactor & 7 5 tempeature 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 Section3.2.6. All experimentsvere performed in duplicates

3.2.6Product separation

After cooling down the reactor to room temperatihe gas was ventefdllowed by the gas
analysisandthe 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 | t r at i on si ze of 2.7 ¢
from aqueous phase. Then the remaining solids on Itee 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 a
vacuum pressure to obtainB@H exractedbieoi | , whi ch i s termed as fb

the paper.

3.2.7Product analysis
The gas products were analyzed using a m@B(Agilent 3000A)as discussed elsewhdg)].

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) columiBach module had a thermal conductivity detector.

The instrument can split the sample into three streams. Each streamgaoctddone 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 RO column, respectivelyThe gas
composition analysis was performed in triplicates.

The mass of the gaseous product was calculatedibhg Equatior®

® Bod w & 2

wherew is the total mass of gaseous product (g)is the mole fraction of gaQ0 w is the
molecular weight of ga€ig/mole), and s the total number of moles of gas product

In the case of ethylene, reduciraxidizing HTL experimentsgthylene (GHa4), hydrogen(H),

oxygen(Q) consumption was estimated using Equaion

"OOWE £ i 004 No6-0ét 3 w & (3)

whereg is the initial number of moles of ethylene, hydrogen, or oxygen, is the final mole
fraction of ethylene, hydrogen and oxygem :isthe total number of moles of gas at the end of
the experimen20]. The yield of biocrude and solid mhact were calculated on dash free basis

using Equationg} and 5, respectively[24]. The remaining product fractiomvas regarded as

fbalancé and cal cul a6.ed using Equation

D) p —— pTT 4
® b — pmm (%)
@ p PTITW W (6)
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wherevl is the mass of etraselmis spalgae feedstock (g and0 are the mass of moisture

and ash content of feedstock (g@spectivelyp is the mass of the biocrude product (g),s the

weight of total solid residues (g), and 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 D537 Effects and interactions of
catalysts and reaction environmeaotebiocrudeyield, carbonsulfur, ashand oxygercontent were
analyzedby the two-way analysis of variance (ANOVA) at 0.05 significance level followed by
Tukey HSD test ,using statistical programming softwaf29® The higher heating value (HHV)

of biocrude was determined usikguation 1 The total acid number (TAN) of each sample was
determined through titration according to ASTM Dé®4 using a Mettler Toledo T50 Titrator.
Thermogravimetrianalysis TGA) of biocrude was performed by using a Shimadzu 8BA
(Shimadzu, Japan) under nitrogen atmospfitre rate:20 ml/min)with heating rate of 10 °C/min

from room temperature up to 800[26]. The chemical composition of eablocrudesample was
subsequently analyzed by Fourier transform infrared (FTIR) anttarumagnetic resonance
(NMR) spectroscopy analyses. The FTIR of biocrudes was performed by using Thermo Nicolet
iIS10 (Thermo Scientific, WaltharMJA). The samples were analyzed for 34 scans over a range of
4007 4000 cm?! wavenumbers. Samples for NMR spestropy containind.5mg of oil in 1ml of
ethanold6 (99.9 atom% D) (Acros organic, Switzerland) were prepared in 5 maPB3EMR

tubes (WilmadLabGlass, Vineland NJPC spectra were collected using a Bruker 500 MHZ
spectrometer equipped with a broadbanttogencooled prodigy probe. The spectra were
referenced to ethand6 (C2De¢O, *Qi=56.96 and 17.31 ppm) and processed in Bruker Topspin

software (4.1.3 version).
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The aqueous phasanalysis followed the procedure as discussed in the published document
elsewherg20]. Total organic carbon (TOC), total nitrogen ()TWith specific species distribution
(ammonium (NH*-N), nitrate (NO3'-N), organic nitrogerfOrg-N)), chemical oxygen demand
(COD), and pH were measured to characterize the aqueous prodiunsTOC and TN were
measured by a TOC/TN analyzer (TQC Shimadzu, Kyoto, JapanpA Prominence Liquid
Chromatography (LC) system coupled with a conigtdetector (Shimadzu, Japan) was used

to analyze concentrations of ammonium @HN) and nitrate (N®-N) in digestate sample$he
detailed procedure can be foualdewherg27]. Briefly, A Dionex lonPac CS12 column (4 x
250mm, Thermoscience) and a Dionex lonPac AS22 column 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 afrganic nitrogerfOrg-N) was calculated by the difference of total nitrogen
andinorganic nitrogerfthe sum of NH*-N and NQ'-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 fouradpablished documeifi28]. The pH of

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

3.3.1 Feedstoclcharacterization

The physicochemical properties of the chosen algae feed3tetilagelmis Sp.were studied by
elemental composition analysif€HNS/O), higher heating valu¢HHV), ash content and the
biochemical compositionThe characterization result dketraselmis sm@long with other algae

strainson drybasis, is presented in Tal8el. The carbon content and HHV détraselmis sp.
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was lower than other stranwhich is supported bypreviousTetraselmisreports[29,30] The

biochemical compositioof the algaesaried widely with the strainTeteraselmistrain has high
protein contensimilar toNannochloropsistraif{31]. The ash content dfetraselmisp. was also
in agreement witktheprevious work. The saline growth culture tbis algaanight beresponsible

for ashcontentf29].

Table 31: Characterization of etraselmisp.feedstockand comparison with other algae

straing31].
Tetraselmis Nannochloropsis Pavlova Isochrysis
Proximate Analysi&
(wt.%)
Moisture 82+1.2 68.88+1.24 75.80+ 0.42 73.93+1.44
Ash 2.6x0.1 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 Compositioh
(wt.%)
C 32.2+0.3 56.83+ 0.33 54.34+1.36 55.76+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 0.840.1 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 24.01+2.07 23.57+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 Compositioh
(wt.%)
Protein 63 62.79 46.94 44.36
Lipid 11 18.12 13.88 18.98
Carbohydrate 11 8.92 28 25.46

3as received basi&dry basistby difference

3.3.2 Catalystcharacterization

Due to difficulties in separation of catalysts from char, only fresh catalysts were analyzed. Figure
3.1 illustrates the XRD analysis of RRBO0and Ni/RM catalystsMetal oxides such as gibbsite
(Al(OH)3), quartz(SiQ), hematite(FgDs), calcite(CaC@), anatase(Tie) and magnetite(E®s)

were detected in these RM based cataliégor peaks of iron (hematite, magnetite) were detected

by XRD analysis in both catalystsCP-OES analysis (TablB1, Appendix B also determing
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significant amount of Fe metal in RRA@0and Ni/RM catalysts whef@RM500containedl1.8%

more iron than Ni/RM catalysiThe prominentXRD 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 loadikrigpwe\er, no significant difference was observe®ET

surface areéiTableB2) of Ni/RM (22 4m?/g) andRRM (21.9n%/g) catalysts

A = Gibbsite(Al(OH)s)
B = Quartz(5i0,)

C = Hematite(Fe,Os)
D =Calecite{CaCOs)

E = Anatase(TiO;)

Arbitrary unit

F = Magnetite(Fe;0y)

G = Nickel(Ni)

26(°)
Ni/RM ——RRM

Figure 31: XRD pattern of RRNb00 and Ni/RM catalysts

3.3.3 HTL products characterization

3.3.3.1 Products yield distribution

Figure 3.2 demonstratedhe product distribution (on digsh free basis) for catalytic and rRon
catalytic HTL experiments ofetraselmisunder four reaction environments. Without the use of
catalyst, thenert(nitrogen)environment generated the highest biocrude yield2§\&t.% where

the reducing environment produced the lowest biocrude yield by 17Whéttrend obiocrude
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yield in non-catalytic reactions under studied reaction environmeats asollowed: nitroger>
oxidizing> ethylene>reducingThe biocrude yield of this studyaslower compared to other
Tetraselmis HTL biocrude studies where biocrude products were extracted by
dichloromethane(DCM) solve29,32] The increased biocrude yield bpCM solvent from
Chlorella vulgarismicroalgaeand 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 fronTetraselmigeedstock irthe current worklncorporation of catalyst has
increased the biocrude yield in inert, ethylene and reduamdpiance. Exceptoxidizing
environment, biocrude yield enhancedtbgfollowing trend: no catalyst<RRBODO<NiI/RM. The
influence of catalysts over biocrude yield was found statistically significhht2, F=32.9,
p=0.000) but there was no interaction between the environment and catalystsB3Iaflke
Ni/RM catalyst successfully maximized the biocrude yielp to 37.4 wt.% in ethylene
environment whicltlosely matched witi etraselmisiocrude yield from HTL study by Pacific
Nort hwest Nati onal Laboratory at hiji34.her t e
According toWang et al.Ni catalyst(Ni/SiO2l Al20s) is able tareduce the activation energy for
algae building blocképrotein and carbohydrate) conversion whicluldgenerate more biocrude
with higher nitrogen and oxygen cont¢85]. In this study, he elemental analysis (Tat8e) of
biocrudeshowed 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 fronTetrsaselmisduring HTL process compag to noncatalytic or
RRM500 reactionsin all four reactionambiancs. In addition, the Ni/RM catalyst appeared to
catalyze deoxygenation reaction under reactivéiancse (ethylene, reducing, and oxidizing

environments) The reducing reaction environmeand Ni/RM catalyst combination produced
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almost 91% more biocrude products comparing tecadalytic reaction in reducing environment.
The hydrogenation ability of hydrogen gas could be a reason for Higg@stockconversion
during HTL proces$18]. In oxidizing reactionambiancethe biocrude yield waalsoincreased

by the catalysts compared to nRecatalytic 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 environmentokitzipig
environment, the solid residue increasing trend as followed: no catalystS&RMi/RM. The
oxidizing environment increased the solid residue in both catalytic andatalytic reactions
compared to other three reaction environments. The oxidizing atmosphere might promote
oxidation of feedstock in HTL condition and raised the char yiefheg. RRMb0O0 catalyst under
oxidizing environment produced the highest solid residue dw2% wherasthe lowest solid
residue(14wt.%) was found from no catalystducing environment combinatiohheadditionof
Ni/RM catalyst led to 46% more solid residpeoductionthan noncatalytic reaction under

reducingambiance
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Figure 32: Yield distributionof Tetraselmis splon dry-ash free basis) under differeection
environmentand catalysts.

3.3.3.2 Biocrudecharacterization

Physicochemical properties

Table 3.2 hasshowedthe physicochemical properties of HTL biocrude fréetraselmisalgal
feedstock. Among nenatalytic reactions, the reducing environment has maximized the carbon
content with 54+ wt.% andsubsequently minimized the oxygen cont&n.4+0.9wt.%).This

result suggested that the reducing environment performed deoxygenation reaction without catalyst
during HTL processThe ashand sulfur contentaerealsolowered by reducingmbiancen nort

catalytic reactionTherefore, the HHV othe same biocrude subsequently increased @p7%
compared to inemo catalyst reaction derived biocrude. The hydrogen and nitrogen percentages
in biocrudes remasd almost the same in nofcatalytic reactions under four reaction
environments. Among catalytic and Roatalytic reactions, the inert environment catalyst

combination generated highest géhwt.%), oxygen percentagg2.3 wt.%)with the lowest
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carbon contenof 47.9 wt.%in biocrude which ultimately led to the minimum HHWf 25.4
MJ/kg. Ethylene reaction atmosphere reduced ac{d@i&N) by 1539%in noncatalytic biocrude
compared to other necatalytic experiments.

Prominentcatalytic effects were observed iarbon, ashsulfur, oxygen content and HHV of the
biocrudes in all studied environmenkgespective of reaction environmenteth RRM600 and
Ni/RM catalyst increased carbon and nitrogen percentage with reduced ash content in biocrudes
compared to nowgaalytic reactions. As a result, the oxygen percentage was lowered in catalyst
derived biocrudes with higher HHMhe 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,p=0.000) and oxygen(d.f2:a,5=0.000)
content of biocrude were statistically significaiibhe RRMb500 catalyst in inert and reducing
environments and Ni/RM catalyst @xidizing environments were successful to maximize carbon
percentagen Tetraselmisbiocrude by 61 wt.% and 60.2 wt.%, respectivéhcreased carbon
percentage was also found in HTL conversidiNannochloropsis salinéN. saling with Nii
Mo/Al 203 catalyst under Hreactionambiancg36]. However, the catalytic HTL reactions raised
the nitrogen content of the biocrudes. As discussed earlier (s8@&iarl),the catalyst probably
converted more protein compounds compared teaabalytic reactions andcreased the nitrogen
content of the biocrudedncorporation 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 environmdiite low (1.35wt.%9 oxygen content in
hydrotreated pyrolysis offom pinyonjuniperwas observethy Ni/RM catalyst at high pressure
hydrogen (6.2 MPa initial pressurf87]. In this study,the Ni/RM catalyst under reducing
environment lowered oxygen percentage of biocruge2#% compared tdahe Ni/RM-inert

reactionsunder lower hydrogen pressure (1.37 MPa initial presstirgs finding suggested that
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Ni/RM catalystmight perform mild hydrodeoxygenation at lower hydrogen pressfireTL
processAddition of Ni/RM catalyst also reduced the sulfur content of the biocrudes-6$%3
compared to nowatalytic and RRM0OOcatalytic reactions in folambiancs. This desulfurizatn

of the biocrudes might occur due ttoe adsorption ability of Ni/RM catalyqB88]. 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 catalysk€TE®).

Thecatalytic reactions increased TANTétraselmidiocrudein all reaction environments, except
inert atmosphereHigher TAN was reported in HTL conversion ®&fannochloropsisby
Ni/TiO2 catalystin inert atmosphereviost probably, Ni/TiQcatalysippromotedthe hydrolysis of
protein and lipid from algae in HTL process which generated mb#& increasing compounds
such ascarboxylgroup enriched fatty acid, carboxylates, amino acid or phenolic compounds from
amino acid conversiof85]. However, Ni/RMinert reaction generated minimum acidity in the
biocrude of this study.The presenceof TiO> with other metal oxides ofAl(OH)s,
SiO,Fe03,CaCQ, andFe304 in Ni/RM catalyst,was confirmed by XRD analysis (Figure
3.1). Most probablyhe mixed metal oxides of RM support affected the Ni/RM catalytic activity
and suppressed the generation of TAN increasing compoufidgraselmisiocrude.From ICP
analysis, RRMIOO catalysts found to be more effective than Ni/RM catalyst, to suppress the
migration of heavy metals such as copff&n) and zinqZn) and phosphorud) compounds to
biocrudes irrespective of reaction environments. It is well established that treateéccatad RM

can absorb heavy metals and phosphate from soil and[@@fdfiowever, the effect of RNbased
catalyst on metal content of HTL biocrude was rarely investigatezllowest Cy0.49 ppm) and

Zn (<2.50 ppm) contents were observed in biocrudeonfr RRM500-reducing reaction

environment However, the minimum values of Cu, Zn or P frometraselmisbiocrude were
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higher than conventional petroleum crude[4d,41] Significant leaching of iron (Fefpok 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. dxidieing
environment, RRMO0O catalyst reduced the iron migration to biocruge862% compared to

other reaction condition3 he ethylene environment was successful to repeal the Ni leaching from

Ni/RM catalyst to biocrude products by-3@% compared to other three reaction environments.

Table 32: Physicochemical properties ©étraselmidHTL biocrude

Nitrogen Ethylene Reducing Oxidizing

No Catalyst RRM500 Ni/RM No Catalyst RRM500 Ni/RM No Catalyst RRM500 Ni/RM No Catalyst RRM500 Ni/RM

Elemental Compositiof(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 54.6x0.6  60.2+0.3
H 10.3x0.4 10.6+0.2  10.2+0.1 10.4+0.2 10.6+0.1  10.5+0.3 10.2+0.5 10.940.1 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%x1.3 18.8+0.4  27.2%0.7 31.8+0.6 23.9+0.3 22.5+0.8 27.2+1.9 19.440.3  21.9+0.7 27.7%1.2 27.1+x09 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
(mgTKAONH/g) 21.9+0.1 27.3¥1.0 14.0+01 18.9+0.4 24,603 27.5+0.3 26.3+0.1 28.5+0.1 28.3x0.4 24.4+1.8 27.1+0.2  30.0+0.8
HeavyMetal 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 preserd the thermogravimetric analysis of biocrude products from catalytic and non
catalytic HTL conversion ofTetraselmisfeedstock under nitrogen, ethylene, reducing and
oxidizing reaction environment&ased on decomposition patterns, the TGA thermogram®of th

biocrudes were divided into three regions: -BOD°C (referred to as light fraction), 3660°C
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(medium fraction), and 55800°C (heavy fraction). The biocrude products of this work contained
32-38wt.% light fraction, 286 wt.% medium fraction and 132 wt.% of heavy fractionAmong

all non-catalytic reactions, the reducing environment generate8.2% higher light fraction in
biocrude. Regardless tifereaction environment, incorporation of catalysts increasedetiene

of biocrude weight percentage or mass loss in both medium and heavy fraction rethed<G#
graphs compared to naratalytic reactions. The lowest heavy fraction was found in biocrude
sample from noftatalytic reaction undesxidizing ambiance The Ni/RM catalyst increased the
mass loss in heavy fraction regiday 90% comparedo noncatalytic reaction inoxidizing
environment.The heavy fraction decomposition in oxidizing environment showed following
trend: No Catalyst < RRBDO < Ni / RM. At 1 e mass tloksein dxidizng r
environment exhibited following trend: No Catalyst>RBOM>NIi/RM. This finding suggested
that noncatalytic reaction under oxidizing environment might favor gasoline range products in
Tetraselmisiocrude.The Ni/RM-reducing envionment combination decreased heavy fraction of

biocrude by 30.8.2.4% compared to other three reactimnbiance with same catalyst.
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Figure 33: Thermogravimetric analysis of biocrude samgtem noncatalytic and catalytic
reactions: ANitrogen, BEthylene, GReducing and BDxidizing reaction environments.
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FTIR analysis

FTIR spectra ofTetraselmisbiocrudeare presented in Figur8.4. The nonrcatalytic reactions
derived biocrude spectemecomparedn Figure3.4A; the effect of RRNB0OOand Ni/RM catalysts
under inertambianceare shownin Figure3.4B whereadrigure3.4C has compared the biocrude
spectraof non-catalytic RRM500andNi/RM catalyst undereducingenvironment.

In Figure3.4A, reducing environment without catalygtowedhigher intensity in four regions of
hydroxyland phenoligroups(30503700cm'), methylene group&800-3000cmt) and in bands
of 13001750cm! compared to other three reactambiance. The sharp peaks of 2808000 cm

1 band under reducing environment suggested strong presendg sfr&€ching in biocrudgt2].
The increased peak in 308F300cm! region under reducing environment might appdiae to
high biocrude TAN value as oxygen content was lower in bio¢8&die/ariationin location of
980-1080cmt might cause by lowest aliphatic esters hmaxidizingenvironmentvhere reducing
environment hageneratedhe maximum amount

From Figue 3.4B, the reduction in peak &503700cm', might took place due to the decline of
-OH group as minimum oxygen content was reported (TaBefrom RRMb0O0 catalyst under
inert environmentBoth RRMB00 and Ni/RM increased methylene groups (28000cmt) and
the bands of 980080cm® and 13001750cm' which suggested that catalysts might promote
nitrogen heteroatom under inert condition which was consistent with the increasing nitrogen
content(Table3.2) of the catalytic biocrudgg2].

In Figure 34C, lower intensity in 305@700cm' area suggested th&RM500 and Ni/RM
catalyss effectively reducedOH group in reducing environmerdthis finding was also supported

by the elemental analysis of theéocrude products where oxygen content of Ri®RIcatalytic
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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 34: FTIR spectra off etraselmisiocrudes, Anon-catalyticreactions, Breactions
undernitrogen environment, Qeactions undereducingenvironment
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NMR analysis

Figure35 illustrated the functional groups détraselmisiocrudes generated under four reaction
atmospheres from three different catalytic conditions, by-sesntitative integration dfC NMR
spectra The aliphatic groups foundifch as methyl ansethylenecarbon atomsithin O 28

ppm was assigned to sated aliphatic groups where -B8 ppm region was attributed to
unsaturated aliphatic groups (separated from oxygen atoms by at least two Boads)jionof

55-95 ppm was designated to alcohols, esters, and anhydrous carbohjdBht@&fie reaction
atmasphere 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 hgenerated more saturated aliphatic compisloompared to nen
catalytic reaction under reducing environmédiitis resultsuggestedhat both the RRM00 and

Ni/RM catalyst have performed hydrogenation of unsaturated carbon in biocrude during HTL
processunder reducing environmef#3]. According to absolute integral val(iEableB5), Ni/RM
catalyst produced 33% more saturated aliphatic groups in biodghatle®RM00 catalyst under
reducingambiance This finding agreed with the previous hydrodeoxygenation study by Ni/RM
catalyst where incorporation of Ni metal increased the saturated aliphatic compounds in upgraded
pinyortjuniper catalytic pyrolysis o0il [37].The maximum alcohols, esters, and anhydrous
carbohydrates were observed in the biocrudes from red&iRM500 condition. This result
agreed with aliphatic ester region of FTIR biocrude spectra from the same reaction cohldion.
Ni/RM catalyst repealed the aliphatic groups with oxygen, compared toSR&bAtalyst under
reducing environment which can be considered as the catalytic activity of Ni/RM c§dlyst

The alcohols, esters, and anhydrous carbohydrates grooptentwere 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 regi@8@1080cm?) of oxidizing environment (Figure
3.4A) wheretheoxidizingenvironmenshaved the minimum aliphatic esters péakon-catalytic

biocrude spectra.

80.00
Saturated aliphatic groups
70.00 A P i g P
B Unsaturated aliphatic groups
60.00 m Alcohols, ethers, phenolic methoxys, anhydrosugdrs

]

No RRM  Ni/RM No RRM  Ni/RM No RRM  Ni/RM No
Catalyst Catalyst Catalyst Catalyst

Nitrogen Ethylene Reducing Oxidizing

Figure 35: Functional group distribution ifC NMR analysis ofretraselmigiocrudes

3.3.3.3Analysis of byproducts

Table3.3 presensthe analysis of three HTL byproducts: aqueous phasereslatlieand gaseous
phase. The aqueous phase was characterized by TOC, TN witiNNNNOs-N, COD, and pH.
Among the norcatalytic reactions, the reducing environment has maximized TOC of @ueo
phase where the minimum was found in inert environnidns.resultsuggested that the reducing
ambiancen the absence of catalyst, has solubilized some organic compounds intudoeisaq
phase The addition of catalysts increased T@&ue inthe aqueus poducts.The highest TOC
(16.419g/L) was observed in the agqueous phase producedokioi@ing-Ni/RM reaction Since

pH of aqueous phase was nogitidic sidgfor oxidizing-Ni/RM condition the TOC increaseas
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probably due to the formation of more hydroxyl grotnmesn alcohols and low molecular weight
phenolics.Almost 70% ofTN was occupied b@rg-N. The majority of OrgN in TN could be the
confirmation ofprotein decompositioas the nitrogen souraeaqueos phasg44]. Incorporation

of catalysts increased the NEN content of the aqueous products and highest amount was
detected iroxidizing-RRM500 reaction. Both RRM00 and Ni/RM catalysts increased COD of
the aqueous phases irrespective of reaction environwéinth indicated the negative effects of
catalysts over aqueous phase treatment for r@imehighest COD was observed in the aqueous
product of reducingNi/RM reactions.The Ni/RM catalyst under reducing environment also

reducedhe pHvalueof the aqueous byproduay 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 charccompared to nogatalytic reactionThe carbon percentagéd the charshowed the
oppositerendof biocrudes Ni/RM<RRM500<No Catalyst. Isuggestedhat catalysts transferred

the carbon from feedstock to biocrude rather than solid dier.lowerednitrogen content in

catalyst derived solid chavas 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 sulfubased compounds frofiretraselmideedstock to chaby HTL treatment in

inert, ethylene, reducing and oxidizing reaction environmditis.catalysts also increased ash in

the char under four reaction atmospheres. The similar phenomenon was observed in sewage sludge

HTL study withreduceded mud catalystsnder nitrogen and ethylene atmosphi@@s
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The gas phase analysis only quantified &Hs, CO and C@gases. The RRBDO catalyst has

promoted insitu hydrogen production in nitrogen, ethylene and oxidizamgbiance. The

hydrogen production maximizednder ethylene environment by 473mol%. The reaction

ambianceconsumption was significantly high with Ni/RM catalyst ethylene and hydrogen

reaction atmospheseAddition of catalysts suppressed the g®oduction for all four reaction

atmospheres. Thenaximum CQ production was observed from noatalytic oxidizing

environmentvhich suggested thétie decarboxylation is a dominant pathwaythis condition.

Table 33: Properties offetraselmidHTL byproducts

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

TOC 11.42 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 91.2+0.3 103+0.2 107.6%0.1

pH 8.3x0.6 8.6+0.1 8.4+0.3 8.7+0.1 8.3+0.5 8.70.2 8.31#0.2 8.5+0.1 7.9140.1 8.2+0.2 8.1+0.1 8.240.3

Solid
Residue
(wt.%)

C 34.2+2.3 25.1+0.1 21.1+1.4 36.9+0.1 18.3x1.0 22.5+0.1 28.9+0.9 20.7+0.3 18.0+0.2 37.4+1.6 24.9+1.4 24.7+0.1

H 4.8+0.1 2.7#0.1 2.5%0.2 4.4+0.1 2.1+0.2 2.4+0.1 3.4+0.2 1.9+1.4 2.7+0.1 3.5+0.6 3.4+0.3 3.210.1

N 2.3+0.2 1.6£0.1 1.4+0.1 2.2+0.1 1.3+0.1 1.5+0.4 1.9+0.1 1.44+0.1 1.240.1 2.8+0.1 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 0.3%0.1 0.4+0.1 1.4+0.1 0.3+0.1 0.4+0.1 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+x0.2 57.2+0.1 70.5+0.1 46.7+0.1 47.8+0.2 56.9+0.3

o 3.1+2.8 12.0+0.4 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+2.4 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 3.9+0.2 2.5+0.1

CH,4 0.1+0.0 1.5#0.1 0.1+0.0 0.1+0.0 1.440.1 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 2.2+0.0 2.5+0.1 0.1+0.0 3.1+0.1 2.4+0.1 8.4+0.1 1.7+0.0 3.8+0.2 2.9+0.0

CGo, 80.8+0.9 62.1+0.1 65.8+0.3 72.7+1.2 41.0+1.6 58.7+0.1 82.8+0.8 67.5+0.6 69.840.2 85.1+1.5 52.9+0.5 72.7+0.1

Balancé 14.4+0.9 29.4+0.3 24.6+0.3 23.9+1.3 47.1+#1.5 31.5+0.1 14.0+0.7 29.1+0.8 21.8+0.1 12.2+1.5 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)

apy difference
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3.3.4 Carbon and nitrogen distribution

Carbon distribution in th@etraselmisHTL products is illustrated in Figur&6-A. The carbon
recovery was calculated based on the elemental analyBetraselmigeedstock 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 feed&tta biocrude productand carbon transfer

was increased by catalytic reactiofifie elemental analysis (TabB2) of the biocrudes and
carbon distribution showed the identical carbon transfer trend: No CatalystS&RRNi/RM.

The carbon recovery in bioaas were comparatively lower in oxidizing atmosphé&herefore,

the carbon transfer to solid residue and aqueous phase was increas@tiziyg environment.
Significant carbon transfer to balance (gas phase) portion ircataiytic reactions of ime
ethylene and reducing reaction environmemés supported bincreased C@production from
nortcatalyticreactions (Tabl8.3).

Nitrogen distribution ofTetraselmisHTL products was presented in FiguBs-B. The N
distribution was calculated based witrogen content of feedstock, biocrude, solid residue from
elemental analysis and Tialue of aqueous phase. Almost-88% of the N ended up in the
agueous phase whee9-25% transferred taohe biocrude.There was an unwanted rise of N
transfer in biocrde and aqueous phase.wias evidentthat the addition of catalysts promoted
higher decomposition of the protein ridretraselmisfeedstock during HTL procesand the
produced nitrogenated compounds distributed among the HTL prodinshigher nitrogen
content of biocrudes indicated that further upgrading process was required to use it as

transportation fug45s].
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3.4 Conclusions

The red mud (RM) based catalysts, reduced red mud G@RMand red mud supported nickel
(Ni/RM), were applied to hydrothermal liquefaction (HTL) Tétraselmis spalgae strain under
nitrogen, ethylene, reducing and oxidizing reaction environmeRégardless of reaction
environments, the use of catalysts has increased the yi€ktrakelmisierived biocrudeUnder
nitrogen, ethylene and reducing environmentbilberude yield increased by following trend: No
Catalyst<RRMbOO<Ni/RM. The highest biocrude yield of 3vt.% was produced under ethylene
environment with Ni/RM catalyst. BotRRM500and Ni/RM catalysts promoted deoxygenation,
reactionwith increased the carbon content and calorific vétwethe biocrudeproducts in four
reaction atmosphereshe Ni/RM catalyst under inert environmeetucedbiocrude acidity by
20-50% compared to other reaction conditiohbe desulfurization activity of lRM catalysts
anddemetallization effeaif RRM500catalyst were observed in all biocrude produntsspective

of reaction environmentdViajor portion of nitrogen migrated to aqueous phase from protein
enrichedTetraselmisfeedstockafter HTL treatmentvhere most of the carbon ended up in the
biocrudes. The reducing environment facilitated mild hydrotreatment during HTL reaction in
presence of both RRBOO and Ni/RM catalystsAmong the norcatalyticHTL reactions,jnert
environment maximized biocrude piaction fromTetraslmisfeedstock ethylene environment
lowered total acid number (TAN) of the biocrudes aeducing environmeradded maximum

carbon and minimum oxygen and sulfur contentetraselmigiocrude.
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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) proaesag pretreatedred mud
catalyst for crude products. Tiselected plasticavere polyethylene terephthalate (PET), kigh
density polyethylene (HDPE), lodensity polyethylene (LDPE), polypropylene (PP), and
polystyrene (PS). For proper comparison, each plastierrabwas treated individualiy 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 noncatalytic reactias followed this trend: HDPE>PS>PP>LDPE. When REZwt.%),
HDPE (20wt.%),LDPE (20wt.%),PP (4wt.%) and PS14wt.%) were blended together, the crude
yield was 22wt.%. The catalyst facilitated cracking and gasification with suppressed liquid and
solid formation from individual plastic feedstoekdplayed a vital role in reducing the viscosity
and acidity of HTL liquid products. The plastic crude oil possesseaR3®.% gasolinerange
compounds, while the chemical composition varied with the feedstotkoW¥ia catalyst, HDPE
decomposed into straigbhain alkanes, whereas PP and-de8ved products consisted of
aromaticand cyclic compounds. The catalyst promoted aromatization in plastiederixed

crudes and increased the gasoline boiling range of congs.

Keywords: Plastic, Red Mud, Hydrothermal Liquefactionyder Oil

4.1 Introduction
Due to their durability, lightweight witbow 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
environmen{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 nlagtt pvaste and
individual plastic [4]. The HTL process can depolymeslreostany organic feedstock into liquid
biocrude oil, solid char, and gaseous products at moderate temperature (typida®2a) and

high pressure (typically I1@5 MPa) [5]. Reently plastic materials have gained global attention

as feedstock for the HTL process. Zhao et al. investigatéd conversion of e-waste plastics,

and the produced organic yield varied from 81.4 to 97.6 wt.% at 350 °C temperature, which mostly
composeaf styrene monomers, styrene derivatives, bisphenah8c¢aprolactam [6]. Hongkong

et al. explored the necatalytic celiquefaction of nylon andrucus Serratusnacroalgae under
350 with different blend rati osdeyields, enyichedepor t
with nylon monome(caprolactam), from a 1:1 blend of nylon six and microalgad?oravou et

al. investigated the HTL of plastic waste mix and polypropylene by conventional heating and solar
energyaided within 350 to 450 °C temperetuvhere single polypropylene produced maximum

HTL fuel, and solar simulator facilitated more biocrude produdgpn

The catalysts can play a critical role in improving the thermochemical conversion energy
efficiency and can promote targetexhctions with product selectivif]. 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 bionfia8s Widely abundant
waste fag materials, such as red m{iRMM), can be utilized as a catalyst in the HTL process. RM

is a byproduct of the alumina production process, composed of mainly iron oxide with other metal

oxides, and poses a serious threat to the environment due tohitalkédjnity [11]. This iron

89



enriched industrial wasteas beesuccessfullyisedas 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 increasingrbonconversion efficiency and energy recovery of the HTL Proce$s [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 tbeiti®yield with

lower oxygen content and higher HHV. This zeelue waste could be recovered from the oak
char and reused again in the HTL system after reduction treafhidnSaral et al. successfully
minimized the nitrogen content of algderived HTL biocrude by cemud catalysf16]. The use

of RM catalysts is not rare in the pyrolysis treatment of plastic and polymers. Lopez et al. studied
the influence of ZSWVb zeolite and RM in the pyrolysis of mixed plastic wastes at 440 and 500
°C. They reported that the RMtedyst required a higher reaction temperature to have a similar
catalytic effect of ZSMb catalysts over plastic mixture pyrolysis [17]. Ahmed et al. modified the
catalytic properties of RM by rearranging the agglomerated phases forplgeotysis of bianass

and polyethylene, which showed better performance than-Z®Wy promoting decarbonylation

over dehydration [18]To the best of our knowledgthe effect of RM catalyst in HTL of plastic

materials has not been explored yet.

This study aims to investige the influence ofmodifiedRM catalysts over the HTL decomposition

of five different plastic materials such as polyethylene terephthalate (PET)ddmgity
polyethylene(HDPE), lowdensity polyethylendLDPE), polypropylengPP) 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 strediveshypothesizéhat the different
plastics from the mixture during HTL depolymerization wilbprote 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-aatee mixed

metal oxide catalyst.

4.2 Materials andmethods

4.2.1Material

Unused plastic products such as water bottles, food containers, shopping bags, and utensils made

of polyethylene terephthalate (PET), hidgénsity polyethylene (HDPE), ledensity polyethylene

(LDPE), polypropylenéPP), and polystyrene (PS) were purchased from a local market. A plastic
granulator (Shini USA, Model: S@042NCH) was used to shred each plastic component
separately, and the shredded plastics were sieved to obtain a 2mm particle size. The sieved,
shreded plastics were blended at weight percentage (Table C1, Appendix C) based on the US
Army Research Laboratory (ARL) study and deno:
mud (RM) was collected from Almatis Burnside, Inc. (Gonzales, Louisiana, USwjas Inc.

(Opelika, Alabama, USA) supplied higlurity nitrogen gas that was used in this study

4.2.2 Feedstock characterization

The shredded plastic feedstocks wataracterized fanltimateandproximate analyses and heavy
metal content. The elemehtmalysis (CHNS/O) was performed according to the ASTM D5373
02 method in Vario MICRO cube, Elementar (New York, UEX)]. The EPA 1684 method was
followed to measure thenoisture contentThe ash contenand volatile matter conterwere
determinedusing ASTM E175%ndASTM E872method, repectively The heavy metals of the
feedstocks wereneasuredy inductively coupled plasmaptical emission spectrometry (IEP
OES).The Soil, Plantand Water Laboratory (hiversity of Georgia, Athens, USAEerformed the

ICP-OES analysi®f the plastics.
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4.2.3 Catalyst preparation

The RM based catalyst was prepared according to our previougd2drBriefly, the asreceived

RM was calcined at 575°C for four hours and then sievebtainthe particle size between 106

595 Om. The calcined, s (RBRM580JusiR)Mgasvraidureroel@% c e d a

H> and 90% N for six hoursand stored for the future use in HTL

4.2.4 Catalyst characterization

The catalyst was characterized by inductively coupled plagptieal emission spectrometry (IEP

OES), Xray diffraction (XRD) techniques and surface analyzer methods. The methoddlogy o

XRD analysis was discussed in our previous wi&k]. Briefly, a benckop powder Xray

diffraction system (AXRD, Proto Manufacturing, Taylor, Michigan, USA) was utilized from 20°

to 100U (2d) with 2 seconds of dowekKVW wiitme QuK
radi ati on ( 8e surfade.ated df 8he gadalyst was measured by an Aui@sorb
(Quantachrome Instruments, USA) with BET (Bruna@enmeti Teller) equation using N
adsorptioiidesorption isotherm in an adsorption analyzer. The dwption macro steps can be

found in our previous worf22].

4.2 .5Experimental setup and procedure

The reaction temperature of all HTL experimefithisstudywa s s et at Albsibglee Howe
plastic materials or plastic mixture feedstocks could not reach that high temperature inside the
reactoreven after a prolong heating period. Therefore, heatinggers fixedwith heating rate

of 3/ nfor seven hourg starting from room tempature) for eachHTL experimentand then

the reactor was cooled to room temperature. The highest attained temperature along with pressure
inside reactor during HTL depolymerization of each feedstegkovided at supporting material

(Appendix C, Table C3). A high-pressure, higllemperature reactor from Parr Instrument
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Company (Model 4578, Moline, lllinois, USA) was used for HTL experiments of the plastics.
Details of the reactor setup was discussed in our previous[®@kBriefly, the reactohas 1.8

L vessel, PID controlled electrical heating unit, controllable agitator, pressure gaugeyped J
thermocouple to monitor the temperature inside the redétoreach HTL experiment, 50 g of
shredded and sieved single plastic or plastic mixtuae lwaded into the reactor with 85
(feedstock andvaterratio of 1:1.75) deionized wates per the published woiR3]. For all
catalytic HTL experiments, catalyst: feedstock loading was fixédléti.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 seal€the reactowas therpurged with inert gas (nitrogen) three times to remove
air from the reactor headspace before pressurizing with it to an initialpeesf 90 psi (0.62 MPa)
with nitrogen gasTheagitator wasturned orwith fixed speed 300 rpm b o v e tdnip€rature

to avoid any interruption by thermally degraded seatid plastic. After 7 h heating, the heater
was removed, and the reactor wasled to room temperature by electrical fan and ice Gauh.
products (gas, solid, agueous phase,@astic oi) were separated as described in Sectidrb.

All experiments were performed in duplicates.

4.2.6Product separation

After cooling thereactor to room temperature, the gasposition wasnalyzed. Then thereactor

was opened to recover the liquid and solid products.réaetor contenvas poured into a large
flask, and the weight was recorded. Then, the reactor content was filteneghtihatman No.50
filter paper (particld i | t rati on si ze of 2heliquidephase. Theligede par a't
products were transferred to separatory funnel to decant the organic product after draining the
agueous phas&he remaining solids on the filter paper wérenwashed with dichloromethane

(DCM) . The DCM was separated from the organic
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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 fAcrude oil 0 thr

4.2.7 Product analysis
A micro-GC (Agilent 3000A) was used to analyze gaseous prodDetails of microGC
analysiswas discussed elsewhdd]. Briefly, the Agilent 3000 Amicro-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 streamstmaee
of these modules. MS column analyzed logdn, 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 solidgauct were calculated on dagh free basis using Equations
land2, respectivelj24]. The remaining product fraction was
using Equatior3.
@ P — pnmn (1)
® b —— pnn (2
W = PTITTW (N (3)
whereU is the mass gblasticfeedstock (g)0 andy are the mass of moisture and ash content
of feedstock (g), respectively is the mass of the crude product (@), is the weight of total
solid residues (g), and 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

94



determined usingKA Model C2000 basidomb calorimete(lKA Works, Inc., Wilmington, NC,
USA)[25].The total acid number (TAN) of each sample was determined through titration
according to ASTM D6647 using a Mettler Toledo T50 TitratoFhermogravimetric angsis

(TGA) of biocrude was performed by using a Shimadzu T8BA(Shimadzu, Japan) under
nitrogen atmosphere (flow rat20 ml/min) with heating rate of 10 °C/min from room temperature

up to 800 °J26].

The simulated distillation analysis was performed according to ASTM D288} Thediluted
samples (20 mg oil in 2ml of GBwvereanalyzed byAgilent Technologies 7890A GEID (flame
ionizationdetector)system with a 7692&utosampleand a 10 m x 0. 53288%im x 3
Column. A sample volume of 0.2 L waandthennj ect e
heated from 40°C to 350°C at a heating rate of 20°C/min. Th&IBGystem was operated in a

1:4 split inlet mode during eachalysis.The chemical composition of biocrude samples was
analyzed by an Agilent Technologies 7890A Gas Chromatograph (GC) System with a 7683B
Seriednjector, 5975C Inert Mass Selective Detector (MSD) with Tripbds Detector. The
details of GEMS instrument were reported elsewhdg6]. In a brief,30m x 250e mx 0.25¢ m
DB-35MS column was usedhile the GC oven washeated up t&0 °C and held for Znin and

then ramped at a heating rate dk&min to 280°C andkept for1l5 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, cy@romatics and oxygenated compouhdsed

on their peak area percdnmdm semiquantification

Theaqueous phase was analyzed for total organic carbon (TOC), total nitrogesn@ phi. The

TOC and TN were measured by a TOC/TN analyzer (IOShimadzu, Kyoto, Japan). The pH

of the solution was measurbgl a pH meter (pH510, Oakton, Vernon Hills, lllispUSA).
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4 3 Results and discussion

4.3.1 Feedstoclcharacterization

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 coegpan 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 I@ivgolatile 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. Thmeetals 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 2tB0]

the elemental composition and ultimate analysis results of the plastic mixtures varied with the

blending ratio and plastic components.
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Table 41: Properties of the plastic feedstocks

PET HDPE LDPE PP PS PM?P
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 13.2+0.1 8.5+0.3 13.0+0.1 7.1+0.0 7.4+0.4
Ash 0.440.1 0 20.3+0.2 0.2+0.0 0 4.240.1
o2 30.8+0.4 04%0.1 6.2+2.5 04+0.1 02+0.0 142+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 4,2+0.1

Volatile Content  94.0+0.0 97.1+0.0 78.3£0.2 96.2+0.0 96.3x0.0 90.9+0.2
Fixed Carbof 5.3+0.1 2.8+0.0 1.0£0.4 3.5¢0.0 3.3t0.0 4.6x0.4
apy difference® calculated with the plastic ratio and individual plastic properties

4.3.2 Catalystcharacterization

The properties ofRRM500 catalyst were discussed in our prior work [12]. The XRD analysis
(Figure 4.1) of RRMIOO0 has distinguished the iron oxide peaks of hematiteQfe magnetite
(Fes04) along with other metal oxides of calcite(Caf,Qyibbsite(Al(OH}), anatase(Tigand
guatz(SiQ). 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
RRM500also included a notable amount of aluminum (7wt.%), caldi@2dwt.%), and sodium
(3.2wt.%). The surface area (Table C4) of this catalyst was only 22/§2nith 6.15 nm of pore

size. The metal content and physisorption data of B&Were within the range of other red mud

reports [31].
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Figure 41: XRD analysis of RRNMd0O

4.3.3 HTL products characterization

4.3.3.1 Yield Analysis

Figure 4.2A shows the yield distribution of plastic HTL reactions on-dsp free basis.
Depending on the plastic types, HTL product distribution varied widely in both catalytic and non
catalytic reactions. Withowt 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 plastierial is well known for

high crude oil production (maximum 86 wt.%) even in-subi t i c al temper at ur e
Regardless of catalyst, PET was converted to solid and gas under HTL condition. The solid

production was reduced by 11% BRRM500 catalyst. Higher depolymerization of PET has
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previously been reported in the presence of an alkali catalysfl88RM is also highly alkaline

in nature (1615 pH) which might affect the decomposition of PE#,35]. High solid yield
(84wt.%) from HTL teatment 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. RRM500 catalyst did not favor biocrude
formation from individual plastic materials. The high balance fraction indicated that the plastic
might bedecomposed into more gaseous products in this high temaperather than crudes or
solid products. However, theRRM500 catalyst increased the biocrude yield from the PM and
plastic mixture compared to the noatalytic condition. Approximately 63 % less solid was
obtained from HTL conversion of PM mixture wiRM500catalyst, compared to naratalytic
experiments. Figure 4B 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 PETwere multiplied with their blending ratio to determine the theoretical
Acal cul ated yieldo of the PM mixture. The det
mixture was reported elsewhere [36].was evident from the comparison that irrespectdf
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 egquass mixture o PP, PET, PS, and PC, where the
experimental biocrude yield exceeded the calculated yield [36]. The opposite effects were
observed in nofcatalytic HTL reactions where the experimental yield from PM was less than the

calculated yield from the same condliti Therefore, it can be concluded thatRREM500catalyst
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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 noncatalytic conversion of the individual plastic component has the following order:
LDPE>PS>HDPE>PP. The catalyst promoted the solid formation from thadilvplastic material,

except PET. The most significant rise was observediRIRE500reaction where solid yield was
increased by three times with the catalyst. In case of mixture, the catalytic char yield remained

almost same as the noatalytic reactio.
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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 Roatalytic conditions, the maxium carbon, hydrogen,

and minimum oxygen were found in HDfIErived HTL crude, leading to this study's highest
HHV (45.8 MJ/kg). Without a catalyst, no notable change was found in the carbon content of four
individual plastic biocrudes. Depending on thasplkc type, the neoatalytic 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-catalytic treatments, crude from PP
plastic possessed the maximoxygen 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 norcatalytic HTL reactions. WheRRM500 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 noncatalytic biocrudes from the sample plastic. Most probably, itifereaction temperature

of plastic HTL depolymerization released carbon as gas(CQ) fe@n 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 (% HDPE crude but lowered the hydrogen content
compared to no catalyst reactidarived HDPE crude. For these adverse effectRRIM500

catalyst, the HHV of catalytical biocrudes from single plastic were 1.6 to 20% less than the
biocrudes from no catalystTL condition. The elemental composition and HHV of the catalytic

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

The acidity of HTL plastic crudes was significantly less than our prior HTL study of municipal
savage sludge [12]. However, the TAN values of plastic crudes were almost two times higher
than commercial diesel fuel [37]. In single plastic 1oaalytic HTL conversion, the maximum
TAN value was observed in the biocrude from HDPE, and the minimum wad fo the LDPE
biocrude. The PM mixturderived crude has the highest acidity in this study, with a TAN value
of 20.30 mgKOHY/g. The hydrolysis of PET in supercritical water could release acidic compounds
such as terephthalic acid and raise the TAN valtiehe oil [38]. The RRM500 catalyst
significantly reduced acidity in HDPE, LDPE, PS, and-Béfived biocrude products. The acidity
reduction by RM catalyst was also reported in corn stalk and pine wood chips pyrolysis bio
[39,40]. The RMbased catalyshight 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 Roatalyic 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]. TIRRM500catalyst might crack some plastic components under HTL
conditions and pruce less viscous biocrude products. Further evidence of cracking reaction can
be found in the enhanced gaseous y{bllance) within the catalytic product distribution (Figure
4.2-A) of HDPE, LDPE, and PM mixture conversion. The biocrude densitysligistly higher

from catalytic HTL conversions. Among naatalytic HTL reactions, the HDPE biocrude has the

minimum density of 0.79g/ctnwhere PMderived biocrudes had the highest one with 0.958/cm

Heavy metal content (Table C6) of roatalytic phstic oil was lower than other HTL oil but
higher than petroleum products [12,41]. Some heavy metals (Co and Fe) RblB0R were

likely leached into theatalytic plastic biocrudes. The catalytic PP and PS biocrude contained
significantly higher Co and Faetals than nowgatalytic products. When all the heavy metals found
in each HTL product from every feedstock were added, the heavy metalRRBBO0 mostly
deposited to solid HTL products (Figure C3).

Table 42: Physicochenaal properties of plastic HTL biocrudes.

Elemental Analysis (wt.%)

Dynamic

HHV TAN Viscosity Density

C H Ash o2 (MJ/kg) (mgKOH/qg) (cP) (g/lcm3)
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
Nor LDPE  83.840.8 8.6+0.1 0.1#0.0 7.5%#1.0 38.7+0.5 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 0.440.12 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 28.6x0.6 20.3040.52 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 1.1940.25 0.85+0.02
LDPE  77.6+0.7 8.5+0.3 0.3+0.0 13.6%+1.0 35.7+0.4 0.28+0.10 0.92+0.14 0.90+0.02
Catalytic PP 73.612.0 7.7£0.4 0.0 18.7+2.4 32.8+15 0.44+0.1 0.91+0.10 0.86+0.03
PS 73.7+04 5.4#0.3 0.1+0.0 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

apy 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-aatalytic crudes were compared with

the catalytic counterpart to evaluate the effect oRR&500catalyst. From Figure 4-8, it was
evident that theRRM500 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% da®2% more gasoline and jet fuel boiling point range
molecules, respectively than the poatalytic 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 tht the RRMbOO 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 cataRRcbiocrude
contained 0.5%, and the noatalytic PS biocrude possessed 8% more gasoline and jet fuel range
compounds than their naratalytic and catalytic counterparts. The catalytic-édvived biocrude
contained a 15% higher gasoline range product ttremoncatalytic one. On the other hand, the

nortcatalytic PM biocrude has 13% more jet fuel range products than the catalytic product.
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Figure 43: Thermogravimetric analysis of biocrude samples from no catalytic and cakéilytic
reactions’A- HDPE, BLDPE, GPP, DPSandE- PM
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Chemical Composition

Figure 4.4 shows the semuantification and classification of plastic and plastic mixtmele
products. The compounds were presented according to the area percentages, and they were divided
into paraffin, olefins, cyclic and aromatics, and oxygenated compounds (Tab{&l&}7
Maximum paraffin was detected in noatalytic HDPE crude. It is &blished 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 aromeyicisc, were also detected in HDPE
noncatalytic crudes. The catalyst supmed the olefin production in HDPE crude and increased
the cyclic, aromatic groups, especially in-C22 ( Appendix C, Figure C5) groups, significantly
relative to norcatalytic HDPE biocrude. Generally, Gasoline products' carbon atom number
ranges betwee@4 and C1243]. 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 neratalytic one. There is a possibility thae iron oxide (F£Os,

Fex04) from RRM500accelerated the dehydrogenation reaction and facilitated the aromatization
of HDPE products [23,44]. In the case of LDPE crudeRR#&500catalyst promoted the paraffin
compound in biocrude by two times and reduced the cyclic compound by 37%, compamed to
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 researchrebetunteated and catieaxchanged RM catalysts

were found to be effective for the aromatization of olefins #pywlysis of LDPE, which was not
observed in HTL conversion of LDPE wiBRRM500 catalyst [17,46]. The excess metal content

of LDPE feedstocKTable 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 was reported before. Xyle
agrees with the current study [47]. TRRM500 catalyst slightly raised the xylene production
from PP (Table C12), which can be considered a catalytic effect. Xidemaiseful chemical
commodity, andRRM500catalyst 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 olil, but that difference was not deteén 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. Log reaction hours might promote the hydrogenation of styrene and raise the amount
of ethylbenzene in R8erived biocrudefb0].

The plastic mixture biocrude components largely depend on the plastic materials and the mixture
ratio. The paraffin and cyclaromatics were the dominant compound groups alongside small
olefins and oxygenated in naatalytic PM crudes. The catalyst has increased the eydimatic

group by 11%, where olefin and paraffin formation was suppressed by two times and 14%,
respectively,compared to n@catalytic reaction PM oil product. Ethylbenzene was the major
aromatic compound in both catalytic and reatalytic biocrude from the PM mixture. Moreover,

the use of a catalyst has increased ethylbenzene production in PM mixture biathradéhan PS
biocrude alone. Seshasayee et al. have speculated that the presence of PP imassqujastic
mixture of PP, PET, PS, and PC(polycarbonate) might be responsible for higher cyclic aliphatics,
and polycyclic aromatics in the HTL biocrude400 and 425°C reaction temperatd@. In this

study, both PP and PS were major constituents of PM mixtures. Tharh@mtof 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, theRRM500 could be more active in PS

decomposition in PM mixture than individual HTL reactions.
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Figure 44: Chemical composition of plastic HTL biocrudes

4.3.3.3 Analysis of byproducts

Table 4.3presents 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
noncatalytic criteria, the PET aqueous phase contained the maximum Ti@€nt@tion. 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 thkgeefaction study of pistachio

hulls with PE, PP, and PET plastics, whan increased PET ratio in the mixture raised the TOC
content of the HTL aqueous phdS&]. Except for HDPE, PET, and PP, RBM500catalyst 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 posskse maximum TOC of 10.70 g/L. The
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