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Preface

Subcritical hydrothermal liquefaction (HTL) of mixed waste streams is the key
concept tying this thesis together. By subcritical HTL, this work refers to hot, compressed,
liquid-state water at temperatures ranging from 300 to 373 °C. The thesis is separated into
two major areas: the interaction of synthetic polymers with biomass waste in the HTL
process and; the interaction of different biomass waste streams with each other. This thesis
is organized in three parts to highlight the research approach and the discoveries
throughout the PhD project.

Part I describes HTL of synthetic polymers alone, in an effort to evaluate
subcritical HTL processing of synthetic materials in one publication and assess how modern
HTL methods can handle these materials. Here, it is discussed the types of reactions found
for each of the 12 most used synthetic polymers under hot and compressed water. This
evaluation will prove to be of upmost importance to understand the behavior of synthetic
materials in presence of other types of organic molecules under HTL.

Part II describes the interaction of synthetic polymers and biomass, specifically
lignocellulosic types in the appended papers from the author. The first paper
evaluates the interaction of each of the 12 selected polymers with lignocellulosic
biomass in a fixed ratio under typical subcritical HTL conditions. Benefits and
drawbacks of the approach are identified and discussed. The most promising
advantage identified was the combined processing of polyurethane foam with
lignocellulosic, which was explored further in another paper appended, where batch and
continuous processing of these materials are reported, accompanied with advanced mass
spectrometry evaluation of the produced oil.

Part III explores the interactions of cow manure and wheat straw as
representatives of wet and dry agricultural waste materials, respectively rich and poor in
protein content. The advantages gained by synergistic effects identified during co-HTL of
both are modelled and tested in pilot processing in the first manuscript of this part. The
resulting biocrudes are evaluated in bench scale upgrading via catalytic hydrotreatment in
a separate manuscript, where the possible benefits and drawbacks of this approach are
discussed.

The last chapter of this thesis brings up conclusions and other considerations
about the approach suggested. Here, the great benefits of increasing HTL efficiencies via
combined waste processing are highlighted. Together with it, further comments about
opportunities identified are elaborated. The reader can find all supporting information in the
appendix section of this thesis, at the end of the document. To ease your reading, please use
the bookmarks tool of this PDF document.
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Abstract

Synthetic polymers constitute one of the largest fractions of solid waste worldwide. From
1950 to 2015, roughly 12 Gton of these materials were deposited either in landfills or in the
environment. The absolute majority of these materials are energetically dense, fossil-derived
and non-biodegradable, which causes accumulation in the environment, threatening both
marine and terrestrial ecosystems. Chemical recycling of these materials can be a
management strategy to alleviate pollution and to reuse otherwise wasted energy in the form
of solid materials.
Agricultural crop residues are composed of both wet and dry streams, summing up to 3600
Mton year (2013 estimate) of wasted resources globally. Besides that, around 3120 MTon
year' (2017 estimate) of animal manure is generated worldwide. Nowadays, these
agribusiness byproducts are underutilized and their conversion to liquid biofuels may present
an untapped opportunity to provide the sustainability needed in sectors dependent on liquid
hydrocarbons as an energy source.
This thesis focuses on understanding how synthetic polymers and agricultural waste interact
under hydrothermal liquefaction (HTL) conditions, identifying opportunities and evaluating
the engineering challenges to apply the technology in combined processing of waste streams.
This work evaluates the possibility of recovering monomer-like structures from synergistic
combined HTL (co-HTL) of synthetic materials and lignocellulosic biomasses. It also
evaluates how biocrudes derived from highly synergistic co-HTL behave in downstream
processing for biofuel production when compared to single-feedstock biocrudes.
HTL wuses the reactivity of hot-compressed water in near-critical conditions to convert
carbon-based materials into useful short chain organic compounds. The interaction of
different feedstock materials under this condition allows a beneficial process efficiency and
enlarges the opportunities to apply this process in waste handling scenarios.
Literature about HTL processing of synthetic polymers present significant achievements
within the field, however the non-standardized approach for several studies lead to
contradictory results, generating a knowledge gap between laboratory results and practical
applications. Here, results of subcritical HTL processing are presented for the 12 most used
synthetic polymers worldwide, both individually and combined with lignocellulosic materials.
When evaluating synthetic polymers alone, it is found that materials containing heteroatoms
in the backbone of the polymer structure are prone to hydrolysis under subcritical water,
while carbon-carbon bonds are preserved. In practice, polymers derived from addition
polymerization such as polyolefins and polystyrene do not depolymerize under subcritical
water, while condensation polymers and others containing heteroatoms in the backbone are
decomposed into molecules similar to their original monomers.
When these materials are combined with lignocellulosic ones, the synthetic parts containing
nitrogen heteroatoms tend to synergistically interact with the organic-derived molecules and
act synergistically increasing biocrude production. The reactivity of nitrogen species in
synthetic polymers was directly proportional to the intensity of the synergies verified. The
largest synergy identified was for polyurethane combined processing due to the presence of
v



highly reactive amines bonded to aromatic groups. This finding led to an improved combined
processing of polyurethane foam and lignocellulosic materials, reaching pilot processing
carbon and energy efficiencies of 71 and 75%, respectively.

The combination of wet and dry agribusiness waste fractions in HTL processing was
evaluated using cow manure and wheat straw, respectively, as representatives. Their
combination also leads to enhanced biocrude and carbon recovery during subcritical HTL
processing through nitrogen species reactions with lignocellulosic-derived compounds. The
formation of heteroatom-containing aromatics acts as a carbon carrier to the biocrude
products. With this approach, pilot HTL processing carbon yields were enhanced from 40 to
60 wt%, while also providing superior total energy efficiencies (up to 50% based on organic
input and output including heating utilities). This increase in carbon efficiency generates
further benefits in the production of hydrotreated products, with biomass-to-hydrotreated
products carbon balances increasing from 34 wt% for wheat straw in single HTL to 43 wt%
in co-HTL of wheat straw and cow manure. The distillation of hydrotreated products depicts
that the nitrogen-containing molecules tend to have higher concentration in heavier
fractions, which may be an opportunity for more targeted processing of these fractions.
Overall, production of biofuels enlarged via co-HTL mainly due to HTL superior carbon and
energy yields.

Both synthetic-organic and organic-organic waste combined HTL, the reactions involving
nitrogen compounds generate high synergistic effects towards biocrude formation. When
increasing product stability through nitrogenated species, a consequent increased difficulty
for their removal in following hydrotreatment oil upgrading is also verified. Nevertheless,
the enhanced carbon and energy recovery and enlarged scope of HTL technologies attained
via combination of waste materials is an opportunity to take advantage of these sub-utilized

streams.
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Resumé

Syntetiske polymerer udggr en af de stgrste fraktioner af fast affald pa verdensplan. Fra 1950
til 2015 blev omkring 12 GT af disse materialer enten afbraendt, deponeret eller havnede i
miljoet. Storstedelen af disse materialer er fossil-afledte og ikke-bionedbrydelige, hvilket
forarsager ophobning i miljget, og udggr dermed en trusel for bade marine og terrestriske
gkosystemer. Kemisk genanvendelse af disse materialer kan veere en lgsning for at afhjeelpe
forurening og genbruge ellers spildte ressourcer fra disse kilder.

Landbrugsafgraderester sammensat af bade vade og tgrre strgmme udggr op til 3600 Mton
ar-1 (2013 skgn) af darligt udnyttede ressourcer globalt. Derudover genereres der omkring
3120 Mton ar-1 (2017 skgn) husdyrgedning pa verdensplan. I dag er disse biprodukter fra
landbruget underudnyttet, og deres omdannelse til flydende biobraendstoffer kan udggre en
uudnyttet mulighed for at levere den ngdvendige baeredygtighed i sektorer, der er afhsengige
af flydende kulbrinter som energikilde.

Denne athandling fokuserer pa at forsta, hvordan syntetiske polymerer og landbrugsaffald
interagerer under hydrotermisk forflydning eller liquefaction (HTL). Afhandlingen vilt
identificere muligheder og evaluere de tekniske udfordringer ved at anvende teknologien i
kombineret behandling af affaldsstrgmme. HTL bruger reaktiviteten af varmt komprimeret
vand under naesten kritiske forhold til at omdanne kulstofbaserede materialer til nyttige
kortkaedede organiske forbindelser. Samspillet mellem forskellige rdmaterialer under disse
forhold muligggr en fordelagtig proceseffektivitet og udvider mulighedernefor at anvende
denne proces i affaldshandteringsscenarier.

Litteraturen om HTL omdannelse af syntetiske polymerer besrkiver betydelige resultater
inden for omradet, men den ikke-standardiserede tilgang i flere undersggelser fgrer til
modstridende resultater, hvilket genererer en vidensklgft mellem laboratorieresultater og
praktiske anvendelser. I denne afhandling er resultater fra subkritisk HTL-bearbejdning
beskrevet for de 12 mest anvendte syntetiske polymerer pa verdensplan individuelt og
sammen med lignocellulosematerialer. Ved evaluering af syntetiske polymerer alene fandt vi
ud af, at materialer indeholdende heteroatomer i polymerstrukturens rygrad er tilbgjelige til
omdannelse under HTL betingelser, mens carbon-carbon-bindinger bevares. I praksis
depolymeriserer polymerer afledt af additions polymerisation, sasom polyolefiner og
polystyren, ikke, mens kondensations- og additionspolymerer, der indeholder heteroatomer i
rygraden, nedbrydes til molekyler svarende til deres oprindelige monomerer.

Nar disse materialer kombineres med lignocelluloseholdige, har de syntetiske dele, der
indeholder nitrogenheteroatomer, en tendens til synergistisk at interagere med de organisk
afledte molekyler , hvilket gger produktionen af biocrude. Reaktiviteten

af kveelstofforbindelser i syntetiske polymerer var direkte proportional med omfanget af de
verificerede synergier. Den stgrste identificerede synergi var for polyurethan med biomasse
omdannelse pa grund af tilstedevaerelsen af meget reaktive aromatiske aminer. Denne
opdagelse fgrte til en forbedret kombineret omdannelse af polyurethanskum og
lignocellulosematerialer. Pilotforarbejdning naede en kulstof- ogenergieffektivitet pa
henholdsvis 71 og 75%.



Kombinationen af vade og terre affaldsfraktioner fra landbruget i HTL-omdannelse blev
evalueret med henholdsvis koggdning og hvedehalm som repraesentanter. Denne kombination
forer til forbedret biordolie udbytte og kulstofgenvinding under subkritisk HTL-omdannelse.
Dette skyldes kvelstofforbindelsernes reaktioner med lignocellulose-afledte forbindelser.
Dannelsen af heteroatomholdige aromater fungerer som en kulstofbeerer til bioraprodukterne.
Med denne tilgang blev pilot-HTLkulstofudbyttet gget fra 40 til 60 veegt%, samtidig med at
det gav bedre total energieffektivitet (op til 50% baseret pa organisk input inklusive tilfgrt
procesenergi).

Bade i syntetisk-organisk og organisk-organisk affald genererer kombinerede HTL-reaktioner,
der involverer nitrogenforbindelser, hgje synergistiske effekter ved biocrude-dannelse. Nar
produktstabiliteten @gges gennem kvelstofforbindelsr, medfgrer det samtidig en gget
resistens mod fjernelse af disse ved hydrogenering i forbindelse med raffinering. Ikke desto
mindre er den forbedrede kulstof- og energigenvinding og det udvidede marked for HTL-
teknologier opnaet via kombination af affaldsmaterialer en mulighed for at drage fordel af
disse underudnyttede strgmme.



Resumo

Polimeros sintéticos constituem uma das maiores fragoes de residuos solidos em todo o
mundo. De 1950 a 2015, cerca de 12 Gton desses materiais foram depositados em aterros ou
no meio ambiente. A maioria absoluta desses materiais sao energeticamente densos,
derivados de combustiveis fésseis e nao biodegradaveis, ameacando os ecossistemas marinhos
e terrestres por seu acumulo nestes. A reciclagem quimica destes materiais pode ser uma
estratégia para reduzir a poluicao e reutilizar a energia desperdicada na forma de materiais
sélidos.

Residuos de culturas agricolas podem ser divididos dentre timidos e secos, juntos totalizando
3600 Mton ano! (estimativa de 2013) de recursos desperdigados globalmente. Além disso,
cerca de 3120 Mton ano’ (estimativa de 2017) de esterco animal sdo gerados em todo o
mundo. Atualmente, esses subprodutos do agronegécio sao sub-utilizados e sua conversao
em biocombustiveis liquidos pode representar uma oportunidade inexplorada para fornecer
a sustentabilidade necessaria em setores dependentes de hidrocarbonetos liquidos como fonte
de energia.

Esta tese se concentra em entender como polimeros sintéticos e residuos agricolas interagem
sob processamento via liquefagdo hidrotérmica (HTL), identificando oportunidades e
avaliando os desafios de engenharia para aplicar a tecnologia no processamento combinado
de residuos. Este trabalho avalia a possibilidade de recuperacao de moléculas semelhantes a
monomeros via HTL combinada (co-HTL) de materiais sintéticos e biomassas
lignocelulésicas. Além disso, também é discutido como bio-petroleos derivados da co-HTL se
comportam no seu pos-processamento para producao de biocombustiveis quando comparados
a bio-petroleos de matéria-prima tinica.

A HTL usa a reatividade da adgua comprimida a quente em condig¢Oes quase criticas para
converter materiais a base de carbono em compostos organicos tuteis de cadeia curta. A
interacao de diferentes matérias-primas nesta condicao beneficia as eficiéncias do processo e
amplia as oportunidades de aplicagao deste em estratégias de manuseio de residuos.

A literatura sobre processamento HTL de polimeros sintéticos apresenta resultados
significativas dentro da area, porém a abordagem nao padronizada de diversos estudos leva
a conclusoes contraditérias, gerando um distanciamento entre resultados laboratoriais e
aplicacoes praticas. Nesta tese, sao apresentados resultados do processamento via HTL
subcritica dos 12 polimeros sintéticos mais utilizados em todo o mundo, tanto
individualmente quanto combinados com materiais lignocelulésicos. Ao avaliar apenas
polimeros sintéticos, verifica-se que materiais contendo heterodtomos na estrutura base do
polimero sao propensos a hidrélise sob agua subcritica, enquanto as ligagoes carbono-carbono
sao preservadas. Na pratica, polimeros derivados de polimerizacdo por adigcdo, como
poliolefinas e poliestireno, nao despolimerizam sob agua subcritica, enquanto polimeros de
condensacao e outros contendo heteroatomos na cadeia principal sdo decompostos em
moléculas semelhantes aos seus mondémeros originais.

Quando esses materiais sao combinados com os lignocelulésicos, as partes sintéticas contendo

heterodtomos de nitrogénio tendem a interagir sinergicamente com as moléculas derivadas
Xi



de materiais biologicos e aumentam a producgao de bio-petréleo. A reatividade das espécies
nitrogenadas presentes em polimeros sintéticos foi diretamente proporcional a intensidade
das sinergias verificadas. A maior sinergia identificada foi para o processamento combinado
de poliuretano e lignoceluldsicos, devido a presenca de aminas altamente reativas ligadas a
grupos aromaticos. Essa descoberta levou a um melhoramento na HTL de espuma de
poliuretano e materiais lignocelulésicos, atingindo altas eficiéncias com base no carbono e
energia processatos em escala piloto, respectivamente de 71 e 75%.

A combinacgao das fracoes timidas e secas de residuos agroindustriais no processamento via
HTL foi avaliada usando esterco de vaca e palha de trigo, respectivamente, como
representantes das duas categorias de rejeito. Sua combinac¢ao também leva a uma melhora
na producao de biopetréleo e eficiéncia em base de carbono durante o processamento
subcritico via HTL. O efeito se d4 também por meio de reacoes de espécies de nitrogénio
com compostos derivados de lignocelulésicos. A formacao de aromaticos contendo nitrogénio
como heteroadtomo arrasta carbono para os produtos do bio-petréleo. Com essa abordagem,
os rendimentos do processamento via HTL em planta piloto foram aumentados de 40 para
60% em peso de carbono, além de também melhorar a eficiéncia energética total para valores
superiores aos comuns em HTL (até 50% com base na entrada e saida orgénica, incluindo
equipamentos auxiliares de aquecimento). Esse aumento na eficiéncia de carbono gera
beneficios adicionais no balanco produtivo de hidrocarbonetos, com balancos de carbono para
produtos hidrogenados aumentando de 34% (palha de trigo) para 43% em co-HTL de palha
de trigo e esterco de vaca. A destilagao de produtos hidrogenados mostra que as moléculas
contendo nitrogénio tendem a ter maior concentragao em fragoes mais pesadas, o que pode
ser uma oportunidade para o refino direcionado dessas fragoes. Em geral, a producao de
biocombustiveis aumentou via co-HTL principalmente devido aos rendimentos superiores de
carbono e energia do processo.

Tanto para as misturas organico-sintéticas quanto as organico-organicas tratadas via HTL,
as reagoes envolvendo compostos de nitrogénio geram altos efeitos sinérgicos para a formacao
de bio-petréleo. Ao aumentar a estabilidade do produto por meio de espécies nitrogenadas,
verifica-se também um consequente aumento na dificuldade para a sua remoc¢ao no refino
via hidrogenacao catalitica do 6leo. No entanto, a melhora na conversao de carbono e energia
e o escopo ampliado das tecnologias de HTL obtidas por meio da combinacdo de materiais
residuais € uma oportunidade de aproveitar esses residuos subutilizados.
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Part I

Hydrothermal liquefaction of synthetic polymers



Chapter 1
Introduction to synthetic polymers’ current scenario

1.1. Synthetic polymers contribution and harm to society and the environment

The post war world of the 1950’s brought with it a revolution on material handling by
introducing synthetic resins mass production. Different synthetic materials based on fossil reserves
(oil, coal and gas) chemical refining widened market possibilities on transportation, food, feed,
clothing, and all other imaginable market fractions. From the simple act of buying salad in the
supermarket to building super-computers and spacecrafts, synthetic polymers largely contribute to
modern society and undeniably bring value to it.}?

Generally, after synthetic polymers’ final consumer use, the material is disposed and
managed according to current waste handling systems. The lifetime of a product heavily depends on
application sector! (Figure 1). The largest contributor to synthetic polymers waste is the packaging-
related applications, which are dominated by single-use polyolefins, e.g. polyethylene (PE),
polypropylene (PP), polystyrene (PS), etc. For these reasons, plastics quickly became one of the
most produced and wasted materials in human history.! When such an amount of waste material
goes through poorly designed systems, leakage to the environment is unavoidable.

! H Product lifetime distributions
0.8 ——Packaging
——Consumer & institutional products
0.6 Other and textiles
—Electrical & electronic
;Q_L 0.4 - —Transportation
021 /\ Industrial machinery
/ Building and construction
U~ , -

0 10 20 30 40 50 60 70
Years

Figure 1 - Product lifetime distributions of synthetic polymers by application sector plotted as log-
normal probability distribution functions (PDF) (adapted from')

It is known since the 1970’s that synthetic polymers leakage to the environment was
happening and accumulation into land and water bodies was a focus of concern due to several
possible consequences. These consequences are all related to one of the most important
characteristics of these materials: virtually no possible biological degradation.? However, it was not
until 2010’s alarming numbers on plastic ocean pollution that this matter caught the eyes of public
opinion and became a matter of concern in public forums and reports.*

1> and marine®**’ ecosystems posed by

The now acknowledged threat to both terrestria
plastic debris pollution urges for action towards a better waste generation and handling system that
keeps the recognized contributions of synthetic resins to society and handles its harm to environment.

Business as usual operations cannot continue if global environment equilibrium and preservation are



the pursued objectives of current industrial setups.? More specifically, mismanaged synthetic resin

waste has to be tackled urgently to avoid the likely worsening scenario we face, as pointed by several

1-389 (

recent forecasts Figure 2).
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Figure 2 — Global plastic waste emissions forecast 2020-2030 (adapted from?)

Even though remarkable efforts are being made by several parties globally, it is still
unlikely that pollution levels will decrease in the near future.’ These efforts can be illustrated by e.g.
European Union’s plastic strategy'® and Circular Plastics Alliance; United Nations’ global plastic
platform'?; World Economic Forum’s Global Plastic Action Partnership'®; plastic bottle partially
successful history of recycling'; pyrolysis pilot and demonstration plants'® and more recently;
supercritical water-based processing alternatives demonstration plants.'®!” Given the near future
forecast, flexible technologies capable of handling the large variety of synthetic polymers used
nowadays with the aim of chemically recycling those are still desired and should be pursued.

1.2. Current fate of synthetic polymers

When fossil reserves are converted into synthetic polymers, there are only a few options
for their fate. They can be in use by a consumer; being recycled for once, (not often) twice or (rarely)
a third time; discarded in landfills or; incinerated releasing CO,. For the first two options,
consumption and recycling, the status is temporary and the current unavoidable final disposal fate
— landfilling or incineration — will happen eventually (see Figure 1).! The recycling processes can be
divided into primary, secondary, tertiary and quaternary recycling. Primary recycling focuses in
single-type pure streams mainly found within manufacturing plants, which are directly processed
mechanically, e.g. trims, production errors. Secondary recycling deals with already used products
that need pre-treatment steps before mechanical processing, e.g. PET bottles, fishing nets. Tertiary
recycling focuses in the monomer recovery of synthetic materials, using e.g. pyrolysis, cracking,
gasification and chemolysis. Quaternary recycling, despite called “recycling”, is simply the chemical
energy utilization via combustion.'® All these recycling categories point out the linearity of this
material balance, which conducts carbon from fossil to waste with only a few detours.

The most common plastic recycling strategy is mechanical recycling, which is limited to
primary and secondary schemes. In short, single-type plastic streams are re-melted and mixed with
virgin feedstock to produce new products. Because re-melting processes heavily impact mechanical

properties of such polymers via polymer degradation and impurities introduction, typically only a



limited amount of recycled plastic can be added to brand new products (often up to 20-30%)." Le.
if pure mechanically recycled polymers are used when producing products, the subsequent product
will have lower quality than its first form. This effect can also be named downgrading recycling,
which decreases value through the production and recycling chain.?

The tertiary recycling technique is the most promising approach to recover virgin product
quality, as it aims for monomer recovery. This tactic is often called chemical recycling and can be
split into two segments: chemolysis and thermolysis.!” Principally, chemolysis uses chemical
properties of a solvent or environment to interact with the polymer chain and depolymerize it, while
thermolysis relies on temperature to increase kinetic energy of polymeric chain atoms and break
bonds among them forming smaller molecules. Using such strategies synthetic resins can be broken
down to their initial chemical building blocks, which in turn yield high grade synthetic resins.'® Such
processes (e.g. pyrolysis, solvolysis, hydrocracking, gasification, hydrothermal liquefaction) have the
potential of bringing circularity to the material balance of synthetic resins, as subsequent products
yielded from those will have the same quality as original fossil refining.

1.3. Thermal processes for chemical recycling of synthetic polymers

Conventional pyrolysisis the direct use of thermal energy for breaking bonds of synthetic
polymers in an inert medium. It requires moderate to high temperatures (450-700 °C) and is very
effective for polyolefins, i.e. it breaks carbon-carbon bonds effectively.'” Several different reactor
types are described in literature, with examples of commercial industrial facilities.?® Catalytic
pyrolysis is an option to reduce the breaking temperature (down to 350 °C) needed for certain
polymers, and several catalyst options are listed in literature. Though studies on stability and long-
term operation are scarce, commercial catalytic pyrolysis plants are known, with several examples
in literature dating back the 1980s.'%?>? Both conventional and catalytic pyrolysis thrive using
feedstock materials with little impurities. However, these processes are particularly sensitive towards
feedstock polymers containing nitrogen or oxygen heteroatoms, and chlorine.

While pyrolysis processes try to avoid breaking molecules further than monomer-like
structures, gasification uses even higher temperature (500-1800 °C) than pyrolysis to do so. The final
product of such process is typically a combustible gas rich in Hy, CO and other small hydrocarbons,
which can in turn be used as source of energy or chemical feedstock for platform chemicals.'” The
limitations of gasification are similar to the ones of pyrolysis, mainly being the difficulty on handling
diverse material with contaminants or heteroatom-containing synthetic materials, besides the even
larger energy expenditure to maintain the process. Even so, a few examples of industrial facilities
can be found, with none presenting major success stories.

More recently, hydrothermal liquefaction (HTL) has taken attention for its potential for
synthetic polymer processing.?* ?* HTL can be performed using sub-critical water, with temperatures
ranging from 300 to 374 °C and, supercritical water, with temperatures > 374 °C.?" Typically, HTL
is focused on processing biomass for biocrude production, though some of its characteristics can also
be exploited for synthetic polymers. When HTL is conducted under subcritical conditions, liquid
water under pressure and its properties are prone to break bonds of feedstock molecules forming
smaller molecules and reacting with them for stable products. On the other hand, when supercritical



conditions are in place, water becomes even more reactive and increases its carbon-carbon bond
cleaving potential.

In the context of tertiary recycling of synthetic polymers, HTL can be qualified as a mix
of chemolysis and thermolysis. In one hand, it relies on hot compressed water as media for chemical
reactions to take place with the chosen feedstock. On the hand, at supercritical conditions, thermal
cracking is favored, while the presence of water as solvent interferes with the chemical bond cleaving
mechanisms.?” As HTL is typically used with different types of biomasses, which usually contain
high amounts of oxygen per kg of feed, synthetic polymers offer the opportunity of inputting a higher
concentration of carbon in the process. However, they also bring increased difficulty for conversion
and very specific conditions for each type of polymer.



Chapter 2

Paper 1 - Screening of common synthetic polymers for
depolymerization by subcritical hydrothermal liquefaction
dos Passos, J. S.; Glasius, M.; Biller, P. Screening of Common Synthetic Polymers for Depolymerization by

Subcritical ~Hydrothermal Liquefaction. Process Saf. Environ. Prot. 2020, 139, 371-379.
https://doi.org/10.1016/j.psep.2020.04.040.

Article history: Keywords:
Received: March 23, 2020 Hydrothermal liquefaction
Revised: April 24", 2020 Chemical recycling
Published: May 1%, 2020 Depolymerization
Circular economy
Polymers
Plastic

2.1. Reflections

This chapter tries to answer a major question remaining after critically reviewing
literature about HTL applied to synthetic polymers: how should these results be compared? In many
ways, literature findings were contradictory, however, as the HTL methods applied in each study
were different, it was difficult to elucidate the applicability of the results and the efficiency of these

230 with the agreement

processes. For instance, polyamide 6 had been reported by several groups
that it does depolymerize in presence of hot compressed water, but with very different outcomes in
each study. Another example would be polyethylene terephthalate (PET), which was reported by
several groups® !, some reporting 100% recovery of monomers, while others claiming a mix of
molecules derived from monomers was found at the same temperature with an oil-like fraction. ABS
and PS were described in literature as materials that result in high oil yields in subcritical conditions
or, that no decomposition was observed at all.3*35 37

The disagreement in methods reported made it difficult to anticipate the behavior of each
type of polymer, hindering the development of a combined HTL approach for synthetic polymers
and biomasses. In this sense, the paper appended in this chapter allowed us to better understand
what yields result using the currently established method for batch HTL. This method is based on
fast heating rate bomb-type reactors. After understanding the synthetic polymers individual
behavior under HTL, combined approaches suggested in Part II can be explored with higher

reliability.
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Hydrothermal liquefaction could potentially utilize mixed plastic wastes for sustainable biocrude pro-
duction, however the fate of plastics under HTL is largely unexplored for the same reaction conditions.
In this study, we evaluate how synthetic waste polymers can be depolymerized to bio-crude or platform
chemicals using HTL at typical conditions expected in future commercial applications with and without
alkali catalyst (potassium hydroxide). We evaluate different characteristics for HTL processing of poly-
acrylonitrile-butadiene-styrene (ABS), Bisphenol-A Epoxy-resin, high-density polyethylene (HDPE), low
density PE (LDPE), polyamide 6 (PA6), polyamide 66 (PA66), polyethylene terephthalate (PET), polycar-
bonate (PC), polypropylene (PP), polystyrene (PS) and polyurethane (PUR) at 350 °C and 20 min residence
time. Polyolefins and PS showed little depolymerization due to lack of reactive sites for hydrolysis. HTL
of PC and Epoxy yielded predominantly bisphenol-A in oil fraction and phenols in aqueous phase. PA6
and PA66 yielded one of its monomers caprolactam and a range of platform chemicals in the aqueous
phase. PET produces both original monomers. PUR yields a complex oil containing similar molecules to
its monomers and longer hydrocarbons. Our results show how HTL can depolymerize several different
synthetic polymers and highlights which of those are the most attractive or are unsuitable for subcritical

processing.

© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Our modern society relies on an unsustainable linear produc-
tion of goods, entailing the extraction of natural resources, refining
and production of consumer goods and commodities followed by
final disposal. The unavoidable end-of-life products of such pro-
cesses are either mechanically recycled, disposed of in landfills or
undergo combustion if suitable.(Korhonen et al., 2018) The latter
option, despite reducing solid residues in landfills, releases CO, in
the atmosphere while recovering heat as the lowest value com-
modity.

Circular economy is an alternative mode of production(Ghosh
and Agamuthu, 2018; Korhonen et al., 2018) in which industry
considers waste streams generated by society as its own source of
raw materials. Innumerous implementation challenges are present
here, e.g. mixed materials where each substance should be diverted
to a different sector; combined goods, which include synthetic

* Corresponding author.
E-mail address: pbiller@eng.au.dk (P. Biller).

https://doi.org/10.1016/j.psep.2020.04.040

polymers, inorganic salts and metals fused together. Scientists
around the world are trying to solve this problem by creating more
efficient and less costly innovative solutions. The hydrothermal lig-
uefaction (HTL) technology is a promising alternative to fulfil these
requirements, as it is highly flexible in dealing with both pure waste
streams and mixed ones (Biller et al., 2018).

The HTL concept has been investigated since as early as in
1982(Coorporation, 1982), with different approaches being intro-
duced over the years(Foudriaan and Peferoen, 1990), however early
efforts aimed at substituting crude oil with bio-based feedstock
for political reasons instead of climate concerns. Nowadays, the
latter reason has encouraged many research groups to investi-
gate the HTL processing efficiency and its technical feasibility in
depth(Anastasakis et al., 2018; Skaggs et al., 2018). HTL has proven
so far to be a technology able to with a wide range of organic
waste feedstocks(Anastasakis et al., 2018; Castello and Pedersen,
2018; Skaggs et al., 2018) and synthetic polymers(Pedersen and
Conti, 2017) for the production of a bio-crude which can readily
be upgraded to transportation fuels(Castello et al., 2019). To this
date HTL research has primarily focused on biofuel production from

0957-5820/© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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biomass and wastes while the utilization of waste polymers has
received little attention.

Single synthetic polymers subcritical HTL has been reported
for specific materials in several publications, including reports
on HTL of: high-impact polystyrene, poly-acrylonitrile-butadiene-
styrene (ABS), polycarbonate and polyamide 6(Iwaya et al., 2006;
Zhao et al., 2018a); epoxy printed circuit boards(Yildirir et al.,
2015); polyethylene naphthalate and terephthalate(Arai et al.,
2010; Zenda and Funazukuri, 2008); polystyrene-butadiene(Park
et al.,, 2001); polyurethane(Dai et al., 2002). These studies show
that monomers, other valuable chemical compounds or an oil prod-
uct may be recovered using HTL. However, comparable data on
the depolymerization mechanisms of these polymers is unavail-
able, as different reactor setups, residence times, heating rates,
temperatures and pressures reported in literature make it difficult
to assess if the current HTL technologies used for biomasses and
organic waste(Anastasakis et al., 2018; Biller et al., 2018, 2016) are
suited for synthetic polymers as well. In general, current subcritical
HTL technology relies on fast heating rate reactors with moder-
ate residence time (15—20 min), working close to water saturation
pressure in the range of 300—360 °C and, depending on feedstock,
applying alkali catalysis (e.g. K,CO3, KOH).

The present study investigates how HTL can be applied as a
generic valorization process for synthetic polymers using the same
conditions as in modern biomass liquefaction. We hypothesize that
HTL of polymer waste has positive and negative aspects that must
be unraveled for each synthetic material in order to assess if they
can be included in a combined HTL waste treatment processes
for e.g. mixed municipal waste or as a standalone technology for
chemical plastic recycling. Batch experiments were conducted to
evaluate how the most used synthetic polymers behave when pro-
cessed using fast heating rate reactors and short residence times.
We give a comprehensive overview of the fate of the most common
waste polymers at a given condition to allow a fully comparative
assessment for future implementation in the circular economy.

2. Materials

Atotal of 12 different commercial polymers - poly-acrylonitrile-
butadiene-styrene (ABS), Bisphenol-A based Epoxy resin, high
density polyethylene (HDPE), low density polyethylene (LDPE),
non-colored plastic cable ties of polyamide 6 (PA6), Sigma-Aldrich
polyamide 6/6 (PA66), polyethylene terephthalate plastic bottles
(PET), polycarbonate (PC), polypropylene cups (PP), polystyrene
cups (PS) and polyurethane foam (PUR) - were milled using a
Polymix® PX-MFC 90D knife mill equipped with a 2 mm sieve
before the HTL procedure. Sigma-Aldrich Poly(vinyl chloride) (PVC)
was used as acquired (powder).

3. Methods
3.1. HTL procedure

Reactions were performed using custom made Swagelok©
bomb-type 20 mL reactors following already described
procedures(Biller et al., 2016). Two sets of experiments were
conducted in duplicates, one with pure water and one with alkali
catalyst (KOH). In each experiment, 0.50 g of polymer was added
to the reactor with 8.5 g of water or alkali aqueous solution (17.2
g/L). The feed dry matter concentration of the experiments (5,6 %)
is lower than commonly applied in continuous systems (typically
15-20 %) (Castello and Pedersen, 2018). Such dry matter content
was chosen to standardize loadings for all polymers tested, as
some polymers were difficult to fill into the limited reactor space
due to their low density. Reactors were sealed and submerged

into a pre-heated fluidized sand bath for 20 min at 350 °C, which
results in a heating time of 4 min (average heating rate of 82
°C min~1). This heating rate approximates the heating profile of
a modern continuous HTL plant with integrated heat recovery,
where a similar heating rate of 75—100 °C min~! was applied and
a total reaction time of approximately 14 min.(Anastasakis et al.,
2018) The reactors were then quenched in a water bath, cleaned
and weighted. The gas produced during the HTL reaction was
carefully vented and the reactor re-weighted to determine the
mass of gas generated. The aqueous phase (AP) was transferred to
a 15 mL centrifuge tube and centrifuged for 5 min at 4000 rpm.
To recover the oil phase, 30 mL of methanol was used to wash
remaining solids both in the reactor and in the AP centrifuge tube.
After filtering the methanol, an aliquot of 1 mL was withdrawn
for gas chromatography/mass spectrometry (GC/MS) analysis,
while the remaining liquid was evaporated overnight at 35 °Cin a
convection oven to determine the oil weight. Solid residues were
dried at 105 °C overnight in a convection oven and AP mass was
determined by difference. All yields were based on the mass of
polymer initially used.

3.2. Elemental analysis

An Elementar vario Macro Cube elemental analyser (Langensel-
bold, Germany) was used to determine the CHNS content of all raw
materials, solid residues and oil products in duplicate, average val-
ues are reported. The combustion chamber was operated at 1150
°C and the reduction tube at 850 °C, with a helium flow of 600 mL
min—1.

3.3. ATR-FTIR

A Bruker Alpha Platinum Attenuated Total Reflectance Fourier-
transform infrared spectroscopy (ATR FTIR) spectrometer was used
to collect 24 spectra from 4000 to 400 cm~! with resolution of 2
cm~1. The ATR crystal was cleaned using 96 % ethanol and baseline
signal was checked between measurements. Solid samples were
compressed against the diamond crystal and liquid/grease samples
were rubbed on top for measurements.

34. GG/MS

Analysis were performed using an Agilent 7890B GC coupled
to a quadrupole mass filter MS (Agilent, 5977A). For oil analysis,
1.0 pL of the aliquot retrieved from sample work-up was directly
injected (inlet temperature of 280 °C, split ratio 20:1, helium flow
1 mL.min~1) after internal standard addition (4-bromotoluene) on
a VF-5 ms column (64.9 m x0.25 mm x0.25 wm). The following
GC oven temperature program was performed: 60 °C hold for 2
min; ramp to 200 °C (5 °C.min~1); ramp to 320 °C (20 °C.min~1);
hold for 5 min. Compounds were identified with authentic stan-
dards, NIST17 mass spectralibrary or based on literature references.
Quantification was conducted using an 8-point calibration curve for
selected compounds.

For AP analysis, the methyl chloroformate derivatization
method was used (see reference (Madsen et al.,, 2016) for full
details). Catalysts and methyl chloroformate were added to the AP
to methylate water soluble compounds. Later, chloroform contain-
ing internal standard (4-bromotoluene) was used to extract these
compounds to an organic phase, which was then analyzed using
GC/MS.

4. Results and discussion

Fig. 1a and 1b show the mass balance for all polymers tested.
The polymers are divided into (a) polymers which are prone to
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Fig. 1. Mass balances for polymers after HTL (cat = KOH catalyzed HTL). (a) Polymers prone to HTL conversion. (b) Polymers not prone to HTL treatment.

HTL conversion and (b) polymers which are not prone to conver-
sion. For the polymers which do convert (Fig. 1a) the amount of
material fractionating to the aqueous phase (AP) constitutes an
important fraction of the mass balance for most polymers, par-
ticularly when alkali catalyst is present. Higher reaction rates for
hydrolysis depolymerization mechanisms have previously been
reported for PET in presence of alkali (Wan et al., 2001), which
is confirmed in the current study for other polymers, as shown
in Fig. 1a by markedly increased polymer conversions for all sam-
ples apart from PVC. Alkali reactions are responsible for breaking
—0and N structures into alcohols, carboxylic acids, amines or
amides.(Singh and Sharma, 2008) In presence of alkali, hydroly-
sis reactions yield organic salts as well, which have higher water
solubility.(Singh and Sharma, 2008) Hydrolysis reactions depend
on a common characteristic of most polymers grouped into Fig. 1a:
the presence of heteroatoms in their backbone structures.

The polymers subjected to HTL (see Table S1 for chemical
structures) were grouped into the following topics for discussion
according to important observations and characteristics during HTL
processing:

1) HDPE, LDPE, PP and PS: where the absence of heteroatoms in
polymeric structures prevents HTL depolymerization mecha-
nisms (Fig. 1b);

II) ABS: a polymeric structure without backbone heteroatoms
that shows increased depolymerization in alkali conditions;

III) Epoxy and PC: comparison of two BPA-based polymers — one
thermoset and one thermoplastic - evaluating how cross-
linked polymers decompose differently;

IV) PET: a polymer yielding a large amount of solid products;

V) PA6 and PA66: where crystalline and amorphous polymer
phases play a role on depolymerization mechanisms;
VI) PUR: a thermosetting polymer containing both N and O het-
eroatoms;
VII) PVC: process occurs in heavily acidic HTL conditions due to
halogenated raw materials.

4.1. HDPE, LDPE, PP and PS

All of these polyolefins showed >90 % solid residue yields after
HTL processing (see Fig. 1b). Additionally, when processing in the
presence of alkali, solid residues increase for all four polymers. The
main reason is that no heteroatoms or reactive sites are found in
these materials, thus thermal cracking is the preferred depolymer-
ization mechanism (Singh and Sharma, 2008). PE has been reported
to decompose to oil products under supercritical water (450—480
°C), above its thermal cracking temperature (commonly around 435
°C)(Hai-feng et al., 2007; Su et al., 2004). When compared to pyrol-
ysis, the presence of supercritical water prevents coke formation
while increasing oil yield (Moriya and Enomoto, 1999). Subcritical
water LDPE HTL, with hot release and condensation of vapours, has
been reported once by Wong et al. (2005), showing an organic lig-
uid yield of 28.42 % at 300 °C with residence time of 120 min.(Wong
et al., 2016) As the temperature of 350 °C used in our experiments,
is lower than the thermal cracking temperature of PEs in general,
the reaction rate is too low for the time used in our experiments
(20 min), leaving polymeric chains in solid state.

FTIR analysis of solid residues showed that some are partially
oxidized (see Fig. 2S A-D). HDPE and LDPE non-catalyzed HTL
resulted in oxidized materials containing = O bonds (1712 cm™1).
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Fig. 2. Van Krevelen diagram of the different phases - without (A) and with catalyst (B).
Catalyzed reactions yielded a non-oxidized HDPE and a different ABS ' ' '
type of oxidized LDPE, containing also C = C—0 (1648-1626, 835 | |ceeren ABS HTL residue .
cm~1) and CO (1400 cm—1-1256 cm~!) groups. PP solid prod- — — — -ABS HTLcat residue |
ucts of non-catalyzed HTL also show C—0 (1285 cm~1), CO (1680, ,’\\ ;
1714 cm="1) and C = CH (934, 841, 732 cm~—!) groups, while cat- ! /‘] : b
alyzed HTL of PP did not change the material according to the FTIR ,' \ N 4']‘/\\ oy,
characterization. R - B s W ST R R A PN
HTL of PP has only been reported for long reaction times and §
low heating rate batch experiments. (Zhao et al,, 2018b) For 1 h g
reaction time at 350 °C, 65 % solid residue yield was reported, with 2
oil products containing cyclic alkanes and aliphatic alkenes. Similar < LA f
products are also present in the small oil fraction recovered in our i i
experiments, although at very low levels (see chromatograms in
Fig. S5).
PS did not show any structural changes by HTL using FTIR analy-
sis. A similar polymer to PS, a co-polymer of styrene with butadiene, M M
. Are.-
has been reported to decompose in the presence of water at 350 °C ‘ ‘ ) ) ‘ ‘ )
with depolymerization as high as 61 % for a reaction time of 60 4000 3500 3000 2500 2000 1500 1000 500

min.(Park et al., 2001) Near supercritical HTL (370 °C) was also
reported to decompose PS into valuable chemicals in short res-
idence times (Kwak et al., 2005), however, supercritical PS HTL
(Kwak et al., 2005; Park et al., 2001) was recently found to have
the most efficient condition at 490 °C with carbon liquefaction
efficiency as high as 80 %.(Bai et al., 2019) In the present study,
the aromatic-containing polymer PS has shown to be stable under
subcritical conditions.

The minor changes of H/C and O/C ratios change during HTL,
presented in Fig. 2, indicate that HDPE, LDPE, PP and PS expe-
rience no measurable change in their chemical structures. The
absence of heteroatoms in the polymer backbone structure pre-
vents all depolymerization mechanisms that involve reactive water
in the investigated HTL conditions. Hence it can be concluded
that the inclusion of these polyolefin wastes should be avoided in
HTL feedstocks for biocrude production in any future mixed waste
application at subcritical conditions and supercritical conditions
are favorable. A pyrolysis approach where higher temperatures,
above the thermal cracking temperature, is employed or supercrit-
ical liquefaction are required conditions for the chemical recycling
of these materials.

4.2. ABS

Even though the chemical structure of this polymer does not
contain backbone heteroatoms to favor hydrolysis depolymeriza-
tion reactions, ABS shows a positive effect on decreasing solid
residues with alkali catalysis (Fig. 1a). This result is a consequence
of the other reactive sites present in ABS, nitrile side group and

Wave number [cm’1]

Fig. 3. FTIR of ABS solid residues in comparison to raw material.

the backbone double bond, becoming prone to depolymerization
in alkali media.

The GC/MS analysis shows (Fig. S4 and S5) that aromatic =N
molecules are present in non-catalyzed AP products, however,
when alkali catalyst is present, only -NH, and -NH- groups are
detected. This indicates that alkali conditions stimulate depolymer-
ization reactions by forcing nitrile hydrolysis. Principally, nitrile
groups hydrolyze in presence of hot compressed water (Izzo et al.,
1999) generating NH3 and carboxylic acids with an amide inter-
mediate (—CONHy).(Izzo et al., 1997) Potassium hydroxide has
been reported to catalyze this reaction at low temperatures (Sanli,
1990) (20-80 °C). The same effect is observed here, by generating
ammonia under HTL conditions, the depolymerization rate of the
materials is increased.

Besides the ammonia generation path, as double bonds are
present in butadiene units, direct addition of the amide intermedi-
ate (Sanli, 1990) to the alkene section (Mu et al., 2008) of butadiene
units are possible. According to the FTIR data in Fig. 3, HTL with-
out catalyst only changes the polymeric structure regarding the
—CC =—bonds, which is evident due to the disappearance of sharp
peaks at 967,910 and 1638 cm~!, meaning that such double bonds
are either hydrogenated or substituted by rearrangement. On the
other hand, the spectra found for the solid residue of catalyzed HTL
suggests a rearranged structure containing more aliphatic sections
and a —CNC bond (1158 cm~—=—1), a derivative of amide addi-
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Fig. 4. Epoxy (A) and PC (B) oil products GC/MS. (IS = internal standard).

tion to butadiene units. Despite the evidence for a—CNC —=—bond,
the elemental analysis depicted in Table S3 shows that the solid
residue only contains 0.31 % of N, a much lower value compared to
the original content of 5.13 %.

Hence, KOH catalyzes nitrile hydrolysis, which generates reac-
tive ammonia that interacts easily with butadiene and styrene units
for depolymerization, generating oxygenated compounds that are
more soluble in water. For the case of ABS, hydrolysis is not the main
pathway for depolymerization, but the chain reaction started by a
side group (—CN=). The products generated by these reactions are
hydrophilic - probably composed of oligomers due to the absence
of small structures by GC/MS analysis — and only small amount of
oil being generated.

4.3. Epoxy and PC

The two polymers have related chemical structures as
epoxy is a thermoset composed of bis-phenol-A digly-
cidyl ester (BPA-DGE) and butandioldiglycidylether (BODGE)
cross-linked by poly(oxypropylen)diamine and aminoethyl-3,5,5-
trimethylcyclohexylamine, while PC is a thermoplastic of BPA. As
both structures contain backbone oxygen heteroatoms, hydrolysis
is the preferred depolymerization path. It is important to remark
that one of the crosslinking reagents of Epoxy has significant
nitrogen content (see Table S1 and S2), which reacts into NH;3 at
HTL conditions, catalyzing depolymerization reactions.

AlKkali effect on both reactions is qualitatively similar (Fig. 1a),
as it increases the water-soluble products in different degrees. AP
yield for PCincreases from 15.9 % (no-cat) to 88.2 % (cat), while from
47.6 % (no-cat) to 62.5 % (cat) for Epoxy. The products obtained
in both non-catalytic processes are typically alcohols, which can
further react in presence of KOH into carboxylic acids or smaller
alcohols, having higher water solubility.

The nitrogen content in Epoxy can explain the higher water-
soluble products yield for the material in comparison to PC under
non-catalytic HTL, as both oil-yielded reaction products are very
similar (Fig. 4). Also in Fig. 4, it is possible to observe that even

though Epoxy is a heavily cross-linked polymer, it yielded very
similar compounds as its thermoplastic counter-part (PC). Aqueous
phase GC/MS analysis shows that phenol is present in both cat-
alytic and non- catalytic HTL reactions. However, the phenol yield
is more prominent when KOH is present (see Section 5 for further
discussion).

For both Epoxy and PC, very low amounts of solids were
obtained, showing that despite high levels of crosslinking in Epoxy,
HTL conditions promoted severe depolymerization reactions as in
PC. This fact corroborates that chemical structure (i.e. backbone
heteroatoms) is more important than crosslinking for HTL treat-
ment.

4.4. PET

This condensation polymer differs greatly in behavior to others,
as one of its monomers - terephthalic acid (TA) - is an insoluble
solid in both water and alcohols. Fig. 5 presents the FTIR spectra that
shows clearly a high-purity TA as result of HTL procedure given the
FTIR reference match. In this case, Fig. 1 shows an increase of AP for
catalytic HTL, which demonstrates that alkali catalysis converts TA
into its salts, increasing its solubility in water. Besides, the higher
gasyield for catalytic HTL shows that decarboxylation reactions are
favored, generating more CO, at the studied temperatures. This can
be observed by the higher gas amount for catalytic HTL of PET in
Fig. 1a and the GCMS findings in Fig. S6 and Fig. S7, which show
direct decarboxylation products of TA.

Again, the presence of oxygen as heteroatoms contributes
greatly to depolymerization reactions — mainly hydrolysis in this
case.(Wan et al., 2001) PET depolymerization reactions have been
studied before at lower temperatures (120—160 °C) than reported
here, though also in presence of KOH.(Wan et al., 2001) Higher
temperatures (190—307 °C) were also tested in a different study
by Zenda and Funazukuri (2008)(Zenda and Funazukuri, 2008) in
presence of other alkaline catalysts (ammonia and NaOH) yield-
ing similar results. Both cases achieve very high terephthalic acid
yields, as also shown in this study. Fig. 1a shows that PET HTL in
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Fig. 5. FTIR of PET solid residues in comparison to raw material including TA refer-
ence.

presence of KOH exhibits a significantly higher gas yield, indicating
catalytic decarboxylation of TA occurs at the temperature tested.
For the case of catalytic PET HTL, the oil and water yields contain
benzoic acid, a direct product of TA decarboxylation.

The presence of a valuable solid product raises an issue on PET
HTL processing: how to deal with the solid streams in an applica-
tion context. For the case of pure PET HTL, direct use of the solid
stream is an advantage, however, if PET co-processing through HTL
is desired, such valuable solid will be mixed with different byprod-
ucts. In this case, extraction and purification of the solid stream has
to be considered as an essential step.

4.5. PA6 and PAG6

Fig. 1a depicts a similar mass balance for PA6 and PA66 with
slightly lower oil yield for catalyzed HTL of PA66 in comparison to
catalyzed HTL of PAG, in both cases the addition of alkali approx-
imately doubled the oil yield. For both PA6 and PA66, monomers,
dimers and some variations of these compounds are the products
identified in GC/MS analysis of the AP (see Fig. S8 and S9). Simi-
lar results were previously reported for non-catalyzed HTL (Iwaya
et al., 2006), but surprisingly little effect on product distribution
could be observed when KOH was present as catalyst despite the
increase in oil yield.

The O/C ratio of PA6 oil products of catalytic HTL was higher than
of the corresponding PA66 sample. Both were significantly different
from the non-catalytic HTL products (see Fig. 2). The oxygen migra-
tion to the oil phase in PA6 when comparing non- and catalytic
HTL is probably caused by a higher hydrolysis rate, which decom-
poses caprolactam (the main monomer) into further hydrolyzed
products, which contain more oxygen.

Analysis of the FTIR spectra in Fig. 6 confirms that the amor-
phous phase of PA6 and PAG6 (1145 cm~!) (McKeen and McKeen,
2012) are depolymerized under non-catalytic HTL. For PA6, when
alkali was used for HTL, the spectra show a significant difference
between peaks at 665 cm~! and 580 cm~!, showing that « phase
is the dominant type of PA present. i.e., v phase was more prone
for depolymerization, which is expected as a phases are the most
stable for this type of polymer.(McKeen and McKeen, 2012) Here,
the alkali again promotes higher rates of hydrolysis, however the
crystalline structure dictates the depolymerization path.

4.6. PUR

Fig. 1a and Fig. 2 show that PUR does not exhibit major dif-
ferences in mass balance nor in H/C and O/C ratios for catalytic
HTL compared to non-catalytic HTL. The catalyst does have an
effect of increasing quantified compounds, an observation which
is discussed later. The lack of catalytic effect on H/C, O/C ratios for
this polymer suggests that the amount of N present was already
enough to generate sufficient in situ NH3, promoting hydrolysis
by itself. This indicates that PUR is prone to catalyze degradation
of other polymers under co-liquefaction, which opens up oppor-
tunities for positive synergistic processes for polymer or biomass
combinations. PUR hydrolysis has been reported to yield mainly
diamino toluene using long retention times and slow heating rate
reactors.(Dai et al., 2002) Our study shows that for fast heating
rate and short residence times, oligomers are the main products,
with a clear phase separation. Fig. S10 presents the FTIR spectra
of PUR oil, highlighting that secondary amines (3400—3200 cm™1),
NCO (1734 cm—="1) and CN (1222 cm~—") characteristic bands
are not present in both catalytic and non-catalytic HTL oil product.
It also highlights that the C—OC band at 1089 cm~—! is present in
all samples, indicating that the oil products also have ether groups,
which corroborates that oligomers are the main components in this
product stream.

Fig. S11 shows that N—H (3300 cm~') bonds are not present
in the solid residues of non-catalyzed HTL, however aromatics are
much more prominent (indicated by 700, 757, 1452 and 1495
cm~1), which suggests that rearrangement of the polymer hap-
pened to yield a more stable structure. Even though aromatics are
evident in these solid residues, they are present together with O
heteroatoms (1089 cm~1).

The AP yield increased from non-catalytic to catalytic HTL due
to the reduction in gas yield, which indicates less decarboxylation
and thus, more carbon retention in liquid products. The compo-
sition of this stream did not change significantly, as can be seen
from the chromatogram in Fig. S12. The products identified in
this phase are aromatics and polyaromatics containing O and N
heteroatoms, however low match factors from the library search
prevents reliable identification, due to characteristic branched
compounds being identified.

4.7. PVC

The only halogenated polymer exhibited pronounced charring
reactions rather than liquefaction reactions due to the acidic con-
ditions. Addition of alkali resulted in no considerable differences in
oil and solid yields (Fig. 1a), however, a major difference was mea-
sured on gas and AP yields. The higher gas yield in alkali conditions
indicates that a greater portion of chlorine present was converted
into Cl,, reducing the mass transfer to the AP. Despite this, the solid
residues from catalyzed HTL have a lower carbon content (Table
S1) compared to those from non-catalytic HTL, indicating that the
catalyst lower the polymer-solid residue dechlorination effect.

HTL processing of PVC showed that it is capable of recovering a
solid residue with much lower chlorine content, which could be an
approach for solving incineration issues related to such contam-
inants. However, PVC should be avoided in HTL co-processing as
acidification is undesired and unavoidably results in carbonization
reactions.

5. Analysis of depolymerization products in oil phase
Fig. 7 shows the quantified compounds present in oil prod-

ucts for PC, Epoxy, PUR and PA66 HTL with and without catalyst.
Of these, PC is the polymer with highest oil yield, which is com-
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Fig. 7. Oil phase mass composition by quantitative GC/MS analysis.

posed of relatively few compounds, in particular its monomer,
BPA, contributing 44.5 wt.% of the total oil yield. This means the
total chemical recycling efficiency of PC to BPA is 32.8 wt.%, to
p-isopropenyl phenol is 20.2 % and to phenol is 5.2 %. Part of
the Epoxy oil yield is also composed of the same products as PC,
however in lower concentrations, yielding a total chemical recy-
cling efficiency of 5.6 % to p-isopropenyl phenol, 4.1 % to phenol
and 2.6 % to BPA. Epoxy is a crosslinked thermoset and thus has
a branched structure which leads to more complex depolymer-
ization mechanisms and, by extension, more complex products.
The presence of ether-like sections, generated by epoxy bonds
in the original structure (see Table S1) leaves BPA attached to

branched alcohols, which contributes to the non quantified com-
pounds (NCQ).

PUR has been reported to hydrolyze in hot and compressed
water (Brunner, 2014), however at the conditions tested, it seems
that only partial decomposition is achieved. As shown in Fig. 7,
the PUR oil only exhibits a minor amount of small organic com-
pounds, suggesting that the NQC in this case are oligomers of the
original structure. Full conversion of PUR can only generate water
soluble compounds (Brunner, 2014), which would make it difficult
for recovery of valuable compounds. Alkaline catalysis increases
the concentration of identified oil products, which indicates that
smaller compounds are produced. Thus, the HTL procedure sug-
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gested here could be an option for high carbon recovery of waste
PUR with the advantage of having a phase-separated product that
can be further purified into an oil product or even individual chem-
icals.

Fig. 7 also shows that hydrazide benzoic acid is the main quan-
tified oil product from PA66. When catalyzed with alkali, the
products of PA66 HTL have higher concentrations of oxygen (Table
S2 and S3) and lower of carbon, representing a more hydrolyzed
product with lower value.

Besides the oil phases, AP products of polymer HTL are signifi-
cant often making up over 50 % of the total mass yield. Their low
concentrations represent an issue for recovery or valorization of
chemicals and energy recovery via e.g. hydrothermal gasification is
a more likely route (Elliott, 2011). Out of the polymers tested, the
most favorable AP products are the ones resulting from PA6, PA66,
Epoxy and PC HTL if chemical recovery from non mixed wastes is
the objective. In the two former cases, the AP is reported (Iwaya
et al., 2006) to be composed mostly by e-caprolactam (approx. 80
% is converted of the original polymer), which could potentially be
re-polymerized into new bulk polymers. For the two latter, phe-
nol is the most abundant product in the alkali-catalyzed HTL of AP,
constituting 5.3; 7.6; 29.9 and 11.0 % of the mass present for AP of
Epoxy, Epoxycat, PC and PCcat, respectively.

For PET HTL, the solids recovered were the main product. They
are composed of high purity TA, which is the monomer of PET.
The decarboxylation observed when PET was processed with cat-
alyst also yields useful platform chemicals that could be further
processed in a HTL context where only PET is used as the feed-
stock. However we consider that this would be a downgrading
of such a valuable monomer, as if PET is processed in its pure
form (non-catalysed), the solid TA is recovered immediately. If
co-processing is desired to eliminate the need of pure streams
for HTL, a solid product represents a challenge for further sepa-
ration.

The co-processing of different synthetic polymers in HTL for
platform chemical recovery can offer advantages and disadvan-
tages. In one hand, co-processing of selected polymers can offer
synergies on specific recoveries, e.g. PC and Epoxy may be co-
processed and the final oil phase will contain most of the BPA
recovered for both, meanwhile the AP will comprise phenolics.
On the other hand, the generation of certain products can inter-
fere in the recovery of others, e.g. ethylene glycol generated in PET
AP products can increase the solubility of organic compounds in
other polymer’s oil phase, which would increase separation costs.
As valuable compounds are shown here, simple separation pro-
cesses may be considered (liquid-liquid extraction, evaporation
or distillation), however with the increase of mixture complex-
ity in co-processing scenarios, increased cost may overcome such
approaches’ feasibility.

The processing of synthetic polymer waste in high thermal
efficiency HTL reactors(Anastasakis et al., 2018) thus yields some
ready-to-use platform chemicals which could be recovered if pure
polymer streams are used, which can represent an advantage in
comparison to other recycling strategies, such as mechanical recy-
cling, as this approach is not limited by a number of recycling
cycles. Overall, the results however also show that generally the
composition of products is complex and would become even more
if unsorted streams of synthetic wastes are used or mixed with
biomass wastes. In this context it can be concluded that some of
the polymers are beneficial in such approaches, as polyamides,
PUR, epoxy and PC, yielding additional oil products, while others
are uncertain, as ABS and PVC and their co-processing deserves
additional attention. The polyolefins in general should be avoided,
adding solid residue to the product mixture and little conversion
at the subcritical conditions investigated here.

6. Conclusion

Subcritical HTL processing of synthetic polymers is a promising
approach for certain types of polymers chemical recycling. Prod-
ucts identified and quantified for the case of suitable feedstock are
valuable chemicals, thus this approach may contribute for a circular
economy of the sector. The HTL process is intrinsically dependent
on reactive sites for hydrolysis in the original chemical structures of
the polymers and does not occur in absence of those. This creates a
challenge for subcritical processing of polyolefins and polystyrene.
On the other hand, for materials that present such reactive sites, a
major part of the mass processed result in the AP, which creates
difficulties in down-stream valorization. The alkali environment
provided by the catalyst used in this study showed to favor a greater
hydrolysis rate, generally decreasing solid residues and increasing
AP yields.

For all other polymers evaluated in this study, particular process
characteristics can be highlighted as follows:

ABS: alkali significantly increases depolymerization rates, how-
ever products are concentrated in the AP. The oil product generated
is composed of oligomers of the original structure and requires
purification and upgrading to recover platform chemicals;

Epoxy and PC: BPA and derived compounds are present in the
oil products of HTL. Especially for PC, in which 80 % of the oil
products from HTL without catalyst are readily available as off-the-
shelf platform chemicals. For Epoxy, despite also having high-value
chemicals present, its oil phase is more complex. This is due to its
characteristic branched thermosetting chemical structure, which
yields also branched products. In both cases, alkali increases hydrol-
ysis rates yielding more AP products, mainly phenols.

PET: Solid TA is the main product of non-catalytic HTL. The AP
is rich in identifiable chemicals and is increased in concentration
by addition of KOH during HTL processing. The catalyst also favors
decarboxylation of TA, resulting in by products in both solid and
AP.

PA6 and PA66: Yields AP monomers that could be used for
repolymerization if pure streams are processed. The concentration
of such monomers is still of high importance for process feasibil-
ity and higher concentrations are desirable. The crystalline phases
of these polymers decompose differently and KOH is capable of
promoting total depolymerization in short residence times.

PUR: Yields a complex oil, composed of oligomers and a minor
part of low boiling point compounds. KOH catalysis tends to
increase the small compounds concentration, indicating more
hydrolysis of the reactive sites. The small compounds identified
and relatively high oil yield, show that PUR is a suitable feedstock
for HTL processing.

PVC: HTL processing in the presence of alkali yields increased gas
products due to Cl, release. PVC solid residues are highly dechlo-
rinated, which indicates that this fraction can be further used as
carbon source. The dechlorination of carbon in this case is espe-
cially valuable as HCl is the main product and is present solely in
the AP.

Overall, each type of synthetic polymer presents its own depoly-
merization characteristics under HTL, which brings opportunities
and challenges for future applications in pure and mixed streams.
Low residence time subcritical HTL is not able to cope with poly-
olefins and PS, however it represents a very interesting approach on
chemical recycling of heteroatom-containing synthetic polymers.
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3.1. Reflections

As identified in Chapter 2, addition polymers such as polyolefins, ABS and polystyrene
are exceptionally difficult to depolymerize under subcritical water conditions due to their lack of
reactive sites in the form of oxygen heteroatoms. Despite that, it is possible to find authors that

claim this process as technically feasible.?3657 1.37

In particular, Sugano et al.’” brings attention to a
potential route for easing the depolymerization of polyolefins and polystyrene via a mechanical pre-
treatment. The results describe that steam explosion pre-treatment decreases the molecular weight
average of these materials, which has potential effect on triggering depolymerization under low
temperature (down to 300 °C). Despite the promising approach, no literature was found evaluating
further the strategy.

The technique would be of high interest for a co-processing approach of biomasses and
polymers. The main assumption would be that lignocellulosic biomass can ease steam explosion
processing of plastics by avoiding cluster formation, and the final product could be co-processed in
HTL. That could increase the biocrude quality of lignocellulosics, given the products from polyolefins
and polystyrene are carbon rich and oxygen poor, with elevated HHV.

The following chapter briefly describes our attempts to implement the approach described
by Sugano et al.?” and the results we gathered. It is also described how supercritical water seems to
be needed for the decomposition of such materials, highlighting the depolymerization mechanism is

still temperature dependent even after the suggested pretreatment step.
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Abstract

The amount of plastic waste generated has been constantly increasing over past decades. The
majority of this material is comprised of polyolefins and polystyrene. Currently, part of it
accumulates in the natural environment leading to the pollution of the oceans, soil and air. Recently,
hydrothermal liquefaction (HTL) is drawing attention as a strategy to take advantage of large
quantities of waste synthetic material. The aim of this study is to investigate HTL of polyolefins —
namely polypropylene (PP), polyethylene (PE) — and polystyrene (PS) using subcritical and
supercritical water. The effects of a steam explosion pre-treatment for sub-critical HTL were
evaluated. Steam explosion at 180 — 200 °C and 10 — 16 bar did not show any effect, leading to no
conversion under subcritical HTL of all polymers tested. Supercritical conditions (420 °C) were
needed for effective depolymerization and Polystyrene was found to be the easiest to be converted
into synthetic oil among the polymers tested. PS resulted in an oil yield of 70.9% with HHV of 41
MJ.kg!'. Also under supercritical HTL, mixing PS with PE and PP was shown to result in
antagonistic effects regarding the oil yield, greatly affecting the final oil composition. In general,
examined polymers are very challenging to decompose and supercritical conditions are required.

3.2. Materials and methods

Polystyrene (PS) was gathered as general shopping items such as plastic cutlery and cups.
Polyethylene and polypropylene used are commercial pellets for extrusion (all BASF). All materials
were milled in a Polymix® PX-MFC 90D knife mill with 2 mm sieve. The now powder polymers
were steam exploded using an apparatus with boiler (steam max pressure and temperature of 20
bar, 220 °C), a 630 mL reactor and a fast pressure release valve. The procedure was carried out as
a gas-gas steam explosion and started by loading the reactor with around 50 g of polymer per batch
and then pressurizing with steam and heating at three specific conditions (180-200 °C; 10-16 bar).
After a certain retention time (0-25 minutes), the fast pressure release valve was open to atmosphere
allowing instantaneous depressurization. As reference, the three different conditions are listed in
Table 1.

Table 1 — Steam explosion conditions
Experiment T (°C) P (bar) Residence Time (min)

SE1 180 10 0
SE2 200 16 S
SE3 200 16 25

After steam explosion, the materials were dried (105 °C overnight) and milled using the
same knife mill. HTL batch reactions were performed using 20 mL bomb-type custom Swagelok®
reactors. In a typical subcritical reaction, 1 g of polymer was loaded together with 8 g of deionized
water, the reactor closed, sealed and submerged in a fluidized sand bath at 350 °C. After 20-60
minutes (including heating time) the reactors were taken out of the sand bath and quenched in room
temperature water. The reactors were vented and gas mass noted. Aqueous phase (AP) was decanted

and the reactor washed with methanol to recover oil products. Methanol was chosen as solvent
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because of its characteristic incapacity of solubilizing the synthetic raw polymers, but solubility in
typical expected products.

Supercritical HTL batch experiments were performed in smaller (12 mlL) bomb-type
custom Swagelok® reactors. In a typical reaction, 0.5 g of synthetic polymers were loaded together
with 2 g of water. The same procedure as for subcritical experiments was followed, though for
supercritical conditions, 420 °C was chosen as temperature, resulting in an estimated water density
of 0.167 g.mL"! and 278 bar pressure and rinsing solvent was acetone. Analytical methods such as
CHNS-O, GC/MS and ATR-FTIR are listed in Chapter 2 Methods. Thermogravimetric analysis
(TGA) was performed in a Mettler Toledo SDTA851. The TGA was operated using ceramic crucibles
containing a minimum of 5 mg of sample, which was heated at constant rate of 10 K min from 50
to 900 °C under nitrogen followed by 10 min under air at constant temperature.

Synergistic effects were calculated as:

_ Yieldexperiment
B Yieldexpected

Where Yield xperimene is the experimental yield and Yield ypecreq is the weighted average
yield from single HTL experiments. Thus, if SE > 1, positive synergies are observed; if SE < 1,
antagonistic effects are present and; SE = 1 no synergies can be measured.

3.3. Results and discussion
3.3.1.Steam explosion

For both PE and PP, aqueous phases were clear in all steam explosion conditions, with
no changes in TGA, FTIR or CHNS composition. The products of PS steam explosion (SE2) can be
observed in Figure 3 A-B. For PS SE2 and SE3, the aqueous phase from steam explosion was clearly
different, with darker aspect and smell of solvents. The solid products on the other hand did not
seem changed in aspect or color. Styrene, benzaldehyde and acetophenone traces were found in
GC/MS aqueous phase from steam explosion, which indicates minor decomposition of PS under
these conditions. Sugano’s work®" describes steam explosion of such materials yields powdered solids,
which was not observed in our attempts and may be a result of different steam explosion apparatus
design.

Figure 3 — Polystyrene solids (A), aqueous phase (B) and aqueous phase GC/ MS (C) products of

m—

steam explosion (SE2)
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Figure 4 depicts both FTIR spectra and DTG curves of PS steam explosion solid products.
For PE and PP, products did not change in those two analysis, however PS shows a change in onset
and maximum weight change in DTG, more pronounced in SE2. Even though DTG depicts clear
change in thermal decomposition behavior of PS after steam explosion, FTIR spectra did not change
with the process, showing the chemical structure — at least in the polymer surface — is unchanged.
Thus, these two analysis point that the change may be related to change in molecular weight average
of PS. Such observation agrees with Sugano’s group arguments and data®’, which encouraged us to
proceed with PS SE2 products in subcritical HTL.

SE3PS 0,010 [
A SE2PS B SEPS

———SE1PS 0,005 - SE2PS
SE3PS)

PS raw

0,000

-0,005
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Figure 4 — PS steam explosion solid products FTIR and DTG
3.3.2.Subcritical HTL of steam exploded PS

Figure 5 depicts the mass balance of steam exploded PS, PP and PE subcritical HTL.
The mass balance clearly shows no easing of depolymerization as a result of pre-treatment. Materials
before and after HTL were also analyzed via FTIR and CHNS, both not having significant
differences. For all experiments, the aqueous phase recovered was typically white and opaque,
suggesting the first steps of polymer chain cleavage started for some molecules, however it did not
affect the total mass balance. I.e. the decomposition did not occur because, despite some evidence of
decrease in temperature required for depolymerization (as discussed about Figure 4), 350 °C is still
too low of a temperature to provide the necessary energy for the carbon-carbon cleavage reactions.

Residence times up to 60 minutes were tested at 350 °C for PS to evaluate if residence
time was hindering the total decomposition, given this material should decompose easier than PP
and PE. The results were not significantly different from the ones presented in Figure 5 and, the
solid residues also did not differ in CHNS-O nor FTIR results. In all cases, the results point that
steam explosion is not an effective method to decrease depolymerization temperature under
subcritical HTL.
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Figure 5 — Steam exploded materials subcritical HTL (350 °C, 20 minutes) mass balance

3.3.3.Supercritical co-HTL of polyolefins and PS

Despite a number of studies bringing attention to polyolefins and PS depolymerization
under supercritical water have been reported dating back to the early 2000’s*3* % some even
presenting promising results for the approach, the subject was not developed further than the
microscale experiments at that time. With the development of supercritical HTL came together the
opportunity of evaluating again this approach, which resulted in some studies reporting both

subcritical?® 12°

and supercritical® excellent results for the depolymerization of PS.

Figure 6 depicts the mass balance for PS and polyolefins supercritical co-HTL at 420 °C.
It is clear that PS is prone to depolymerization under these conditions and that PE and PP do not
decompose at all. Up to 75% of oil yield from PS is achieved at 420 °C, leaving only 25% of the
material not converted to this phase, mostly present as a solid residue by the end of the process.

Only minor quantities of gas and aqueous phase yields were measured for all experiments.

Aqueous phase
-Sohd phase
V77 0il phase
-Gaseous phase
Ty

Aqueous phase
-SoHd phase
V7 oil phase
l:lCaseous phase

Percentage (%)

Percentage (%)
N

PS PS-PE 75:25 PS-PES0:50 PS-PE 25:75 PE PS PS-PP "‘ 25 PS- PP‘:’W"W P}PP 25:75

Figure 6 — PS:PE and PS:PP supercritical co-HTL (420 °C, 20 minutes) mass balance

In order to illustrate how oil yields of co-HTL of PS and polyolefins (Figure 6) behave in
comparison to expected weighted average yields of those polymers (far left and right points of Figure
6 A and B), synergy effects are depicted in Figure 7. There is a remarkable resemblance of the two
SE curves, both indicating that the more PS is present, the less antagonistic effects can be observed.
It is also clear that PE is more prone to antagonistic effects than PP, the latter having almost
neutral synergy when PS is 75% of the feed. Therefore, the results suggest that the small amount of
molecules derived from both PE and PP under supercritical HTL at 420 °C are prone to recombine
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with molecules from PS oil. Such recombination is likely to yield heavier products that are more
likely to be found in the solid fraction of products, resulting in antagonist effects.

1,29
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Figure 7 — Oil yield synergy effects of PS with PE and PP supercritical co-HTL
3.3.3.1. Supercritical HTL oil product elemental and molecular composition

The elemental composition of the PS and co-HTL oils depicts a very low oxygen
concentration with >90% carbon content in all samples, as observed in Table 2. HHVs are all above
40 MJ . kg, which represents a very high energy content in these oils, comparable to gasoline or
diesel fractions of crude oil. Such energy density is typical for their feedstock materials, PS, PP and
PE have respectively 40.2, 46.3 and 47.0 MJ kg'. The highest oil yield observed is 73.5% for PS at
420 °C, leading to a 75.7% carbon yield and 74.9% energy recovery. Comparing these values with
the less antagonistic co-HTL experiments (PS:olefins 75:25) shows much lower values as shown in
Table 2. For all co-HTL derived oils, it is also possible to see a lower oxygen content and higher
hydrogen content, which can be a direct effect of these oil compositions.

In one of the most recent papers®, optimal temperature for PS decomposition under
supercritical water is reported as 500 °C with carbon recovery of 75%. Here, we present the same
results at 420 °C, which can be an effect of HTL method discrepancy, with this specific paper®
reporting values for thin quartz tube reactors, or the initial feedstock molecular weight average,
which can also affect the oil recovery.

Table 2 — Supercritical synthetic oils CH-O analysis, HHV, Carbon Yield (CY) and Energy
Recovery (ER) for PS and selected co-HTL with polyolefins

C H O* HHV Oil Yield CY ER

(wt%) (wt%) (wt%) (MJ - kg™) (wt%) (C%) (%)
PS-400 90.3+1.8  7.7+0.1  2.04+2.0 41.3+1.2 34.7 35.3 35.6+1.0
PS-420 91.3+0.9  7.240.1  1.5+1.1 41.0+0.7 73.5 75.7 74.9+1.3
PS-PE 75:25 91.8+0.3  82+0.1  0.0+0.4 42.9+0.3 38.5 40.2 39.4+0.3
PS-PP 75:25 91.4+0.1  85+0.1  0.140.1 43.240.1 56.9 59.2 58.9+0.1

* _ by difference
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Figure 8 — PS:PE and PS:PP supercritical co-HTL (420 °C, 20 minutes) oil composition
comparison via GC/MS

Figure 8 shows the change in concentration relative to the highest concentration found in
different synthetic oils according to PS participating in co-HTL with polyolefins measured via
GC/MS. Here we separated the styrene-like compounds, which comprises mono- or di-substituted
single aromatics. It is remarkable that for PS-PE, the most antagonistic co-HTL, when PS is 25%
of the feedstock (point with lowest synergy effect) most compounds present highest concentration.
This can be interpreted as a lowering in quantities of other products, which tells us that mono or
di-substituted aromatics are not the responsible for the antagonistic effects. No clear trend in other
compounds analyzed by GC/MS could be found, indicating that such differences are present in
compounds that cannot be analyzed by this technique, i.e. heavier compounds. Thus it is possible
to hypothesize that when PS is decomposed down to small compounds, such as the ones shown in
Figure 8, recombination is not as likely as when the process is occurring and chains are still in higher
MW ranges. When in presence of small quantities of olefin-derived compounds, partially decomposed
PS tends to react and form even longer molecules that yield more solids instead of oils. This
hypothesis is in alignment with Table 2, where oxygen is not present in the co-HTL oils, which can
signify that oxygenated end-groups of PS decomposition are capable of reacting with the polyolefin-
derived compounds leading to the results observed here.

The solid residues from supercritical co-HTL of PS:PP (75:25) FTIR in Figure 9
corroborate further with the hypothesis of oxygen-containing compounds recombination. The broad
peak around 3300 cm™ is typical for O-H stretching, which matches with O-H bending with a sharp
peak around 1300 cm™. Besides, the broad peak around 1000 cm™ is an indication of typical C-O
bonds in several forms, e.g. 1200 cm™ for ester stretching, 1125 cm™ for aliphatic ether or tertiary
alcohols stretching, 1085-1125 cm™ for secondary alcohol stretching, 1050-1085 for primary alcohol
stretching and, CO-O-C bending at 1000 cm™.
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Figure 9 — PS:PP supercritical co-HTL (420 °C, 20 minutes) solid residues

3.4. Conclusion

The steam explosion pretreatment, despite showing effect in the TGA analysis of PS was
not successful in promoting conversion of PS under subcritical water. The need for higher conversion
temperatures is still present and little to no change in chemical analysis of the polymer was observed.
It is thus, not advised to follow this approach, but rather seek new strategies to break carbon-carbon
bonds present in polyolefins and polystyrene, which are responsible for inert characteristics of these
materials under subcritical HT'L.

As for the supercritical combined HTL processing approach, the addition of polyolefins
to PS results in antagonistic effects, which hinder oil yields of PS in the conditions tested. With the
data presented, it is possible to hypothesize oxygen containing intermediates and products of PS
tend to react with minor quantities of polyolefin products of HTL to form heavy compounds,
resulting in solids. That is, the oil phase of polystyrene is susceptible to reacting with contaminants,
which causes concern for combined chemical recycling strategy, given such polymers are usually

found together.
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Chapter 4

Introduction

4.1. Carbon, circular economy and materials

Demands for energy, materials and food are intrinsically connected to increasing world
population, industrialization and modern life style. The current linear economic model based on
extraction of natural resources and disposal of wastes (take-make-dispose) cannot cope with the
societal demands in a sustainable manner.'” More specifically, carbon derived from fossil reserves is
currently the basis for most energy-demanding economic sectors (mobility, electricity, industry) and
synthetic materials. In short, we take carbon trapped in stable forms — such as crude oil, coal, natural
gas — for thousands of years, oxidize it to make mostly energy, but also materials, and, as a result,
we obtain residual CO,, a gas that we dispose in earth’s atmosphere, building up its concentration.
The fact that CO, is also one of the major greenhouse gases and, thus, increases global average
temperature, places the linear carbon-based economy as a threat to societies throughout the planet.?

The circular economy, and even more recently the circular bio-economy concept, has been
gaining attention as it promises to alleviate this societal challenge. This approach relies on circling
back to the economy materials used in any activities, creating a closed system that sustains itself.
For instance, in a carbon-based circular economy, all production systems would focus on trapping
most carbon in an indefinite short-time recycling loop, reducing amounts of intake and disposal to
a minimum. Despite the promising concept, it lacks key engineering technologies to make it
competitive over traditional linear activities and operable on the scale of today’s societies.!*>

Among carbon materials, biomass plays an important role on covering the carbon gap of
future fossil-free systems. Special attention has to be brought to sustainable biomass resources, as
the transformation of CO into biomass is a crucial step in a carbon-based circular economy. In this
sense, agricultural waste is preferred, e.g. straws, manure, plant stems, leaves. The preference for
waste materials can also avoid food and energy crops competition for land use.®

Among the technologies that can perform the conversion of carbon materials into useful
products are thermochemical processes. Thermochemical processes can be broadly divided into
pyrolysis, gasification and hydrothermal liquefaction (HTL). The combination of different biomasses
and synthetic materials in these processes has been studied for some of them, and a great knowledge
gap is found in specific sectors of this field of research.

A number of studies bring attention to co-processing of plastics and biomasses in pyrolysis
apparatus. As pyrolysis is typically inefficient in converting condensation polymers’, the combination
with organic materials is usually reported for polyolefins and polystyrene conversion. Zhang et al.,
20168 reports a comprehensive review on specifically lignocellulosic-polyolefins interactions during
catalytic pyrolysis. Overall, the technique enhances monocyclic aromatic hydrocarbons production
and tends to reduce char formation, which is also described in other studies.’ Besides, the approach
enhances gasification reactions, leading to more CO and H, formation.”™ Overall, the co-pyrolysis
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approach is limited to addition polymers and is not well suited for dealing with complex mixtures
containing condensation polymers.

Another promising thermochemical process to enable carbon circularity, taking advantage
of several different types of waste materials, is HTL. The process is able to convert carbon-based
material streams into useful chemicals and liquid fuels with the aid of liquid compressed water.?
Biomass resources such as sugars, lipids, proteins, sewage sludge, wood-like materials, lipids, algae
and food waste have been described in literature abundantly.''? However, there is still limited
knowledge about how biological materials behave under hot and compressed water in presence of
another major carbon-based material category: synthetic polymers. Synthetic polymers’ perspectives
towards HTL processing were described in Part I of this thesis. Next, recent developments of
combined HTL of biological materials and different synthetic polymers are presented.

4.2. HTL of synthetic polymers and biological materials
4.2.1. Synthetic polymers and biomolecules under subcritical water

Basic knowledge on how simple molecules behave under HTL conditions plays an essential
role on understanding the products of complex biomass processing. However, it was not until recently
that simple molecules (e.g. pure sugars, lipids, proteins) were evaluated in presence of synthetic
materials.'®" The two studies are from Phillip E. Savage’s group and bring attention to high
synergistic effects for carbohydrates (cellulose, starch) and lignin in presence of a few types of plastics
(PP, PET, PS and PC), while no synergies for the same plastics in presence of proteins or stearic
acid are shown. In one of these studies', it is reported that among the types of plastic tested, only

PC shows synergistic effects for oil yields at 350 °C.
4.2.2. Algae and synthetic polymers

Algae are examples of biological materials generally composed of simple carbohydrates,
lipids and proteins. Both macro and microalgae are of high interest as feedstock for HTL

1516 and the co-HTL approach is the closest to model biomolecules due to their

processing
composition. The combination of microalgae and synthetic polymers in HTL was first reported in
co-HTL with PP.'" The study reported very low synergistic effects with little to no conversion of the
polyolefin under subcritical water. Nevertheless, the synthetic polymer presence influenced the oil
product composition by reducing its organic acids content. Very recently, a study was published
reporting the screening of several different synthetic polymers (PE, PP, PS, PET, PVC, PA6, PA66
and PC) co-HTL in presence of microalgae biomass.' Results showed the type of microalgae with
highest carbohydrate content presented also the best interaction with plastics for oil formation. More
specifically, PS and PC were found to present the best co-HTL results with microalgae.

Four types of macroalgae have also been reported in co-HTL with plastics (PE, PP,
PAG6)." Synergistic effects in biocrude formation were observed for all plastics, however for PA6
there was a decrease in energy recovery as biocrude. In this study'’, the difference in ash content for
the different macroalgae was hypothesized as the reason for the different behavior observed in co-
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HTL results. In all cases, the synergistic effect observed was low in comparison to other studies

already discussed.
4.2.3. Lignocellulosic biomass and synthetic polymers

Although other biomasses (e.g. algae, food waste) are also of great interest for synthetic
polymer co-HTL, this thesis will focus on lignocellulosic biomasses, given an identified knowledge
gap in current literature. Chapter 5 of this thesis discusses lignocellulosic biomass co-HTL with
synthetic polymers by presenting our latest work on the topic, which contains a brief literature
review about the subject in its introduction. Comments on very recent publications about the subject
can also be found in the reflections section of Chapter 5.
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Chapter 5

Paper 2 — Hydrothermal Co-Liquefaction of Synthetic Polymers
and Miscanthus Giganteus: Synergistic and Antagonistic
Effects

dos Passos, J. S.; Glasius, M.; Biller, P. Hydrothermal Co-Liquefaction of Synthetic Polymers and Miscanthus
Giganteus : Synergistic = and  Antagonistic = Effects. ACS  Sustain. Chem. Eng. 2020.
https://doi.org/10.1021 /acssuschemeng.0c07317.

Article history: Keywords:

Received: October 5%, 2020 hydrothermal liquefaction
Revised: November 10, 2020 chemical recycling
Published: December 11, 2020 depolymerization

circular economy

polymers
5.1. Reflections

With the knowledge gathered and described in Part I, a solid basis to investigate the co-
HTL processing of synthetic polymers and lignocellulosic biomass is established. The present chapter
describes the work to identify which synthetic polymers are most prone to act synergistically with
lignocellulosic materials, here represented by Miscanthus Giganteus. The work highlighted the
diversity of reactions involved in the co-HTL processing of different polymers. It not only
investigated synergies, but also described molecular changes in each specific case. The results here
reported were also presented in the Thermochemical Symposium of 2020 (October 5-7, 2020,
Washington State University, Virtual Symposium) with very good acceptance of the scientific
community and industry.

In the latest report by Seshayee, Stofanak & Savage' about co-HTL of biomass and
plastics, the results presented in this chapter are commented. The work!® proposes an additivity
model for prediction of oil yields from plastics and biomass mixtures. The paper appended in the
current chapter is cited in the context of testing the oil yield prediction capacity of the model

described by their work as follows:

Another oil yield that was greatly overpredicted is from a recent study from Biller’s lab (Souza Dos Passos et al.,
2020). This mixture was 50 wt% PS, which gave an oil yield of 86 wt% at 350°C in our earlier experimental work
(Seshasayee and Savage, 2020). Even if the biomass in the other half of the mixture contributed nothing to the oil
yield, we would expect an oil yield of 43 wt%. The experimental oil yield reported for the mixture was just 16 wt%.
We used DCM to recover oil after HTL, whereas the Biller study (Souza Dos Passos et al., 2020) used methanol. To
determine whether the different solvents were causing the widely different oil yields, we ran an experiment for HTL
of PS at 425 °C, 30 min with methanol as the recovery solvent (following the recovery method of the Biller study
(Souza Dos Passos et al., 2020)) and measured an oil yield of 13.32 £ 0.72 wt%. An analogous experiment with DCM
as recovery solvent (following the recovery method of the Biller study (Souza Dos Passos et al., 2020)) for HTL of PS
at 425 °C, 30 min gave an oil yield of 47.03 £+ 0.13 wt%. The reason for this difference is the different solvents used

to recover oil in the present work and in the Biller study.
Text from Seshayee, Stofanak & Savage'®
References cited in the paragraph: Souza dos Passos et al., 2020~ The current chapter

Seshasayee and Savage, 2020 - Reference®
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The arguments raised by the report are valid and indeed concerning regarding the
application of results. Dichloromethane (DCM) is the solvent of choice for recovery in most HTL
literature, and it is for good reason, given for biomass-derived biocrudes it shows superior oil
recovery.?’ At the beginning of this thesis laboratory work, we also considered such arguments in
favor of DCM, especially for allowing direct comparison with current literature.

An experimental selection of solvents was conducted at the time. In short, around 10 wt%
mixtures of each type of raw polymers used in our studies (the list is available both in Chapter 2
and the present chapter’s appended paper) with several different solvents (acetone, DCM, methanol,
ethanol, ethyl acetate, hexane and toluene) were made in glass test tubes. The test tubes were closed
and solubility observed for all polymers, considering single-phase or double-phase solution visual
aspects. The only solvents to meet the criteria of not dissolving all raw synthetic polymers were
methanol and ethanol. To ease solvent evaporation after extraction of oils, methanol was chosen due
to lower boiling point.

DCM is considered a good solvent for PS, showing single phase aspect in mixtures for
high solutions with concentrations (e.g. 80 wt% of PS), as shown in Figure 10A.* Also, as depicted
in Figure 10B* the solvent activity of DCM in PS is higher than 0.8 at a 30 wt% mass fraction, i.e.
DCM dominates viscoelastic properties of the solution at low solvent weight fractions, giving a
homogenous and low viscosity aspect to the mixture.? Thus, DCM is a recognized solvent for PS,
which indicates that the high oil recovery reported by Seshayee, Stofanak & Savage’s studies'® can
be related to large oligomers or raw PS itself being transferred to the oil products. As also commented
by the group®, understanding of the influence of solvents in the oil and carbon recoveries is still
needed in the field.
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Figure 1 — (A) Ternary phase diagram for polystyrene (MW average 280 000 g mol™),
dichloromethane and hexadecane®, where I indicates single phase and II two phase regions; (B)
Experimental activities of dichloromethane in polystyrene (MW average 233 000 g mol') and other

co-polymers.?
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liquefaction (co-HTL) is evaluated for 1:1 mixtures of Miscanthus giganteus
and different synthetic polymers—including poly-acrylonitrile-butadiene-
styrene (ABS), bisphenol-A-based epoxy resin, high-density polyethylene
(HDPE), low-density polyethylene (LDPE), polyamide 6 (PA6), polyamide
6/6 (PA66), poly(ethylene terephthalate) (PET), polycarbonate (PC),
polypropylene (PP), polystyrene (PS), and polyurethane foam (PUR)—
using batch HTL at 350 °C. Based on oil yields and composition, a
comprehensive discussion of observed interactions is presented. The results
show that even though polyolefins do not depolymerize under these
conditions, the oil products depict that these materials interact with miscanthus biocrude changing its composition. Bisphenol-A-
based polymers as PC and epoxy resins both contribute to the formation of monomer-like structures in the biocrude. PET increases
the presence of carboxyl groups, while polyamides and PUR increase significantly the oil yield, modifying the biocrude composition
toward nitrogen-containing molecules. PUR co-HTL was found to increase oil, carbon, and energy yields, leading to process
improvement when compared to pure miscanthus processing.
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B INTRODUCTION sludge has been reported to improve biocrude yields and
quality.” Furthermore, sewage sludge co-liquefaction with a
variety of lignocellulosic materials has also shown the potential
to improve the process efficiency."’

Synthetic polymers have received less attention in the HTL
literature, partially because pyrolysis is often the preferred
route for chemical recycling of polyolefins and polystyrene
(PS). This technology is carried out above the thermal
cracking temperature of these synthetic materials (~500 °C),
which account for the majority of synthetic waste." A recent
study by the authors'' on subcritical HTL of synthetic
polymers (350 °C) has shown that only some polymer resins
are suitable for oil or monomer recovery via HTL. Polyolefins
and PS, for instance, were shown not to decompose at these
conditions, while polymers with heteroatoms (N or O) in the
backbone appeared more promising. Since different biomass
fractions have previously shown synergies in HTL and avoided
the need for catalysts, it is worth investigating if similar
synergies exist between biomass and synthetic polymers. The

Out of 8300 million metric tons of virgin plastics produced up
to 2017, a mere 7% was recycled and another 12% burned for
energy recovery, leaving a little more than 6500 million metric
tons of waste accumulated in the environment.' A large
fraction of this waste accumulation takes place in an
uncontrolled manner, leading to mixing of different waste
streams with synthetic resins. Given the total synthetic polymer
production is foreseen to double in the next 20 years
accompanied by an increase of gross domestic product in
developing countries,” accumulation of plastic waste is also
expected to increase. Technologies that can recycle mixed
wastes comprised of both synthetic and biological polymers are
hence highly desired to reuse the fossil-derived carbon
contained in plastic wastes, beyond incineration or landfilling.

Hydrothermal liquefaction (HTL) is a technology that uses
the properties of near-critical water to depolymerize carbon-
containing materials into a crude-like substance often referred
to as biocrude.” The technology has shown the potential to
convert materials such as lignocellulosics, organic wastes,

and algae® both individually and mixed.”® Recently, co- Received:  October 5, 2020 Sistalnable

Chemistry: Engineering

liquefaction of wastes has been receiving increasing attention Revised:  November 10, 2020
as researchers observe synergies in the liquefaction behavior of Published: December 11, 2020
different organic wastes and biomass, depicting opportunities
to ease processing and increase process efficiency. For instance,
loblolly pine co-liquefaction with both manure and sewage

© 2020 American Chemical Society https://dx.doi.org/10.1021/acssuschemeng.0c07317
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combination of biomass and synthetic wastes via HTL has the
potential to improve the conversion of polymers and the
overall carbon throughput and recovery, hence, broadening the
application range of HTL technology. Given the current waste
handling infrastructure worldwide, combined HTL (co-HTL)
is of great interest due to its versatility and capacity to cope
with the challenges posed. The combination of complex
materials, such as commercial synthetic polymers and biomass,
can result in unexpected interactions that must be explored and
understood prior to full-scale applications. So far, previous
research within this topic is limited and few polymers have
been investigated.

The first study within this scope reported co-HTL of
mixtures of lignite, wheat straw, and poly(ethylene tereph-
thalate) (PET). It showed that at certain ratios, the total
conversion to oils of mixed materials was higher than the
single-component liquefaction calculated prediction.'” Re-
cently, a lignocellulosic biomass, Prosopis juliflora, was
catalytically (activated bentonite) co-liquefied with non-
identified polyolefin waste and reported to have the best oil
yield (61.2%) using 3:1 (biomass/polyolefin) mixing ratio at
420 °C (supercritical conditions) and 60 min reaction time.
The same study reports positive synergies for bio-oil
production in sub- and supercritical water (340—440 °C)."”
Using the same catalyst and biomass, co-HTL of paint sludge
(described as containing synthetic polymer waste) was also
reported to increase the oil yield significantly using a 2:1 ratio
(biomass:paint sludge) for all investigated temperatures (340—
440 °C)."”

Subcritical (350 °C) co-HTL of pistachio hulls and
individually polyethylene (PE), PET, polypropylene (PP),
and nylon-6 (feed containing 10—20 wt % plastics) was
reported to achieve synergy effects in oil yield as well. The
biocrude higher heating value (HHV) increased in mixtures of
10 and 20% PE, while it was maintained for the other polymers
tested. However, the only polymer to yield a higher chemical
energy recovery when compared to the pure biomass (60%)
was PET at 10—20% mix ratio (70%)."*

The present study aims to expand the state of knowledge
and critically evaluate the technical feasibility and efficiency of
co-HTL of synthetic polymers and the model lignocellulosic
Miscanthus giganteus. A systematic evaluation of 12 different
synthetic polymers is presented, including previously unre-
ported ABS, epoxy, PA66, polycarbonate (PC), PS, and
polyurethane (PUR), and different mixture ratios than current
literature are reported for all others. Unified process
conditions, resembling those of continuous processing pilot
reactors," ' were chosen to allow comparison among samples
and identification of synergistic and antagonistic effects of
different polymers with miscanthus. We also highlight how
other important streams (aqueous phase, gas, and solids) of
HTL processing behave under such conditions. The study
clarifies the reaction pathways and product effects that we can
expect to find upon co-HTL, highlighting opportunities and
challenges of this approach.

B EXPERIMENTAL SECTION

M. giganteus was harvested at Aarhus University’s facilities (Foulum,
Denmark), extruded using a twin-screw extruder (Xinda, 65 mm twin-
screw extruder with 2000 mm barrel length), and dried for 24 h at 10S
°C in a forced circulation oven. A total of 12 different commercial
polymers were investigated: poly-acrylonitrile-butadiene-styrene
(ABS, BASF, Terluran GP-22), bisphenol-A-based epoxy resin

19052

(DowDuPont Airstone 760E/766H), high-density polyethylene
(HDPE, INEOS HDPE T60-800-119), low-density polyethylene
(LDPE, INEOS LDPE 23L430), noncolored plastic cable ties of
polyamide 6 (PA6), Sigma-Aldrich polyamide 6/6 (PA66), poly-
(ethylene terephthalate) plastic bottles (PET), polycarbonate (PC,
from transparent laboratory safety goggles), polypropylene plastic
cups (PP), polystyrene plastic cups (PS), polyurethane chair foam
(PUR), and Sigma-Aldrich poly(vinyl chloride) (PVC). Table S1
shows their molecular structures. Most polymers were milled
individually using a Polymix PX-MFC 90D knife mill equipped with
a 2 mm sieve prior to HTL, while PVC was used as acquired
(powder).

HTL Procedure. Custom-made Swagelok bomb-type reactors
were assembled as previously described'” with a total volume of 20
mL. Experiments were conducted using a mixture of miscanthus and
synthetic polymers of ratio 1:1 (mass basis) for each individual
polymer. Reactors were loaded with 0.50 g of miscanthus and
synthetic polymer and 8.50 g of water and sealed and submerged in a
preheated fluidized sand bath for a total of 20 min at 350 °C,
including heating time. After reaction time, reactors were quenched in
water, the mass of gas was determined gravimetrically by venting the
room-temperature reactor, and the product workup procedure was
followed. The aqueous phase (AP) was decanted into a centrifuge
tube (spun for S min at 4000 rpm), while the remaining solids and
viscous oil in the reactor were washed up with 30 mL of methanol and
vacuum-filtered. Solids recovered from the bottom of the AP
centrifuge tube were washed with methanol and filtered together
with the reactor’s content. Solids were collected and dried overnight
in a 105 °C forced circulation oven. An aliquot of 1 mL out of the 30
mL of methanol used for washing the reactor was used for gas
chromatography coupled with mass spectrometry (GC—MS) analysis,
and the remainder was evaporated under light nitrogen flow to
determine the biocrude weight after a minimum of 24 h. Yields are
expressed in dry ash free basis (eq 1).

_ "'phase
experiment —

I/vfeed (1)

Synergy effects (SE) were determined according to eq 2

experiment
synergy effect =

polymerYpolymer + Xmiscanthustiscanthus (2)
where Yeyeriment represents the mass yield in g/gg.q of a certain phase

(oil, gas, or solids; aqueous by difference), X is the fraction of material
in the feedstock (0.5), and Y is the yield from experiments with pure
polymers'' from previous data published by the authors or pure
miscanthus.

Elemental Analysis. Using an Elementar vario Macro Cube
elemental analyzer (Langenselbold, Germany), carbon, hydrogen,
nitrogen, and sulfur (oxygen by 100% difference) contents were
determined for all raw materials (see Table S1), solid residues, and oil
products in duplicate, average values are reported. High heating value
(HHV) of the fractions analyzed was estimated by the Channiwala—
Parikh correlation (eq 3).'® The energy yield in the oil phase of each
experiment was calculated according to eq 4, while the carbon yield
was derived from eq S.

M
HHV [k—J] =0.3491 C + 1.1783 H + 0.1005 S — 0.1034 O
g
— 0.0151 N — 0.0211 A (3)
M) . kg
HHV; k| yield, s
energy yield (%) = o k4l % 100
MJ
HHV, | —
feedlkgfeed] (4)
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carbon yield (%) =
c. |—=2c
feed [ K8 feed ] (5)

GC-MS. An Agilent 7890B GC coupled to a quadrupole mass
filter MS Agilent 5977A was used for all analyses. For oil analysis, the
1 mL methanol aliquot retrieved from the sample workup was diluted
appropriately (from 1X to 8X), and the internal standard was added
(4-bromotoluene) prior to direct injection (4L injection volume, inlet
temperature of 280 °C, split ratio 20:1, helium flow 1 mL-min™"). The
GC column used was a VF-5ms column with dimensions 64.9 m X
0.25 mm X 0.25 pm, which experienced an oven temperature program
initiated by 60 °C hold for 2 min, a ramp to 200 °C (5 °C-min™"),
another ramp to 320 °C (20 °C:min™"), and a final hold of 5 min at

constant temperature. Compounds were identified with authentic
standards, NIST17 mass spectra library, or based on literature
references.

Equation 6 was used to estimate the change in oil composition of
polymer and miscanthus blends in comparison to HTL of pure
feedstock materials (pure miscanthus or pure polymer). A,.,, is the
area of compound i identified in the GC—MS of a certain experiment
(pure miscanthus, pure polymer, or blend), and it is used to discuss
the change in oil composition and not the total conversion of the
feedstock to a certain compound, as this would require complete
quantification of each compound analyzed.

Ci,exp _ Ai,exp

Ci, max Ai,max (6)
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Figure 3. Oil-phase energy yield and HHV of synthetic polymers and miscanthus co-HTL (1:1 mixing ratio).

B RESULTS AND DISCUSSION

Mass Balance. Figure 1 depicts the mass balance for all co-
HTL experiments ordered by oil yield. Miscanthus’ HTL is
also included as reference for interpretation. Notably, oil yields
vary from 10.1 to 43.2% for co-HTL of LDPE and PUR,
respectively. Most co-HTL experiments show a significant
decrease in the total oil yield, which is expected based on
results previously published,11 given most of them do not
decompose into oil directly; namely, LDPE, HDPE, PP, PS,
and ABS yield around 50% solid materials, essentially
composed of unreacted or charred polymeric material and
only about 10% oil. This indicates lack of depolymerization for
the co-HTL conditions tested. As for PA66, epoxy, PC, and
PUR, the oil yield improved, and generally, gas yields reduced,
when compared to pure miscanthus HTL. It is noticeable that
all polymers containing a significant amount of nitrogen in the
form of amines are located on the right side of Figure 1, while
ABS, which contains nitrogen in the form of nitrile, appears
toward the left side, together with polyolefins and PS.

PC is the only material that does not contain nitrogen and is
located on the right side of Figure 1. HTL of PC alone has
shown the highest oil yield among all individual polymers
tested at the same condition,"' which can be the reason for its
position among the highest oil yields of co-HTL as well. The
mass balance shown in Figure 1 does not provide the
information whether the co-liquefaction results in positive or
negative synergies compared to what could be expected from
their individual processing. Hence, mass yield synergy effects
are depicted in Figure 2 to improve the understanding of all
co-HTL experiments.

Synergy Effects. The co-liquefaction synergy effects, based
on previously published data’' and the data of this study,
shown in Figure 2A—D depict several deviations from
predicted results, demonstrating that products of miscanthus
and synthetic polymers interact significantly during HTL
processing. Figure 2A also depicts the nitrogen content of the
raw synthetic polymer, showing a clear correlation between
nitrogen presence and oil yield synergy effect. Polymers
containing a larger amount of nitrogen tend to have positive
synergy effects (>1, e.g, PUR at 1.54 and PA66 at 1.62), as
nitrogen-containing organic molecules and ammonia under
hydrothermal conditions act as catalysts of oil formation."
Surprisingly, PC depicted the lowest synergy effect for oil

among all polymers tested, with a negative synergy of 0.63.
This indicates that the products of PC HTL (mainly composed
of bisphenol-A, p-isopropenyl phenol, and phenol'') are
reactive toward miscanthus-derived biocrude, yielding sub-
sequent water-soluble compounds, evident from the large
synergy of 1.65 for the aqueous yield (Figure 2D). PA6, PUR,
and PAG6 present the highest oil synergy effect while also
having the highest nitrogen content among all polymers tested.
PUR, however, presents a higher synergy effect than PA6,
indicating that nitrogen is not the only factor interfering in oil
formation for these materials. It is thus clear that even though
nitrogen-containing polymers show a better chance to favor oil
formation in the presence of miscanthus, the chemical
characteristics of these materials play an important role in
the result.

Figure 2B shows the synergy effects for solids. Antagonistic
effects (SE < 1) for solids are observed for PA6, PA66, and
epoxy, all feedstock materials depicting nitrogen concen-
trations higher than 4%, following the expectation of increased
reactivity by ammonia formation. PC also has a similar
antagonistic effect for solid formation as epoxy (its
thermosetting counterpart), even though it does not contain
significant amounts of nitrogen, which again shows that the
nitrogen content is not the only parameter affecting the
reactions. PUR showed the highest solid synergy effect among
all polymers tested, with a total solid yield of 10.7% for the co-
liquefaction experiment (Figure 1), despite containing
significant amounts of nitrogen. Given these observations, it
can be concluded that the chemical reactivity of nitrogen
(determined by its conformation in the synthetic polymer) is
more important than the presence of nitrogen for the
synergistic effects observed. PVC does not exhibit the highest
synergy effect on solid yield, which could be expected due to
acidification of the media by HCI formation and consequent
carbonization.'” Despite PVC showing a positive solid
synergy effect, PS and PUR are more prone to increase the
solid content upon interaction.

Figure 2C shows the gas-phase synergy effects, which are
generally negative (<1) for most polymers, being positive only
for PA66 and epoxy. PA6 and PA66 differ in gas synergy effect
by 0.96, the former depicting an antagonistic effect and the
latter synergistic, which may be related to differences in
nitrogen reactivity depending on the type of molecular
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structure.’” PA6 HTL yields mainly secondary amides, while
PA66 results in amines and amides.'" It is possible that the
higher reactivity of the latter results in an increase of gas yield
via interactions with miscanthus-derived components. PA66
and epoxy are the only co-HTL experiments with positive
synergy effects for gas yields (PA66 and epoxy), both
containing amines as single-polymer HTL products."'

PET has a negative synergy effect for gas formation (Figure
2C), which indicates that the carboxyl groups present in
biomass prone to gas formation tend to recombine into other
products in the presence of PET. This can also be verified in
Figure 4A, where PET oil is depicted having a higher O/C in
comparison to pure miscanthus oil, which indicates an oil
containing more carboxyl groups.

Figure 2D depicts the synergy effects for AP yield, which for
most polymers is neutral. PUR shows a negative effect, and
PET, PA6, and PC show a positive synergy effect. The negative
synergy effect for PUR AP and gas products indicates
migration of the products to oil and solid phases, both having
pronounced positive synergy effects. As PET only presents
deviation from neutral synergy in the gas phase, being negative,
and in the AP, being positive, the data indicates that PET
products (mainly composed of terephthalic acid and ethylene
glycol'") tend to release less carbon in the form of CO, when
miscanthus products are present in the media, giving
preference for AP yields.

Oil Yields and Atomic Composition. Figure 3 shows the
oil energy yield, oil carbon yield, and HHV for all experiments,
plotted in an ascending order. The HHV of PVC was not
calculated, as oxygen content was determined by difference,
and in PVC samples the difference is composed of both
chlorine and oxygen. The figure shows that both oil energy and
carbon yields have a very similar trend, ranging from 9.2%
(LDPE co-HTL) to 55.3% (PUR co-HTL) and from 7.8%
(PVC co-HTL) to 52.2% (PUR co-HTL), respectively. The
HHYV for miscanthus biocrude was calculated to be 29.3 MJ/
kg. Among the co-HTL oils, LDPE, HDPE, PP, PS, PAG,
PA66, and PUR are within 2.5% of the miscanthus biocrude
HHYV, while ABS, epoxy, and PC present values increased by
6.9, 8.8, and 12.3%, respectively. PET HHYV is the only co-
HTL oil to present a lower HHV than miscanthus biocrude,
being 12.0% lower. PUR is the only synthetic polymer in co-
HTL that increases oil energy and carbon yields in comparison
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to pure miscanthus HTL. This effect is observed not only
because this polymer has one of the highest synergy effects for
oil formation (Figure 2A) but also due to an increase in H/C
ratio (see Figure 4A). It is also possible to see that PC and
epoxy are positioned side by side, with very similar energy and
carbon yields to miscanthus, but higher HHV for both. The
similar molecular structures of these two materials (see Table
S1) result in similar HHV and energy yield in co-HTL,
indicating that the overall interactions among lignocellulosic-
and PC-like-derived biocrude are equivalent, even though
synergy effects for the different product streams differ greatly
(Figure 2A—D).

All polyolefins, PS, and ABS depict very low energy and
carbon yields due to the increase of both HHV, 4 and Cg.q
without a reciprocal increase in co-HTL oil yield (see eqs 4
and S as reference). ABS has a higher HHV than other
products due to lower O/C (Figure 4A), which can be linked
to the appearance of aromatic-like compounds in the oil
composition (presented in the Composition of Co-HTL Oils
section).

The already discussed increase of O/C ratio in PET co-HTL
oil is the reason for its HHV being lower than pure miscanthus
biocrude, which also contributes to lower energy yield in
comparison to other polymers. In the literature, PET co-HTL
with pistachio hulls (10—20% w/w PET in feed) has been
reported to increase both oil-phase energy yield and HHV;"
however, our observations with miscanthus co-HTL show the
opposite, indicating that feed composition can be optimized.

Co-HTL of PAG6 gives a lower energy yield than PA66, even
though both biocrudes have equal HHV. The difference in oil
synergy effects of PA6 and PA66 components with miscanthus
biocrude indicates that primary amines from PA66'" tend to
contribute to oil-phase compounds, increasing the energy yield
while maintaining the H/C, O/C, and N/C ratios very similar
(see Figure 4), resulting in a similar HHV for both.

Figure 4A shows the van Krevelen diagrams (H/C versus O/
C) for all oil and feedstock samples, while Figure 4B shows the
H/C versus N/C data for experiments with a significant
amount of nitrogen in the feed composition. The polymer feed
ratios plotted in the graph are based on a 1:1 mixture of
polymer with miscanthus. When comparing the co-HTL feed
mixture with pure miscanthus, it is possible to see that O/C
and H/C ratios are very similar for all polyolefins and PS,
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indicating little contribution of the synthetic materials to
biocrude formation. As for H/C ratios, PUR, PA6, and PA66
(labeled as PA in Figure 4 as points are too close to one
another) have higher values than pure miscanthus, while PC,
ABS, and epoxy also have higher values, though less
pronounced.

With miscanthus biocrude as reference, it is possible to
observe that PET is the only co-HTL oil product that gives
both an increase in O/C ratio and a slight decrease in H/C
ratio, which indicates that PET products of HTL tend to carry
a large portion of oxygen into the oil phase in co-HTL with
miscanthus. This conclusion is in agreement with the HHV
observations previously discussed. Polyolefins and PS seem not
to interfere in H/C and O/C ratios, which is not surprising, as
they do not contribute to oil formation. ABS, PC, and epoxy
show a decrease in O/C and an increase in H/C slightly. Both
PA and PUR maintain the same O/C while increasing H/C
compared to pure miscanthus biocrude. These observations, in
combination with the results of oil-phase synergy effects
(Figure 2), show that not only oil yields are increased but their
quality regarding H/C is also improved.

Figure 4B shows only experiments involving nitrogen-
containing synthetic polymers. It is possible to observe a
decrease in N/C ratio for all oil products when compared to
the original co-HTL feed. Generally, the higher the feed N/C
ratio, the higher is the oil product N/C ratio. This does not
occur when comparing epoxy to ABS. This last observation
may be attributed to the type of nitrogen group present in both
raw materials, the former being a secondary or tertiary amine
and the latter being a nitrile group. It seems, thus, that nitrogen
in the form of nitrile groups is not as prone as amines to
migrate to biocrude in co-HTL with lignocellulosics. This
observation follows the lack of reactivity of ABS when
processed via HTL by itself.""

The N/C ratios of PUR and PA oils (Figure 4B) are closer
to those of their respective feeds than to pure miscanthus
biocrude. This indicates the high efficiency of transfer of
nitrogen from feedstock to biocrude during co-HTL. In Figure
2A, PUR and PA oil-phase positive synergy effects are
prominent; thus, it seems that nitrogen in the form of amines
contributes to oil yield increase, possibly participating in the
formation of more hydrophobic products partitioning to the oil
phase.

This observation is corroborated with results indicating the
increase of oil yield for the co-HTL of nitro$en—containing
biomass and low-nitrogen lignocellulosics.”~'**" Previous
results show that co-HTL of different lignocellulosics—
including miscanthus—with sewage sludge, manure, or algae
has the effect of improving biocrude yields.'”** Similar effect
has been observed with co-HTL of algae and wood.”” Lignin
and Spirulina platensis co-HTL using a feed ratio of 2:1 also
results in positive synergy effects for oil yield,® as well as
Enteromorpha clathrata and rice husk.” In another study using
model compound mixtures, all protein-containing co-HTL
processes with cellulose or lignin-derived materials showed
higher biocrude yields than expected.”’ In all literature
examples, biomasses containing a significant amount of
nitrogen in the form of amines result in an increase of
biocrude yield. The present study reports for the first time
similar findings for synthetic polymers. However, two of the
materials studied here are examples of nitrogen-containing
polymers that do not result in significant positive synergy
effects for oil formation: ABS and epoxy. Both also do not
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contain nitrogen in the form of primary or secondary amines
but rather as nitrile groups or tertiary amines. Thus, the
chemical conformation of nitrogen is important for synergy
effects to be positive in co-HTL processing of lignocellulosics
and nitrogen-containing materials, with higher synergy effects
for oil formation occurring in the presence of nitrogen in the
form of secondary or primary amines in the oil phase.

Composition of Co-HTL Oils. The changes in relative
concentration of specific compounds measured by GC—MS
can help understand how the composition of the volatile
fraction of biocrude changes according to the feedstock used. It
is worth noting that the following section does not refer to the
amount of a certain compound that can be recovered from a
certain blend, rather it explores how concentrations of
compounds change in the presence of synthetic and
lignocellulosic materials. For a better understanding, the
following sections are grouped according to the similarity of
the synthetic polymers used in co-HTL experiments.

LDPE, HDPE, PP, PS, and ABS. Figure S1 shows that
selected methoxylated compounds are found at higher
concentrations when miscanthus is co-liquefied with poly-
olefins. At the same time, Figure S2 shows that o-methoxy-
phenols relative concentrations are not changed, while alkyl o-
and p-phenolics are increased when HTL takes place in the
presence of polyolefins. This indicates that the presence of
polyolefins favors the formation of alkyl phenols, though it
does not interfere significantly in the formation of methoxy-
phenols. This observation points out that alkyl groups are
more prone to be added to phenolic structures derived from
lignocellulosic biocrude when polyolefins are present in HTL
media. Table S2 depicts that even though phenolics are still the
major components found in co-HTL of HDPE and LDPE,
ethers and acids become more prominent for those in
comparison to pure miscanthus biocrude. The same data for
PP shows a high prominence of tetrahydrofuran (21.46%)
together with aromatic compounds (e.g, 1,2,3-trimethoxy-S-
methyl-benzene, 1.91%; 7-methoxy-1-naphthol, 1.60%). PP
and pistachio hulls co-HTL has been described to change the
bio-oil composition significantly,”* however, not specifically
identifying the compounds involved in this change. The
observations above indicate that the compounds formed in co-
HTL of PP are more likely to change the composition of the
biocrude in comparison to HDPE and LDPE.

PS and ABS also do not significantly affect biocrude yields,
though the presence of phenolics in the product is increased
(except for 2-methoxy-phenol), together with several different
single-substituted aromatics (see Figures S3 and S4). For all
five polymers (LDPE, HDPE, PP, PS, and ABS) meta-alkyl-
substituted compounds were not present. This is directly
linked to the reactivity of phenolic compounds derived from
lignocellulosic biomass, which gives preference for ortho and
para alkyl substitutions.”> The GC—MS area-based composi-
tion of biocrude from co-HTL of ABS shows a high presence
of styrene, ethyl benzene, and benzene-butanenitrile, structures
very similar to the monomers of ABS (Tables S1 and S2). For
PS, Table S2 shows a distinct presence of 3-(2-cyclopentenyl)-
2-methyl-1,1-diphenyl-1-propene and similar isomers, also to a
lesser extent of styrene, ethyl benzene, and other poly-
aromatics. The presence of these compounds with a similar
structure in comparison to the monomers of the synthetic
resins used in co-HTL is interesting for the valorization of
biocrude as a source not only of fuels but possibly as a source
of platform chemicals.
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The observations above indicate that synthetic resins
without backbone heteroatoms affect the quality of miscanthus
biocrude, despite not depolymerizing into oil products under
these conditions, corroborating the van Krevelen diagram
findings discussed previously (Figure 4). This change in quality
occurs mainly due to the addition of alkyl groups in biocrude
volatile molecules. The occurrence of such alkyl groups in the
backbone of the polyolefins co-processed creates a potential
opportunity for biocrude quality improvement with this co-
HTL strategy despite the lack of oil yield increase.

PVC. Comparison of PVC co-HTL-derived oil with
miscanthus biocrude (Table S2) shows a remarkably higher
presence of carboxylic acids, aromatics, and polyaromatics.
This is expected based on acid-catalyzed reactions in
lignocellulosic biomass HTL. Chlorine released from the
polymer side group hydrolyzes into HCI, acidifying the media
and promoting dehydration reactions of the phenolic
compounds, yielding aromatics. For PVC, hydrothermal
processing instead yields a Cl poor solid phase, concentrating
much of the chlorine into the aqueous phase.”” Low-
temperature hydrothermal co-processing of PVC and ligno-
cellulosic biomass has been proven to be an effective method
for dechlorination.* Higher subcritical temperatures, such as
that tested in this study (350 °C), do not provide advantages
regarding the generation of a valuable oil phase.

PC and Epoxy. The co-HTL oils produced from PC and
epoxy have very similar trends, as shown in Figure 5. The
concentration comparison shows very clearly that phenolic
compounds are more prominent in co-HTL oil than in
miscanthus or synthetic polymers alone. Phenolic compounds
have partial solubility in water and are formed from HTL of
both pure PC and epoxy, which indicates that these are
attracted to biocrude (a nonpolar phase) when present in the
reaction media, increasing the oil quality. The observation can
also indicate that co-processing favors these compounds. The
improvement in oil quality by co-processing is also depicted in
Figure 4A by the decrease of O/C ratio in comparison to pure
miscanthus HTL biocrude.

4,4'-(Propane-2,2-diyl)diphenol (bisphenol-A) follows the
opposite curve, indicating a lower concentration than that
expected upon co-HTL. This fact partially explains the higher
concentration of the other compounds, which are direct
byproducts of bisphenol-A cracking or hydrolysis. Even though
this is the case, it cannot fully explain the significant
concentration increase of the other compounds, which may
result from the rearrangement of both miscanthus and PC (or
epoxy) components. We suggest two possible pathways to
explain this observation. First, it is possible that bisphenol-A is
relatively stable toward the media; thus, the increase in the
presence of other compounds is due to rearrangements
involving products of both feedstock materials. Another
possibility is that oligomers yielded from PC and epoxy HTL
are more easily converted into bisphenol-A in the presence of
miscanthus HTL products, compensating the consumption of
this compound in the formation of byproducts and keeping
concentrations proportional. The latter option follows
chemical equilibrium principles, and recently published
kinetics™® suggests that bisphenol-A is present in a high
concentration around 20 min reaction time; thus, the
hypothesis explains the increase in byproducts of bisphenol-
A hydrolysis.

PET. PET co-HTL experiments yield an oil richer in
phenols, ketones, and carboxylic acids (Figure SS). The
terephthalic acid from the synthetic resin seems to contribute
to this formation; however, only a minor part of this
component has reacted into different products, as its majority
is present in the solid products and PET synergy effect for this
phase is neutral (Figure 2). A significant conversion of
terephthalic acid into oil components would be indicated by a
negative synergy effect on solids, which is not the case.

The second major product of PET HTL is located primarily
in the aqueous phase,11 ethylene glycol. However, it is also
partially found in the oil phase due to partitioning. It appears
not to interact with the products of miscanthus liquefaction, as
shown in Figure SS5. The lack of reactivity of ethylene glycol
toward lignocellulosic products of HTL has been reported
before.”” However, PET co-HTL oil has a very different
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Figure 6. Relative concentration change in PUR co-HTL oil for selected aromatic (A), phenolic (B), and nitrogenated (C) compounds. ((A) —
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X

3,5-dimethyl-1-phenyl-1H-pyrazole;
8-methyl-SH-pyrido[4,3-b]indole;
tert-octyldiphenylamine;

phenol); ((B) — —=— phenol; —e— 2-methoxy-phenol; —a— 4-
o-hydroxybiphenyl); ((C) — —s— 1H-indol-6-ylmethanamine;
> 5-methyl-1,10-phenanthroline;
3-aminocarbazole; —+— §,7-dimethylpyrimido-[3,4-a]-indole;

4,4’-di-tert-butyl-diphenylamine).

<

volatile composition, as shown in Table S2. Here, we can
observe a more pronounced presence of acids, methoxy- and
carboxyl-containing compounds. This is in agreement with the
findings of Figure 4. Despite lowering the energy content in
the oil phase, such compounds may be of use for direct
applications, being more valuable than their energy use.

PA6 and PA66. Besides resulting in an increased oil yield,
both PA6 and PA66 also change the oil composition
significantly (see Figures S6 and S7). On the one hand, the
presence of PA6 increases the concentration of cycloketones
and mono-substituted phenols while not changing double-
substituted phenols. Given PA6 products of HTL are mostly
composed of amines,"" it is unlikely that those would form

19058

phenolic or cyclic compounds without the presence of nitrogen
in the composition if known mechanisms are followed.”> Thus,
it seems the media provides a better chance for the
miscanthus-derived compounds to react into phenolics that
are incorporated into the oil phase. On the other hand, PA66
seems to have the opposite effect for 2-methyl-2-cyclopenten-
l-one and mono-substituted phenols. Even so, PA66 still
promotes positive oil synergies and superior carbon yield when
compared to PA6. This could be derived from larger
compounds being formed from PA66- and miscanthus-derived
compounds in comparison to PAG6.

Table S2 provides the comparison between miscanthus
biocrude and the co-HTL oil composition of PA6 and PA66.
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Figure 7. Reaction scheme for PUR- and miscanthus-derived HTL products.

The PA-derived oils contain significantly more compounds
with nitrogen, including the dimer 1,8-diazacyclotetradecane-
2,7-dione, clearly derived from PA structures. Hexadecanoic
acid, which is one of the monomers for PA66 production, is
also present in these samples. Given the composition of
volatiles in the oil, it is possible to assert that the biocrude of
co-HTL with PA is rich in monomer-like compounds that can
possibly be recovered through co-HTL.

PUR. PUR co-HTL with miscanthus had the most promising
oil synergistic effect identified, being the only combination to
increase both energy and carbon yields. The GC—-MS
discussion will try to suggest the reasons behind the superior
yields. Figure 6 depicts the concentration changes for selected
compounds measured by GC—MS. It is possible to observe in
Figure 6A a similar concentration for ethyl benzene in all
experiments, also only modest deviations for cyclopentanone
and styrene. Cyclopentanone presents the highest concen-
tration in miscanthus HTL, while styrene in pure PUR, though
both have slightly lower concentrations than that expected in
the co-HTL oil. On the other hand, phenol seems to be more
prevalent in the co-HTL than in the single HTL oil.

Figure 6B depicts changes in concentration of phenolics.
Despite the presence of phenol being favored in co-HTL,
followed by o-hydroxybiphenyl and, to a less extent, 2-
methoxy-phenol, di-substituted phenols (4-ethyl-phenol and 4-
ethyl-2-methoxy-phenol) have the opposite behavior. The tri-
substituted 2,6-dimethoxy-phenol seems to be present propor-
tionally in the co-HTL oil (around 0.5 in Figure 6B). Figure
6C depicts a group of compounds found with relatively small
areas (the highest being 6.1% for 8-methyl-SH-pyrido[4,3-

blindole—see Table S2), however, in great abundance. These
compounds are all heterocyclic aromatic containing nitrogen
within the rings and all seem to be formed only in the presence
of both PUR and miscanthus.

Table S2 also shows that the presence of S heterocyclic
nitrogen-containing aromatics within the 20 most prominent
identified compounds is the major difference between PUR co-
HTL oil and miscanthus. The presence of such compounds
indicates that the positive synergies and higher yields discussed
before are connected to the reaction between PUR- and
miscanthus-derived compounds, yielding this class of chem-
icals. Interestingly, Table S2 also shows that there are none of
such compounds found within the 20 most prominent for all
other nitrogen-containing tested materials (namely PA6, PA66,
epoxy, and ABS).

It is possible to observe by the nucleophilic reactivity of
amines”” and amides” that aromatic compounds with amine
side groups are much more prone to react with phenolic
compounds than organic molecules containing amides or
nitriles. The latter two are the form of nitrogen present in the
HTL products of PA6, PA66, epoxy, and ABS, while the
former is present in PUR.'" This observation corroborates the
discussion around Figure 2A, pointing toward the nature of the
nitrogen-containing compounds being responsible for oil
synergies. Figure 7 depicts a reaction scheme for PUR- with
lignocellulosic-derived compounds, yielding products due to
nucleophilic combinations, which is corroborated by other
hypotheses previously described.”> This is the first time
nitrogen compounds from synthetic polymers are observed
to be having a behavior similar to proteins in HTL conditions
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and interacting significantly with lignocellulosic-derived
compounds. However, in the case of PUR, the oil formation
effect is more pronounced due to the reactivity of the nitrogen
species involved.

B CONCLUSIONS

Co-HTL of 12 different polymers with miscanthus resulted in
different synergy effects and yields depending on the original
synthetic polymers’ chemical structures. A summary of the
observations made through the present study is presented
below:

e Dositive oil yield synergy effects were observed from co-
HTL of PA6, PA66, and PUR with miscanthus.

e Only PUR co-HTL with miscanthus increased carbon
and energy oil yields when compared to single HTL of
miscanthus. PC and epoxy maintained equivalent carbon
and energy yields in the same comparison, while all
other polymers showed a decrease in both parameters.

e HHVs of co-HTL oils from LDPE, HDPE, PP, PS, PAS6,
PA66, and PUR are within 2.5% of the miscanthus
biocrude. ABS, epoxy, and PC, on the other hand,
present increased values by 6.9, 88 and 12.3%
respectively. PET HHV is 12.0% lower than miscanthus
biocrude, due to the presence of more oxygenated
molecules.

e ABS, despite having a small synergistic effect, changed
significantly the oil composition, increasing the biocrude
quality, even though the transfer of degradation products
of these materials to the oil phase is limited.

e PVC promotes severe carbonization reactions and the
resulting acidic media leads to the formation of
aromatics and polyaromatics in the oil phase.

e PC and epoxy co-HTL yields an oil rich in monomer-
like structures of the original materials.

e PA6 and PA66 co-HTL oil is rich in nitrogen and
contains monomer-like structures, however to a lower
extent.

e The type of nitrogen group in the synthetic polymer
dictates the synergy effects. Amines connected to
aromatics are more prone to recombine with lignocellu-
losic biocrude than alkyl amines, amides, and nitriles.
PUR, PA6, PA66, and ABS co-HTL synergies and oil
compositions illustrate the findings.
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6.1. Reflections

The high synergy effect identified in Miscanthus Giganteus and polyurethane co-HTL
encouraged us to investigate if there is an optimal mixing ratio that can enhance even further the
recovery of carbon as a synthetic oil using this process. As the attention of polyurethanes’ chemical
recycling processes throughout literature rises and HTL enters the pool of options, understanding
deeply the suggested process is of highly importance.

The paper attached in this chapter shows large synergies in batch experiments are
successfully validated in a continuous HTL pilot plant. The overall carbon and energy efficiencies of
the process are thoroughly discussed and depict that the combination of PUR and lignocellulosic
biomass can be a very attractive processing route for this type of polymer waste. The resulting oil
is characterized in detail and its composition is rich in nitrogen-containing heteroaromatics and
polyols. The approach suggested here can be a promising route to synthesize nitrogen-containing
aromatics based on sustainable feedstock materials. The results showed that the synergistic HTL
reaches 71% carbon and 75% energy yields in synthetic oil basis. These results are superior to most
reports on continuous HTL yields in literature.'?*»% Besides, as the strategy depicted here used fresh
water for slurry preparation, further efficiency enhancement may be achieved if aqueous phase
recirculation is applied.?

Synthetic oils were characterized via high resolution mass spectroscopy by ENI, Italy, our
collaborator in this paper. The results here reported were also presented in the Thermochemical
Symposium of 2020 (October 5-7, 2020, Washington State University, Virtual Symposium) with very
good acceptance from industry and scientific community.
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ABSTRACT: Due to the high versatility of polyurethane (PUR), its
share among synthetic polymers to manufacture consumer goods is
increasing. This study proposes, tests, and validates through pilot
processing a highly efficient method for the conversion of PUR to an oil
phase concentrated in carbon using hydrothermal liquefaction (HTL)
aided by lignocellulosic biomass. Hot liquid water mixed with PUR
residues and a lignocellulosic material (two species of Miscanthus) were
treated at subcritical water temperatures, generating an oil phase rich in
hydrocarbons. A high-synergistic effect in the coliquefaction was
observed, leading to carbon and chemical energy recovery to the oil
of 71 and 75%, respectively. Pilot plant processing, using optimized
process parameters, yielded a total process efficiency accounting for

Co-HTL : :
High synergy
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Migg, o8 = Q)
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Continuous HTL

FTICR

heating utilities of 61% and resulting in a 3.2 ratio of energy return over investment. By using spectroscopic and high-resolution mass
spectrometry analysis, the oil revealed a high content of nitrogen hetero aromatic and polyol compounds. The high synergy observed
for the coliquefaction of PUR and Miscanthus is attributed to recombination of synthetic and biological materials, specifically due to
highly active nitrogen-containing intermediate compounds that recombine with lignocellulosic-derived molecules. During
continuous processing, around 58% of the nitrogen contained in the feed is transferred to the oil produced, resulting in a 4 wt
% nitrogen concentration in the oil. The results show that HTL can be an efficient method for the mass, carbon, and energy recovery

of PUR aided by biomass.

1. INTRODUCTION

Polyurethanes (PURs) are a group of extremely versatile
synthetic polymers. Their applications range from automobile
seats, chairs, sofas, footwear, and carpets to refrigerators,
insulation boards, medical applications, coatings, binders, and
many others." Such a variety of applications and continuous
innovations have resulted in a PUR yearly production of
around 26.4 Mton worldwide, with a production growth rate of
6.25% per year [2013—2018]."” PUR is usually divided into
flexible and rigid foams, coatings, adhesives, sealants, and
elastomers."”” The main difference between these groups are
the polyols’ composition and ratios of isocyanides and polyols
used in production. PUR manufacturing plants are known to
be wasteful, generating a considerable amount of trims and
scrap, reaching 10% of the total PUR production.”’ Despite
the fact that part of the waste material produced has recycling
opportunities that yield secondary products (carpets, inferior
quality insulation boards), the amount diverted to such
applications does not alleviate waste handling, particularly for
postconsumer products,” and hence, innovation is still needed
for PUR recycling.

The variety of PUR applications also brings challenges upon
general recycling methods that can cope with all kinds of
inputs. The most common recycling methods are mechanical
(regrinding, rebinding, adhesive pressing, injection molding,

© 2021 American Chemical Society

7 ACS Publications

and compression molding), mainly yielding lower quality
products than the initial feedstock source. These processes can
cope with mixed flexible PUR, though the preference is usually
for pure inputs. Nevertheless, mechanical recycling cannot
handle rigid PUR. All of the mechanical recycling methods,
besides adhesive pressing, have limitations regarding recycled
feedstock, as it tends to decrease product quality.”’

Chemical recycling methods for PUR are known and can be
divided into pyrolysis, gasification, hydrogenation, and
solvolysis (hydrolysis, aminolysis, and glycolysis). Pyrolysis
typically produces a considerable amount of HCN, NO, and
CO in the gas phase’ together with volatiles that include
methane, ethylene, benzene, and others.* The process usually
yields (at >450 °C) 5—25%,, char, 10—45%,, liquids, and
>40%,,, gases. Due to the undesired products present in the gas
phase, pyrolysis is not preferred when dealing with PUR. A
recent catalytic gasification report shows that hydrogen-rich
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gases (up to 80% hydrogen fraction) are achievable, with gas
yields around 70% at 1100 °C.° Gasification also entails the
issue of generating pollutants, such as NO, HCN, and other
nitrogen-containing gases. Hydrogenation, on the contrary, as
it is conducted in a reductive media, tends to produce NH;,
from the feedstock nitrogen. This process generates com-
parable amounts of volatiles as pyrolysis, with greater energy
content due to the hydrogen saturation toward hydro-
carbons.”®

The most used and developed solvolysis method for PUR
recycling is glycolysis, with existing examples of pilot plants
and industrial scale facilities.” As the glycol reactant attaches to
urethane bonds via transesterification reactions, the polyols
from the feedstock are released and become available for
further use.” Several catalysts have been tested for this
approach; however, amines are typically employed, though
their presence in products is undesired.” Many research groups
and patents have described PUR glycolysis employing different
glycols as reactants for different PURs and a range of catalysts,
generally with a high recovery of polyols, sometimes with two
phase separation.””’ Despite this method being the most
developed, with pilot and industrial scale plants around the
world, the complexity of the products obtained restrict their
use to rigid foam manufacturing at limited contribution to
virgin feedstock.’

The hydrolysis of PUR is usually described as employing dry
superheated steam at mild temperatures and low pressures
(190—250 °C, 10—20 bar) for relatively long residence times
(>30 min).” The products obtained are complex and difficult
to separate, hindering process development so far to laboratory
and pilot scale. We have described before that hydrothermal
liquefaction (HTL) using 350 °C liquid water successfully
depolymerizes PUR, generating an oil rich in polyols and
amines free from urethane bonds.® HTL is a comparable
process to hydrolysis; however, HTL has the advantage of not
using steam as a water source—i.e, avoiding evaporation
energy spent on steam generation—and recovering products in
a separated oil phase. Typically, HTL processing has been
developed for dealing with organic wastes—e.g, sewage
sludge,()_ll manure,'? food waste,"> lignocellulosic materials'*
and algae."® Currently, several pilot plants are operational, "'
and the technology readiness level of HTL is considered to be
5.
The combined HTL (co-HTL) of synthetic polymers and
different materials has been suggested before, for instance on
reports about microalgae co-HTL with polypropylene,'”
macroalgae with polyethylene, polypropylene, and polya-
mides,'® lignocellulosic materials with polypropylene, poly-
ethylene, PET, and polyamides,]9 and, more recently, the
catalytic processing of lignocellulosic materials and polypro-
pylene.”” All studies have found synergies and antagonistic
effects for selected mixtures and materials, which indicates that
co-HTL is an interesting approach for processing polymers
together with biomasses due to the increase in efficiency and
the flexibility of HTL processes. Combined liquefaction can
also improve the pumpability needed for the continuous
processing of slurries containing plastics, which otherwise
would be difficult to achieve due to density differences and
slurry instability. Recently, we have reported that Miscanthus
giganteus—a model for lignocellulosic biomass—presents
significant synergy effects in co-HTL with PUR foam at a
1:1 lgilomass to synthetic polymer resin feedstock mixing
ratio.

10631

Those findings encouraged the objective of the present
study: to investigate batch experiments using different
temperatures (300—350 °C) and mixing ratios of PUR and
Miscanthus giganteus in order to develop a predictive model for
oil, carbon, and energy yields and to validate the models in
continuous HTL processing using a continuous flow pilot
plant. We further employ Fourier-transform ion cyclotron
resonance mass spectrometry (FTICR-MS) analysis and use
this information to elucidate possible reaction mechanisms that
yield the observed synergistic effects on the basis of molecular
level characterization.

2. MATERIALS

Miscanthus giganteus (used in batch experiments) and Miscanthus
lutarioriparius (used in continuous experiments), hereby referred to as
M, were harvested at Aarhus University’s facilities at Foulum,
Denmark. PUR foam utilized in batch experiments was taken from
a disposed chair, while the PUR foam utilized in continuous
experiments was kindly provided by Dan-Foam ApS (Tempur
Denmark). Both types of PUR and M utilized in batch and
continuous experiments were characterized via thermogravimetric
analysis (TGA), FTIR, and compositional analysis (comparison
available in Figures S1 and S2 and Table S2). Two different types of
PUR and Miscanthus were used due to sample quantity availability.
When comparing Miscanthus giganteus and Miscanthus lutarioriparius,
a higher fixed carbon content was found present in the former, shown
in the TGA measurements depicted in Figure SI. This difference
likely arises from lignin content variations between the two species.
Nevertheless, the other characterizations (Figure S2 and Table S2)
are considered sufficiently similar for the direct comparison of results.

3. METHODS

3.1. Batch HTL. Batch experiments were conducted using 20 mL
bomb-type reactors using the procedure previously described
elsewhere.”> Table S1 depicts the set of experiments conducted in
batch mode to screen blends of M and PUR from pure M to pure
polyurethane in steps of 25% change within the temperature range
300—350 °C. In each experiment, an appropriate amount of each
material summing 1.00 g of dry matter was added to the reactor
together with 8.00 g of water, performing a 1:8 feedstock to water
ratio. Reactors were sealed and inserted in a preheated fluidized sand
bath at the desired temperature, reaching reaction set point in around
4 min.”® After 20 min of reaction time (including heating), reactors
were immediately quenched in water to room temperature. Gases
were vented, and the mass of gas loss was recorded. The aqueous
phase was decanted from the reactor, and the solids and oil mixture
were separated via solvent-assisted vacuum filtration (methanol). The
oil mass was weighed after solvent evaporation under nitrogen flow.
Gas, solid, and oil yields are based on initial feed mass, according to
eq 1, while the aqueous phase yield was calculated by the difference.

mcomp onent

yield

component (1)

Predictive models for the oil, carbon, and energy yields were
derived from the data set (acquired according to Table S1) using the
eq2 regression.13 As the mixtures tested were binary, i.e,, PUR + M =
1 (where PUR is the dry basis polyurethane concentration in feed and
M is the dry ash free basis M concentration in feed), the model was
shortened for a single variable on feed material concentration, M, for
simplification. Temperature (T) is expressed in °C.

Meed

i=2;j=3

> 4, 1M

i=1;j=1

2 3
yield(T, M) = a, + Y bT' + Y. cM' +

i=1

2

The Bayesian information criterion (BIC) was used to exclude
terms in an iterative manner, simplifying the model without losing

i=1
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significance. The analysis of variance (ANOVA) was also conducted
for the final predictive models.

3.2. Elemental Analysis. The CHNS-O (oxygen by difference)
was determined for solid and oil fractions of both batch and
continuous experiments using an Elementar vario Macro Cube
elemental analyzer (Langenselbold, Germany). The Channiwala—
Parikh correlation (eq 3) was used to estimate the HHV for oils.**
Energy and carbon yields were calculated using eqs 4 and §,
respectively.

M
HHV [k_J] = 0.3491C + 1.1783H + 0.1005S — 0.10340
g
— 0.0151N — 0.0211A (3)
M k8o
HHVoil Eml 'Yleldoﬂ kgfwj
energy yield (17,)% = X 100
MJ
HH\]feed[%] (4)
k kg .
Coil[kgi] 'Yieldou[ kggml ]
carbon yield % = of 4l % 100

C. | —=c
feed[ K8 feea ] (5)

3.3. Attenuated Total Reflectance-Fourier Transformed
Infrared (ATR-FTIR). Selected solid and oil samples were analyzed
using a Bruker Alpha Platinum ATR FTIR spectrometer (24 spectra
collected from 4000 to 400 cm™') with resolution of 2 cm™’. In
between analyzes, 96% ethanol was used for cleaning the diamond
crystal before baseline collection. Solid samples were compressed
against the crystal, and oil samples were rubbed on top for
measurements.

3.4. Thermogravimetric Analysis (TGA). A TGA Mettler
Toledo SDTA851 was used to analyze raw materials, oil, and solid
products. The TGA was operated using a constant heating rate of 10
K min™" from 50 to 900 °C under nitrogen followed by 10 min under
air at constant temperature. A minimum of 5 mg of mass sample was
placed in the TGA ceramic crucibles.

3.5. Fourier Transform lon Cyclotron Resonance Mass
Spectrometry (FTICR MS). Biocrude samples were diluted with a
mixture of chloroform and acetonitrile (1:20) to a final concentration
of 0.4 mg/mL. Mass spectrometry analysis were performed on a 7T
FTICR MS (LTQ-FT Ultra Thermo Scientific) equipped with an
atmospheric pressure chemical ionization (APCI) ion source. The
mass spectra were collected in positive ion mode. The samples were
infused at a flow rate of 100 yL min~" using the following typical
APCI (+) conditions: source heater 380 °C, source voltage S kV,
capillary voltage 7 V, tube lens voltage 60 V, capillary temperature at
275 °C, sheath gas 60 arbitrary units, auxiliary gas 10 arbitrary units.
The mass spectra were acquired in positive mode with a mass range of
m/z 100—1400. The resolution was set to 200 000 (at m/z 400). The
ion accumulation time was defined by the automatic gain control
(AGC), which was set to 10° Three hundred and sixty scans were
acquired for each analysis to improve the signal-to-noise ratio using a
Booster Elite system (Spectroswiss), which allowed us to directly
register the transient data. Transients were then processed by the
software Peak by Peak-Petroleomic version (Spectroswiss). The 360
transients were averaged and then Fourier transformed into a single
averaged mass spectrum. The resulting spectrum was further
processed to remove noise (thresholding set to 6 ¢ of the background
noise) and internally recalibrated through the unwrapping method.*®
Around 10000 different peaks were then obtained. The final
attribution of these peaks was conducted using the composing
function of the software Peak by Peak with an error limit of +2 ppm.

Molecular formulas were categorized according to different
parameters, such as the number of heteroatoms (N and O) and
number of unsaturations expressed as double bond equivalents
(DBE).*® For each molecular formula, the DBE was calculated
according to eq 6 (for C.Hy N,O,S,).

h n
DBE =¢ 5 + 5 +1 (6)

Classes of compounds were assigned according to the heteroatoms
present in each molecule, and their relative abundances were used for
building class distribution plots. The more abundant classes were then
plotted in double bond equivalent (DBE) versus carbon number plots
according to their carbon number, DBE value, and relative abundance
in the mass spectrum.

3.6. Continuous HTL. PUR waste and raw M were milled using a
modified twin screw extruder (Xinda, 65 mm twin screw extruder with
2000 mm barrel length) and mixed in the optimal proportion
identified from the batch experiments. Fresh water and carboxymethyl
cellulose (0.5% total slurry weight) were added to prepare the slurry
using a 2 m® paddle mixer together with a Microcut MCH-D 60 A wet
mill to ensure homogeneity and pumpability. The slurry was fed in the
continuous HTL pilot plant located at Aarhus University, Foulum, as
described by our group previously.'* Figure 1 depicts the temperature
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Figure 1. Pilot plant temperature profile during campaign.

profile over the pilot plant during the production campaign. The
reactor section temperature was kept at 316.4 + 6.2 °C, and the slurry
feed mass flow was 55.1 + 0.6 kg/h. The campaign ran for 5 h, and
the results presented are based in thermal steady state operation, as
highlighted in Figure S3. The thermal steady state was verified using
the logarithmic mean temperature difference in the heat exchanger.
Steady state was determined when this value change was less than 5%,
which was achieved after 2 h of continuous operation for a total
steady state period of approximately 3 h (see Figure S3).

The synthetic oil product was separated gravimetrically from water,
and 10 g raw oil aliquots were diluted in methanol and vacuum
filtered to determine solid content. Water content in the raw oil was
determined via Karl Fischer titration. The total energy efficiency (7o)
and the energy return over investment (EROI) for continuous
processing were calculated using eqs 7 and 8, respectively."*

E [kW,,
Moy = 011[ 011] x 100
(Efeed + Epump + Etrim heat + Ereactor hea() [kvvtotal input]
(7)
ROl W)
(Epump + Etrimheat + Ereactorheat) [kvvexternal input] (8)

4. RESULTS AND DISCUSSION
4.1. Batch HTL and Yield Predictive Models. Figure S4

depicts the mass balance for all mixing ratios and temperatures
tested. A high-synergy effect for oil production can be observed
for coliquefaction, especially for 75/25 (PUR/M) mixing
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ratios. Further, it is shown that solids yields are the highest for
25/75 mixing ratios for all temperatures. AP mass yields are
higher for pure components (PUR or M), while gas yields vary
with both temperature and mixing ratio.

Equations 9—11 show the oil, carbon, and energy yield
predictive models, respectively, derived from eqs 4 and
results regressed for eq 2 and simplified stepwise using the
BIC. ANOVA correspondents to these models are found in
Tables S3—SS, respectively, for oil, carbon, and energy yields.
Statistically significant p-values still present in the models were
allowed to comply with a lower BIC, enhancing prediction
efficiency. Other statistical tests were performed to test the
model for bias and are depicted in Figure S5—S7 for oil,
carbon, and energy yield models, respectively. The data shows
all models being highly capable of predicting yields with a
relatively low bias. Generally, the empirical terms presented are
within the same orders of magnitude.

oil g = =7.3701 + $.2221107°T + 10.712M — 8.621610~°T*

— 7.1146107*TM + 0.15073M* + 3.474710°T*M — 12577
1072TM? + 22617M 9)

carbon, gy = —19371 + 1.8474107°T — 2.1977M + 1.27010 °TM

— 3421107°T% — 1.3397M> — 9.508310 > TM>
+ 2.4806M° (10)

energy = 17772 = 4.084310°T — 2.5976M + 1.430810 °TM

— 1.0344M* — 1.1120102TM> + 2.5693M° (11)

Parts A—C of Figure 2 show, respectively, the oil, carbon,
and energy yields heat maps based on respective models (eqs
9—11). It is possible to identify the maximum oil yield with
65.7% at 314 °C and M 0.225 g iccanthus/ Sy T emperatures
between 300 and 325 °C and M between 0.175 and 0.30
Gmiscanthus/ Eom Al depict oil yields higher than 64%. When
compared to pure feedstock materials (PUR and M), where oil
yields range from 35 to 45%, there is a remarkable 30—40%
increase. Within the range tested, the effects of M are more
pronounced than temperature, as can be observed in Figure 2,
indicating that lower temperatures may be used as long as
feedstock mixture is optimized for maximum oil production.
The carbon yield peaks at 70.8% at 308 °C and M 0.25
Ziniscanthus/ oy While the energy yield maximum reaches 75.0%
at the same M but at 300 °C. Overall, temperatures between
300 and 325 °C should be preferred, while M mixtures in PUR
of 0.20—0.28 yield the best results in all three parameters
mapped.

The surface responses depicted in Figure 2A—C are clearly
similar, confirming that the superior oil yield carries carbon
and chemical energy to this product fraction. Usually the HTL
of common biomass-derived feedstock materials does not
reach such high efficiencies for oil yields, particularly when not
using lipid-rich biomaterials or oil rec;rcling strategies; yields of
up to 50% have been reported.'®*” For example, co-HTL
synergies of lignocellulosic materials and sewage sludge are
reported to increase oil yields to up to 47.1%,"® while the co-
HTL of lignocellulosic biomass and manure can reach 30%.”*
The synergistic effect previously reported for Miscanthus
giganteus and PUR®' was significantly improved from 43%
oil, 52% carbon, and 55% energy yields at a 50:50 mix ratio
and 350 °C to the aforementioned optimal conditions upon
reaction parameters optimization. This indicates that a specific
stoichiometric relation is present, which will be clarified further
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Figure 2. (A) Oil, (B) carbon, and (C) energy yields prediction
model heatmaps.

upon oil composition discussion. Controlling the presence of
lignocellulosic materials and PUR in HTL media can clearly
enhance the chemical recycling opportunities of PUR.

In the literature, batch bomb-type reactor models have been
developed to investigate HTL because of their characteristic
fast heating rates, which are very similar to the heating profiles
observed in continuous HTL plants.”””" In the following
section, the models described here, on the basis of batch
reactor results, are validated using a continuous HTL reactor.

4.2. Continuous HTL. The feedstock preparation for the
continuous campaign, using the ratio of M and PUR identified

https://doi.org/10.1021/acs.energyfuels.1c01520
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in the predictive models, was successful, and pumpability was
achieved. This was not the case for PUR /water slurries alone;
thus, the addition of lignocellulosic biomass to PUR also
facilitates the formation of a pumpable slurry. The resulting
slurry exhibited clear signs of non-Newtonian behavior by
syringe tests performed in situ. The slurry was successfully
pumped using helical rotor pumps and a Graco Check-Mate
positive displacement pump. No clogs or significant pressure
difference over the pilot plant components (heat exchanger hot
and cold sections, reactor, and takeoff system) were observed
during the entire run, which indicates that the slurry is stable
upon pressurized heating, and the products do not tend to
cross-link.

Table 1 depicts a summary of the continuous campaign
results, including feed slurry mass and energetic character-

Table 1. Continuous Production Campaign Data Summary
and Results”

property value =E unit
feed slurry
Miscanthus concentration in feed  0.22 Smiscanthus/ Sfeed
PUR concentration in feed 0.78 ZpUR/ Gfeed
PUR/M ratio in feed 3.52 ZpUR/ Emiscanthus
mass flow rate 55.1 0.6 kg/h
dry matter content 13.77%  0.01  wt%
energy in feedstock 57.5 0.2 kWy,eq, dry
product aqueous phase
total organic carbon 8824 48 mg/L
total inorganic carbon 20 2 mg/L
aqueous phase carbon yield 9.8% kg ap/KEc input
total nitrogen 1123 4 mg/L
aqueous phase nitrogen yield 16.2% kg o1/ KN input
product biocrude
biocrude yield (dry solids free) 65.6% kgo1/Kginput
biocrude carbon content (dry 63.1% 0.11  kgc/kgy
basis)
biocrude carbon yield 71.2% kgc o1/KEe input
(dry solids ﬂree;'l
biocrude nitrogen content (dry 3.95% 0.14  kgn/kgy
basis)
biocrude nitrogen yield 57.9% kg ot/ kg input
(dry solids free)
HHV biocrude (dry solids free) 31.1 0.5 MJ/kgq
energy in biocrude 43.1 0.2 kW, dry
(dry solids free)
external energy input
trim heater energy requirements 7.9 0.4 kw
reactor energy requirement S.0 0.0 kw
main pump energy requirement 0.48 kw

energy efficiency

energy yield (174,) 75.0% KW i1/ kWieq
total efficiency (7,,,) 60.7% 0.2 KWoi1/KW ool input
EROI 32 0.2 KW i1/ KW sternal input

“Pressure = 161.6 + 8.8 bar; Reactor temperature = 315.6 = 5.1 °C.

ization over the analyzed time frame of steady state operation,
together with the products aqueous phase and biocrude and
the energy utilities. The mass flow rate was around 55.1 kg-h_l,
giving a total residence time of approximately 18.5 min,
following the temperature profile depicted in Figure 1 at 161.6
+ 8.8 bar. This mass flow carried into the reactor was 32.1
Kg .ipon'h ™!, of which 71.2% was found in the oil phase, 9.8% in
the aqueous phase and, by difference, the remaining 19% was

converted either to gas or solid products. These results are
superior when compared to pure miscanthus HTL, high-
nitrogen biomasses such as Spirulina, or sewage sludge using
the same pilot plant."*

The nitrogen balance shows that, out of the 2.46 kgy-h™" fed
to the reactor, 57.9% was found in the oil phase, which
contained 3.95% nitrogen by weight, while 16.2% was collected
in the aqueous phase, which contained 1123 mgy-L™". Even
though there is a negative contribution of N to the HHYV, the
oil phase still presented a relatively high value of 31.1 MJ-kg™".
The nitrogen content in oil is comparable to biomass-derived
biocrudes, even though its yield is higher.”'**" The total
nitrogen in the aqueous phase and its yield to this fraction are
lower than biomass HTL processing results, especially
compared to manures and sewage sludge.’”*’

The chemical energy fed to the pilot plant was 57.5 kW,
which was heated using 7.9 kW in the trim heater and 5 kW in
the reactor section. The oil product carried 43.1 kW of energy,
which is 75.0% of the initial feedstock slurry. Accounting the
utilities, the total energy efficiency is 60.7%, with an energy
return over investment (EROI) of 3.2. This data leads PUR/M
co-HTL to be an attractive strategy to recover carbon from
used materials in an oil form.

4.3. Oil analysis. 4.3.1. Thermogravimetric Analysis
(TGA). The batch sample acquired at 325 °C, with a mixing
ratio of 75:25 (PUR/M), was selected as the most
representative in comparison to the already mentioned sample
collected from the continuous campaign. Figure 3 compares
the TGA and DTG results from batch oils of M, PUR, and co-
HTL, together with the continuous oil campaign. It is clear
that the co-HTL oil, either from batch or continuous, is much
more similar to the PUR oil than the M biocrude. The co-HTL
oils and the PUR one all have a sharp main weight loss around
400 °C. This DTG peak is slightly above the 360—390 °C
main decomposition peak found in the raw PURs (Figure S1),
which is related to the polyalcohols’ thermal degradation.****°
Both batch and continuous co-HTL oils have a different
behaviors at temperatures <400 °C. The former loses around
8% of its weight, while the latter reaches 20% weight loss, both
yielding minor broad peaks at 200 and 280 °C, respectively.
After the 400 °C peak, the batch co-HTL oil still holds around
15% of its initial weight, while the continuous campaign oil
behaves similarly to the pure batch PUR, both with <5%. This
could be caused due to the higher amount of lignin in the M
species used in batch (indicated via the TGA solid residue
amount in Figure S1).

Overall, the TGA and DTG results point out that the oil
derived from co-HTL of PUR and M is more similar to pure
PUR oil than to pure M. The findings are partially surprising,
given that the M addition significantly increases the oil phase
recovery. However, the amount of PUR participation in the
initial mixtures is indeed higher and so the characteristics
measured by TGA and DTG follow.

4.3.2. ATR-FTIR. Figure 4 depicts an ATR-FTIR comparison
of batch biocrudes from Miscanthus giganteus, PUR, one sample
of 75:25 (PUR/M, 325 °C), and the continuous campaign
biocrude (filtered using methanol, water free). The M biocrude
presents its typical peaks related to phenolics, aliphatics, acids,
ketones, and alcohols.>**’ Hydroxyl groups are located
between 3030 and 3660 cm™" with a broad peak, while C—
O bonds can also be identified at 1110 and 1205 cm™" and
C=O0 at 1690 cm™'. Characterisic C—H bonds can be
verified at 2928 (—CH,), 2846 (—CHj;), 1460—1350 cm™,
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Figure 4. ATR-FTIR spectra of oil from HTL experiments in batch
and continuous campaign. Batches: Miscanthus giganteus, PUR, 75:25
(PUR/M 325 °C).

and 740—830 cm™L. Lastly, C=C bonds are shown at 1603
and 1512 cm™.

The PUR oil FTIR spectra depicted in Figure 4 share a
significant resemblance to those of raw PUR (Figure S2).
However, the oil does not contain the characteristic urethane
bonds at 1223 (C(=0)0) and 1533 (C—N) cm™, rather
presenting a clear N—H peak at 1624 cm™' and a much
broader peak in the 3030—3600 cm™ region, related to OH
presence together with primary and secondary amines. It is
worth noticing a shift from 3291 to 3358 cm™ (from raw
feedstock to oil) peak, indicating a change from secondary to
primary amines. Other peaks, present in both the oil and the
raw material, are an ether C—O (1090 cm™), double bonded
C=C (1590-1630 cm™'), and characteristic C—H bonds
around 2800—3000 cm ™.

It is clear the biocrude yielded from the 75:25 (PUR/M, 325
°C) batch is more similar to the PUR oil than the M biocrude.
The only differences observed are the broad peaks between

10635

3030 and 3660 cm™" related to OH and NH groups and, also, a
broadening of the 1624 cm™ N—H peak. When comparing
both oils, it is possible to see that the PUR oil has a wider
3030—3660 cm ™" peak, indicating a higher occurrence of OH
groups. The peak at 3358 cm™, connected to the presence of
primary amines, can be observed in both oils spectra. The
continuous campaign and batch (75:25 PUR/M, 325 °C) oils
do not present differences, indicating that they share very
similar chemical groups and structures in comparable
proportion.

4.3.3. FTICR MS Analysis. The FTICR mass spectra contain
over ten thousand different molecular ion peaks (mainly
protonated molecular ions); thus, some data representation
choices were made to clarify the composition, including the
classification of the elemental formulas of the detected ions on
the basis of N and O numbers, C number, DBE, and H/C, O/
C, and N/C ratios. The spectra collected for the continuous
campaign oil are shown in Figure S12 as a sample of the
results.

Figure S8 shows the DBE versus C number for all classes
detected in the M batch oil (325 °C). No compounds with
nitrogen were detected, as shown in Figure S, thus families
were divided only according to oxygen number (which were
identified from 2 to 7). The results depict an oil that contains
molecules with 8—68 carbons, with relatively more presence
from Cg to C4 and a generally increasing average C number
directly proportional to oxygen number. The DBE values of
the most intense species are between 5 and 20; therefore, most
of the compounds likely belong to aromatic oxygen-containing
species. Despite not detecting nitrogen-containing compounds,
the analysis presented here is in good agreement to those of
other lignocellulosic materials’ HTL biocrudes characterized
using similar techniques.”**”

Figure S depicts the PUR batch (325 °C) oil compound
families according to their abundance. It is possible to observe
the most prominent abundances in Figure SA, where only
compounds without nitrogen are located. A bell-shaped curve
can be seen, peaking around family O, and tailing toward
lower O numbers. These compounds can be best observed in
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Figure 6A, where the carbon number is plotted over oxygen for
all DBE compounds found. This observation is very character-
istic of oligomers or polymers. In this case, they are clearly
derived from the polyol group of PUR resins.**** Thus, the
PUR oil has a main fraction characterized by the water
insoluble fraction of the polyols present in the original
feedstock. The remaining identified compounds have either
1,2, 4, or 6 N atoms (predominantly 4) accompanied by up to
3 O atoms. Overall the synthetic oil derived from PUR alone
differs greatly from nitrogen-rich biomass-derived biocrudes,
which may present families with up to 4 N atoms accompanied
by up to 3 O atoms, especially with regards to relative
abundance and DBE.**

In the PUR and M continuous oil, the most intense peaks
according to their accurate mass values belong to the classes
CisemH12420)O0(14m)yr ClsemyH(1042m)O (14m), and
C(senHs42m)O(14my—with n from 0 to 80 and m from 0 to
40. A constant gap of C;H4O was found for the most intense

10636

species, being compatible with polyol (polypropylenglycols)
structures. When comparing these polyols via a C, over O,
plot, as depicted in Figure 64, it is possible to verify a linear
relation that also shows monomer addition as the molecular
difference between compounds. The polyols identified in the
co-HTL oil (Figure 6B) are similar to the ones identified in the
pure PUR oil (Figure 6A), however the former are present in
relatively smaller quantities—also shown in Figure SA.

Parts A and B of Figure 5 depict that, despite the fact that
the polyols in the co-HTL oil are distributed similarly to pure
PUR oil (but with smaller relative intensities), both oils differ
greatly in the nitrogen-containing species. The continuous oil
presents a higher occurrence of species with nitrogen,
especially N,, N, and Ny classes (as shown also in Figure
S11). Interestingly, no compounds containing N, nor N, were
identified both in the co-HTL or pure PUR oil. The oil
elemental composition presented in Table S2 also corroborates
these results, depicting a low nitrogen content for M oil in

https://doi.org/10.1021/acs.energyfuels.1c01520
Energy Fuels 2021, 35, 1063%—&0640


https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01520/suppl_file/ef1c01520_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01520/suppl_file/ef1c01520_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.1c01520/suppl_file/ef1c01520_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01520?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01520?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01520?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01520?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01520?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01520?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01520?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c01520?fig=fig6&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c01520?rel=cite-as&ref=PDF&jav=VoR

Energy & Fuels

pubs.acs.org/EF

comparison to co-HTL oil, which has similar compositions for
both batch and continuous processing.

Figure S9 depicts the Van Krevelen diagram for all nitrogen
species identified in pure PUR and co-HTL oil. All oils
demonstrated consistently a lower than 0.2 O/C ratio, while
aslo depicting H/C mostly below 2, commonly with 1 as the
median. The comparison between oils demonstrates that the
co-HTL oil is more complex, tending to have a greater number
of nitrogen families than pure PUR oil. For all oils, compounds
of the same family tend to group around a short range of O/C
ratios and relatively greater ratios of H/C.

The increase of O/C according to a family maintaining
similar H/C ratios indicates that the molecular difference may
be explained by the addition of hydroxyl side groups in these
molecules. The atomic ratios of families that do not contain
nitrogen are depicted in Figure 7, for batch PUR (A), M (B),
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Figure 7. Van Krevelen diagram for O, families: (A) PUR batch at
325 °C, (B) M batch at 325 °C, and (C) continuous oil.

and continuous (C) oils. Here, a very high H/C ratio for
molecules with more than 1 oxygen atom was found both for
PUR and the continuous oil in comparison to M biocrude. For
both PUR-derived oils, a broad range of O/C ratios was
identified, particularly in Figure 7C. The absence of
compounds around a H/C of 1 in Figure 7C thus indicates
that biomass-derived molecules rearrange in the presence of
PUR-derived compounds.

A modified version of the Van Krevelen diagram, showing a
N/C ratio in the x-axis, can be found in Figure S10. Here
again, only the oils containing significant groups of N-
containing structures are depicted. The difference between
PUR batch and continuous oil indicates a clear recombination
of molecules derived from M and PUR liquefaction, more
specifically with a much greater variety of species with higher
peak intensities, showing N/C ratios of up to 0.2. A greater
number of nitrogen families is also depicted in Figure S11,
where the DBE is plotted versus C number. PUR oil presents
irregular distributions in DBE plots, very different from those
of the continuous oil. The latter contains classes that are
grouped around an area in the C, vs DBE plot with species
showing the highest relative intensities. These peaks vary
according to family from 20 to 40 C numbers, generally
increasing the DBE with N and O contents. Such results are
very indicative of the nitrogen-containing species being
connected to aromatic structures, which increase the DBE
drastically when comparing to biologically derived HTL
biocrude with high nitrogen content.””

In general, the complex oil derived from the continuous
processing of PUR and M is more aromatic than common
biomass-derived biocrudes yet still containing thousands of
compounds. Furthermore, its composition includes molecules
attached to polyol groups and short chain polyols as depicted
in Figure 5 A. It is likely that the aromaticity favors the
attachment of amine groups in pairs, given the families
identified.

4.4, Overall Reactions for High-Synergy Effects.
Maillard reactions are the main contributor to synergistic
effects in the hydrothermal liquefaction of biomass-derived
protein in combination with sugars and other oxygen-
containing compounds.”’ Usually the recombination of
monosaccharides and amino groups leads to the formation of
pyrazines, indoles, pyrrolines, pyridines, pyrimidines, and
pyrazoles. Such heterocyclic compounds can also be a product
of amino acids reacting in HTL media, but their formation is
enhanced by the presence of sugars or other structures
containing oxygen, for instance furans, ketones, organic acids,
etc.”’

Figure 8 depicts a possible reaction pathway for the observed
high-synergistic effect between PUR and M. Maillard reactions
involving amines attached to aromatic groups occur faster than
amino acids-like ones would,*" which can explain the high-
synergy effect observed in the co-HTL of PUR and M. The
imine intermediates known in Maillard pathways”” are formed,
and its consequent cyclization increases aromaticity and
stability for molecules. After dehydration or hydrogenation,
reactions can follow leading to stable nitrogen heteroaromatics
connected to alkyl side groups. However, a second reaction
path can involve the still reactive sites present in the form of
hydroxyl, ketone, or acidic groups near hetero aromatic
structures. In this case, the recombination of these with
other imine intermediates or amines adds aromaticity and leads
to more stable compounds with more hetero aromatic nitrogen
atoms. Such participation of the nitrogen species in the oil
formation during PUR and M processing can also be observed
in Table S2 by comparing the nitrogen content of PUR batch
oil and the co-HTL product of 75:25 PUR/M, which is twice
as high as the latter.

The nitrogen-containing families described in Section 4.3.3
depict a nitrogen atomic addition of 2, with a major presence
of N,, Ny, and Nj structures. This may indicate that imines or
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Figure 8. Possible reaction pathway for high-synergistic effect.

other compounds containing two nitrogens tend to recombine
with the same family of intermediates, leading to very stable
and highly aromatic structures. Overall, the reaction pathway
proposed is very similar to biomass-derived nitrogen reactions,
but as the amino groups are more active due to aromatic
proximity and the synergy effects observed upon HTL
processing are also more pronounced. Besides, the generation
of compounds containing high levels of nitrogen (up to 8
atoms) differs from that of previously described biocrudes,
despite similar oil elemental compositions.®' ~>*

5. CONCLUSION

The chemical recycling method presented can successfully
enhance carbon and energy recovery in the form of an oil
phase from lignocellulosics and PUR via combined HTL. From
individual HTL carbon and energy recovery ranges of 35—45
and 35—55%, respectively, the co-HTL models predicted in
batch experiments a maximum of 70.8% for carbon and 75.0%
for energy recovery. The model predictions were successfully
validated via continuous HTL in a pilot plant operating at
316.4 °C and S5 kg-h™" slurry intake, which contained 78% of
PUR and 22% of Miscanthus L., yielding 75% of energy and
71.2% carbon in the form of oil. Using the described pilot
plant, a total energy efficiency of 60.7% was achieved
(including utility requirements), leading to an EROI of 3.2.
The biocrude produced in batch experiments at the specific
ratio of 75:25 PUR/M (325 °C) is considered very similar to
the biocrude produced in the continuous campaign on the
basis of TGA and FTIR results. The biocrude derived from the
co-HTL processing of PUR and lignocellulosic material was
characterized as containing a significant portion of aromatic
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hydrocarbons with nitrogen heteroatoms, particularly with
even numbers of those. Urethane bonds were fully hydrolyzed,
generating primary amines, ethers, alcohol, aromatics, and
others, which recombined with biomass-derived compounds
into nitrogen-containing species. Maillard reactions combining
oxygen-containing molecules with amino groups attached to
aromatics are probably the main reason for the superior
performance observed in these trials in comparison to pure
biomass HTL. The characteristics lead to the formation of
indoles and pyrazines, very stable compounds with high
aromaticity, which contribute to the maintenance of chemical
energy in the form of oil product.

The results have demonstrated that HTL is a technically
attractive method to recover carbon from synthetic resins
aided by biomass. The combination of synthetic and biological
materials can provide a new platform for circular economy by
using the feedstock flexibility depicted here in favor of carbon
recovery. The oil product depicted in this work can be
considered a potential feedstock for refineries, which can be a
pathway for including thermosetting resins in circular loops.
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Chapter 7

Introduction

7.1. Assessment of potential energy in agricultural waste streams for fossil fuel replacement

A broad energy-basis estimate is reported here to show the potential benefits of the
technologies discussed in this thesis and the need to improve energy conversion of biomass to biofuels.
The full assessment of this topic is not the objective of this chapter. Instead, it is considered in this
discussion a wide-ranging global energy balance. Henrich et al.! reported a full order of magnitude
analysis of the available energy worldwide, including the biomass-derived contributions, concluding
that the amount of energy needed in a future (year 2100) without fossil-derived carbon seems possible
to be harvested globally through several different methods. However, the current 600 EJ year”
worldwide energy consumption rate — of which 474 EJ year are fossil-derived — will deplete known
fossil reserves (around 9500 EJ) by year 2068.

The combustion of those fossil fuels generates greenhouse gases that build up
concentration in atmosphere and, by consequence, further deepens the current climate crisis. If in
the near future we do not develop sufficiently efficient processes to produce materials and liquid
fuels from sustainable feedstock sources, coal reserves will kick-in to substitute crude oil in most
fossil-dependent economical sectors. Even considering that economically feasible fossil reserves
double during the next few decades due to development of new extraction technologies, worldwide
energy consumption will lead to the exhaustion of these materials within the next 150 years. Long
before that, if fossil reserves keep business-as-usual consumption rates, by mid-21* century the
current climate crisis will further deteriorate, leading to the exacerbation of catastrophic events and
their economic consequences.?

According to the latest estimates of the International Energy Agency (IEA), 110 out of
121 EJ of energy used in 2019 only for transportation came from crude oil. In 2019, biofuels
contributed with 4 EJ worldwide for the sector.? It is historical that we depend on crude oil products
for transportation, and this is well illustrated by Figure 1, where contributions of renewable biofuels
and electricity (which may or may not be renewable) are barely observable given the massive scale
of fossil-derived fuels. According also to IEA?, motor gasoline consumption worldwide in 2018 and
2019 was respectively 1131 and 1143 Mton, which correspond to around 53 EJ given an approximate
46 MJ.kg " heating value. That is, out of the 121 EJ year of energy spent in transportation currently,
heavy duty transport (trucks, trains and marine) and aviation consume around 68 EJ. Henrich et
al.! and other various studies suggest electrification of small vehicles will lead to the need of liquid
biofuels being concentrated in heavy duty and aviation transport, i.e. jet fuel, diesel and marine
primarily. However, the current scenario of biofuels utilization could not be more distant than the
need for applying them in heavy transport.

The fraction of renewables in the transportation energy is very unequal among countries,
ranging from 0 to 24.9%, and averaging in the world at around 4.6%.? Figure 2 shows the fraction

of renewables by country in 2019, and it is possible to verify that, according to IEA global energy
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balance estimates?®, only two countries have a higher percentage than 15% - Sweden and Brazil. In
both, the introduction of ethanol in common gasoline blend in higher fractions than other countries
is the main reason for the relative success in biofuel deployment when compared to their peers.

In Sweden, around 50% of the ethanol production is domestic, while the remaining
fraction mainly comes from European Union countries, both productions being based primarily on
cereal (e.g. wheat, corn). Besides ethanol, biodiesel (mainly fatty acids methyl esters, FAME, derived
from rapeseed and tall oil) also contributes to the Swedish success on implementing an
environmental-based approach to transportation sector.’
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Figure 2 — Percentage of renewable energy sources in the respective transportation sector by
country in 2019. (elaborated by the author based on IEA?)

The Brazilian biofuel strategy started with the “Pro-Alcool” program in 1975, which was
implemented not for environmental reasons, but rather as an energy security practice due to the
1970-1980 crude oil crises.® It ensured reliable supply of ethanol throughout the country that lasts
until today, with pure bioethanol fuel pumps in almost all gas stations. The program has also
introduced flex-fuel vehicles by the end of 1990’s, which today still are the standard car
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manufacturing practice in Brazil. Most ethanol production is domestic and based on sugar extracted
from sugar cane. Even though cellulosic ethanol has been gaining market space lately, its
contribution is still insignificant compared to the amount of biofuel consumed in the country.”
Biodiesel has also entered the Brazilian energy mix with FAME of vegetable oils (mainly soy). The
24.9% renewable fraction in the Brazilian transportation sector is composed of 19.4% bioethanol and
5.5% biodiesel.® Therefore, most biofuels utilized are running small vehicles.

In short, both success cases in biofuel utilization worldwide did not manage to supply
more than a quarter of their fuel needs through this route and still rely on food-competing feedstock
materials for their transportation energy matrixes. Their substitution of crude oil products is
concentrated in small size vehicles, which are prone to be electrified in the near future. Therefore, if
future global food security is to be assured, the current practices regarding biofuel production cannot
continue', and the introduction of new renewable alternatives must focus on heavy duty and aviation
biofuels.

Henrich et al.! estimates that cropland waste generation is currently at a 78 EJ year™
rate, of which 50% — or 39 EJ year! — is composed of crop straw. The processing of cropland wasted
materials into biofuels is a logic next step on bioenergy utilization, given their carbon rich nature
and abundance. In the context of diversifying biofuel production feedstock materials away from food-
competing sources, other typical agricultural wastes can be of great value, such as animal faeces.

According to Berendes et al.? the estimated mass of recoverable faeces produced globally
in 2014 was 3.9 GTon. Out of that, approximately 3.25 Gton are domestic animal faeces, while the
rest is human. This estimate is in fresh basis, which results in around 520-845 Mton of dry faeces
given a range of 16-26 wt% dry matter content.!® Ash contents of this dry matter ranges from 20 to
25%, resulting in around 390-676 Mton of organic matter with a range of 15-20 MJ kg* HHV for
animal manures.'' Thus, the global energy potential in animal faeces is estimated to be around 5.9-
13.5 EJ. A conservative 10 EJ year™ will be considered in the discussion.

As stated above, the predicted demand for biofuels to cover liquid fuel-dependent
economic sectors is at least 68 EJ year. Consider a theoretical energy efficiency of 50% from biomass
to fuel (specifically jet fuel and diesel) for all world’s biomass-to-biofuel processes combined. In this
scenario, the total energy input required as biomass is doubled to 136 EJ year. This illustrates that
any gain in conversion efficiency can be paramount, where 1% of efficiency increase represents a
potential energy global savings of 2.8 EJ year.

Crop straw (39 EJ) and recoverable animal faeces (10 EJ) sum yearly around 49 EJ and
the need for heavy duty transport and aviation biofuels is currently 68 EJ year”, meaning both agro
wastes alone cannot supply the current demand. If the whole crop land residue estimate' is considered
(78 EJ year™), the waste agribusiness biomass energy available yearly is 88 EJ, requiring an overall
process energy efficiency conversion worldwide of 78% from biomasses to biofuels for it to be sole
energy source of a fossil free transportation sector. This scenario proves unlikely that agricultural
residual biomass alone can provide the biofuel need in the near future, meaning there will be a need
for supplementary biomass sources. However, the currently available 78 EJ year™ in this form of
organic matter is undeniably attractive due to its low or negative cost and availability. Apart from
crop straw, agribusiness waste materials are considerably wet, ranging from 5 to 20 wt% dry matter
contents, depending which material is considered (e.g. from diluted manure to plant stalks).
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As expanding cropland by clearing other ecological systems is counter-productive in
efforts to reduce greenhouse gas emissions'?, the utilization of agricultural waste should be the first
method explored when trying to reach a carbon neutral global economy. Besides, when comparing
the energy available as agricultural wasted materials (88 EJ) with the current contribution of biofuels
(4 EJ) to the global transportation energy mix (a total of 121 EJ), it becomes evident that there is
a great opportunity to support this sector if conversion processes are up to the task. As discussed,
energy efficiency of such processes must be as high as possible for the technical and economic

feasibility to be attained.
7.2. Energy considerations of thermochemical processes for biomass waste conversion to biofuels

Agricultural waste materials are mostly rich in lignocellulosic components, also containing
proteins, short chain carbohydrates, lipids and salts. Often these materials are wet — e.g. manure,
plant stalks and leaves — ranging from 70 to 95 wt% moisture, though considerably drier options are
available in the form of crop straw (< 20 wt% moisture). The organic components of waste can
potentially be converted into biofuels, carrying the waste energy into the transportation sector,
avoiding increase in land requirements. While biofuel conversion can be conducted using biological
methods, the energetic considerations in the current topic will be limited to thermochemical
processes. These can be divided into pyrolysis, gasification and HTL depending on the conversion
conditions.

Pyrolysis is a process that may be conducted in several different types of reactors' and
can be generally divided into regular, fast and flash pyrolysis, depending on the reactor residence
time, which ranges from seconds to minutes. Processes aiming at producing bio-oil intermediates to
biofuels are usually conducted using fast or flash pyrolysis strategies.!® The process operates at
moderate temperatures around 500 °C in atmospheric pressure and inert atmosphere. Occasionally,
feedstock oxidation is used to provide energy to the process, practice known as autothermal pyrolysis,
which tends to decrease the biomass-to-fuel energy conversion by using biomass as thermal energy
source and generating CO, instead.! In any case, high feedstock moisture contents can drastically
reduce process efficiency due water evaporation and parallel water-feedstock interactions, often
requiring pre-drying to increase process bio-oil yields.'

Gasification processes are similar to pyrolysis, though in this case temperatures are higher,
700-1500 °C, depending on reactor constructions'®, with the objective of producing gaseous products
such as syngas, mostly composed of CO and H,. Depending on CO:H, ratio, syngas may be used in
classic liquid production processes such as Fischer-Tropsch, methanol synthesis, hydroformylation
or even (if Hy concentration is high enough) the Haber-Bosch process.'” Due to the high temperature
needed, excessive moisture contents in feedstock are also avoided in gasification processes, as water
severely damages both process energy balances and product yields.!® Moisture content limits in
feedstock for gasification depend on reactor construction type, varying from 25 to 50%. The moisture
limits are typically higher than pyrolysis because at such high temperatures conversion of CO and
water into hydrogen may be beneficial in case hydrogen production is the aim of the process, though
overall increasing tar generation. Condensable hydrocarbons generated during gasification are often
referred to as tar, an undesired product in all pilot and demonstration gasification facilities.'®
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For both pyrolysis and gasification processing, the presence of water is damaging for
process efficiency due to high energy expenses in drying procedures. Other effects are also observed,
such as decrease in bio-oil generation and increase in char quality for pyrolysis and decrease in gas
HHV for gasification. Taking only the drying expenses in consideration, it is already possible to
estimate the difference in overall energy efficiency feedstock drying can make in thermochemical
processing. Figure 3 compares the energy required to dry one kilogram of water compared to the
energy needed to heat the same mass under pressure (220 bar). The amount of energy required to
dry one kilogram of water is the same amount of energy required to heat compressed water until it
reaches 394 °C, crossing the supercritical water state (373 °C). The potential energy savings to heat
water to typical subcritical HTL conditions (around 350 °C) under pressure compared to drying it
is around 1 MJ kg'. Moreover, despite evaporated water at 100 °C can potentially be used as steam,
during drying processes the addition of dry air is required, leading to water dilution and consequent
disposal as a gaseous byproduct, in practice losing the energy spent. On the other hand, liquid water
heated under pressure can potentially serve as a heat source if proper heat exchanging equipment
can handle it together with possible impurities.
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Figure 3 — Energy required to handle water during drying and compressed heating (220 bar).

(elaborated by the author based on NIST WebBook')

With the exception of crop straw, agricultural waste materials — e.g. plant leaves, stalks,
animal manure — typically have high moisture contents, meaning water handling must be one of the
main parts of process design when dealing with thermochemical routes. As an example to illustrate
the effect of drying energy expenses, consider cattle faeces or plant stalks. In these materials,
moisture content is around 80 wt%, while the 20 wt% organic matter has typically 18 MJ kg'. The
HHV per kg of slurry is actually 3.6 MJ kg' due to the water presence. If the moisture content
present is to be dried, the energy needed is 2.57 MJ Kkgyate?, Or 2.06 MJ kgquwy'. By difference, the
harvestable energy would be 1.5 MJ kggu,' instead of the initial 3.6 MJ kgguy'. Thus, if drying
processes can be avoided while converting this 20 wt% dry matter agricultural waste into biofuels,
such effort will pay out by saving around 58% of the slurry energy.

In HTL technologies water is heated under pressure which means that it is kept under
liquid state at all times.?® In practice, this circumvents feedstock drying, making HTL an attractive
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process for wet materials processing. During HTL process, water aids the thermochemical conversion
of organic matter into a crude-like substance called biocrude, which is equivalent to pyrolysis bio-
oil or syngas and acts as an intermediate to biofuel production. The biocrude separates from aqueous
phase right after processing due to its non-polar characteristics. Using this technique, prior drying
of the feedstock materials is therefore not necessary for thermochemical conversion to take place.

Considering this processing strategy, the full 3.6 MJ kggu.y' from cattle faeces or plant
stalks is potentially available when drying processes are circumvented. Thus, the only step
determining total efficiency is HTL. If HTL processing reaches >42% energy efficiency, it is more
favorable than any other processes that require a drying step for 20 wt% dry matter feedstock
materials. In other words, if HTL has an energy efficiency higher than 42%, even if other
thermochemical processes manage to achieve 100 % energy efficiency post-drying, HTL is overall
more effective.

Subcritical HTL operates in temperatures ranging from 300 to 360 °C, which is
considerably lower than pyrolysis or gasification requirements. Thus, when considering reactor heat
loss and its main driving force (the difference between ambient temperature and reaction conditions),
HTL also has an advantage when comparing to other thermochemical processes. This may be counter
balanced by the known higher processing complexity required by HTL when compared to pyrolysis
or gasification. The two latter are typically based in single reaction vessels, meaning HTL utilities
may require more energy.

Overall, there is great appeal to HTL processing of agribusiness wet waste materials due
to potential energy savings through this route. In HTL processing pure dry feedstock is to be avoided
due to the need of a slurry as reaction media. On the other hand, diluted streams may carry too
little energy into the system, damaging the overall energy efficiency. Thus, their combination may
be beneficial for the technology. The results of this combination must be assessed, and one way of
doing so is applying mathematical modelling.

Both mass- and carbon-based biocrude yields are very good indicatives of where materials
processed energy ends up. Thus, HTL yield prediction is a great assessment tool to verify potential
benefits of combining different molecule groups (e.g. lipids, carbohydrates, proteins). As agribusiness
waste is composed of several different biomolecules, it is crucial to predict the potential benefits of
different mixtures under HTL.

7.3. Combined HTL models based on biomolecules and their applicability

Combined biomolecules HTL yield prediction via modelling is a topic of interest due to
its correlation to practical waste materials, as the latter is composed of fractions of large
heterogeneous groups, e.g. carbohydrates, lipids, proteins. Model compounds were used to construct
linear addition non-interactive models to predict algae liquefaction biocrude yields in singular
conditions by Biller and Ross, 2011.?' Their work used biomasses biochemical composition and relate
it to potential yields for HTL processing according to model compounds behavior. The same type of
linear model was reported by Leow et al., 2015** using microalgae feedstock composition analysis
instead of model compounds, showing reasonable agreement with the dataset collect. However, the
interaction of biomolecules and cross reactions between their groups during HTL processing changes
to a great extent the resulting products, requiring more refined modelling for its prediction to be
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reliable, such as the addition of iterative elements among biomolecules®® or conducting surface-
response-based modelling.* Overall, temperature and reaction time can also affect the HTL products,
leading to the need of more elaborated models for reliable prediction.

Efforts to elaborate kinetic models based in reaction rates of biomolecule groups to
enhance prediction capacity and account for reaction parameters such as temperature and time have

2727 Results show that biocrude yields from microalgae can be

been reported also for microalgae.
predicted with sufficient accuracy, however solid formation and aqueous phase products do not show
correlation to models. In other cases, for example when applying these models (based on
carbohydrates, lipids and proteins) to food waste, their accuracy is severely decreased.?® Results show
that waste-specific modelling provides higher accuracy, capturing feedstock-specific HTL behavior
with greater reliability.

Very recently, modelling of HTL process for oil and energy yield optimization have
advanced towards machine learning techniques, which can aid predictions by taking in account
multiple possible interactions. These models may take in account the composition of materials
(carbohydrates, lipids, proteins, ash and elemental composition) and reaction conditions, creating a
multivariable predictor that iteratively determines the best feedstock and processing characteristics
correlated to desired HTL products. To do so, several different computational approaches may be
considered and a great number of specific algorithms are available. In one study?, this technique
has been reported for several different biomasses (micro and macro algae and lignocellulosic
materials) and liquefaction solvents (ethanol, water and acetone) taking into account only feedstock
elemental composition, oil yields and biocrudes HHVs. Results show sufficient accuracy of the model
for specific experiments, however the discussion of combined effects is limited due to the data input
available. Another research group has recently reported two studies: one dedicated machine learning
model for micro and macroalgae based on biochemical and elemental composition®* and; another
model that includes, besides both types of algae, food waste, manure and sewage sludge.*' In both
studies, results were experimentally validated using model biomolecules with success, depicting the
pottential of this technique.

Nevertheless, datasets used in the construction of these models did not account for
combined waste materials, so it is still unclear how capable they are to predict real waste streams
HTL performance. Overall, the importance of initial dataset still plays the major contribution for
model construction, independent of modelling technique. That is, models based on real waste tend

to perform better than model compounds.
7.4. Real waste HTL predictive models

Literature on combined real waste HTL is limited, however modelling studies using real
waste samples have been reported.?” 3! The first study conducted by Deniel et al, 20173 reports both
model compounds and real waste mixtures in an effort to understand HTL performance in subcritical
conditions (fixed temperature and residence time - 300 °C, 60 min) by separating the feedstock
composition into carbohydrates, lignin, proteins and lipids. The elaborated model took in account
interactions of these biomolecule groups and it was shown to have a better correlation than previous
t32

models reported? %, though accepting >20% deviation. That*? is one of the few studies to report a

model including lignin content of feedstock materials. When applying it to real organic waste
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(blackcurrant pomace, raspberry achenes, brewer’s spent grain and grape pomace), it could not
evaluate the effect of lignin contents as the feedstock materials tested had low concentration of this
biomolecule group.

Aierzhati et al., 2019% used food waste and its main components (carbohydrates, proteins
and lipids) to construct a model including varying HTL operation conditions (temperatures from
280 to 360 °C, residence times of 10-60 min). This model performs much better than the
biomolecules-based models discussed before* 2%, reaching a R? coefficient of 0.983 within the dataset
collected. In both models proposed??33, the biocrude prediction is correlated with the lipid content
in the initial feedstock. As lipids’ carbon yields in HTL are usually >90%, the contribution is likely
not interactive with other components. The only synergistic interaction of feedstock components
reported in this study® was between lipids and carbohydrates, though the effect is much less
prominent than the lipid content itself.

Li et al., 20213! merges an extensive dataset containing several types of algae, manure,
food waste mixtures, food industry wastes, yeast biomasses and different types of sewage sludge to
train a machine learning-based model that performs very well compared to aforementioned studies.
The model presented elects the feedstock lipid content, the HTL processing temperature and
retention time as the most important processing parameters for biocrude yield and energy recovery
prediction. So far, this seems to be the most extensive effort to predict yields based on advanced
modelling techniques. The predicted optimal mixture for HTL processing was a feedstock with 28%
protein, 48% lipids and 21% carbohydrates, leading to an 80% energy recovery in biocrudes.
Nevertheless, the interaction of feedstock components was not evaluated and this effect is still a
variable to be optimized in further studies.

Overall, the use of real waste feedstock materials for biocrude and energy recovery
prediction in HTL processing seems to be a field to be expanded on current literature. As it was
discussed in Part II of this thesis, the interaction between feedstock compounds in real lignocellulosic
and other feedstock materials during HTL may lead to improved yields and superior carbon and
energy recoveries. This was also reported in the co-HTL processing of sewage sludge and
lignocellulosic materials.?® Besides the chemical advantages gained by superior carbon and energy
recoveries as biocrude, engineering processing aspects, such as increase in slurry concentration via
filtration, also play an important role in co-HTL strategies. Therefore, the study of real waste
combined HTL is of upmost interest to understand the consequences of co-processing waste
materials.

As a case study, one wet and one dry agribusiness waste feedstock materials — namely
cow manure and wheat straw, respectively rich and poor in nitrogen content — were selected for a
detailed investigation of the possible benefits of co-HTL. In the following chapters, the conversion
from biomass to biofuels of cow manure and wheat straw will be discussed in two steps: 1 — the
combined processing of both during HTL and the optimization of biocrude carbon and energy
recoveries and; 2 — the effects of co-HTL biocrudes hydrotreatment under industrially common
conditions. The objective of the present section is to elucidate benefits and drawbacks of co-HTL of
wet and dry agricultural waste, using the case study of wheat straw and manure as basis for

discussion.
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Chapter 8

Manuscript 2 — Enhanced biocrude and carbon recovery from
cow manure and wheat straw combined hydrothermal
liquefaction via mixed feedstock optimization: from batch to
continuous processing
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8.1. Reflections

After the study of synthetic polymers and lignocellulosic materials’ synergistic effects, the
study of agribusiness waste material shows how the discussions of Part II of this thesis can be
extended to other waste streams. The selection of cow manure as a representative of a wet waste
was based on its composition, with a considerable amount of protein residues, and thus nitrogen.
Wet waste materials tend to have a higher amount of residual protein than dry ones, which can
cause severe change in HTL behavior and may provide similar synergies to PUR and lignocellulosic
materials. Though in the case of wet and dry wastes the nitrogen groups will be less active than a
benzo-amino group of PUR.

It was surprising to realize manure is greatly diluted during its management for reasons
such as hygiene, pumping and relative low water cost. These slurries reach less than 5 wt% dry
matter content, which may not be a problem for biological treatment, but dilutes greatly the stream
energy potential. As currently most manure is treated via anaerobic digestion, the water added
during faeces handling ends up in the biogas digestate byproduct, which is spread in agricultural
fields returning nutrients in a diluted form. For the study presented in this chapter, we collected
fresh cow manure after being washed in a barn, which is the most concentrated form possible to
obtain this waste.

One of our group’s latest reports® has shown nutrients such as phosphorus concentrate
in the solid residues during HTL processing, however with reduced nutrient bioavailability. The
phosphorus bioavalability can be achieved when reclaiming P as struvite, a solid with concentrated
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nutrients that may be used as fertilizer in agriculture.?* In this context, the strategy presented here
not only enhances carbon and energy recovery in the form of biocrude, but may also have positive
effects on nutrient recovery.

The following manuscript describes the co-HTL strategy focusing in maximizing biocrude
production, carbon and energy recoveries. The chemical pathways are briefly discussed, as well as

the practical implementation of the strategy using a continuous HTL pilot plant.
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Enhanced biocrude and carbon recovery from cow manure and wheat straw
combined hydrothermal liquefaction via mixed feedstock optimization: from batch
to continuous processing

Juliano Souza dos Passos **, Aisha Matayeva?, Patrick Biller* *"

* Department of Biological and Chemical Engineering, Aarhus University, Hanggvej 2, DK-8200 Aarhus N, Denmark
> Aarhus University Centre for Circular Bioeconomy, DK-8830 Tjele, Denmark
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ABSTRACT

Agribusiness crop and animal residues constitute some of the major waste streams worldwide. Among them, wheat straw
and cow manure are large contributors to the quantities generated. Both materials can be converted using hydrothermal
liquefaction (HTL) for recovery of biocrude and here we investigate how combined HTL processing can be of great interest
to boost biocrude production and carbon recovery. This study presents batch HTL experiments using individual and blended
feedstock mixtures to build predictive models for biocrude, carbon and energy recovery. These models are validated using a
continuous HTL pilot plant. The combined approach led to the nitrogen-containing compounds present in cow manure to
react with lignocellulosic-derived compounds from wheat straw and divert carbon into the oil phase, the reason for which
biocrude, carbon and energy yields were drastically improved. Continuous HTL pilot plant campaigns successfully
demonstrated increased carbon yields from 40 to 60% when using optimal feedstock ratios. Continuous data also shows the
great benefits of increasing the organic matter concentration input with combined processing, resulting in total energy

efficiencies larger than 50% and energy return over investment of 2.6, compared to 1.3-1.9 for individual feedstock processing.

1. INTRODUCTION

Crop waste materialsare present all around the world
as a result of agribusiness activities and summed up an
enormous 3600 MTpy; of residue only in 2013!, with wheat
straw constituting around 30% of this amount. Such crops,
besides feeding humans, also feed animal livestock, which
unavoidably generates waste. Around 3120 MTpy of animal
faeces was estimated to be generated worldwide in 2014
alone.” The greatest contributor for this number is cattle
livestock manure with around 41.6% of the total generation.
Both wheat straw and cattle manure are present in
agricultural regions and, thus, co-processing strategies for
waste handling become attractive due to such proximity.

Wheat straw is a dry lignocellulosic material with
usually high ash content, often unsuitable or undesirable for
combustion processes, however used in this application in
some heat and power plants.®* Manure is a wet biological
waste, often directly employed as fertilizer to soils, but more
to field
application.? The energy-related applications of wheat straw

recently used for biogas production prior

and manure typically result in heat and electricity

blick here for supporting informatiod

production, converting carbon directly into CO, or going
through methane as an intermediate.

An alternative product from the conversion of these
biomasses could be liquid hydrocarbons that can be used
both in the chemical industry and as aviation, heavy duty
or marine liquid fuel.” Hydrothermalliquefaction (HTL) is a
technology that has shown appropriate flexibility to deal
with several types of biomasses, including plant straw and
manure. Wheat straw HTL has first been reported in
combination with lignite coal and plastic residue, potentially
showing synergistic effects with the other components.’
Other studies have described attractive oil yields within
subcritical region for plant straw™®, including a recent
comparison of wheat straw supercritical (400 °C) versus
subcritical (350 °C) HTL, depicting higher carbon, energy
and oil yields for the lower temperature option.’

Swine manure HTL was first described in the year
2000, HTL being considered as a process to convert this
type of waste, reducing its accumulation. Since then, several

studies have described cattle!™?, swine®® and both
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manures'” ' HTL. Studies employing batch Parr reactors for
subcritical HTL of swine manure found maximum biocrude
yields varying from 24% (at 340 °C)*" to 48% (in presence
of CO, at 310 °C)" with HHV of around 35 MJ/kg. A recent
study comparing subcritical and supercritical processing of
swine and cow manure has shown that subcritical processing
(at 350 °C) results in higher biocrude, carbon and energy
recovery when compared to supercritical.’’ It’s also shown
in literature that HTL successfully decomposes different

16 In

micro-contaminants usually present in manure.
addition, heavy metals present in livestock manure tend to
primarily migrate into the solid residues of HTL (70.0%—
98.0%)."7

As manure waste is commonly a wet stream (dry
matter of 2-10 wt.%) and wheat straw can be found
considerably dryer (>80 wt.%), slurries combining both
feedstock materials would save clean water consumption
compared to if straw is used individually and increases the
slurry dry matter compared to using manure alone, thereby
taking advantage of existing livestock industry practice
where excess water is used to wash out manure from the
stables. Additionally, both proposed feedstock materials are
found in rural areas, leading to further co-processing
advantages with regards to logistics. The combination of
manure and a lignocellulosic material has been shown to
increase biocrude yield and quality before'?, nonetheless, the
full extend and maximum biocrude, carbon and energy
yields of the combined process has never been explored.
Thus, to fully understand and take advantage of this co-
HTL strategy, we map the best mixing ratio of wheat straw
and manure, evaluate the biocrude composition and the
chemical mechanisms of its synthesis and show continuous
processing data in a pilot plant. This study aims at unveiling
the opportunities and process advantages of combined HTL

using manure and wheat straw.

2. MATERIALS
2.1. Materials used

Wheat straw (from here referred to as simply straw)
used in batch and continuous experiments was harvested at
Aarhus University’s facilities at Foulum, Denmark. For
batch processing, the material was milled using a Polymix®
PX-MFC 90D knife mill with a 2 mm sieve. As for
continuous processing, the milling process took place using
a modified twin screw extruder (Xinda, 65 mm twin screw

extruder with 2000 mm barrel length). Cow manure (from

blick here for supporting informatioﬂ

here referred to as simply manure) was collected at the
Danish Cattle Research Centre (DKCO)
Denmark. Both samples were dried in a forced circulation

at Foulum,

oven overnight at 105 °C and their elemental composition is
shown in Table S1.

3. METHODS
3.1. Batch hydrothermal liquefaction

Batch HTL was carried out in 20 mL bomb-type
custom made reactors. The procedure was previously
described elsewhere.®® A typical reaction condition was
tested by adding 1.00 g of total dry matter in the desired
ratio of each biomass, and 8.00 g of deionized water to the
reactor, which was then sealed and submerged into pre-
heated fluidized sand at setpoint temperature. After 4
the the
temperature” and is kept at it for 20 minutes (including

minutes, reactor already reaches desired
heating time). Reactors are then quenched to room
temperature in water, cleaned, dried, weighted, vented and
weighted again for generated gas mass determination. The
aqueous phase is decanted from the reactor and the organic
material remaining is washed and filtered using
dichloromethane. Solids are weigh from the filtration, liquid
organics are found together with the solvent, which is
evaporated under nitrogen flow overnight. Aqueous phase
mass yield is determined by difference from gas, solids and
oil yields, which are all calculated using Equation 1.
Synergistic effects were calculated as show in
Equation 2, where manure (x;) and wheat straw (x,) single
batch experiments at a certain temperature (z) are merged
into a weighted average and compared to the yield of the

co-HTL batch at the same temperature (yield,) and mixing

ratios.?
i : M component
Equation 1 yleldcomponent = me .
feed
. yield,
Equation 2 Synergistic ef fect =

X1, yield, , + x, yield,,
3.2. Continuous hydrothermal liquefaction

For pure wheat straw biocrude production, a slurry
was prepared using fresh water and extruded wheat straw,
fully homogenized using a Microcut MCH-D 60 A wet mill
in combination with a 2 m?® paddle mixer. For pure manure
biocrude production, the material was processed as

collected, in the form of an aqueous slurry with 8.1% dry
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matter content. The co-HTL continuous experiment was
conducted using a slurry prepared with the manure slurry
as received added by milled wheat straw (~95% dry matter)
until optimal ratio. 1%, carboxymethyl cellulose was added
to all slurries containing wheat straw to achieve satisfactory
pumpability. The slurries pumpability was tested in-situ via
a syringe test, which all passed after the preparation
procedure above.

The slurries were fed in three different campaigns to
the continuous HTL pilot plant (Aarhus University,

Foulum, Denmark). The pilot plant detailed design® and

operation®! is described elsewhere. Temperature profiles and
residence times are shown in Figure S1. All campaigns ran
for at least 5 hours, achieving heat transfer steady state in
2h* and using the following 3 hours of steady state for heat
efficiency calculations. All produced biocrudes were analyzed
for solid content (using DCM), water content (Karl-Fischer
titration) and CHNS analysis (Elementar vario Macro Cube
elemental analyser). Total energy efficiency (nw:) was
calculated using Equation 3 and the energy return over
investment (EROI) was calculated using Equation 4.

Eoy [kW,y] % 100

Equation 3 Ntot =

EROI =

(Efeed + Epump + ETrim heat + EReactor heat) [kWtotal input]

Eoy [kW,y]

Equation 4

3.3. Analytical methods

Carbon, hydrogen, nitrogen, sulphur and oxygen (by
difference) were determined using an Elementar vario Macro
Cube elemental analyser (Langenselbold, Germany). To
estimate higher heating value (HHV), the Channiwala-
Parikh correlation® was used as depicted in Equation 5.
Energy recovery and carbon yields were calculated according
to Equation 6 and Equation 7, respectively.

ATR-FTIR was conducted with a Brucker Alpha
Platinum spectrometer using 24 spectra from 4000 to 400
cm? in 2 cm? resolution. Samples were rubbed on the
diamond crystal and cleaned with appropriate solvent.
Spectra were analyzed using principal component analysis

(Epump + ETrim heat + EReactor heat) [kWexternal input]

(PCA) for insights on which wavelengths most differ among
samples, and thus, which chemical bonds can be assigned as
characteristic changes.

Gas chromatography coupled with mass spectrometry
(GC-MS) was measured using an Agilent 7890B GC and a
quadrupole mass filter MS Agilent 5977A. Around 10 mg of
biocrude were diluted in 1 mL DCM with 4-bromotoluene
internal standard and injected on a VF-5ms column (65 m
x 0.25 mm x 0.25 pm). The analysis sequence was described
elsewhere.?? All molecules assignments were based on NIST
mass spectra database 2017.

M
Equation 5 HHV [é] =0.3491C +1.1783 H + 0.1005S — 0.1034 O — 0.0151 N — 0.0211 4
Hav, , [ vield, , [X9e

o \kgou ol | kGreeq

Equation 6 Energy Recovery (n.,) % = ] x 100
HHerEd [kgfeed]
o 1) o i
Equation 7 Carbon yield % = ot i feed> « 100
C
Creea [kgfeed]

3.4. Experimental design and data analysis

A simplex-lattice mixture design (SLD) of two
feedstock materials, namely manure (x;) and wheat straw
(x,), coupled with a process variable, reaction temperature
(z), was determined and interior points were added to
augment the prediction capacity.?” For the modelling of this
data system, given fixed levels of the process variable, the
cubic polynomial model (Equation 8) for the mixture of
manure z; and wheat straw z, and a quadratic term
(Equation 9) of the process variable z, temperature, results

blick here for supporting informatioﬂ

in the integrated Equation 10. Where f(z) is the Scheffé
cubic mixture model for 2-component mixture, g(z) is the
quadratic model and B;(z) = B;- (a, + @,z + a,z%). By
multiplication of the terms the equation could be defined as
Equation 11.
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Equation 8
Equation 9

Equation 10

f) = Byxy 4 Boxy + Brax1 X1 + Bror—z) X1 %, (X =)
9(2) = ag a7z + a,z?
D, = B1(2)x1 + By (2)x; + B2 (2)x1%15 + q12(2)x120, (6 —x5) + By (2%)x1 + B (2%,
+ B12(2%)x15 + q12(2%) 2%, %, (2, —X3)

Nz = V%1 + V2% + v (@) x1%0, + sz(1—2)x1x2(x1_x2) VX Z V%07 + VX X2

Equation 11

1 20 024 020 022 2
+ Viza—2)X1%2 (X1 —%)Z + ¥ %, 2% + V%527 + Vi X1 X102

+ V122(1—2)x1x2 (x1—x,)7*

where v = B ao, ¥i' = B~ ay, vi? = B~ ay.

In Equation 11 the first four terms represent the
linear, quadratic and cubic blending of the mixtures. The
last eight terms represent the changes in these linear,
quadratic and blending effects caused by the temperature.
The quadratic term y, is called nonlinear blending term and
represent the synergistic effect if it is positive”
Correspondingly, it represents antagonistic effect if it is
negative. The cubic term yfz(l_z) represent both synergistic
and antagonistic effects existing between mixture
components.

In the present study five ratios of manure to wheat
straw (0/1, 0.25/0.75, 0.5/0.5, 0.75/0.25 and 1/0) was
crossed with four-level of one process variable of
temperature (300, 325, 350, 365 °C). For each level of the
process variable, the experimental design contains 2 vertices,
1 center of edges, 2 thirds of edges with 2 replicates for all
points, resulting in total 40 runs. The temperature was
coded for statistical calculations (-1, -0,23,0,54 and +1 for
300, 325, 350, 365 °C, respectively). The biocrude yield,
energy recovery and carbon yield have been selected as the
response variables. The SLD mixture design for the co-HTL
of manure and wheat straw coupled with the process
variable (temperature) has been carried out using R
software. The regression quality assessment included

analysis of variance (ANOVA) and residuals.
4. RESULTS AND DISCUSSIONS
4.1. Biocrude yield, elemental analysis and HHV

Mixing ratio of different wastes in co-liquefaction
processing is an important factor to be considered and
affects oil, carbon and energy recovery, depicting synergistic
and antagonistic interactions.”® Such effects must be
understood for best implementation of different strategies
combining feedstock materials. Figure S2 depicts the full
mass balance for the experiments. In Figure 1A it is possible
to observe higher oil yields are found in co-HTL for most
temperatures tested. The effect can be better observed in
Figure 1B, where synergistic effects are shown, depicting up
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to 1.45 times the oil yield when compared to the weighted
average of co-HTL using single HTL experiments. Straw
biocrude yield increased from 23.3% to 28.6% with an
increment of temperature from 300 to 325°C and 350 °C,
slightly decreasing at 365 °C to 26.9%. Similarly, the highest
manure biocrude yield was 29% at 325°C, though elevating
temperature increased also production of water soluble polar
and gaseous compounds. Both manure and wheat straw
contain significant fractions of cellulose and hemicellulose,
which are known to undergo retro-aldol cleavage reactions
at higher temperatures, which can explain the observed
behavior.?
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Figure 1 - a) Biocrude yields and b) synergies for biocrude
from co-liquefaction of manure and wheat straw with
different mixing ratios
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Based on the observed synergy of manure and straw
co-HTL (Figure 1B), it can be assumed that higher content
of manure gives rise in biocrude yields due to the higher
alkalinity resulted from protein degradation. However, oil
yields obtained from the supplementary experiments
performed on the wheat straw HTL using 1% KOH
(Supporting information Figure S3) did not show significant
changes at 300 and 325 °C, increasing only by 5% the oil
yield at 350 °C. Thus, the improved biocrude yields from the
co-liquefaction of manure and wheat straw are not only due
to the alkaline environment, but also from the chemical
interactions between manure and wheat straw products.

4.2. Element analysis and HHV

Both manure and wheat straw are feedstock materials
characterized by significant oxygen content of 28 and 46%,
respectively, resulting in higher heating values (HHV) of
17.3 and 14.8 MJ/kg (Table S1). The CHNS-O and HHV
values of the biocrude products are presented in Table 1. As

expected judging by feedstock composition, with an
increment of manure fraction in initial feed, the nitrogen
content of biocrudes increased for all temperatures tested.
On the other hand, oxygen content varied from 14.6 to
26.9% depending on the temperature and mixing ratios. The
only trend found in oxygen content was at 365°C, where it
decreased and carbon content increased with the increment
of manure content. Therefore, HHV values of biocrude
products were higher at higher temperatures. In comparison,
at 325°C the oxygen content decreased with the manure
content from 0.25 to 0.75, but the carbon content did not
change significantly, while at 300 and 350 °C the carbon
content decreased as well. This shows that an increase in
biocrude yields occurred due to the incorporation of more O
and N containing species into the oil components. It is
important to highlight that an increase in oil yields is not
always beneficial in terms of their quality, as this
phenomenon could occur due to the undesirable migration
of oxygen and/nitrogen atoms to the oil components.

Table 1 - Element analysis and HHV values of biocrude products

Element analysis

T,°C M"% HHV, MJ . kg!
C N S O*
300 0.00 68.3+£06 08+00 6.7£0.1 0.1£00 24.1£0.6 29.2£0.6
300 0.25 68.6+1.2 1.8X£0.6 7.1£0.1 02+0.0 223=£0.6 30.0 £ 0.6
300 0.50 65.4+04 22403 7.7+£0.3 04£00 243£0.5 29.3£0.5
300 0.75 623+1.1 2.7£0.1 7.6+0.0 04+00 269+£1.1 279+1.1
300 1.00 67.0+22 32£00 81+£0.1 0.7+0.1 21.0£0.5 30.8 £ 0.5
325 0.00 709+£04 09=£0.1 7.1£0.3 0.2+0.1 209+£0.1 31.0+0.1
325 0.25 70.3+£0.2 18=£0.1 7.6£0.0 0.2+0.0 20.1£0.6 31.4+£0.6
325 0.50 65.4+16 23=+0.1 7.8£0.1 04+£01 241+£1.0 29.5£1.0
325 0.75 69.6 1.8 29=£0.1 8.2+0.2 0.8+0.6 184=£0.8 32.2+0.8
325 1.00 65.6 1.5 3.0£0.1 8.2+0.3 0.7+0.2 224+£1.2 30.2+1.2
350 0.00 726+04 1.1+0.1 8.5+1.1 0.1+£01 17.7+1.7 33.5+£1.7
350 0.25 69.4+25 18=£0.1 8.2x1.0 04£02 20.3=£21 31.7+2.1
350 0.50 68.9+3.7 26=£0.1 79+£0.3 0.3£00 203+14 312+ 1.4
350 0.75 65.7+2.0 29=£0.2 9.1+0.8 06+03 21.7£0.8 31.3+0.8
350 1.00 70.7+1.7 3.2£0.2 8.2+0.1 1.5£08 16.4+1.0 32.8+1.0
365 0.00 70.7+£2.8 09=£0.1 7.1+04 0.3+0.2 209=£0.8 30.9+0.8
365 0.25 70.1+18 15£0.1 7.6+0.3 04+£01 204=£15 31.3 1.5
365 0.50 69.8+1.8 22=£0.1 7.8£0.5 1.5+13 187+1.7 31.7+£1.7
365 0.75 724+34 2.7£0.1 8.2+0.2 1.3£03 154+0.2 33.4+0.2
365 1.00 73.2+04 29=£0.1 8.4+0.3 09+0.2 14.6=£0.6 33.9 £ 0.6

*Calculated by difference
**Manure content
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4.3. Predictive model for co-liquefaction
In co-liquefaction experiments we have
identified synergistic and antagonistic effects, which can be
exploited to produce higher biocrude yield with improved
characteristics. The quantification of this effects were
performed using typical temperature range for subcritical
HTL (300-365 °C) and residence time compatible to that of
modern HTL continuous plants (20 min). The mixture
design coupled with the process variable model
(temperature) was conducted for the co-HTL of manure and
wheat straw for the biocrude yield, energy recovery (ER),
carbonrecovery (CR) (Table S2) and the simplified models
including only significant terms (p<0.05) are provided in
Equation 11, Equation 12 and Equation 13, where z; is
Manure content, z, is Wheat Straw content and, z is the
HTL batch setpoint temperature.
Equation 12

Equation 13

Equation 14

Oil yield
(%)

34

The adequacy of the mixture models coupled
with the process variable was analyzed by F-test and
diagnostic plots such as normal probabilities and residual
plots (Figure S4). The F-test of the regression models were
highly significant (F=3.317,4.21and 4.08> F 1 27,0.01)=2.91)
for all tree models on the prediction of biocrude yield, ER
and CR. The residual plots shown in Figure S4A-C revealed
that the residuals had a random scatter and the Q-Q plotted
data formed a straight line, matching normal distribution
and depicting that the model was in good agreement with
the experimental data. The analysis of variance (ANOVA)
was also performed to the variable terms and the results are
given in Table S3.

BCyie1a% = 27.16 x4 + 24.12 x, + 32.16 X, X, — 26.73 x1x, (X; — X3)z — 30.10 x,x,2°
ERyi01qa% = 42.30 x; +46.73 x; + 5831 x;x, +5.61 x,2+ 5.7 x,z — 61.07 x,x,2°
CRyie1q% = 38.94 x; +40.69 x, + 53.97 x, X, + 4.9 x,2z — 57.68 x,x,2*

CR
ER (%)
(%)
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Figure 2 - Contour plots of the biocrude yield wt.% (A), ER % (B) and, CR % (C).

For all equations, the quadratic term was significant
and its positive value indicates a parabola with defined
that the =z, and 1z, components act
synergistically on the biocrude yield, ER and CR. On the
other hand, the cubic mixing term of two feeds zz; (z;-22)

maximum, i.e.

combined with temperature zindicates that both synergistic
and antagonistic effects are present on the biocrude yield
depending on mixing ratio and temperature at the same
time. For the ER, additional interactions of the linear terms
z;, %, and quadratic term z;x, with the temperature z
emphasize the role of temperature on the individual fractions
as well as their different mixing ratios.

The
employed to generate contour plots to illustrate the optimal

developed prediction models were further

operating parameters that maximize the biocrude yield, ER
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and CR (Figure 2). It is possible to observe that for a
manure content of around 0.45-0.65, a maximum biocrude
yield of 34% can be obtained in the co-HTL at 325-335 °C.
In general, with increase in the manure content, lower
temperature is required to get higher biocrude yield.
Similarly, the CR of about 55% can be achieved at the
mixing ratio of 0.4-0.6 and at 325-335°C. For ER it is also
possible to observe that pure wheat straw and high
temperatures are needed for ER > 50%, whereas when the
synergistic effects of manure co-HTL are exploited,
processing temperature can be reduced significantly. ER of
60 % can be achieved with manure concentration in feed
around 0.35-0.55 and temperatures of 330-345 °C.

Similar patterns observed for all three models indicate
that a strong synergistic effect exists between manure and
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wheat straw at the mixing ratio of 0.4-0.6. The literature
could provide some insights into potential causes of this
synergistic effect. For instance, Zhang et al. * reported that
the highest biocrude yield was obtained with the ratio of
glucose to protein of 3/1. To explore these observations
further, biocrude analysis is discussed in the following
sections.

4.4. Biocrude characterization
4.4.1. GC-MS

Figure 3 depicts clustered GC-MS compound areas in
four groups, namely phenols, carboxylic acids, N-compounds
and alcohols, ketones and aldehydes over straw fraction.
There seems not to be an effect on identified phenols
according to straw participation on feed, as observed in
Figure 3A. Similarly, in Figure 3D, alcohol, ketones and
aldehydes do not depict a clear trend, despite having a much
lower presence in pure straw HTL biocrude. It is however
clear in Figure 3B and Figure 3C that the lower straw, and
consequent higher manure, in feed composition increases the
carboxylic acid presence along with nitrogen-containing
molecules. The latter can be explained by the increase of N
in feed, as manure has a considerable protein content. The
former seems to follow results reported elsewhere® where
carboxylic acids are favored by higher lignin contents. The
description goes against expectations that alkalinity caused
by higher amounts of nitrogen in feed would increase pH not
favoring formation of carboxylic acids, as would be expected
following previousliterature, which describe carboxylic acids
as prone to reacting with nitrogen compounds in the
migration of nitrogen during HTTL.'

Figures S5, S6, S7 and S8 show selected phenolics,
carboxylic acids, nitrogen-containing and alcohols, ketones
and aldehydes compounds separately. It is possible to see in
Figure S5 that some compounds tend to increase their
presence with decreasing straw participation in feed, such as
phenol, p-cresol, 4-propyl-phenol, 2-methoxy, 4-propyl-
phenol. Tt is surprising that increasing the feed participation
of the component with most lignocellulosic material in its
composition decreases phenolic production for specific
compounds. However, it is not all compounds that follow the
same trend. This could indicate that some of the reported
compounds are more prone to recombine when in presence
of manure-derived molecules.

Observing both Figure 3 and Figure S6 it is clear that

the majority of carboxylic acids are more prone to appear in
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the oil phase when manure participation in the feed is
higher. This could be an effect of lipid-derived molecules,
such as undecanoic acid, creating a more favorable non-polar
phase for organic acids to be partitioned in. As for nitrogen
compounds depicted in Figure S7 and following Table S1,
the more nitrogen in the feed, the more nitrogen compounds.
The majority of those found by GC-MS are heterocyclics,
which contribute with non-polar phase stability.
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Figure 3 — GC/MS grouped areas for A) phenolics; B)
carboxylic acids; C) nitrogen-containing compounds; D)

alcohols, ketones and aldehydes (Temperature of 325 °C)
4.4.2. ATR-FTIR

The PCA using ATR-FTIR data revealed distinct
peaks explaining most variance in the sample group, as
shown in Figure 4. PC1 explains >70% of the total variance
in the dataset and depicts that the region between 1700 and
500 cm™ is remarkably diverse. Within this region, sharp
peaks are found at 1586 and 1075 cm™, the latter with clear
shoulders. The first, together with a minor 1515 cm™ peak,
are related to C=C stretching, indicating the degree of
unsaturation plays an important role in differentiating
biocrudes, while the second is connected to C-O from
primary alcohols derived both from lignocellulosics and
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protein groups. Simultaneously, broad contributions with
several minor peaks are found within 1460 to 900 cm™ and
720 to 400 cm™. Both are remarkably filled with minor
deviating peaks, such as 1420, 1354, 1320, 1205 and 925 cir
Uin the first region and 582, 525 and 460 cm™. Within these

regions, each biocrude fingerprint diverges due to several
chemical groups, including C-O, C-C, C—N groups. Finally,
the typical CH; and CH, sharp peaks are clearly found both
in PC1 and PC2 at 2918 and 2850 cm™, right by the side of
a broad O—H contribution in PC1 peaking at 3340.
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Figure 4 — Principal Components 1 (71.34%) and 2 (13.35%) GC/MS grouped areas for A) phenolics; B) carboxylic acids;
C) nitrogen-containing compounds; D) alcohols, ketones and aldehydes

PC2 on the other hand has much lower interferences
in the form of prominent baselines in the fingerprint region
(< 1500 cm?), with distinct sharp peaks both positive and
negative. 708 cm? can be related to C-H bending in C;
aromatic groups, while the 818 cm™ is connected to C=C
alkene bending (stretching also at 1560 cm™). Both of them
indicate that
distinctive within biocrude samples. Ether and ester groups

again saturation and aromaticity are
are also present as dissimilar features in 1106, 1196, 1400
cm™. At 1633 cm™ it is possible to see a small peak which
can be related to N—H side groups. On the left side of the
spectra, a remarkable separation of the 3000-3200 cm™
positive peak and the 3200-3590 cm™ negative one depicts
that the related amino-groups (former) and alcoholic groups
(latter) are identified as dissimilar characteristics among
biocrudes. In the 3200-3590 cm™ region, around 3530 and
small shoulder is present, possibly due to primary amines,
while the rest can be related to secondary amines and
heterocyclic nitrogen. Heterocyclic nitrogen compounds

blick here for supporting informatiod

containing nitrogen are especially important in synergistic
processes®™, given its typical stability. The more N-
containing heterocycles are formed, the more biocrude yield
will follow, as the nitrogen present in manure will be prone
to carrying carbon to a more non-polar phase. Figure S9
depicts straw, manure and mixed 325 °C biocrudes FTIR
spectra for observation.

The PCA score plot of PC1 versus PC2 depicted in
Figure 5 shows partial separation of biocrudes according to
mixing ratio of feedstock. Pure straw is positioned in upper
section and mixtures are spread in the descending diagonal
right to feedstock

contribution. This means the peaks depicted and discussed

from left according to manure
before (Figure 4) successfully tells apart biocrudes according
to their initial feedstock composition.

Accordingly, PC1 arguably focuses in C=C, C-O,
C=0 groups, while PC2, despite having the same groups in
its peak description, also takes in account nitrogen-related
subgroups. Bearing this in mind, we can say that, besides
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nitrogen content and form (also depicted in Table 1),
aromaticity and oxygenated groups are distinctive traces of
these biocrudes. The more manure content in the feedstock,
the lesser the aromaticity and oxygenated groups, however
the higher amino group are present. This means wheat straw
contributes, as expected®, to aromatics and oxygen
heteroatoms in the biocrude compounds.
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Figure 5 — Principal component 1 versus 2 score plot
4.5. Continuous processing

Due to relative low dry matter content, slurry
pumpability of manure was optimal with feedstock as
received. However, for both two slurries containing straw
(pure straw and combined with manure), the addition of 1%
slurry basis of CMC enhanced largely the slurry flowing
properties and provided conditions for successful continuous
processing. The wet-milling procedure also increased
pumpability of slurries containing straw, which shows the
importance of slurry handling when dealing with
lignocellulosic biomasses. Such observations are in good
agreement with HTL continuous processing experience
reported elsewhere.?242

As shown in Table 2 and Figure S1, flow rates and
residence times for all campaigns were within9 kg/hand 1.5
minutes, which are considered here sufficiently similar for
yields and energy balance comparisons. The increase in dry
matter content achieved with addition of straw to manure
slurry (from 8.1% to 14.7%) resulted in significant increase
of energy input in the pilot plant through feedstock from

24.5kW to 47.2 kW. The latter being even higher than pure
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straw slurry, which was 41.9 kW (Table 2). This shows a
benefit of straw and manure continuous co-processing just
by making energy balances more favorable through the
increase of energy carried into the HTL process per unit of
plant activity time.

The
confidence intervals (90%) to the operating conditions

predicted biocrude yields and respective
shown in Table 2 using Equation 11 are for straw 24% (20-
28%), manure 27% (25-30%) and combined processing 33%
(26-38%), and the continuous results show straw with
26.9%, manure 35.2% and combined processing yielding
38.5%. The model, thus, seems to successfully predict all
biocrude yields within confidence intervals. For ER,
Equation 12 predicts 47% (39-54 %), 43% (36-44 %) and
55% (42-65 %), while continuous data shows 44.7%, 59.8%,
63.8% for
respectively. This shows that ER was underestimated for

straw, manure and combined processing
manure and estimated correctly for straw and combined
processing. Finally, the carbon recovery predicted for straw,
manure and combined processing by Equation 13 was 41%
(34-47 %), 44% (35-47 %) and 53% (40-63 %), while
continuous data show 39.7%, 56.2% and 60.2% respectively.
In this case, the model successfully predicts straw and
combined processing, while underestimates manure.

Biocrudes prepared via continuous processing
presented HHV comparable with batch results (see Table 1
and Table 2), which indicates atomic composition similarity
as expected. The total efficiency (n:) of the HTL processes
was, respectively 36.3%, 40.8%, 51.4% for straw, manure and
combined processing i.e. the amount of energy recovered
from biocrude, compared to the amount of energy put in the
system, combined heating, pumping utilities and feedstock
carried energy, was at least a third and at best half. The
best 1 was achieved with combined processing, which not
only benefits from chemical synergistic effects, but also by
the increased energy in feedstock to be superior than the
alternative single feedstock processing.

The EROI, which shows how much energy is
recovered as biocrude for every unit of energy spent in
electrical utilities (pumping and heating), values are
respectively 1.9, 1.3 and 2.6, for straw, manure and
combined processing. Manure value approaches unitary as
energy input via feedstock was diminished given its dry
matter content, which means more energy was spent
pumping water rather than convertible feedstock. The
number increases for straw processing and doubles for
combined processing. For straw this happens because, even

though its ER is lower than manure (as shown in Table 2),
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its slurry was more concentrated in dry matter and thus
carried more energy to be converted. As for combined
processing, besides the slurry dry matter concentration, the

synergistic effects discussed where capable of increasing the
amount of energy recovered as biocrude.

Table 2 — Continuous processing results

Property Value + Value + Value + Unit
Feed slurry properties Straw Manure Straw + manure
Manure concentration in feed 0.00 - 1.00 - 0.52 - EManure/ SFeed
Wheat straw concentration in feed 1.00 - 0.00 - 0.48 - €Wheat Straw/ EFeed
Manure : Wheat Straw ratio in feed - - - - 1.07 - EManure/ Wheat Straw
Mass flow rate 54.2 0.1 60.2 0.1 63.1 0.1 kg/h
Dry matter content 16.1% 0.3% 8.1% 0.2% 14.7% 0.4% (wt.%)
Average reactor temperature 329.8 8.3 319.7 9.3 319.0 9.6 °C
Energy in Feedstock 41.9 0.1 24.5 0.1 47.2 0.1 (kW, dry)
Bio-crude
Bio-crude yield (dry ash free) 26.9% - 35.2% - 38.5% - (kgoit / Kg input)
Bio-crude carbon yield (dry ash free) 39.7% - 56.2% - 60.2% - (kgcoit / kgomput)
Bio-crude Nitrogen yield (dry ash free) 38.5% - 36.4% - 41.2% - (kgnoit / KN tput)
HHYV bio-crude (dry ash free) 28.7 0.4 30.6 04 304 0.3 (MJ/kg)
Energy in Bio-crude (dry ash free) 18.7 0.2 14.6 0.3 30.1 0.0 (kW, dry)
Energy Recovery (nm) 44.7% - 59.8% - 63.8% - (%)
Trim heater energy requirements 5.2 1.3 6.1 0.2 6.1 0.5 (kW)
Reactor energy requirement 4.0 0.0 4.8 0.0 4.8 0.0 (kW)
Main pump energy requirement 0.7 - 0.7 - 0.7 - (kW)
Total efficiency (ntot) 36.1% 0.2 40.6% 0.0 51.2% 0.1 (%)
EROI 1.9 0.3 1.3 0.2 2.6 0.2 kW oit / kW Etcetric input

5. CONCLUSION

Combined processing of straw and manure showed
high synergistic effects in batch and continuous processing.
The
incorporation of nitrogen in biocrudes from combined

biocrude composition of these depicted that
processing was higher than in manure processing, which
indicates nitrogen acted as a carbon carrier to the biocrude
fraction. The form in which this nitrogen was incorporated
in biocrude is animo groups connected to carbon chains and
aromatic heterocyclic nitrogen. The latter is of importance
to understand the synergistic effect given its typical
stability. In summary, the more heterocyclic nitrogen-
containing compounds are formed, the more stable the
biocrude will be and, thus, the more biocrude in the end of
the process.

The predicting models developed based on batch data
mainly underestimated the results obtained via continuous
pilot processing. Nevertheless, it gave understanding of

optimal mixing ratios and temperature for straw and
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manure conversion. The predicted optimal carbon yield and
energy recovery were estimated within confidence intervals.
Such results are encouraging, as estimates were within 10%
of continuous processing results.

The continuous processing described here depicted
that advantages can be taken from combined HTL not only
from the chemical perspective of increasing carbon yield and
energy recovery, but also for overall energy balances. In
specific, the fact that manure is found as a diluted biomass
slurry can be corrected by the addition of straw, resulting in
a more favorable energy recovery (from 44.7% to 63.8%) and

total efficiency (from 40.6% to 51.2%).
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9.1. Reflections

The HTL biocrudes produced from cow manure, wheat straw and their optimized co-HTL
are an opportunity to understand how the Mailard-like reactions that result in most synergistic
effects during the process affect the follow-up upgrading. Hydrogenation of heavy oils is a common
practice in the crude oil refining business, however HTL biocrude characteristics are very different
from a heavy crude. For instance, the heteroatom content in the form of oxygen and nitrogen have
a severe effect on hydrotreatment processing, and it does seem that more complex oils derived from
the co-HTL route are harder to upgrade due to recalcitrant nitrogen species. In any case,
investigating the hydrotreatment severity effect on biocrudes from mono- and co-HTL shows the
ramifications of the gain in carbon and energy recovery during HTL.

Nevertheless, the very recent work published by a team of researchers from the Biofuel
Engine Research Facility (BERF, Australia)* shows that high nitrogen content diesel-like fuels tend
not to increase so drastically the NO, emissions. When testing these diesel-like fuels containing up
to 4 wt% nitrogen, the researchers reported that there is no significant loss in energy power, nor
changes in CO or particulate matter emissions. At the same time, SO, emissions increase together
with hydrocarbons at specific nitrogen and sulfur fuel contents.

These observations corroborate with the manuscript appended in this chapter in the sense
that the distillate cuts produced may be considered applicable biofuels, even though outside current
fossil standards. The current standards and legislation for liquid hydrocarbon fuels are based on
virtually nitrogen-free fossil-derived fuels. Nevertheless, it is of great interest that no infrastructure
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has to be modified to handle advanced biofuels and those are treated as “drop-in” solutions in fossil
fuel equipment. It could be the case for less strict biofuels (such as regular diesel or marine bunker
fuel) that the addition of specific units to handle slightly higher nitrogen gas outputs can broaden
the biofuel specifications and enable < 4 wt% nitrogen hydrocarbon mixtures to be used. Despite

being outside the scope of this thesis’ investigation, the BERF report®

indicates that relatively high
nitrogen contents are not necessarily an inconvenience for HTL biofuel implementation. As discussed
in Chapter 7, the alternative high CO, footprint left by fossil fuels and its consequences are a much
harder problem to solve, and HTL can greatly help in this feat.

The work presented in this chapter was conducted in partnership with the Department
of Petroleum Technology and Alternative Fuels of the University of Chemistry and Technology
(UCT) Prague, in Czech Republic. The work was part of my stay abroad period, when I worked

with the Green Catalysts research group at UCT.
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ABSTRACT

Liquid hydrocarbons from agriculture wet waste can be a strategy to greatly reduce CO, emissions worldwide. This study
presents the effect of upgrading via catalytic hydrotreatment of hydrothermal liquefaction (HTL) biocrudes derived from
cow manure, wheat straw and a biocrude derived from their co-liquefaction (co-HTL). Four different temperatures are tested
(340, 360, 380 and 400 °C) at constant hydrogen feed and weight hourly space velocity. The most severe hydrotreating
conditionran for an extended time to produce hydrotreated products for experimental distillation. The co-liquefied biocrude
showed to have a higher concentration of recalcitrant nitrogen-containing molecules towards hydrotreatment. Increase in
hydrotreatment temperature increases also physicochemical quality of oil products, leading to generally higher yields of
gasoline and kerosene and decreasing on average 8.5 wt% of bottom residues for every 20 °C of temperature increase.
Nitrogen-containing molecules tend to have a relatively lower concentration in the gasoline distillation cuts for all three
upgraded samples. Bottom residues derived from single feedstock HTL biocrudes showed to be totally miscible in fossil-
derived vacuum gas oil at room temperature, while the co-HTL derived one needed increase in temperature. A carbon
balance from biomass to fuel cuts for all three processing concepts shows that the co-HTL approach leads to a higher
production of hydrotreated products by increasing the bottom residue fraction. Overall, single feedstock HTL leads to a
carbon efficiency from biomass to upgraded oils of 34 and 38% respectively for wheat straw and cow manure, while the co-
HTL approach increases this value to 43%. The combination of agribusiness waste for HTL processing is shown here to be
an attractive solution for wet waste processing and carbon recovery towards advanced biofuels.

1. INTRODUCTION

Liquid hydrocarbons are consumables of upmost
importance for the world’s current economies, playing the
role of energy carriers.! Today, such liquids are derived in
almost its entirety from fossil reserves — namely crude oil,
coal and natural gas — causing an increase in greenhouse gas
concentration in earth’s atmosphere by linearly converting
carbon-based materials into its oxidized form (CO,). As the
natural process of converting CO, back to a fossil reserve
takes orders of magnitude longer than their extraction and
emission, the increase in concentration of CO, will not cease
until fossil reserves use becomes obsolete. The consequences
of CO, build-up in the atmosphere are severe and the global
climate crisis will further worsen if no action is taken
towards a carbon neutral economy.?

blick here for supporting informatiod

The aviation and heavy-duty transportation sectors
are particularly impacted by its dependency on liquid fuels
composed of hydrocarbons.? Fortunately, not all carbon-
based liquid hydrocarbons have to be fossil derived.
Converting wet agricultural waste into liquid fuels could
greatly alleviate greenhouse gas emissions by using
photosynthetic-reduced carbon.! Estimates are that globally
1080 MTonpy of wheat straw was generated in 2013 alone.’
That, combined with around 1300 MTonpy; of cow manure®
in 2014 would sum up almost 2400 Mton of underutilized
agricultural residue. Several routes of conversion for these
materials are available, however wet wastes conversion into
liquid hydrocarbons by the hydrothermal liquefaction
technology has been gaining attention, as it avoids energy-
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demanding drying processes and is able to convert otherwise
wasted carbon into an intermediate oil product usually
referred to as biocrude.” The combination of different
agricultural wastes has been proven to be beneficial to
biocrude production, which can be also beneficial regarding
logistics by enlarging the amount of feedstock materials
available for direct processing.®

When HTL processes straw and manure, this biocrude
intermediate oil product composition is around 62-73%
carbon, 6-9% hydrogen, 0-3% nitrogen and 15-24% oxygen,
with a higher heating value (HHV) of 28-34 MJ.kg'?®
Biocrudes from lignocellulosic and agricultural waste are
typically composed of phenolics, ketones, alcohols,
other

molecules, increasing the nitrogen-containing aromatics with

heteroatom-containing aromatics, amines and
the blend of protein rich and lignocellulosic feedstock
materials in HTL.*'° Such oil has a high viscosity derived
from its molecular composition, which combined with its
lower HHV compared to typical liquid fuels makes
upgrading a necessary step before final consumption of fuel-
like products.
The first
hydrotreatment of HTL biocrudes were reported in the early

efforts for catalytic upgrading via
80’s and are summarized in a publication by Elliott, D.1
using both model compounds and HTL biocrudes from the
Albany Biomass Liquefaction Pilot Plant. Cobalt-
Molybdenum (CoMo) and Nickel-Molybdenum (NiMo)
sulfided catalysts supported in alumina were identified as
promising approaches for deoxygenation of this type of oil
at that time, and given their classic use in fossil refining
processes for denitrogenation'?, these catalysts are until
today the preferred choice for bio-oil upgrading via
hydrotreatment. Since then, several reports have used
similar catalysts for upgrading of HTL biocrudes in batch
and continuous processing apparatus from algae'®
lignocellulosic materials’®® and sewage sludge'™®* and
pyrolysis bio-oils?* %, While fast pyrolysis bio-oils have been
reported to deactivate NiMo catalysts when processed via
hydrotreating®, recently, HTL biocrude hydrotreating using
a two-stage catalyst bed of CoMo and NiMo with
temperature gradient over the reactor was shown to have
extended lifetime for upgrading of wet waste biocrude (up
to 1500 h of steady-state operation).?

The aim of the study is to investigate whether there
is a difference in hydrotreating behavior and final distillate
fuel quality if biocrudes are produced by synergistically co-
liquefaction versus their individual counterparts. To do so,
the influence of temperature in the hydrotreatment of three
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different biocrudes is presented, one from wheat straw, one
from cow manure and a third one from the optimized mixing
ratio of both feedstock materials combined hydrothermal
processing. Physicochemical properties of the upgraded oil
product from different hydrotreatment temperatures are
evaluated and discussed. Biocrudes were produced in a
continuous HTL pilot plant and the hydrotreatment of those
was also conducted in a continuous apparatus, mimicking
expected conditions in large scale operations. Products from
the most severe condition tested in the hydrotreatment
individually distilled and their
composition is discussed regarding its compatibility with

experiments were
fossil-derived products. By evaluating the quality of
upgraded oils and distillate cuts and estimating the biomass
to biofuel carbon efficiency, we highlight here the potential
benefits and drawbacks of the approach for production of
biobased hydrocarbon mixtures to be applied as biofuels.

2. MATERIALS AND METHODS
2.1. Hydrothermal liquefaction

Three separate production campaigns were conducted
with wheat straw (hereafter referred to as straw), cow
manure (hereafter referred to as manure) and an optimized
mixture (1.1:1.0 Manure:Straw mix ratio) of both feedstock
materials (hereafter referred to as co-HTL) in a continuous
HTL pilot plant®” located at Aarhus University’s facilities in
Foulum, Denmark. The HTL mixture ratio optimization is
described elsewhere®, together with other details about the
continuous biocrude production, carbon and energy
balances. Part of the biocrude product from HTL was then
filtered using acetone as solvent in a 20 pm paper filter. The
solvent was then evaporated in a rotary evaporator and
around 2.5 kg of each biocrude was taken for each
hydrotreatment experiment. Acetone residual concentration
was determined to be lower than 0.5 wt% by GC/MS
analysis. To adjust sulfur content in the straw biocrude,
dimethyl disulfide was added to this biocrude, achieving the
same concentration as in other feedstock materials.

2.2. Hydrotreatment of biocrudes

The hydrotreatment took place in a co-current,

downflow, assumed trickle bed reactor with hydrogen (99.9
%) flowing at a rate of 45 NL.h™" and 80 bar of pressure. The
catalyst packing was selected based in previous studies??®,

which show extended time on stream of a double-bed
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catalyst approach with temperature gradient in the first
section of the reactor for upgrading of HTL biocrudes. Here,
we use also a double-bed catalyst approach of crushed (590
to 1000 pm) CoMo (35 g of 7.7 wt% Co and 28.4 wt% Mo
in Al,O3) and NiMo (50 g of 6.6 wt% Ni and 31.8 wt% Mo
in ALO;) catalysts. The two catalyst zones were separated
by a layer of 3 mm glass balls. The simplified process flow
diagram and reactor packing details are shown in Figure S1.

Catalysts were sulfided in situ with 4.4 wt% dimethyl
disulfide in hydrotreated gasoil flowing at a rate of 60 g.h?,
with hydrogen flow at 70 NL.h?', pressure of 40 bar and
temperature ramped from ambient to 330 °C in the whole
reactor at 15 °C.min", holding the final temperature for a
minimum of 4 hours. After sulfided, catalysts’ activity was
stabilized for a minimum of 24 h running with straight run
gas oil at 60 g.h', hydrogen flow rate of 30 NL.h*, pressure
of 40 bar and temperature of approximately 290 °C before
biocrude was fed.

The three biocrude upgrading campaigns were
conducted using freshly in-situ sulfided catalysts with
constant biocrude weight hourly space velocity (WHSV) of
0.7 ' for CoMo and 0.5 b for NiMo (biocrude flow rate of
25 g.h). The CoMo zone was heated at around 150 °C in
the intake and temperature rose up to around 340 °C by the
end of the first bed due to the typical exothermic reactions
and setpoint temperature in the following reactor section.
Four different temperatures were tested for the NiMo bed,
starting with the least severe (340 °C) and stepping up (20
°C) to the most severe condition (400 °C). At each
temperature (340, 360 and 380 °C), sampling started after a
lasted for
approximately 3 hours. For the last temperature (400 °C)

minimum of 4 hours stabilization and
the sampling continued until the biocrude feedstock ran out
and it was divided into two equal aliquots (hereafter referred
to as 4001 and 400I). Figure S2 A-C depicts the
temperature, pressure and gas flows for all three campaigns.
At all times the reactor pressure drop was observed not to
be higher than 1 bar in all experiments. Figure S3 A-C shows
the reactor average temperature profiles for each
temperature tested in all three campaigns, from which the
reactor temperature average was calculated using the first 4
thermocouples of the NiMo zone. After collection, the

hydrotreated products showed two phases, which are further

Equation 1

y ieldphase

referred to as aqueous and oil phases. Yield determination
was conducted after product centrifugation to ensure
complete phase separation.

2.3. Distillation of hydrotreated products

The oil phase of the three hydrotreated products
collected at 400 °C (both 400I and 4001I) in each campaign
were distilled separately in a batch distillation apparatus
Fischer® Scientific with a SPALTROHR HMS 500 spiral
column with 90 theoretical plates. Distillation cuts are
labeled here as gasoline (< 150 °C), kerosene (150-250 °C),
diesel (250-360 °C) and bottom residue (BR) (> 360 °C). All
distillations took place with reflux ratio of 1 and adequate
pressures, avoiding distillation feedstock temperatures
higher than 250 °C.

Bottom residue fractions were tested individually for
solubility in vacuum gas oil (VGO) distillate (boiling points
of around 350-540 °C). In short, 25/75, 50/50, 75/25 %wt.
mixtures of bottom residues with VGO were mixed in a 5
mL vial, homogenized and spread in microscope glass slides.
Microscope observation aimed at identifying the presence or
not of biphasic regions in the mixture.

2.4. Analytical methods

Carbon, hydrogen, nitrogen, sulfur and oxygen (by
difference) were determined using combustion analysis
(Elementar Vario EL Cube). Analysis were performed
according to according to ASTM D5291 for CHN and DIN
51724-3 for sulfur. To estimate higher heating value (HHV),
the Channiwala-Parikh correlation® was used (Equation 1).
Carbon and nitrogen yields were calculated according to
Equation 2.

Gas chromatography coupled with mass spectrometry
(GC/MS) was carried out with an Agilent 7890B GC and a
quadrupole mass filter MS Agilent 5977A. Typically, 10 mg
of sample was diluted in 1 mLL DCM with 4-bromotoluene
internal standard. The column used was a VF-5ms column
(65 m x 0.25 mm x 0.25 pm) and the analysis sequence is
described elsewhere.® Spectra was compared with NIST
mass spectra database 2017 for molecular identification.

M
HHV [é] =0.3491 C +1.1783 H + 0.1005 S — 0.1034 0 — 0.0151 N — 0.0211 A

Equation2  Elemental yield % =
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Simulated distillation was conducted according to
ASTM D2887 standard in an Agilent 6890 GC equipped
with a capillary column DB-HT-SIMDIS, 55 m x 530-pmid
X 0.15-pm and flame ionization detector. Standards and oil
samples were diluted in DCM and calculations were
performed using Agilent’s Chemstation software.

ATR-FTIR spectra was collected using a Brucker
Alpha Platinum spectrometer (collection of 24 spectra from
4000 to 400 cm™ in 2 cm™ resolution). Typically, one drop
sample was placed on the diamond crystal during the
measurement and cleaned with appropriate solvent in-
between analysis. Principle component analysis (PCA) was
conducted after spectra were smoothened with first order
Savitzky-Golay filtering using 20 cm™ frame length and the
noise-dominant 2820-1810 cm™ signals retrieved from
dataset. Water content in oil phases was measured via Karl
Fischer titration. Density, dynamic and kinetic viscosities
were measured using an Anton Paar Stabinger SVM 3000
viscometer at 40 °C. Total acid number (TAN) and basic
nitrogen in hydrocarbons were measured using an 888
titrando (Metrohm). For biocrude TAN, the last turning
point among the typically 5 was considered for
measurement, while for upgraded products typically only
one turning point was observed. Basic nitrogen in
hydrocarbons was measured according to UOP method 269-
10. Micro carbon residue (pMCR) was determined by
Conradson micro method using a Normalab Analysis NMC

420 according to ASTM D4530.

3. RESULTS AND DISCUSSION

3.1. Hydrotreatment yields

The hydrotreated liquid products were typically
composed of a dark oil phase and a clear aqueous phase.
Usually the two phases separated without centrifugation,
though the lower the temperature the more difficult the two
phase formation was. Interestingly, the oil phase collected
from manure at 400 °C (400I) had an orange color, clearly
differing from all other collected samples. The temperature
control for the upgrading campaigns of single-feedstock
biocrudes were more stable, as depicted by Figure S2C
reactor temperature average standard deviation, which is
higher than the ones in Figure S2A-B and Figure S3. It was
not possible to close the mass balance for 4001l in the co-
HTL biocrude campaign, thus yields are omitted in the
dataset presented in Figure 1. Mass yields presented in
Figure S4 correlate well with wheat straw pyrolysis

upgrading with a similar catalyst bed construction, and so
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does the oil-water separation ease with temperature
increase.”
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Figure 1 A-B shows the effect of temperaturein the oil
carbon and nitrogen yields. For biocrudes from single
feedstock, the effect is minimal and the oil carbon yield is
on average 81 wt%. As for the co-HTL biocrude, the effect
of temperature in the oil carbon yield is pronounced,
dropping from 92 wt% at 340 °C to 73 wt% at 400 °C. Such
an effect can be a sign of small sections of carbon (e.g.
derived from carboxylic acids, ketones, aldehydes) attached
to larger N-containing hydrocarbon structures during the co-
HTL process’, which may be released with higher
hydrotreatment temperatures. The oil carbon yields are
generally higher than lignocellulosic-derived pyrolysis
hydrotreated products using similar strategies'**, but fall
within the range of carbon yields from hydrotreated HTL

1120 sewage sludge??! or lignocellulosic®

biocrudes of algae
materials.

Oil nitrogen yields in general decreased with increase
in temperature depending on biocrude sample (Figure 1B).
Manure and straw biocrudes yield less nitrogen at high
temperatures in the oil phase (< 50%). However, the co-
HTL biocrude shows a lesser effect of temperature in
denitrogenation, decreasing the yield only from 86% to 64%.
This shows the nitrogen-containing molecules in the co-HTL
biocrude are more resistant to hydroprocessing and are more
prone to resulting in the oil phase. As these molecules are
derived from Maillard-like reactions typically followed by
cyclization®, it is very likely N-containing heterocyclic
aromatics (both pyridines and pyrroles) are responsible for
these observations.

Figure 1C-D depicts the aqueous phase carbon and
nitrogen yields. For carbon, yields were in general lesser than
1%, showing that most carbon retrieved from the oil phase
ended-up in the gas phase instead of forming water-soluble
molecules, as expected based on catalyst selection for hydro-
deoxygenation."! Nitrogen aqueous phase yields generally
sum up to 100% together with oil yields, showing that
denitrogenation reactions tend to form water-soluble
molecules, mostly ammonia, not yielding significant gaseous

products.

3.2. Hydrotreatment products physicochemical
characteristics

Figure 2 depicts physicochemical characteristics of
biocrudes and oil phases from hydrotreated products. Figure
2A-B shows that both dynamic and kinematic viscosities
decrease significantly, from 100-420 mPa.s and 90-350
mm?s?! for the biocrudes, in which the co-HTL biocrude
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sample was the most viscous, to 2-5 mPa.s and 2-6 mm?.s?
for hydrotreated products at 400 °C.
temperature from 340 °C to 400 °C decreased in one order
that
deoxygenation (shown in Table S1) significantly impacts

Increasing the

of magnitude viscosity values, illustrating
viscosities in such biocrudes. Figure 2C shows the density
decrease from biocrudes (> 1.02 g.cm™) to hydrotreated oil
products (down to 0.85 g.cm™®), where the lowest density in
all temperatures tested was observed for cow manure
biocrudes. The characteristics of hydrotreated products
prepared at high temperature are compatible to the ones
from sewage sludge and food waste HTL biocrude in terms
of viscosity and density.

The water content decreases to values under 1 wt%
(Figure 2D) for all hydrotreated products irrespective of
temperature, which illustrates the severe loss of polar
compounds from biocrudes to upgraded products, making
the oil phase less prone to water incorporation. This is
corroborated by the previously commented enhancement in
phase separation, relative high deoxygenation (Table S1)
and corresponds well to hydrotreated products previously
reported.” Figure 2E-F depicts that the carbon residue and
TAN were decreased significantly after upgrading. The high
temperature upgraded samples have only slightly higher
MCR and TAN values than some types of crude oil, showing
that further refining of these oils would not require major
modifications to current refinery setups regarding material
construction of reactors.®® A TAN lesser than 1 mgxon/g
decreases the corrosion of these biocrudes, enhancing
material durability in long term operation of refining
processes.* Simultaneously, a low carbon residue is desired
for liquid fuels and the decrease from 25-27 wt% biocrude
values to < 5 wt% depicts that the hydrotreatment was
successful in eliminating most coke-prone structures present
in the biocrude. Even so, there is a sensible increase in
pMCR with temperature for the co-HTL biocrude upgraded
products, which can be related to N-containing aromatics
leading to cocking structures, indicating that at least in
some degree there is a change in species with temperature
increase for this group of molecules.

Figure 2G-H show the basic nitrogen and total
nitrogen contents. The fraction of basic nitrogen species in
the total nitrogen content (Figure S5A) of biocrudes is
around 30-41%, the lowest being for the co-HTL biocrude,
and the highest for the wheat straw one. For the
hydrotreated products, this fraction is higher for the low
temperature scenario, reaching 56% for cow manure and the

co-HTL biocrude. With the increase of temperature, the
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fraction tends to decrease, reaching 28-42% at high
temperatures, this time with the highest being the combined
biocrude and the lowest the wheat straw derived one. The
increase in basic nitrogen fraction from biocrudes to low
temperature hydrotreated products depicts that the non-
basic N compounds are more easily hydrotreated. On the
other hand, with the increase of temperature there is a
decrease in basic nitrogen fraction, showing that more severe
conditions make basic nitrogen species as prone to
hydrotreating as non-basic ones. Thus, at least part of the
basic and non-basic nitrogen species contained in all

biocrudes are recalcitrant in hydrotreatment, however, it
seems the co-HTL oil maintains the highest fraction of basic
nitrogen in the total content. I.e. the basic nitrogen species
of the co-HTL biocrude are less reactive, correlating well
with expected larger molecules containing nitrogen in this
biocrude® and a pyMCR increase with temperature during
hydrotreatment. So, the larger the nitrogen-containing
molecule, the less prone it is to be hydrotreated due to
aromatic stability and more prone to cocking reactions.
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Figure 2 — Dynamic viscosity (1) (A); kinematic viscosity (n) (B); density (p) (C); water content (D); micro carbon
residue ((MCR) (E); Total Acid Number (TAN) (F); basic nitrogen in hydrocarbons (G); nitrogen content (H) and; high
heating value (HHV) (I) of wheat straw (WS), cow manure (CM) and combined biocrude of wheat straw and cow manure

(WS + CM) hydrotreated oil products

As shown also in Figure 1B, the yield of nitrogen of
co-HTL biocrude is larger than the one for single feedstock
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biocrudes. Interestingly, the only hydrotreated oil nitrogen

content that does not change with temperature is the co-
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HTL derived samples. Such an effect can be associated with
more complex molecules containing nitrogen in the co-HTL
sample, as discussed in our previous study.® I.e. the basic
nitrogen in the manure biocrude is mostly comprised of
amines, prone for easier hydrotreatment, while for the co-
HTL biocrude pyridines are likely the basic N compounds
present, which being aromatic are more difficult for
hydrodenitrogenation. Thus, the manure hydrotreated
products decrease in basic N and N content illustrates that
the co-HTL biocrude
aggressive approach for total denitrogenation. Figure 2I
shows that all hydrotreated products have HHV higher than
42 MJ.kg', but only single feedstock biocrudes reach >44

MJ.kg"! values for high temperature hydrotreated samples,

N compounds require a more

given the negative contribution of nitrogen content for HHV
(Equation 2) and the co-HTL biocrude products N content.
Table S1

biocrudes and their respective hydrotreated products. The

shows the elemental composition of

hydrotreatment process is successful in fully deoxygenating
all biocrudes, however the denitrogenation does not follow.
As already discussed about Figure 1B, the combined
biocrude shows most yield of nitrogen in the hydrotreated
oil, and the concentration of this element showed in Table
S1 follows, being even higher than the biocrude itself due to
oxygen mass loss and following concentration effect.
Hydrogen consumption is also shown in Table S1 and much
lower values are verified for the co-HTL biocrude (11-18
9u,/k9oupp) than the single feedstock ones (18-36
9u,/kgou pp)- This, together with the low denitrogenation
values for co-HTL oil compared to others, indicates the
components of this biocrude do not react as much with
hydrogen as other biocrudes. I.e. the co-HTL biocrude has
nitrogen-containing recalcitrant compounds that difficult
hydrotreating, and by preventing saturation decrease
hydrogen consumption.

As already reported by PNNL’s upgrading research
team?, there is a high correlation between nitrogen contents
and density of upgraded products. We report here the same
observation (Figure S5B), though the correlation is
feedstock-dependent and cannot be verified for the combined
biocrude, as its nitrogen content did not change
significantly.

The combined HTL biocrude shows slightly inferior
physicochemical characteristics among the ones measured
here. Its most distinguishing characteristic is the nitrogen
content, which seems to be in forms of recalcitrant molecules
towards hydrotreatment. This could affect severely the
application of combined feedstock in HTL setups, however
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the gain in carbon recovery is a major factor to be
considered, as described later.®

In general, the increase of temperature increases also
the hydrotreated product quality in terms of its
physicochemical properties. Remarkably, dynamic viscosity,
kinematic viscosity, density, water content, pMCR,, TAN
and HHV reach numbers close to crude oil specifications for
direct refining. Despite that, the nitrogen contents for
manure and co-HTL biocrude derived products are still an
issue for direct applications as fuel and require further
processing. The straw derived products have similar
nitrogen contents to crude oils with high amounts of this
element, depicting a similar scenario as other HTL
hydrotreated biocrudes from lignocellulosic materials.®** As
described elsewhere®, lower WHSV (around 0.1 h') can
achieve total denitrogenation from biocrudes with similar
initial N content using similar catalyst strategies as we
described here, although typical crude oil hydrotreatment
processes use 0.7-12 't WHSV.*? Thus, given the results
shown here, it is likely that such HTL biocrudes need specific
units in refining setups for deep denitrogenation to occur,
even though deoxygenation and reasonable physicochemical
properties are achieved with 0.5 h! WHSV. As the nitrogen
content can be related to specific molecular weights present
in these hydrotreated products, a following distillation step
can assist on decreasing even further the contents and
concentrating those in more specific and less volumetric
byproducts.

3.3. GC/MS of hydrotreated products

GC/MS total ion chromatograms are shown in Figure
3A-C normalized to highest count. Only the sample volatile
and semivolatile fractions eluted are shown in these
chromatograms, however it is still possible to see the classic
biocrude components® for lignocellulosic feedstock materials
in Figure 3A-C, such as substituted phenolics, ketones,
alcohols and nitrogen-containing small heterocyclics. As for
the upgraded products, a range of C4-C18 hydrocarbons was
observed. Among those, cyclics, aromatics, alkanes and
alkenes. The deoxygenation was particularly efficient for this
fraction and it was not possible to identify oxygenated
compounds in the upgraded samples. These results are in
good agreement with the Van Krevelen diagram in Figure
S6.

The main difference between upgraded products was
the relative presence of long linear chain hydrocarbons

derived from lipids in comparison to branched C4-C9
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hydrocarbons. The C12-C18 class compounds increases from

straw, manure and combined upgraded products
respectively. These results can indicate that either the
combined approach increases their concentration by
converting also straw derived carbon into long chain alkanes
or that the amount of small branched hydrocarbons
decreases in comparison to the lipid-derived class. According
to results of simulated distillation and distillates

physicochemical characteristics to be discussed in the

following section, what happens is the decrease in light
hydrocarbons.

The light hydrocarbons (C4-C10) identified in the
hydrotreated samples are all compatible to gasoline-range
hydrocarbons and have similar H/C ratio to the ones
identified in the experimental distillate sample Van Krevelen
diagram (Figure S6). This corroborates further the quality
of the gasoline fraction derived from all hydrotreated
biocrudes, suggesting that addition of this fractionto crude-
oil derived gasoline can be an option for its application.
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Figure 3 — GC/MS of biocrudes and hydrotreated products (400 °C). (A) Wheat straw; (B) Cow manure; (C)
combined biocrude wheat straw and cow manure
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3.4. Distillation of hydrotreated products

Gasoline, kerosene, diesel and bottom residue (BR)
distillation cuts are shown in Figure 4A-D. Experimental
distillation cuts were determined within +3.5% for all 400
°C hydrotreated products simulated distillation. Thus,
simulated distillation values will be considered for further
discussion on the effect of temperature on the distillate cut
yields. For the experimental distillation cuts, all gasoline
and kerosene fractions were transparent upon immediate
recovery, while diesel cuts had light yellow color and BR
were dark and viscous appearance. The highest experimental
distillation cut was the BR for straw and co-HTL upgraded
products, while for manure biocrude upgraded products it
was the diesel fraction. This is related to the relative higher
amount of lipids in manure in comparison to the other
feedstock tested. The lipid fraction of the feedstock tends to
form oils with carbon range compatible with diesel
specifications.®

Figure 4A shows that for straw biocrude upgrading,
the increase of hydrotreating temperature from 340 to 400
°C resultedina 3.6% gainin gasoline yield, while for manure
and co-HTL biocrudes, the gain was 13.5 and 10.7%
highest yield
experimentally was for manure biocrude hydrotreatment
(20.7%). Figure 4B shows that the
temperature increased kerosene yield from 17.2, 17.4% and
15.6% at 340 °C to 24.1, 22.2, 18.6% at 400 °C for straw,
manure and co-HTL biocrudes respectively. This means the

respectively. The gasoline observed

hydrotreatment

temperature effect on the increase of this cut was higher for
single feedstock biocrudes than for the combined one. The
highest experimental kerosene yield observed was for straw
with 23.7%.

The diesel distillation cuts shown in Figure 4C depict
only increase of around 3 wt% in this fraction with the
increase of temperature for all biocrudes tested. No
significant change was observed in all upgraded products
from the increase of 380 to 400 °C in hydrotreating
temperature. However, Figure 4D depicts that there is a
very high effect of decreasing BR with the increase of
temperature. The yields from this fraction decrease from
54.4, 56.5 and 62.3% at 340 °C to 34.9, 24.3, 37.6% at 400
°C, respectively for straw, manure and co-HTL biocrude
products. The decrease in BR is highest for manure
biocrude, though on average there is an 8.5 & 1.1% decrease
in BR yield for every 20 °C increase in hydrotreatment
temperature. Such observations point that the increase of

temperature in hydrotreating tends to decrease BR

blick here for supporting informatioﬂ

components, which corroborates with the increase of

gasoline and kerosene fractions.
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Figure 4 — Simulated and experimental distillation
cuts for gasoline (A), kerosene (B), diesel (C) and bottom
residue (BR) (D). (sim — simulated distillation GC
analysis; exp — experimental 400 °C hydrotreated oil
products distillation; WS — wheat straw; CM — cow
manure)
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Surprisingly, the diesel fraction does not change as
significantly, which suggests that either the components
consumed from BR are transferred directly to kerosene and
gasoline or that the increase in temperature also increases
cracking reactions in the diesel fraction, which equilibrates
material gain from the BR. Nevertheless, increasing
temperature clearly increases light hydrocarbons yields,
benefiting mostly gasoline for manure and co-HTL biocrude
and kerosene for straw.

Figure 5A-F depicts physicochemical characteristics
of the 400 °C hydrotreated biocrudes distilled fractions.
Density and viscosities (Figure 5A-C) of gasoline, kerosene
and diesel fractions are similar among the different
hydrotreated products, however the BR viscosities of the
combined biocrude is much higher, to the point it was not

manure, straw and combined products respectively from
lowest to highest viscosities and density. The gasoline
nitrogen content is almost zero for straw and manure,
though for the combined biocrude it reaches around 0.5
wt%. For straw, the heavier the fraction, the higher the
nitrogen content. For manure, nitrogen contents of kerosene,
diesel and BR are around 1.5 wt%. As for the combined
biocrude products, kerosene has the highest nitrogen content
with almost 3.0 wt%, while diesel and BR from this fraction
have only around 2.5 wt%. Thus, the nitrogen containing
molecules tend not to be present in the lightest distillate
fraction, showing that the smaller the molecule, the more
prone it is for denitrogenation processes. Such observation
opens the possibility for heavier fractions to be further
refined in specific processes targeting nitrogen containing

possible to measure it at 40 °C, so values are shown at 50  molecules.
°C. These viscosities are one order of magnitude apart, being
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Figure 5 — Dynamic viscosity (11); kinematic viscosity (n); density (p); nitrogen content; sulfur content and; high heating

value (HHV) of distilled products from hydrotreatment at 400 °C of biocrudes from wheat straw (WS), cow manure (CM)
and combined wheat straw and cow manure (WS + CM)

It is however important to realize that the nitrogen
contents showed in kerosene and diesel distillation cuts are
high compared to fossil-derived fuels. Engines tested with
similar fuels, containing comparable nitrogen contents,
viscosities, HHV's and densities, show that motor efficiency
with this
Furthermore, the emissions of NOy for engines working in

does mnot suffer elemental compositions.

blick here for supporting informatioﬂ

high loads increase only marginaly.3 That is, despite the fuel
composition showed here, practical applications may still be
within reach for the future fossil-free transportation sector.

Figure 5E shows that the S content of distillates is
between 20 and 110 ppm, which is higher than current fuel
standards and highlights the need of further upgrading or
blending with low S content alternatives. The S content for

93



the combined HTL biocrude distilled products in particular
seem consistently higher than others, ranging from gasoline
at 52 ppm to diesel at 108 ppm. HHV of products depicted
in Figure 5F fall within close range for single feedstock
products and lower for kerosene, diesel and BR from
combined biocrude. This is derived from the higher nitrogen
content and unsaturated compounds of the latter (see also
Figure S6 where lower H/C ratios point to increase of
aromatics and unsaturated compounds). Despite that, HHV
are relatively high and within fuel standards.

The Van Krevelen diagram of all biocrudes, upgraded
and distilled samples (Figure S6 A-D) shows that biocrudes
0O/C ratio are around 0.25-0.35, typical values, however the
upgraded products are all <0.03. Even though O/C ratios
are that low, there is still a trend for the higher the
temperature, the lower the O/C ratio is verified H/C values
for upgraded products are around 1.6-1.8, while the
distillates have clear separation for gasoline, kerosene, diesel
and BR showing H/C ranges of >2.0, 1.75-1.80, 1.60-1.65
and 1.25-1.45 respectively. Gasoline and kerosene samples
are generally within crude oil derived H/C and O/C limits,
however diesel presents a lower H/C. This indicates gasoline
H/C values are compatible with C6-C15 alkanes, as for
kerosene, diesel and BR alkenes, unsaturated cyclic
hydrocarbons and polyaromatics H/C ratios are more likely
to be present in high concentrations. A lesser content of
alkanes in heavier fractions decreases H/C values and is in
agreement with the type of catalyst used, selected based on
deoxygenation potential rather than saturation.!! Still, the
observation highlights the lighter the molecules, the more
prone they are to be deoxygenated, denitrogenated and
saturated via hydrotreatment.

The solubility in vacuum gas oil distillate (boiling
points of around 350-540 °C) of all bottom residue fractions
was tested. The selected crude oil fraction is representative
of a common hydrocracking unit feed. Bottom residues from
single feedstock biocrudes did not present phase separation
when observed at room temperature. The co-HTL derived
bottom residue fraction presented two phases in the form of
an emulsion when in presence of all ratios of VGO tested.
Increasing the temperature to 45 °C eliminated the biphasic
separation for the mixture containing 75% of bottom
residue, showing that increase in temperature can be an
effective way to enhance their miscibility. Thus, co-
processing of the BR, distillate product with fossil VGO can
be considered as a possible approach to increase biofuel light
hydrocarbon yields.

blick here for supporting informatioﬂ

Figure 6 shows that the gasoline distillation product
is mostly composed of cycloalkanes for all feedstock
biocrudes processed, even though CoMo and NiMo catalysts
are typically used due to their deoxygenation activity. While
straw generated relatively more cycloalkanes than the other
two biocrudes, n-alkanes were present in higher quantities
for manure products. This is related to a higher amount of
lipids in these feedstock materials, leading to n-alkane
formation during hydrotreatment. Aromatics sum 7.7 wt%
for straw products and 10.4 wt% for both manure and co-
HTL biocrude hydrotreatment products. The typical higher
amount of lignin/cellulose in manure lignocellulosic
components can be connected with the difference for single-
feedstock biocrudes, while for the co-HTL biocrude, a higher
amount of aromatics in the biocrude® also yields higher
amounts of aromatics in the gasoline distillation cut.
Isoalkanes concentration in co-HTL oil is around the average
of that on both single-feedstock biocrude upgraded products.
This shows this class of compounds likely derives from
molecules not involved in the synergistic effects of co-HTL,
which may be short chain ketones and aldehydes.® Due to
the high presence of cycloalkanes, the calculated octane
co-HTL biocrude

hydrotreated products were respectively 63, 61 and 64. The

number for straw, manure and
much lower octane number than the 95 of fuel-grade petrol
(BS EN 228:2008) hydrocarbons shows the need of further
treatment via isomerization and reforming, even though
limits (BS EN 228:2008) of olefin (< 18 %), aromatics (< 35
%), benzene (< 1.0 %), oxygen (< 2.7 %) are all met.
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I n-Alkanes Cycloalkanes [l Oxygenated
1 OO i 0.4 0.2 1.9
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E . 52.1
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Figure 6 — Composition analysis of distilled gasoline
fraction (< 150 °C)
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3.5. ATR-FTIR

The PCA conducted with all oil samples results in
three main principal components, explaining 90.5, 6.9 and
1.7% of all spectra variation respectively, summing up to
99.1%. PC1 (90.5%) accounts all main oil characteristics
with large loadings in the 1800-400 cm™ region, distinctive
CH; and CH, negative loadings at 2850 and 2920 cm™ and a
broad —~OH vibration at 3030-3690 cm™ (Figure S7A).
Methyl and methylene groups are typically connected with
oil quality, given they can be associated with long chain
alkanes and their respective end-of-chain terminations. The
—OH vibration is associated with phenols, alcohols, water
and carboxylic acids. Oxygen containing groups can also be
observed in peaks such as 1220, 1360 and 1700 cm™, all
related to ethers, esthers and aromatic ketones and, 1270
cm™ of ~OH bend. Given the loadings of the 1800-400 cm™
and the respective chemical groups identified in the peaks
within the region, PC1 can easily separate oils based on their
respective quality. The more the oxygen-containing chemical
groups are present, the higher the PC1 score for a specific
sample, which is clearly observed in Figure 7TA where
biocrudes are to the right of upgraded and distilled products.
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PC2 (6.9%) depicts much more specific wave numbers
for high loadings than PC1, showed as peaks in Figure S7B.
The sequence of negative loading peaks at 723,777, 875 and
934 cm™ is related to carbon-carbon bonds. The first three
are signs of =C-H aromatics and the last one alkene C=C.
The positive 1220 and 1360 cm™ loadings are shared with
PC1
(negative) and 1706 (positive) cm™ peaks depict respectively
O-H and =0 groups. Remarkably, a sharp negative loading
at 1671 cm? identifies C=N from amides and aromatic
heterocyclic compounds. The typical 2850 and 2920 CH; and
CH, peaks are also present as negative loadings, while the

identifying also oxygenated groups, while 1286

broad —OH group around 3120 and 3630 cm™ is a positive
contribution. Thus, the lower the PC2 score, the higher the
carbon-carbon single, double and aromatic bonds, indicating
alkanes, alkenes and aromatics characteristic groups for the
sample are present. Despite this tendency, a high presence
of N groups such as heterocyclic aromatics and amides can
interfere in final scores also contributing to low PC2.
Simultaneously, high PC2 scores can be related to high
presence of oxygenated groups in the forms of alcohols,
ketones and aldehydes. The loading scatter of PC1 versus
PC2 is depicted in Figure S7C.
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Figure 7 — PCA scores for all samples. (A) All samples; (B) Wheat straw; (C) Cow manure; (D) combined biocrude wheat

straw and cow manure
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Figure 7A shows that PCl and PC2 successfully
cluster biocrude samples and, separately, upgraded and
distilled ones. All upgraded and distilled samples form a line
tendency going from the upper left quadrant to the lower
right one, meaning differences are connected to the increase
of PC1 while decreasing PC2 scores. For straw biocrude
upgraded samples, as shown in Figure 7B, only PC1 differs,
even though to a lower degree, upgraded samples at different
temperatures. Distillates on the other hand are scattered,
with gasoline and diesel in the lower right quadrant and
kerosene and bottom residue in the upper left. As N contents
are generally low for these distillate samples (< 0.5%), the
difference can be attributed either to a lower presence of
oxygenates in the gasoline and diesel fraction or a higher
unsaturation of those. Manure upgraded biocrude products
also are not as clustered as others (Figure 7C), with high
temperature samples in the lower right quadrant. The lipid
presence in the HTL feedstock can be associated with larger
concentrations of aliphatics, which would both decrease PC2
and increase PC1. Lastly, the combined upgraded biocrude
samples were the least differentiated by both PC1 and PC2,
with most of them located in the upper left quadrant, except
for BR in the lower right one. This can be related to the N
groups of these samples and is an indicative that the N
heterocyclic compounds formed during HTL are recalcitrant
towards the upgrading approach showed here.

Figure S8 depicts both PC3 loading plot and PC2
versus PC3 scores. Similar to PC2, PC3 also shows generally
sharp loading coefficients. A positive duplet in 752 and 804
cm? shows the importance of aromatic C-H deformations
and a negative peak at 933 cm? shows C=C alkene
separation. A very sharp negative peak at 1681 cm™ shows
that PC3 is able to differentiate samples based on N
containing heterocyclics (C=N), however the typical 2845
and 2910 methyl and methylene groups contribute positively
to the final score. As observed in Figure S8B, the
hydrotreated products are generally clustered, with a
decrease of PC3 with temperature. It is possible to observe
that most distillates are separated from their original
hydrotreated products, except for manure and combined
biocrude diesel.

The FTIR spectra analyzed here shows that the
chemical groups that differ most from the samples analyzed
are also related to their respective quality, depicting ATR-
FTIR as a powerful and reliable technique for rapid
assessment of biocrude quality. The most important
chemical groups identified in each principal component as

best explanatory of differences were oxygenates in PCl,

blick here for supporting informatioﬂ

carbon bond types in PC2 and a mix of carbon bond types
and nitrogen containing species in PC3. Coupling density
measurements and ATR-FTIR analysis can be a promising
only biocrude

approach to instantly evaluate not

properties®”, but also hydrotreated products.
3.6. Process carbon balance

In order to compare the benefits of combined
processing of manure and straw via HTL followed by
hydrotreatment and distillation, a carbon balance of the
entire approach — 1000 kg of carbon biomass to biofuels — is
shown in Figure 8A-C with results presented elsewhere for
HTL? and here with the upgrading of biocrudes. The most
significant carbon loss for all approaches is in the HTL-
derived aqueous phase, ranging from 365 kg for wheat straw
to 392 kg for manure. The combined approach yields 369 kg
of carbon in this fraction, being more similar to straw than
manure. Treatment of aqueous phase compounds can be
considered a resource rather than waste handling®, when
gasification®, wet oxidation®® or electro-oxidation®
technologies are applied. Thus, this aqueous phase carbon is
not necessarily a carbon loss, depending on the approach to
be considered.

Solids from HTL carry around 100 kg of carbon from
single feedstock processing, however this number is reduced
to 56 kg in the combined approach. The synergistic effect of
combined HTL can be associated with this decrease, and so
can be related to the reduction in gaseous carbon. The solids
from HTL of agricultural waste streams are rich in
phosphorus?', and further processing is needed to retrieve
fertilizer-grade forms of this element.*” Thus, the reduction
of carbon yielded as solids in the HTL process can also be
beneficial for the handling and valorization of this fraction,
greatly benefiting agricultural management of land and soil
nutrient circularity.

For every 1000 kg of carbon entering a HTL unit in
the form of wheat straw, manure or a combination of both,
410, 440 and 531 kg of carbon end-up as biocrude
respectively. If the process was non-synergistic, the
combination of feedstock materials would result in 425 kg,
as oppose to the experimental 531 kg, which represents a
25% gain. In the hydrotreatment step, the combined HTL
biocrude yields a greater gas fraction, leading 100 kg of
carbon to this byproduct, though still maintaining a larger
overall efficiency by generating 427 kg of carbon as upgraded
oil as opposed to 338 or 380 kg of carbon for single feedstock

approaches. That is, despite losing more carbon for the gas
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fraction, the combined HTL approach still achieves a greater
carbon efficiency for upgraded oils (almost 43%). Overall,
light hydrocarbons (boiling points < 360 °C) have a total
carbon yield from feedstock of 21.6, 27.2 and 26.5%
respectively from wheat straw, cow manure and the
combined biocrude. That is, the co-HTL approach does not
enhance carbon yields compared to pure manure, however it
does act synergistically towards the production of light
hydrocarbons.
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Figure 8 - HTL, hydrotreatment and distillation total
carbon balance for all three feedstock slurries starting with
1000 kg of carbon. (A) Wheat straw; (B) Cow manure; (C)

combined wheat straw and cow manure

The distillation step illustrates further benefits and
drawbacks of combining waste materials in the HTL process.
On one hand, gasoline and kerosene did not gain much with
the approach regarding carbon yields. On the other hand, it
seems the gain in upgraded oil carbon was entirely

transmitted to diesel and bottom residues, which increase to

blick here for supporting informatioﬂ

121 kg and 152 kg of carbon from the single feedstock 77-
108 and 117-96 kg respectively for straw and manure. The
increase in BR production highlights the need of further
processing of this fraction, which can take place via
hydrocracking. The miscibility of BR and VGO can ease
handling of these highly viscous products.

4. CONCLUSION

In a broad processing perspective, the combined HTL
of agricultural waste materials can increase the amount of
hydrocarbons available for upgrading, generating gains in
carbon efficiency from biomass to hydrocarbon products.
However, the denitrogenation steps required to produce
biofuel-grade hydrocarbons through hydrotreating are
reduced by the presence of the same compounds that
generated gain in HTL efficiency. Thus, a more aggressive
approach targeting specifically these compounds have to be
considered as a further refining step.

All hydrotreated products obtained through the route
proposed here using typical industrial catalysts have
attractive physicochemical characteristics and should easily
fit within modern refining facilities and equipment. Low
TAN, oxygen content, viscosities, density and pMCR,
together with crude-like HHV illustrate these findings.
Besides, distillate products obtained show good correlation
to biofuel specifications, meaning the upgrading approach
chosen here significantly enhances liquids quality and
aggregates value. Even all heavy fractions obtained through
distillation show good solubility in less viscous fossil-derived
VGO, which opens great possibilities in combined processing
of those in current refinery infrastructure.

The nitrogen-containing recalcitrant molecules from
these hydrocarbon mixtures may be acceptable in future
fossil-free transportation sector, and only isomerization is
needed in the case of gasoline for biofuel applications.
Therefore, the combination of agribusiness waste for HTL
processing is shown here to be an attractive solution for wet
waste processing and enhanced carbon and energy recovery
towards advanced biofuels.
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Chapter 10

Thesis conclusions and perspectives

This thesis successfully assessed the potential benefits of combined HTL of synthetic and
biological waste materials. Results showed several opportunities to enhance carbon and energy
recovery of wastes using HTL, which greatly enlarges the application field for the technology and,
by extension, provide better perspectives on economic scenarios of HTL plants. Besides assessing
and evaluating these processes from a chemical point of view via batch experiments, pilot processing
of the identified promising combinations helped to describe the engineering challenges and benefits
involved. During pilot processing, it was possible to highlight the utilities needed for the approach
to be implemented and their energetic and practical consequences for HTL.

Among the several types of synthetic polymers tested in Part I, independent of being
thermosets or thermoplastics, those containing heteroatoms — either nitrogen or oxygen — in the
backbone structure are prone to hydrolysis and depolymerization under HTL subcritical conditions.
The hydrolysis yields products mainly in the aqueous phase, with marked exceptions such as epoxy,
PC, PUR and PET. For BPA-based polymers (PC and epoxy), oil products contain valuable
platform chemicals and their use could be facilitated due to high concentration. For PET, the solid
fraction is especially valuable with a very high terephthalic acid recovery. As for PUR, an oil phase
containing both amines and glycols can be of great value.

The co-HTL of synthetic polymers and lignocellulosic materials experiments reported in
Part II highlighted the importance of chemical mechanisms related to nitrogen. In short, among the
synthetic materials tested, a great correlation between nitrogen content and synergistic oil
production was found. The reactivity of amino groups was related to these findings, providing good
arguments that the presence of reactive organic compounds containing nitrogen can carry carbon to
the oil phase and synergistically increase these products. Thus, for synthetic and lignocellulosic
materials co-HTL, not only the nitrogen content is important, but the form in which this nitrogen
is present. Our findings corroborated by other recent literature studies, identified the most important
factors for synergistic effects are the nitrogen content and reactivity.

The specific combination of highly reactive PUR-derived amines with lignocellulosic
materials proved to be of great interest. Optimizing the mix ratio and processing temperature proved
to be a key element of the concept. This approach resulted in continuous pilot plant processing with
75% energy and 71% carbon recovery in the oil phase. These numbers represent relative increases of
energy and carbon recoveries of 53% and 60% for miscanthus and 70% and 74% for PUR single-
HTL respectively. Pilot processing also showed that even accounting pumping and heating energy,
the total efficiency is about 60%, which can be considered a high conversion efficiency to synthetic
oil.

The detailed characterization via FT-ICR high resolution mass spectrometry conducted
for these products showed that the lignocellulosic-derived components react with the PUR amines
and form highly aromatic and stable compounds, which are the reason for the high synergistic effects
observed. Despite that, the resulting heteroatom-containing aromatics are more stable than typical
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HTL-derived products, which may reduce fuel applications of these oils. It is nevertheless important
to highlight that handling nitrogen in modern combustion engines is already necessary. Thus, the
overall effect of having superior HTL efficiencies may be acceptable with minor modifications in
downstream uses.

Nevertheless, as PUR is a synthetic polymer typically derived from crude oil, other uses
of the HTL products should be considered to decrease further the process CO; footprint. For instance,
nitrogen-containing heteroatoms are highly valuable in other applications and the biomass-PUR
route can be a sustainable option for their production. A mix of these compounds can be a highly
promising liquid organic hydrogen carrier’®*!, and their application as such can be an opportunity
for waste valorization. Thus, despite the fact that traditional oil to fuel approach is hampered,
products may still be considered valuable depending on further applications. That is, the
investigation of diversified application fields — other than typical biofuels — for oils derived from
combined synthetic and biological materials may provide economic feasibility to the process route
developed.

Previous literature using model biomolecules to mathematically predict HTL yields
identified other interactions as more important than nitrogen-containing molecules with oxygenated
groups (e.g. ketones, aldehydes, carboxylic acids) for the increase in biocrude yields. The work
presented here on both agricultural waste and synthetic polymers co-HTL optimization showed how
nitrogen-containing heteroaromatic compounds are stable when formed in hydrothermal conditions.
It is also depicted here how to take advantage of their ability to carry carbon to the oil phase
product. Validation of these results in pilot plant processing confirms the great potential that
synergistic effects offer to HTL process. Using this approach, energy efficiency is proven to increase
by more than 10% in total energy basis (a 25-35 % relative increase for biological waste streams).

The consequences of having stable nitrogen-containing molecules in biocrudes derived
from biological waste materials are challenging for the needed downstream upgrading steps for
biofuel production. On the other hand, the distillation step after upgrading experiments separated
the recalcitrant species into much more specific groups of compounds. These groups contain defined
carbon numbers, which may be processed specifically for their respective nitrogen species removal.
Either way, if catalytic hydrotreating is applied for these streams, a higher amount of hydrogen and,
possibly, more active catalysts, are needed to perform the task.”? Literature regarding the
development of catalysts specifically targeting biological-derived recalcitrant nitrogen species still
requires expansion, with only limited reports targeting this class of compounds.

The results presented in this thesis allowed the generalization of the importance of
nitrogen compounds reactivity for synergistic effects both in synthetic-derived and biological-derived
waste co-HTL. This was identified as the main cause for high synergistic effects for waste HTL
combined processing regardless of waste sources. It was possible to identify two main outcomes of
this approach. The first is the increase in biocrude concentration of nitrogen-containing species,
which may require further assessment for biofuel production or can be seen as an opportunity to
reclaim these molecules. The second consequence is the gain in energy recovery through carbon being
carried to the oil phase, which benefits greatly the process overall energy balances and enables more
carbon to be converted into biofuels or biochemicals intermediates. Overall, the combined waste
processing strategy is very attractive and a promising approach to enhance carbon and energy
reclamation as biocrude via hydrothermal liquefaction.
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synthetic polymers for depolymerization by subcritical hydrothermal liquefaction
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Table S2 (continuation) — Polymer structures
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alcohols.
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Figure S1— FTIR HDPE, LDPE, PP and PS — Original polymer and solid residues of HTL procedure without and with
catalyst (KOH)
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Table S3 — CHNS analysis of raw polymers and its HTL products

HTL Product C H N S Difference
Raw 86.23% +0.01% 7.81% =+0.03% 5.13% +0.00%  0.11% +0.02% 0.73% 2
ABS Oil N/A N/A N/A N/A N/A N/A N/A N/A N/A
Solid residue 85.82% +0.06% 7.41% =+0.18% 5.06% +0.02%  0.03% =+0.02% 1.69% 2

Raw 68.53% +0.03% 8.17% =+0.06% 3.19% =£0.00%  0.04% =+0.01%  20.07% @

Epoxi Oil 72.64% +1.44% 7.97% +0.08% 2.57% +0.11%  0.12% =+0.07%  16.71% 2
Solid residue N/A N/A N/A N/A N/A N/A N/A N/A N/A

Raw 85.76% +0.01% 13.87% =+0.15% 0.01% =+0.00%  0.02% +0.01% 0.34% 2
HDPE Oil N/A N/A N/A N/A N/A N/A N/A N/A N/A
Solid residue 85.15% =+0.06% 13.68% +0.39% 0.00% =+0.00%  0.00% +0.00% 1.17%?

Raw 85.78% +0.05% 14.49% +0.26% 0.01% =+0.01%  0.00% +0.00% -0.27% 2
LDPE Oil N/A N/A N/A N/A N/A N/A N/A N/A N/A
Solid residue 84.48% +0.05% 13.50% =+0.08% 0.17% =+0.01%  0.00% +0.00% 1.86% 2

Raw 62.51% =%0.01% 9.89% +0.07%  12.11% =+0.01%  0.00% =+0.00%  15.49% 2

PA6 Oil 59.11% +0.03% 9.72% +0.11%  10.98% +0.31%  0.03% =+0.01%  20.17% 2
Solid residue  61.52% +0.04% 9.96% +0.09%  11.80% =+0.01%  0.00% =+0.00%  16.73% @

Raw 62.68% 0.02% 9.82% +0.03% 12.21% +0.01%  0.00% =+0.00% 15.30% @

PA66 Oil 58.92% +0.55% 9.26% +0.09% 10.52% =+0.13%  0.04% +0.01% 21.27% 2
Solid residue 61.92% +0.02% 9.81% +0.00% 11.79% =+0.01%  0.00% +0.00% 16.48% @

Raw 62.44% £0.04% 4.20% +0.02% 0.00% +0.00%  0.01% =0.00%  33.35% 2

PET Oil 57.47% +0.04% 4.48% +0.12% 0.67% +0.24%  0.03% =+0.00%  37.35% 2
Solid residue  57.97% +0.03% 3.58% +0.00% 0.01% +0.00%  0.14% =+0.02%  38.30% 2

Raw 75.73% 0.01% 5.46% =+0.05% 0.02% =+0.01%  0.01% +0.00% 18.78% @

PC Oil 77.51% +0.47% 6.89% +0.05% 0.03% +0.01%  0.02% +0.01% 15.56% @
Solid residue N/A N/A N/A N/A N/A N/A N/A N/A N/A

Raw 85.77% =+0.00% 13.88% +0.31% 0.00% +0.00%  0.00% =+0.00% 0.35%
PP Oil N/A N/A N/A N/A N/A N/A N/A N/A N/A
Solid residue  85.59% +0.04% 13.24% =+0.17% 0.01% +0.01%  0.04% =0.01% 1.13%®

Raw 88.64% +0.02% 7.88% +0.17% 0.01% =+0.01%  0.00% =+0.00% 3.48%2
PS Oil N/A N/A N/A N/A N/A N/A N/A N/A N/A
Solid residue  88.30% +0.22% 7.69% +0.16% 0.01% +0.01%  0.08% =+0.08% 3.93%2

Raw 38.61% +0.01% 4.70% +0.06% 0.01% +0.01%  0.06% =+0.00%  56.63% b

PVC Oil 2.29% +0.93% 3.97% +0.29% 0.21% +0.00%  0.10% =+0.04%  93.45% b
Solid residue 85.67% +5.31% 6.13% +1.40% 0.09% +0.02%  0.04% +0.04% 8.07% b

Raw 62.33% +0.04% 8.34% =+0.21% 5.97% =+0.01%  0.00% =+0.00%  23.37% @

PUR Oil 61.82% +0.14% 9.47% +0.21% 2.64% +0.01%  0.02% =+0.01%  26.06% 2
Solid residue  76.12% +0.23% 7.63% +0.03% 5.92% =+0.05%  0.08% =+0.01%  10.26% @

¢ — Difference is considered to be oxygen content
®_ Difference is considered to be oxygen and chlorine content
N/A — Not available
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Table S4 — CHNS analysis of raw polymers and catHTL products

HTL Product C H N S Difference
Raw 86.23% +0.01% 7.81% +0.03% 5.13% +0.00% 0.11% +0.02% 0.73% @
ABScat Oil 54.17% +0.89% 6.11% +0.01% 0.29% +0.07% 0.07% +0.01% 39.36% 2
Solid residue 82.82% +0.00% 10.02% +0.24% 0.31% +0.03% 0.06% +0.00% 6.81% 2
Raw 68.53% +0.03% 8.17% +0.06% 3.19% +0.00% 0.04% +0.01% 20.07% 2
Epoxicat Oil 65.98% +0.84% 8.05% +0.04% 3.71% +0.03% 0.01% =£0.01% 22.26% 2
Solid residue N/A N/A N/A N/A N/A N/A N/A N/A N/A
Raw 85.76% +0.01% 13.87% +0.15% 0.01% +0.00% 0.02% +0.01% 0.34% 2
HDPEcat Oil N/A N/A N/A N/A N/A N/A N/A N/A N/A
Solid residue 84.91% +0.13% 14.30% +0.24% 0.00% +0.00% 0.01% +0.01% 0.78% 2
Raw 85.78% +0.05% 14.49% +0.26% 0.01% +0.01% 0.00% +0.00% -0.27% @
LDPEcat Oil N/A N/A N/A N/A N/A N/A N/A N/A N/A
Solid residue 85.44% +0.01% 14.71% +0.03% 0.00% +0.00% 0.00% +0.00% -0.16% @
Raw 62.68% +0.02% 9.82% +0.03% 12.21% +0.01% 0.00% +0.00% 15.30% 2
PA66cat Oil 52.74% +£1.72% 8.48% +0.25% 9.65% +0.34% 0.00% +0.00% 29.13% 2
Solid residue N/A N/A N/A N/A N/A N/A N/A N/A N/A
Raw 62.51% =+0.01% 9.89% +0.07% 12.11% =+0.01% 0.00% +0.00% 15.49% 2
PA6cat Oil 47.14% +0.06% 7.62% +0.01% 8.35% +0.10% 0.00% +0.00% 36.89% 2
Solid residue N/A N/A N/A N/A N/A N/A N/A N/A N/A
Raw 75.73% +0.01% 5.46% +0.05% 0.02% =+0.01% 0.01% +0.00% 18.78%
PCcat Oil 67.38% +£1.21% 5.17% =+0.61% 0.41% +0.24% 0.33% +0.27% 26.711% 2
Solid residue N/A N/A N/A N/A N/A N/A N/A N/A N/A
Raw 62.44% +0.04% 4.20% +0.02% 0.00% +0.00% 0.01% +0.00% 33.35% 2
PETcat Oil 55.94% +0.39% 3.76% +0.12% 0.22% +0.19% 0.03% +0.01% 40.05% 2
Solid residue 55.31% =+0.91% 3.81% +0.21% 0.10% +0.06% 0.01% +0.00% 40.78% 2
Raw 85.77% +0.00% 13.88% £0.31% 0.00% +0.00% 0.00% +0.00% 0.35%2
PPcat Oil N/A N/A N/A N/A N/A N/A N/A N/A N/A
Solid residue 84.94% +0.03% 14.45% £0.19% 0.00% +0.00% 0.00% +0.00% 0.62% 2
Raw 88.64% +0.02% 7.88% +0.17% 0.01% =+0.01% 0.00% =+0.00% 3.48%¢2
PScat Oil N/A N/A N/A N/A N/A N/A N/A N/A N/A
Solid residue 87.88% +0.00% 8.38% +0.15% 0.00% +0.00% 0.01% +0.00% 3.74% 2
Raw 38.61% =+0.01% 4.70% +0.06% 0.01% +0.01% 0.06% +0.00% 56.63% b
PVCecat Oil 1.41% +0.56% 1.58% +0.20% 0.10% +0.01% 0.09% +0.02% 96.83% b
Solid residue 78.55% +0.24% 7.10% +0.02% 0.07% +0.01% 0.02% +0.00% 14.27% ®
Raw 62.33% +0.04% 8.34% +0.21% 5.97% +0.01% 0.00% =+0.00% 23.37% 2
PURCcat Oil 61.76% +0.04% 9.66% +0.02% 2.02% +0.01% 0.11% +£0.05% 26.46% 2
Solid residue N/A N/A N/A N/A N/A N/A N/A N/A N/A

¢ — Difference is considered to be oxygen content
®_ Difference is considered to be oxygen and chlorine content
N/A — Not available
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Figure S2 — FTIR PVC — Original polymer and solid residues of HTL procedure without and with catalyst (KOH)
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Table S1 — Polymer structures and elemental analysis (SD < 0.1% for all values reported).

Polymers Chemical structure C%) H(%) N (%) S (%) Difference**
HDPE »[/\EI' 85.76 13.87 0.01 0.02 0.34
n
LDPE N 85.78 14.49 0.01 0.00 0.00
R n
PP N 85.77 13.88 0.00 0.00 0.35
n
PS %’ 88.64 7.88 0.01 0.00 3.48
=
ABS I e b _ALC 86.23 7.81 5.13 0.11 0.73
N
geael
Monomers OW/\ /Ho
o
u‘\/o\/\/\o/ \W
Epoxy o} 68.53 8.17 3.19 0.04 20.07

H,N NH
o
n

HoN
(o]
PC fo O q 7573 546 002 001 18.78
n

0] Oﬁ
PET {o»_@_éo " 6244 420 000 0.0l 3335
O
PAG {Ng\/\)‘\} 6251 989 1211  0.00 15.49
n

(0]
PA66 MNH\/\/\/\N,& 6268 982 1221  0.00 15.30
PUR* JLO/\/O 6233 834 597 0.0 2337

n

Crosslinkers

PVC MT 38.61 4.70 0.01 0.06 56.63
Cl

R = radicals including H, alkyl and PE (LDPE) — represents branching of =~ * - structure represented with ethylene alcohol unit for illustration purpose.

LDPE The commercial PUR used has a mixture of alcohols.
n = repetition number ** _ Difference to be considered oxygen for all polymers except PVC, where
a, b and ¢ = different n chlorine composes most of the value shown.

S2
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Figure S2 — Relative concentration change of HDPE, LDPE and PP co-HTL oil measured by GC-MS for selected phenolic
compounds. [Pure polymers not available due to lack of conversion to oil]
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Figure S3 — Relative concentration change of ABS and PS co-HTL oil measured by GC-MS for selected phenolic compounds
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Figure S6 — Relative concentration change in PA6 (A) and PA66 (B) co-HTL oil for selected phenolic compounds. (—s—
Cyclopentanone; —— 2-methyl-2-Cyclopenten-1-one; —¥— 2-methoxy-Phenol; 4-ethyl-Phenol, 4-ethyl-2-

methoxy-Phenol)
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Figure S7 — Relative concentration change in PA6 (A) and PA66 (B) co-HTL oil for selected compounds. ( 1,1-
Dimethoxycyclopentane; —<— 1,8-Diazacyclotetradecane-2,7-dione; —»— 2,2-dimethoxy-Propane; —*— 3-methylundecane)
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Table S2 — -Relative composition of oil phase from co-HTL determined by GC/MS analysis

ABS PS Epoxy PC PET HDPE LDPE
Compound %area Compound %area Compound Yonrea Compound Y%area Compound Yoarea Compound Yoarea Compound Yoarea
3-(2-
cyclopentenyl)-2-
) ) o methyl-1,1- o o ! o Ethane, 1,1- o ) ) o ) ) o
Phenol, 4-ethyl 7.71% diphenyl-1- 13.22% Phenol 25.49% p-Isopropenylphenol  35.58% dimethoxy- 21.10% Phenol, 4-ethyl 12.99% Phenol, 4-ethyl 12.77%
Propene and
similar isomers
Phenol, 3-(1- Phenol, 3-(1- . Phenol, 4-ethyl-2- Phenol, 4-ethyl-
0, _ _ 0, 0, 0, 0, 0, 0,
Styrene 6.36% Phenol, 4-ethyl 6.05% methylethyl)- 29.72% methylethyl)- 26.34% Acetic acid 6.28% methoxy- 9.74% 2-methoxy- 10.18%
Phenol, d-ethyl-2- o .o, | Phenol, d-ethyl- ) oo/ P 13.41% Phenol 15.66% | /ceticacid, 3.64% Phenol 5.55% Ethane, 1,1- 5.89%
methoxy- 2-methoxy- Isopropenylphenol methyl ester dimethoxy-
2-Phenyl-2-(prop- Phenol, 4,4'-(1- )
2en-lylpent-d-  520% | YUOMXAN® o0 | methylethylidene)bi  1.94% Anisaldehyde so2% | Phenobd 5.19% Ethane, 1,1 4.25% Acetic acid 5.29%
enenitrile 1,3,5-triphenyl- . dimethyl acetal ethyl- dimethoxy-
. . . Phenol, 4,4'-(1- . .
Benzenebutanenit ;)50 | Tetrahydrofuran  2.56% | Aceticacid methyl g o | ethylethylidene)bis  4.299 | Methanol oxo- g gg, Phenol, 3-(1 7.61% Acetic acid, 4.62%
rile ester ) , benzoate methylethyl)- methyl ester
2-
Ethylbenzene 4.27% Acetic acid 2.35% Phenol, 4-ethyl-2- 143% | Phenol, ptert-butyl-  4.55% | Huranethanol 4o Phenol, 2- 3.47% Phenol, 2- 4.06%
methoxy- .beta.- methoxy- methoxy-
methoxy-(S)-
2-[1-(4-Cyano-
. Phenol, 4- L
1234 303% | Ehane L1 2.00% Anisaldehyde 1.41% Hexestrol 1.66% ethyl-2- 3.78% Acetic acid, 3.39% Phenol, 2,6- 3.99%
tetrahydronaphth dimethoxy- dimethyl acetal methoxy- methyl ester dimethoxy-
yl)]propanenitrile
1-
Naphthalenecarb  2.37% Z:’:t';]‘:)'xi 196% | Phenol, d-ethyl-  2.05% Phenol, 4-ethyl-  0.69% Phenol 2.76% Z?;’;‘t’r']’ozxf_' 3.44% Phenol 3.72%
onitrile
Benzene, 1,1'- 4.4'- 2-Furanethanol,
(1,2-dimethyl-1,2-  1.86% Phenol, 2,6- 1.93% | Diacetyldiphenylmet  1.09% Phenol, 4-ethyl-2 0.39% Phenol, 2 275% | nenol p-tert 2.82% | .beta-methoxy-  2.93%
ethanediyl)bis- dimethoxy- hane methoxy- methoxy- butyl- (s)-
L p-
Phenol, 2- o Acetic acid, o o Phenol, 2,6- o o o o
methoxy- 2.15% methyl ester 1.70% Phenol, 2-methoxy 0.79% dimethoxy- 0.39% p-Cumenol 2.39% Isopropelnylpheno 2.74% p-Cumenol 2.21%
1,3-Butadiene, 2-Furanethanol, 2,5-Dihydroxy-4-
Benzofuran, 2-
1,4-diphenyl-, 2.01% Styrene 3.53% methyl—' 0.73% Phenol, 2-methoxy- 0.30% 1,2-Ethanediol 2.05% .beta.-methoxy- 2.06% methoxyacetoph 2.22%
(E,E)- (S)- enone
Ethane, 1,1- o o Benzene, 1,3-bis(1- o 2-Furanethanol, o Phenol, 2,6- o 7-Methoxy-1- o 7-Methoxy-1- o
dimethoxy- 1.98% Phenol 1.30% methylethenyl)- 0.56% .beta.-methoxy-(S)- 0.28% dimethoxy- 2.01% naphthol 1.72% naphthol 1.93%
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Table S2 — Co-HTL oil phase relative composition via GC/MS analysis (continuation)

ABS PS Epoxy PC PET HDPE LDPE
Compound %area Compound %area Compound Yonrea Compound %oarea Compound Yoarea Compound Yoarea Compound Yoarea
Thio hsr;ecarbo 2-Allyl-4- 2-Propanone 2,5-Dihydroxy-4- Ethhadr:'cc)):ei31;5(—4_
Acetic acid 1.91% 1oPNS 1.14% Acetic acid 0.54% v 0.28% Panone,  357% | methoxyacetophe ~ 1.67% | . o o0 1.53%
xylic acid, methyl methylphenol 1-hydroxy- none dimethoxyphenyl
ester )-
Benzeneacetic 4H-1-
acid, alpha.- Benzaldehyde, Benzopyran-4-
Met‘fjlr::ta'rene 1.90% | Ethylbenzene 0.91% iso3 r'\QEtTyL:nol 0.37% Be”;ft”hralr_" 2 0.23% methoxy-, 1.69% | 2,4-dihydroxy-6-  1.55% one, 3-(3,4- 1.35%
Visty propylp 4 methyl ester, methyl- dimethoxyphenyl
(+/-)- )-6,7-dimethoxy-
3-[1-(4-Cyano-
1H-Indene, 2,3- . 2-Cyclopenten-1-
et 172% -Methoxy-1- g g6n Pheno), 2,6- 0.49% dihydro-1,1,3- o18% | Propane Ll gqq | Homosyringaldeh a0 | one, 2-hydroxy-  116%
ydronaphth naphthol dimethoxy trimethyl- dimethoxy: yde 3-methyl-
yl)]propanenitrile
4-lsopropyl-N-[2-

(2-methyl-1H- Benzaldehyde, Naphthalene, 1,2,3,4- Phenol, 2- Phenol, 2-
indol-3-yl)-ethyl]- 1.71% 2,4-dihydroxy-6- 0.77% Benzofuran 0.47% tetrahydro-1,6,8- 0.17% Acetoin 1.17% methoxy-4- 1.27% methoxy-4- 1.22%
benzenesulfonami methyl- trimethyl- propyl- propyl-

de
Benzene, 1,1'- Benzofuran. 3- Ethanone, 1-(4-
(1,2—d|me.thyl—.1,2— 1.58% I?enzaldehyde 0.71% Phenol, 2-(2-methyl- 0.47% methyl-2-(1- 017% 7-Methoxy-1- 1.04% . hydroxy-3,5- 1.25% Homosyringalde 1.23%
ethanediyl)bis-, dimethyl acetal 2-propenyl)- methylethenyl)- naphthol dimethoxyphenyl) hyde
(R*,S*)- -
Ethanone, 1-(4-
Acetic acid, o hydroxy-3,5- o ) o Phenol, 4-(1-methyl- o 2,5- o Naphthalene, 1,7- o 2-Cyclopenten-1- o
methyl ester 1.57% dimethoxypheny 0.70% p-Hydroxybipheny! 0.43% 1-phenylethyl)- 0.17% Hexanedione 0.80% dimethoxy- 0.70% one 1.12%
1)-
Naphthalene, Ethanone, 1-(4- Methyl 3,5-
8 Mgthyl >H 1,2,3,4- .Ethanone, .1 (2,3 Benzaldehyde, 4- hydroxy-3,5- 2-Cyclopenten-1- dihydroxybenzoa
pyrido[4,3- 1.52% 0.67% dihydro-1H-inden-5- 0.40% 0.13% ) 0.95% 0.63% 1.09%
blindole tetrahydro-1- VI)- methyl- dimethoxyphe one, 2-methyl- te, 2TMS
phenyl- nyl)- derivative
Pentanoic acid, 5-
Phenol, 2- 3-Cyclohexene-1- . .
Cyclohexane, 1.47% methoxy-4- 0.57% carboxaldehyde, 0.36% | Aceticacid methyl (S)-(+)-1,2- 0.989 | Mydroxys, 24-dit- g oo, Acetoin 1.04%
1,3,5-triphenyl- propyl- 1,3, 4-trimethy] ester Propanediol butylphenyl
= ) esters
Others 39.83% Others 48.43% Others 16.26% Others 3.40% Others 28.68% Others 31.36% Others 30.48%
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Table S2 — Co-HTL oil phase relative composition via GC/MS analysis (continuation)

PP PA6 PA66 PUR PVC Miscanthus

Compound %Area Compound %Area Compound %Area Compound %Area Compound %Area Compound %Area
Tetrahydrofuran 21.46% Phenol, 4-ethyl- 21.27% Phenol, 4-ethyl- 2576% | Phenol, 2-methoxy-  12.17% | ~CetiC aecs'irmethy' 23.28% Phenol, 4-ethyl- 14.89%
Phenol, 4-ethyl- 12.12% Phenol, 4-ethyl-2- 9.08% Cyclopentanone 11.61% Phenol 9.459 | Fentanoicacid, 4-0x0-, 4 ;g0 Phenol, 4-ethyl-2- 8.07%

methoxy- methyl ester methoxy-
Pherﬂtﬁfiyl'z' 9.11% Phenol 7.81% Pher;:’ztﬁ:::_y"z' 9.47% Phenol, 4-ethyl- 8.21% Benzene 7.03% | Phenol, 2-methoxy-  7.97%
Acetic acid 3.95% Hexanedioic acid 7.54% Phenol 6.60% | Fhenoldethyl-a- o oo, Methylal 6.14% Phenol, 2,6- 7.10%

methoxy- dimethoxy-
Phenol, 2-methoxy- 3.40% Cyclopentanone 5.36% Acetic acid, methyl ester 4.00% pyr?c;';/l[éelt:}/l:]is:éole 6.14% Naphthalene 5.49% Acetic acid 7.02%
Ztli::tiolxj 3.45% Phenol, 2-methoxy- 4.56% | Hydrazine, 1,2-dimethyl-  3.44% ZT;::LOZXS 4.44% | Ethane, 1,1-dimethoxy-  3.93% Phenol 5.08%

1,8- 1,8-

Phenol, 2,6- 3.15% Diazacyclotetradecane- 3.28% Diazacyclotetradecane- 3.63% Tetrahydrofuran 3.61% Methyl propionate 2.06% 2-Cyclopenten-1-one, 1.65%

dimethoxy- 2,7-dione 2,7-dione 2-methyl-
Acetic acid, methyl 3.18% Acetic acid 3.36% ‘ L1 3559 | Aceticacid methyl 4,0, Tetrahydrofuran 2.03% | Phenol, 2zmethoxy-4- ) 0

ester Dimethoxycyclopentane ester propyl-
Phenol 215% | Aceticacid, methyl ester  3.23% Phenol, 2-methoxy- 3.69% Acetic acid 2.34% Butanedioic acid, 1.69% Benzene, 1,2,3- 1.57%
dimethyl ester trimethoxy-5-methyl-
5,7- .
Benzene, 1,2,3- 1.91% , 11- 2.48% Phenol, 2-methoxy-4- 201% | Dimethylpyrimido-  2.03% Phenanthrene 1449 | (E)-3,3-Dimethoxy 1.56%
trimethoxy-5-methyl- Dimethoxycyclopentane propyl- [3,4-a]-indole 4,4'-dihydroxystilbene
1H-Benzimidazole, 1-
7-Methoxy-1-naphthol 1.60% Phenol, 2,6-dimethoxy- 2.42% Ethyl pipecolinate 1.25% (2-phenylethenyl)-, 1.92% 2—Cy2clgiodei:qt:tn£;|—_one, 1.37% Pyridine 1.52%
(E)- ’
. L 2-Propanone, 1-(4-
2/4-Ditert 1.56% Monobenzone 2.02% 2,3-Dimethoxyphenol 1.41% Diazene, dimethyl- 1.69% Hexanoic acid, 4-oxo-, 1.21% hydroxy-3- 1.50%
butylphenol methyl ester
methoxyphenyl)-
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Table S2 — Co-HTL oil phase relative composition via GC/MS analysis (continuation)

PP PA6 PA66 PUR PVvC Miscanthus
Compound %Area Compound %Area Compound %Area Compound %Area Compound %Area Compound %Area
Phenol, 2-methoxy-4- 1.21% Phenol, 2-methoxy-4- 1.90% 2,5-Dihydroxy-4- 1.25% . Tert- . 1.53% Prgpane, 1,1- 1.17% Homosyringaldehyde 1.36%
propyl- propyl- methoxyacetophenone octyldiphenylamine dimethoxy-
Ethanone, 1-(4- 9H-Xanthen-9-one, Ethanone, 1-(4-
hydroxy-3,5- 1.19% 2-Methoxy-5 113% | 2 Cyclopenten-l-one,2 1.04% 1-hydroxy-3,5,6- 1.48% Toluene 1.11% hydroxy-3,5- 1.40%
. ) methylphenol methyl- . _ . )
dimethoxyphenyl) trimethoxy: dimethoxyphenyl)
. . . Propanoic acid, 2-
0, 0, 0, 0, 0 0,
Homosyringaldehyde 1.24% Homosyringaldehyde 1.16% Homosyringaldehyde 1.00% Styrene 1.28% Indane 1.03% methyl-, anhydride 1.35%
4H-1c;ﬁ:n;<_)([;yzn-4- Pentanoic acid, 5- Pentanoic acid, 5- 1-Phenazinol
. ! ! 1.08% hydroxy-, 2,4-di-t- 0.88% hydroxy-, 2,4-di-t- 0.97% g 0.91% 2-Cyclopenten-1-one 1.03% o-cresol 1.16%
dimethoxyphenyl)-6,7- acetate (ester)
dimethoxy- butylphenyl esters butylphenyl esters
. N Ethanone, 1-(3-
2-Cyclopenten-1-one, 0.97% 2,5-Dihydroxy-4- 0.84% Methyl propionate 0.94% Phenol, 2-methoxy- 0.99% Hexadecanoic acid, 0.91% hydroxy-4- 1.08%
2-methyl- methoxyacetophenone 4-propyl- methyl ester
methoxyphenyl)-
1,3-Dioxolane, 2-
phenyl-2- 0.90% Methyl propionate 0.81% 2-Methoxy-5- 0.92% 2-Methoxy-5- 1.02% Benzofuran, 2-methyl- 0.85% Vanillin 1.04%
(phenylmethyl)- methylphenol methylphenol
2-Cyclopenten-1-one 0.85% 3—Hydroxy»f1— . 0.61% 1H-Azepine, 1- 0.75% Phenazine, 1-methyl- 0.91% Acenaphthene 0.71% 2-Cyclopenten-1-one 0.97%
methoxybenzoic acid acetylhexahydro-
2-Cyclopenten-1-one, 0.80% Ethane, 1,1-dimethoxy- 0.55% Ethane, 1,1-dimethoxy- 0.63% Homosyringaldehyde 0.85% . Methyl 3'3.> 0.76% p-cresol 0.97%
2-hydroxy-3-methyl- dimethoxypropionate
Others 24.72% Others 19.70% Others 15.97% Others 28.32% Others 26.46% Others 31.59%
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SUPPLEMENTARY INFORMATION - Chapter 6 - Paper 3 - Combined hydrothermal
liquefaction of polyurethane and lignocellulosic biomass for improved carbon recovery
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Table S1 — Batch experimental plan

N Temperature ~ Reaction time Miscanthus PUR Misc : PUR ratio
°C min %0 infeedash free /0 in feed ash free miscanthus - ZPUR”"

2 350 20 0% 100% -

2 350 20 100% 0% -

2 350 20 75% 25% 3.00

2 350 20 50% 50% 1.00

2 350 20 25% 75% 0.33

2 325 20 0% 100% -

2 325 20 100% 0% -

2 325 20 75% 25% 3.00

6 325 20 50% 50% 1.00

2 325 20 25% 75% 0.33

2 300 20 0% 100% -

2 300 20 100% 0% -

2 300 20 75% 25% 3.00

2 300 20 50% 50% 1.00

2 300 20 25% 75% 0.33
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Figure S1 — TGA for miscanthus and PUR batch and continuous
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Figure S2 — FTIR for miscanthus and PUR batch and continuous
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Figure S3 — Continuous campaign temperature and power consumption over time with highlighted steady state operation
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Table S2 — Feedstock composition

Type Process Sample [:/1 | SD ["}/i | SD [31 | SD [°§)] SD [(;:] (l\}/g/l]Zg )
R C PUR 61.66 0.00 9.00 0.12 570 0.03 0.00 0.00 23.64 29.60
R B Batch - PUR 6233 0.04 834 021 597 0.01 0.00 0.00 2337 29.08
R C Miscanthus Lutarioriparius 4590 000 6.52 0.12 0.14 003 0.05 0.05 4739 18.81
R B Miscanthus Giganteus 44.83 0.15 582 0.13 0.68 0.02 0.05 0.00 48.63 17.47
(0] B PUR (325 °C) 5648 235 895 024 2.07 0.08 0.03 0.02 5648 26.87
(0] B Miscanthus Giganteus (325 °C) 65.81 153 6.01 0.05 1.08 0.04 0.09 0.01 65.81 27.25
(0] B 75:25 PUR:M (325 °C) 63.82 043 890 023 4.00 0.10 0.03 0.02 63.82 30.31
(0] C PUR:M co-HTL 63.09 0.11 9.74 033 395 0.14 0.01 0.00 23.21 31.13
* Oxygen by difference
R — raw material
O — oil product
C — Continuous processing
B — Batch experiments

Table S3 — ANOVA analysis for oil yield prediction model
Sum of Squares Degrees of Mean of Squares F-Value p-Value
Freedom
T 0.0239 1 0.0239 22.10 <0.0001
M 0.2740 1 0.2740 252.96 <0.0001
T2 0.0016 1 0.0016 1.48 0.2354
™™ 0.0044 1 0.0044 4.08 0.0542
M2 0.1243 1 0.1243 114.75 <0.0001
M 0.0059 1 0.0059 5.42 0.0283
T M2 0.0231 1 0.0231 21.32 0.0001
M3 0.1262 1 0.1262 116.49 <0.0001
Error 0.0271 25 0.0011 - -
Table S4 — ANOVA analysis for carbon yield prediction model
Sum of Squares I)Fi%reeile;ngf Mean of Squares  F-Value p-Value
T 0.0131 1 0.0131 13.67 0.0010
M 0.0727 1 0.0727 75.67 <0.0001
™™ 0.0034 1 0.0034 3.53 0.0714
M2 0.0157 1 0.0157 16.30 0.0004
T2 0.2022 1 0.2022 210.49 <0.0001
T M2 0.0135 1 0.0135 14.01 0.0009
M3 0.1518 1 0.1518 158.08 <0.0001
Error 0.0250 26 0.0010 - -
Table S5 — ANOVA analysis for energy yield prediction model
Sum of Squares Dl:iire?;gf Mean of Squares  F-Value p-Value
T 0.0159 1 0.0159 12.63 0.0014
M 0.0543 1 0.05427 43.16 <0.0001
™ 0.0155 1 0.0155 12.31 0.0016
M2 0.2523 1 0.2523 200.67 <0.0001
T M2 0.0184 1 0.0184 14.65 0.0007
M3 0.1629 1 0.1629 129.54 <0.0001
Error 0.0340 27 0.0013 - -
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Figure S5 — Model prediction and experimental comparison, residual histogram, leverage, scaled change in coefficients, scaled change in fit,
leave-one-out variance and residuals normal probability plots for oil yield prediction model
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Figure S6 — Model prediction and experimental comparison, residual histogram, leverage, scaled change in coefficients, scaled change in fit,
leave-one-out variance and residuals normal probability plots for carbon yield prediction model
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Table S1 — Elemental analysis and moisture of manure and wheat straw

Biomass C, % H, % N, % S, % O, %* Ash, % Moisture, % HHV, MJ/kg
Manure 41.76 571 2.16 0.51 28 16.14 5.85 17.3
Wheat straw 42.96 5.98 0.55 0.091 46.16 2.7 5.7 14.8
KSO r HEX Trim Reactor HEX
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Figure S1 — Continuous production campaign in HTL pilot plant. Temperature profiles and residence times
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Table S2 - Experimental design and raw results

Temperature?, Manureb, Wheat straws, Oil yield, ER, CR,
z X1 X2 Y1 y2 y3
-1 0 1 22.11231 37.76353 35.17224
-1 0 1 24.49436 41.83161 38.96117
-0.23 0 1 35.53431 64.44167 58.66822
-0.23 0 1 21.60711 39.18461 35.67399
0.538 0 1 26.13858 51.21013 44.17382
0.538 0 1 27.897 54.65519 47.14552
1 0 1 29.6125 53.61148 48.76532
1 0 1 24.2375 43.8804 39.91387
1 0.246914 0.753086 29.65432 53.76033 48.75686
0.538 0.248842 0.751158 33.38263 61.35275 54.31788
-0.23 0.249312 0.750688 24.31184 44.2062 40.05918
-1 0.248572 0.751428 24.02994 41.7607 38.62493
0.538 0.252948 0.747052 35.45031 65.14156 57.68894
-0.23 0.253482 0.746518 28.91897 52.57409 47.65606
-1 0.257863 0.742137 24.0379 41.75814 38.64783
1 0.259259 0.740741 28.02469 50.77948 46.09348
-1 0.490542 0.509458 22.69861 38.12832 35.01792
1 0.493827 0.506173 26.5679 48.24777 43.7735
1 0.5 0.5 28.23171 51.25604 46.52294
-0.23 0.501465 0.498535 31.83594 53.83087 49.1183
0.538 0.502059 0.497941 34.62582 61.95313 56.29323
-0.23 0.502336 0.497664 34.83448 58.8989 53.74595
0.538 0.507949 0.492051 28.04384 50.16419 45.60014
-1 0.508339 0.491661 25.83638 43.36674 39.87875
-1 0.74525 0.25475 29.57326 46.81496 43.81776
-0.23 0.746542 0.253458 47.72499
1 0.746988 0.253012 24.0241 45.46637 41.3781
-0.23 0.74813 0.25187 34.90876 63.63523 57.81157
-0.23 0.747559 0.252441 28.4 51.76537 47.03927
-0.23 0.747845 0.252155 26.4 48.11992 43.72664
0.538 0.749178 0.250822 30.77996 54.72018 48.0626
0.538 0.749676 0.250324 35.34285 62.83073 55.18829
1 0.75 0.25 23.6125 44.68184 40.67268
-1 0.750643 0.249357 29.40653 46.54063 43.57742
-1 1 0 20.52328 35.47786 32.95701
-1 1 0 28.71549 49.63944 46.11235
-0.23 1 0 32.37736 54.93608 50.87871
-0.23 1 0 25.98146 44.08387 40.828
0.538 1 0 23.54273 43.29897 39.85716
0.538 1 0 25.29315 46.51827 42.82056
1 1 0 30.7875 58.65369 53.97797
1 1 0 27.39506 52.19071 48.0302

a Temperature was coded: -1 (300°C), -0.23 (325°C), 0.538 (350°C), +1(365°C)

b the mass ratio of manure and wheat straw was normalized due to the constriction of the
mixture model x1+x2=1
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Figure S4 - The diagnostic plots of three models for the prediction of a) bio-oil yield, %, b) ER, %, ¢) CR,%
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Table S3 — ANOVA for oil yield, ER and CR
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Terms Bio-oil yield ER CR
Coef. p Coef. p Coef. p
X1 27.16 5.17e-14 42.30 5.46e-11 38.94 1.15e-11
X2 24.12 1.79%-4 46.73 1.13e-08 40.69 8.52e-09
X1X2 (X1-X2) 9.69 0.56 24.50 0.3760 16.08 0.51
X1X2 32.15 0.001 58.31 0.001 4.92 0.00
X1Z 1.06 0.47 5.61 0.03 4.42 0.03
X2 Z 2.23 0.14 5.76 0.03 -36.5 0.06
X1X2 (X1-X2)z -26.72 0.04 -36.50 0.11 6.25 0.06
X122 -0.57 0.83 6.59 0.77 0.51 0.17
XoZ? 1.30 0.67 -1.80 0.72 6.24 0.90
X1X2 (X1-x2)z% | -11.93 0.61 -42.17 0.28 0.51 0.35
X1X2Z -2.96 0.65 -7.15 0.62. -31.38 0.48
X1Xp2? -30.10 0.01 -61.06 0.007 -57.67 0.003
Regression 0.005 0.001 0.001
Residuals 3.187 5.48 4.71
F-statistic 3.316 4.21 4.08
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Table S1 — Elemental composition of biocrudes and hydrotreated products, deoxygenation and hydrogen

consumption

Feed C H N S o* DO**  DN**  H;cons.
% % % % % % % gH2/kgoil
DB
Biocrude 632 + 0.3 80 + 00 07 + 00 01 + 00 27.9 - -
340°C 863 + 00 111 + 00 11 + 01 01 =+ 00 2.4 91 -54 18.1
Straw 360°C 861 + 00 113 + 00 11 + 01 00 + 0. 14 95 -50 27.8
380°C 871 + 01 118 + 00 05 + 01 00 + 00 05 98 27 25.2
400°cl 875 + 00 119 + 00 06 + 00 00 + 0. 0.0 100 19 35.7
400°ci1 874 + 00 118 + 00 05 + 00 00 + 00 0.3 99 29 30.8
Biocrude 66.1 + 0.3 82 + 01 34 + 00 07 + 00 21.6 -
340°C 831 + 01 113 + 00 34 + 01 01 + 00 2.1 90 0 135
Manure 360°C 849 + 00 118 + 00 25 + 01 00 + 0.0 0.8 97 26 23.4
380°C 868 + 00 123 + 00 23 + 02 00 + 0.0 0.0 100 34 30.7
400°Ccl| 864 + 00 126 + 00 17 + 02 00 + 0.0 0.0 100 51 30.3
400°CcIl 8.2 + 00 124 + 00 18 + 02 00 + 0.0 0.0 100 48 29.1
Biocrude 653 + 1.9 85 + 00 27 + 02 04 + 00 23.2 -
340°C 829 + 01 110 + 00 32 + 01 00 + 00 29 88 -18 10.8
Combi 360°C 847 + 00 114 + 00 32 + 01 00 + 0.0 07 97 -17 14.1
ned 380°C 854 + 00 115 + 00 32 + 02 00 + 00 00 100 -17 14.1
400°C1 858 + 01 115 + 00 31 + 00 00 + 00 00 100 -17 17.7
400°CIl 856 + 00 113 + 00 32 + 01 00 + 00 00 100 -20 16.5
* - Oxygen by difference
** . DO = Deoxygenation; DN = Denitrogenation
—-m-Wws cM WS + CM
601 A 4.0 B " WS © CM 4 WS + CM
35
_50+ R J— .
S 8 30 y = 0.4199x + 2.7849
401 my B T 25 |y=21.929 - 16.811 R =0.0629
=) T~ / ‘g R2 = 0.9669
3 304 — \ © 20
= | [
zZ = 1.5
220+ Z 10 /
s y = 9.088x - 7.345
o 104 0.5 " . R? = 0.8624
0.0
0 . . . . . 0.83 0.85 0.88 0.90 0.93 0.95
Biocrude 340 360 380 4001 Density @ 40 °C (g/mL)

Figure S5 — Basic nitrogen fraction in total nitrogen oil content (A) and nitrogen content to density
correlation
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Figure S7 — Principal components 1 and 2 loadings for FTIR PCA

0.08

0.06

0.04

0.02

1

1 1 1

4000

3500

3000 2500 2000
Wave number [cm'1]

1500 1000 500

WS

CM A WS+CM

0.8
0.7
0.6
0.5
0.4
0.3
< 0.2
™ 0.1
a 0.0

1.73%)

Diese\I

Bottom residue:

] Biocrudes

380°C
400°C
/\\

BN

0.1
0.2
0.3

Gasoline

=>Diesel
L

: KeroseneQ
D

A

0.4

-1.0 -

0.8

-0.6 -0.4 0.2 0.0 0.2 0.4 0.6 08
PC2 (6.9%)

Figure S8 — PC3 loading plot and PC2 versus PC3 scores for FTIR PCA

144



	Front page and thesis details
	Thesis Details
	Acknowledgements
	Preface
	List of abbreviations
	List of Publications
	Abstract
	Resumé
	Resumo

	Table of contents
	Part I - Hydrothermal liquefaction of synthetic polymers
	Chapter 1 - Introduction
	1.1. Synthetic polymers contribution and harm to society and the environment
	1.2. Current fate of synthetic polymers
	1.3. Thermal processes for chemical recycling of synthetic polymers

	Chapter 2 - Paper 1
	2.1. Reflections
	Paper 1 Appended
	1 Introduction
	2 Materials
	3 Methods
	4 Results and discussion
	5 Analysis of depolymerization products in oil phase
	6 Conclusion
	References


	Chapter 3 - Manuscript 1
	3.1. Reflections
	3.2. Materials and methods
	3.3. Results and discussion
	3.3.1. Steam explosion
	3.3.2. Subcritical HTL of steam exploded PS
	3.3.3. Supercritical co-HTL of polyolefins and PS
	3.3.3.1. Supercritical HTL oil product elemental and molecular composition
	3.4. Conclusion

	References Part I

	Part II - Synthetic polymers and biomass co-HTL
	Chapter 4 - Introduction
	4.1. Carbon, circular economy and materials
	4.2. HTL of synthetic polymers and biological materials
	4.2.1. Synthetic polymers and biomolecules under subcritical water
	4.2.2. Algae and synthetic polymers
	4.2.3. Lignocellulosic biomass and synthetic polymers

	Chapter 5 - Paper 2
	5.1. Reflections
	Paper 2 Appended
	INTRODUCTION
	EXPERIMENTAL SECTION
	RESULTS AND DISCUSSION
	CONCLUSIONS
	REFERENCES


	Chapter 6 - Paper 3
	6.1. Reflections
	Paper 3 Appended
	1. INTRODUCTION
	2. MATERIALS
	3. METHODS
	4. RESULTS AND DISCUSSION
	5. CONCLUSION
	REFERENCES


	References Part II

	Part III - HTL of mixed organic wastes
	Chapter 7 - Introduction
	7.1. Assessment of potential energy in agricultural waste streams for fossil fuel replacement
	7.2. Energy considerations of thermochemical processes for biomass waste conversion to biofuels
	7.3. Combined HTL models based on biomolecules and their applicability
	7.4. Real waste HTL predictive models

	Chapter 8 - Manuscript 2
	8.1. Reflections
	Manuscript 2 Appended
	1. INTRODUCTION
	2. MATERIALS
	3. METHODS
	4. RESULTS AND DISCUSSIONS
	5. CONCLUSION
	REFERENCES


	Chapter 9 - Manuscript 3
	9.1. Reflections
	Manuscript 3 Appended
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	3. RESULTS AND DISCUSSION
	4. CONCLUSION
	REFERENCES


	References Part III

	Chapter 10 - Thesis conclusions and perspectives
	SUPPLEMENTARY INFORMATION
	Chapter 2 - Paper 1
	Chapter 5 - Paper 2
	Chapter 6 - Paper 3
	Chapter 8 – Manuscript 2
	Chapter 9 – Manuscript 3

	Tom side



