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ENGLISH SUMMARY

This thesis aims to contribute to both the fundamental understanding and practical
implementation of neutral hydrothermal processing (nHTP) of polyethylene
terephthalate (PET) as a closed-loop chemical recycling solution. By providing a novel
research framework, it seeks to advance the state-of-the-art in nHTP technology
while offering industrially relevant results and insights. This work lays the
groundwork for future studies in nHTP, which has the potential to enhance PET
circularity and reduce the environmental impact of this essential material in our daily
lives.

Previous nHTP studies have highlighted the benefits of using water as a green solvent
for PET solvolysis. However, comparing results among these studies is challenging
due to the variability in reactor types and sizes, heating times, and experimental
conditions. Most research on nHTP has focused on recovering terephthalic acid,
neglecting the degradation of ethylene glycol, which constitutes 20% of the carbon
in PET. The existing literature is also limited to batch processing, with no examples
of continuous nHTP.

This thesis introduces a comprehensive nHTP experimental framework that
overcomes these limitations. The thermodynamic phenomena during PET solvolysis,
including their onset temperatures and energetics, were investigated using
differential scanning calorimetry with high-pressure crucibles. Potential chemical
reactions in nHTP of PET were elucidated through micro-batch experiments and
nuclear magnetic resonance spectroscopy. This analytical method was used for
chemical compound identification and as a quantitative method to investigate
monomer distribution among nHTP reaction products.

These fundamental insights into nHTP of PET were used to design a first-of-its-kind
continuous flow system. Preliminary testing provided information about critical
process challenges, and the results from the validation experiments confirmed the
excellent performance of the Continuous Recycling Unit (CRU) and the benefits of
transitioning to continuous processes. Finally, recycled PET was successfully
synthesized from the heterogeneous solid nHTP product, showcasing the closed-
loop recycling of PET.



DANSK RESUME

Denne afhandling har til formal at bidrage til bade den grundlaeggende forstaelse og
den praktiske implementering af neutral hydrotermisk bearbejdning (nHTP) af
polyethylenterephthalat  (PET)  som en lukket  kredslgbs kemisk
genanvendelseslgsning. Ved at levere en ny forskningafgraensning sgger den at
fremme state-of-the-art inden for nHTP-teknologi, samtidig med at den tilbyder
industrielt relevante resultater og indsigter. Dette arbejde laegger grundlaget for
fremtidige studier inden for nHTP, som har potentiale til at forbedre PET's cirkularitet
og reducere miljgpavirkningen af dette essentielle materiale i vores dagligdag.

Tidligere nHTP-studier har fremhaevet fordelene ved at bruge vand som et
miljgrigtigt oplgsningsmiddel til PET solvolyse. Pa grund af variationen i disse studiers
reaktortyper og -stgrrelser, opvarmningstider og eksperimentelle betingelser er det
udfordrende at sammenligne resultater. De fleste undersggelser af nHTP har
fokuseret pa at genvinde terephthalsyre og har negligeret nedbrydningen af
ethylenglycol, som udggr 20% af kulstoffet i PET. Den eksisterende litteratur er ogsa
begraenset til batchprocesser, uden eksempler pa kontinuerlig nHTP.

Denne afhandling introducerer en omfattende nHTP-eksperimentel metode, der
overvinder disse begraensninger. De termodynamiske fanomener under PET
solvolyse, herunder deres starttemperaturer og energetik, blev undersggt ved hjzlp
af differentiel scanning kalorimetri med hgjtrykskapsler. Potentielle kemiske
reaktioner i nHTP af PET blev belyst gennem mikro-batcheksperimenter og
kernemagnetisk resonansspektroskopi. Denne analytiske metode blev brugt til
kemisk forbindelseidentifikation og som en kvantitativ metode til at undersgge
monomerfordeling blandt nHTP-reaktionsprodukter.

Disse grundlzeggende indsigter i nHTP af PET blev brugt til at designe et first-of-its-
kind kontinuerligt flow-system. Information om kritisike procesudfordinger blev
opnaet via indledende tests, og resultaterne fra valideringseksperimenterne
bekreeftede den fremragende ydeevne af den kontinuerlige genanvendelsesenhed
(Continuous Recycling Unit - CRU) og fordelene ved at overga til kontinuerlige
processer. Endelig blev genanvendt PET succesfuldt syntetiseret fra det heterogene
faste nHTP-produkt, hvilket viser den lukkede kredslgbs genanvendelse af PET.
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RESUMEN EN ESPANOL

El objetivo de esta tesis doctoral es ampliar el conocimiento fundamental y practico
sobre el procesamiento hidrotérmico neutro (neutral hydrothermal processing -
nHTP) del tereftalato de polietileno (PET), proponiendo una solucién de reciclaje
quimico circular. Los métodos experimentales desarrollados en este trabajo ofrecen
resultados que son relevantes para la industria, impulsando asi al avance de la
tecnologia nHTP y estableciendo una base sdélida para futuras investigaciones. Esta
tecnologia tiene el potencial para mitigar el impacto ambiental del PET, material que
se ha vuelto indispensable en nuestra vida cotidiana.

Investigaciones anteriores han resaltado los beneficios del uso del agua como
disolvente en la solvdlisis del PET. No obstante, es complicado comparar los
resultados entre estudios debido a la variabilidad en las condiciones experimentales.
La mayoria de las investigaciones se han centrado en la recuperacion del acido
tereftdlico, dejando de lado al etilenglicol, compuesto que constituye el 20 % del
carbono en el PET. Ademas, los estudios realizados hasta ahora se han limitado al
procesamiento por lotes, sin explorar el nHTP como un proceso continuo.

Esta tesis presenta un nuevo marco experimental para la investigacion del nHTP. El
primer método experimental emplea la calorimetria diferencial de barrido con
crisoles de alta presion para investigar los fendmenos termodinamicos que ocurren
durante la solvdlisis del PET, permitiendo identificar las temperaturas en las que
comienzan dichos fendmenos y su energia asociada. El segundo método utiliza la
espectroscopia de resonancia magnética nuclear para estudiar las reacciones
quimicas que ocurren durante el nHTP del PET, identificando y cuantificando los
productos sélidos y acuosos procedentes de experimentos en lotes. Este ultimo
método ha permitido investigar como la temperatura del proceso y el tiempo de
reaccion afectan a la distribucion de los productos.

Los conocimientos bdsicos obtenidos mediante los métodos descritos anteriormente
fueron utilizados para el disefio de una planta piloto de procesamiento continuo
Unica en el mundo. Las pruebas iniciales proporcionaron informacién valiosa sobre
los desafios técnicos del proceso. Por otro lado, los resultados experimentales
confirmaron el excelente rendimiento de la planta y pusieron de manifiesto las
ventajas de utilizar procesos continuos frente al procesamiento en lotes. Finalmente,
se logré sintetizar PET reciclado a partir del producto sélido proveniente del nHTP,
demostrando asi la viabilidad del reciclaje circular del PET.
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CHAPTER 1. INTRODUCTION

1.1. CONTEXTUALIZATION

Since prehistory, humankind has utilized natural polymers. However, it was
the advent of the first synthetic polymers in the early 20th century that truly
revolutionized the use of polymer materials. Their exceptional properties, cost-
effectiveness, and versatility led to their widespread adoption.[1] The word polymer
is derived from the Greek words moAUg (polus), which means “many,” and pépog
(meros), which means “part”. Polymers are molecules of high relative molecular
mass composed of repeating structural units of low relative molecular mass known
as monomers.[2]

Polymers are combined with additives and other materials to achieve specific
properties and performances. As a result, this combination gives what we refer to as
plastics.[3] The use of these materials has shaped and fueled the development of
society in the last decades, bringing numerous benefits in the form of energy savings,
customer health and safety, product compliance, and reduction of material
usage.[1,4] As shown in Figure 1-1, the production of plastic has dramatically
increased since 1950, doubling in the last 20 years, and reaching a global production
of 459.8 Mt in 2019.[5] In a business-as-usual scenario, projections predict a similar
growth trend for plastic production and waste generation in the following decades.
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Figure 1-1: Historical global production and waste generation of plastics with projections to
2060.[5,6] Share of plastic waste ever produced by disposal method.[7]
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To reduce plastic waste (PW), the focus should be on reducing its use in the first
place and decreasing the amount of embedded raw materials in plastic products
when possible. Nevertheless, waste is unavoidable, and out of the 8300 Mt of plastic
ever produced till 2015, it is estimated that around 30 % is still in service, and of the
remaining 6300 Mt of waste, only 9.5 % was recycled, 12.7 % was incinerated, and
77.8 % was discarded in landfills or mismanaged.[7] As shown in Figure 1-2, the least
desirable management solution for PW is landfilling, followed by energy recovery via
alternative fuels or incineration.[8] When PW is discarded in landfills or burnt, the
energy and materials spent during the production of these materials are wasted,
their value in the economy is lost, and the material is released in the form of CO; or
might leak into the environment, affecting natural ecosystems.

Mechanical recycling PLASTIC

Solvent-based recycling

POLYMER

2 ) )
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— &N Material
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o Depolymerization MONOMERS
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E : Energy
S > Alternative fuel ENERGY recovery
o 4

w

£ )

Incineration with No
energy recovery LANDFILL %& recovery
[ Mechanical recycling
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> [_]Energy recovery

WASTE HIERARCHY

Figure 1-2: Plastic waste recovery technologies, their output product, and their position in the
waste management hierarchy.[8]

The current European standardization differentiates plastic recycling technologies
between mechanical and chemical based on whether or not the chemical structure
of the polymer material is changed during the recycling process.[9] Figure 1-2 shows
a general classification of the main plastic recovery technologies and their position
in a waste hierarchy based on the value recovered from PW. Mechanical recycling by
sorting, cleaning, and re-extrusion has been the primary solution for many years,
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especially for post-industrial plastic waste (PIPW), which is usually a clean and well-
sorted stream of known composition. Nevertheless, recycled products obtained by
mechanical means exhibit poor properties when the starting material contains
heterogeneities, which is typically the case of post-consumer plastic waste (PCPW).
PCPW consists of a heterogeneous mixture of plastics of unknown composition,
potentially contaminated by non-polymer organic and inorganic materials.[10-12]
Due to its heterogeneity and polymer degradation during use and reprocessing, most
PCPW enters a recycling cascade where recycled products lose quality and value
after every recycling cycle, ultimately being burnt or landfilled.[13]

Solvent-based recycling covers a set of technologies that, despite using chemicals in
the process, do not affect the structure of the polymer, thus being categorized as
mechanical recycling based on European standardization. Some pretreatment
methods use solvents to achieve de-inking, de-lamination, or de-odorization of PW.
The central solvent-based recycling technology is dissolution, which aims to
selectively dissolve a specific type of polymer in a heterogeneous plastic waste
mixture, remove all other materials, and then precipitate the polymer again by
lowering the temperature, adding antisolvent, or both.[11,14]

In recent years, chemical recycling technologies have been developed to
complement and increase the recycling rates achieved by established mechanical
recycling technologies.[15] Depolymerization methods selectively break the polymer
into monomers or short oligomer chains by thermochemical means. In a closed-loop
chemical recycling model, these building blocks are then purified and used to
synthesize new virgin-like polymers.[16] Depolymerization can be achieved by
thermochemical means, but the choice of one technology or the other depends on
the type of polymer to be processed. For example, solvolysis is well suited for
polymers exhibiting backbone functionalities like PET, achieving high monomer
selectivity.[17] Other technologies like pyrolysis and gasification are effective in
breaking down polyolefins. Nevertheless, they exhibit low selectivity towards
monomers even in catalytic processes, yielding instead a broad range of organic
compounds that need further processing and thus could be used as feedstock in the
petrochemical industry.[18] By following this approach, polymer-to-polymer
recycling is reduced since some of the recovered material might be used as a
precursor for other chemicals or fuels instead of being used in polymer production.

Complementing the established mechanical recycling infrastructure with new
chemical recycling technologies has the potential to unlock significant amounts of
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PCPW that is not yet recycled. However, it is important to keep in mind that any
waste management strategy has its inefficiencies, requires materials and energy, and
comes with associated environmental and social impacts. Therefore, a 100 % plastic-
to-plastic circular economy is not attainable.[19] As illustrated in Figure 1-3, an
optimal circular economy, where resources are used efficiently and life cycle impacts
are minimized, will be achieved by balancing the consumption of new resources,
material recovery through recycling, and responsible waste disposal. In this scenario,
any extra recycling would cause more harm than obtaining new resources and
disposing of the waste. In a sustainable future, biomass and carbon capture
technologies will supply the fossil-free organic carbon that recycling cannot provide,
as well as the additional carbon needed to meet the growing demand for polymer
materials.[20-22]
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Figure 1-3: Conceptualization of an optimal circular economy where resources are used
efficiently, and life cycle impacts are minimized.

1.2. CIRCULAR PERSPECTIVES ON PET RECYCLING

As shown in Figure 1-4 (left), a few polymer types make up most of the plastic
products produced worldwide. These polymers are polypropylene (PP), low-density
and high-density polyethylene (LDPE and HDPE), polyethylene terephthalate (PET),
polyvinylchloride (PVC), polystyrene (PS), and polyurethane (PUR). Polyolefins,
including PP, LDPE, and HDPE, represent 39.3 % of plastic production, followed by
PET with 16.3 % when packaging and textile products are considered.[23] PET is
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widely used in the textile industry, representing 84 % of all synthetic textile fibers
manufactured globally.[24,25] Considering current projections, the global
production of PET could reach 115 Mt in 2030, as shown in Figure 1-4 (right). All this
material will likely become waste within a short period since packaging and textile
applications have an average product lifetime of 0.5 and 5 years, respectively.[7]

Source-sorted waste collection schemes represent a stepping stone towards
achieving a more circular plastic economy with plastic recycling rates of 49.4 %.
These rates are nearly 13 times higher than the 3.8 % recycling rates obtained with
mixed waste collection schemes.[26] Deposit return systems (DRS) are another
effective instrument to capture high-quality waste material optimal for recycling,
recovering more than 90 % of the deposit containers sold through these schemes.
DRS mainly focus on beverage containers, where PET is the primary material.[27]
Despite all the progress achieved by PCPW collection systems, plastic sorting
infrastructures, and mechanical recycling technologies in the last decades, just 24 %
of all PET products are currently recycled in the European Union (EU), as shown in
Figure 1-5.[28] Despite mechanical recycling being the best PET recycling option from
a Life Cycle Assessment (LCA) perspective, the amount of PET waste that can be
recycled is limited due to the heterogeneity of the waste material.[29]
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Figure 1-4: Share of each polymer type in the global primary plastic production (Period 1990-
2019) [23,25] (left), and historical data and projections of PET production for the packaging
and textile sectors (right). All non-fiber PET is assumed to be used in packaging [30], and
projections are obtained by extrapolating the PET share 1990-2019 into the future primary
plastic production projections.[5] PET production for textiles is based on data from Textile
Exchange.[31]

Chemical recycling could increase PET recycling rates by capturing PET material from
waste streams that nowadays find their way to incineration or landfilling. Solvent-
based recycling of PET is a promising pathway to directly recover PET from mixed
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and contaminated plastic waste streams.[32,33] Nevertheless, PET dissolution
kinetics are slow, requiring solvents that, in some cases, are highly toxic and
expensive, leading to high capital and operational costs due to solvent recovery and
recycling.[34,35] Slow dissolution kinetics can be enhanced by increasing
temperature, which can lead to PET degradation.[36,37]

PET pyrolysis has been explored as a potential recycling route for PET, particularly
for treating mixed plastic waste containing PET.[38] However, pyrolysis of PET-
containing waste fractions generates significant amounts of char and gaseous by-
products (CO and CO,), reducing the yield and quality of the main liquid pyrolysis
product and potentially leading to reactor clogging.[39—41] To overcome these
challenges, Koarova et al. selectively depolymerized PET from mixed plastic waste
via alkaline hydrolysis before pyrolyzing the remaining plastic mixture. This way, they
obtained better pyrolysis product yields and quality.[42]
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Figure 1-5: Current PET mass flow estimates in the EU in kt per year.[28]

Solvolytic depolymerization of PET is a closed-loop recycling route that transforms
PET back to monomers that can be purified and reused for polymerization, enabling
a circular plastics economy.[43] The leading PET solvolysis technologies are based on
glycolysis, methanolysis, and hydrolysis.[44] To understand why these recycling
routes are used, it is essential to look at the step-growth polycondensation process
used in PET production. As shown in Figure 1-6, PET is produced by polycondensation
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Figure 1-6: PET production and solvolysis recycling routes.

of bis(2-Hydroxyethyl) terephthalate (BHET), which is obtained by esterification of
terephthalic acid (TPA) and ethylene glycol (EG) or transesterification of dimethyl
terephthalate (DMT) with EG. TPA and DMT monomers are obtained by p-xylene
oxidation to TPA or additional esterification to DMT.[45] Since monomer purity is
crucial for achieving high number-average molecular weight polymer chains and
obtaining PET products safe for human use, PET production initially relied on DMT
feedstock due to its ease of purification compared to TPA. With the improvement of
TPA purification techniques in the 1960s, TPA became the primary feedstock and
represents more than 70 % of global PET production today.[46] Glycolysis,
methanolysis, and hydrolysis thus reverse the course of the PET production process
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by exposing PET to excess solvent/reagent at high temperatures and shifting
equilibrium towards the monomers.

Among solvolytic technologies, glycolysis has been intensively researched.[44] It is
the most advanced technology regarding readiness level, with loniga Technologies
and Jeplan as the leading industrial players with demonstration plant capacities of
10 kt and 1 kt per annum, respectively.[47,48] Loop Industries, on the other hand,
focuses on methanolysis as their core technology.[49] Finally, companies like Gr3n
and Carbios, which use alkaline and enzymatic hydrolysis, respectively, have
experienced remarkable growth in the last years with plans to scale up their
technologies.[50,51] Specializing in recycling polycotton textile waste, Circ is also
developing alkaline hydrolysis solutions to recover PET monomers and cotton fibers
at scale.[52] The scale-up of solvolysis processes from lab-scale to industrial-scale is
challenging, and this is highlighted in the study published by Arnal et al. (Carbios),
where they stress the importance of performing experiments at reaction conditions
that are relevant in larger-scale applications.[53] This experience helps to
understand the challenges of large-scale operations and thus de-risk future scale-up
of the process.[54]

Hydrolysis is a promising depolymerization route since no organic solvent is used,
potentially reducing the operational cost of chemicals and creating a cleaner, safer,
and more environmentally benign chemical process.[55] Alkaline hydrolysis requires
significant amounts of acid to neutralize the hydrolysis products and recover the TPA
monomer.[56] For instance, McNeeley et al. modeled an alkaline hydrolysis process
where the lumped consumption of NaOH and HCl was 1.07 kg kgTPA?, which
penalizes the process since recycling the generated salt via electrolysis is energy-
intensive.[57] Enzymatic hydrolysis suffers from batch operation and exhibits a
relatively low reactor productivity, which Carbios reported to be, on average, 5.8
gTPA h'! L't over 24h under industrial conditions, requiring alkaline buffer solutions
to control pH and avoid enzymatic activity inhibition.[53] Moreover, enzymatic
hydrolysis requires feedstock pretreatment to obtain amorphous PET powder since
crystallinity and contact surface are parameters that significantly affect conversion
and reaction rates.[58-60] Neutral hydrolysis of PET by using hot-compressed water
(HCW), without the addition of alkaline agents or catalyst, harnesses the properties
of water as a reaction medium and has shown promising results.[61] The next section
delves into what makes water an attractive medium for PET depolymerization, the
current state-of-the-art, and what are the knowledge gaps to further understand and
develop the technology.
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1.3. STATE-OF-THE-ART OF NEUTRAL HYDROTHERMAL PROCESSING

Neutral hydrothermal processing (nHTP) of PET harnesses the properties of HCW to
drive ester hydrolysis in the temperature range of 200 to 350 °C and the pressure
range of 40 to 200 bar (shaded area in the phase diagram of Figure 1-7). At nHTP
conditions, where pressure is kept above the saturation pressure to ensure water is
in the liquid state, water density is mainly influenced by temperature and modestly
affected by pressure. Figure 1-7 shows how the static dielectric constant and the ion
product of water, which are directly related to density, vary with temperature.
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Figure 1-7: Water phase diagram with nHTP region highlighted in dark blue.(Top left)
Properties of water: static dielectric constant (Top right), ion product (Bottom left) and density
(Bottom right).[62,63]
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As the static dielectric constant of water decreases with increasing temperature, it
behaves more like polar organic solvents, making some organic compounds more
soluble than in ambient liquid water. On the other hand, the ion product increases
with temperature, resulting in increased concentrations of H* and OH- ions.
Experimental data has shown that the presence of H* from water self-ionization
facilitates acid-catalyzed hydrolysis.[64] The reaction mechanism starts with the
ester bond being protonated by an H* ion, which promotes the nucleophilic attack
of water on the carbonyl carbon by a hydroxide ion.[65] Once hydrolysis is initiated,
carboxylic acids will be produced and potentially solubilized in water due to the low
dielectric constant, triggering an acid autocatalytic effect.[66,67]

The hydrolysis reaction of PET ester bonds is shown in Figure 1-8. Despite favoring
hydrolysis of ester bonds, the presence of H* and OH ions in liquid HCW is known to
promote other acid/base-catalyzed reactions like alcohol dehydration, aldol
condensation, self-disproportionation via Cannizaro reaction, or decarboxylation.
[64] All these reactions could degrade TPA and EG monomers, reducing the
selectivity of the process.

OH
o o HO o
Lo Y o OH
n

Figure 1-8: PET hydrolysis reaction.

A usual nHTP experiment looks like the process shown in Figure 1-9. PET and water
are loaded into a reactor in a PET-to-water mass ratio usually above 1:5, which
Campanelli et al. found to be a threshold for achieving complete PET
depolymerization.[68] Once the reactor is loaded, it is heated and kept at reaction
conditions for the desired time (115-420 °C, 10-420 bar).[69] After cooling and
depressurization, the solid and aqueous product phases can be easily separated.

Hydrolysis at low temperatures (below 200 °C) proceeds slowly, resulting in only 8.2
% TPA recovery after 6 hours at 170 °C with a water loading of 8.5 gwater gPET.[70]
At temperatures around 200 °C, well below the typical melting point of PET (240-270
°C), the hydrolysis reaction accelerates, achieving 87.5 % PET conversion at 250 °C
and 150 min reaction time.[71,72] Beyond this temperature, 90 % TPA recovery is
achieved at 300 °C and 30 min, with a water loading of 10 gwater gPET2.[73]

10
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Pereira et al. conducted a detailed study on PET depolymerization under different
water phases using isothermal conditions between 190-400 °C, demonstrating no
significant advantage in using conditions other than saturated liquid water.[61] In a
later study, Pereira et al. explored non-isothermal “fast hydrolysis” at 500 °C and 300
bar with holding times of 75-90 seconds, demonstrating that this could be an
effective and environmentally friendly neutral hydrolysis pathway.[74]

HYDROTHERMAL PRODUCT a
PROCESSING SEPARATION S
\ SOLIDS
WATER )
e =
S0o
59
& 250-340°C/40-165 bar o
PET

AQUEOUS PHASE

Figure 1-9: General procedure of a nHTP experiment.

1.4. KNOWLEDGE GAPS AND MOTIVATION

Chemical recycling of PET holds the potential to recover PET waste that currently
ends up in landfills or incineration, bringing it back into the economy as recycled PET
(rPET) of the same quality as virgin PET. It can also address the degradation and
contamination issues associated with mechanical recycling, thereby avoiding
material downcycling.

Implementing nHTP as an HCW-based PET chemical recycling method could
significantly enhance PET closed-loop recycling rates in a cost-effective and
environmentally benign manner.[74] nHTP achieves this by using only HCW in the
depolymerization reaction, eliminating the need for additional reactants, organic
solvents, or catalysts. Additionally, nHTP can achieve high reactor productivity and
monomer selectivity without requiring special feedstock pretreatment.[61,74]
However, several limitations have been identified after reviewing the scientific
literature on the neutral hydrolysis of PET.

Variability in reactor types and sizes: Studies are conducted in different reactor
types and sizes, making it difficult to compare results. Heating times vary

11
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significantly, with autoclaves [73] taking longer than micro-batch reactors [61],
leading to extended experiment times in autoclaves for the same holding time at
reaction temperature. Additionally, information about the thermodynamic
phenomena occurring in the reactor during nHTP of PET, such as phase changes,
chemical reactions, dissolution processes, and their thermal effects, is limited.[75]

Focus on TPA recovery: Since TPA accounts for 80 % of the carbon embedded in PET,
most studies use TPA recovery and purity to report process performance.[44] Few
studies acknowledge the degradation of EG at high temperatures, often overlooked
due to the focus on TPA.[61,73,74] Degradation mechanisms must be investigated
as they can negatively impact the process.

Only batch processing: All nHTP literature studies are conducted in batch mode.
However, the scale of the PET waste challenge requires efficient solutions at scale,
with continuous flow processes being an obvious option for process
intensification.[54,76]

To scale up the nHTP technology and bring it out of the laboratories, several
knowledge gaps need to be addressed to better understand the fundamentals of the
technology, more reliably assess the circularity potential of this solution, and
mitigate risks for future implementation (Figure 1-10). Based on the limitations of
the current nHTP state-of-the-art, the following knowledge gaps are defined:

e Understand the thermodynamic interactions between solvent and PET during
nHTP, the onset temperatures governing these processes, and the energetics
involved.

e Understand the reaction pathways of PET monomers during nHTP and how
process conditions influence product distribution and monomer degradation.
Robust analytical methods capable of fully characterizing and quantifying
nNHTP products are needed.

o I|dentify the challenges of continuous operation of nHTP flow systems and

define best design practices for future development and scale-up of the
technology.

12
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Understand the difference between batch and continuous experimentation,
providing industrially relevant data to validate a closed-loop PET value chain
based on nHTP.

Scale-up, from batch to continuous

BATCH STUDIES CONTINUOUS STUDIES

Understanding the 1

fundamentals of 18

the technology
(]

VALUE CHAIN +

Industrially relevant results Integration of the A5

and practical experience technology in existing 1
in flow system operation value chains

Figure 1-10: Motivation and knowledge gaps.

1.5. RESEARCH QUESTIONS AND THESIS OBJECTIVES

Based on the knowledge gaps previously identified, five main research questions are

proposed in the framework of this thesis:

What are the thermodynamic phenomena occurring during PET solvolysis,
their energetics, and onset temperature?

Apart from the hydrolysis of ester bonds, what are the main reaction
pathways during nHTP of PET?

How do nHTP reaction conditions affect the composition of PET
depolymerization products, and which methods could be used for
quantification?

What would a continuous flow system for nHTP of PET look like? What are
the potential challenges of continuous operation and process scale-up?
What is the technical feasibility of a closed-loop PET value chain based on
nHTP?

These research questions outline the objectives, methods, and outcomes in Figure

1-11. This thesis will provide fundamental knowledge and practical experience on
nHTP of PET, accelerating the development of the technology, which could become
pivotal in the transition to a circular plastic economy. Building this new economy will

reduce our dependence on fossil resources and mitigate CO, emissions and the

overall environmental impact of the plastic industry. This would ultimately

13
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contribute to a more sustainable society without sacrificing all the benefits that

plastics have brought to our lives.
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Figure 1-11: Outline of the objectives, methods, and outcomes of the PhD thesis.

1.6. THESIS OUTLINE

After emphasizing the significance of PET recycling, explaining the motivation for
exploring PET solvolysis based on neutral hydrolysis, and presenting the main
objectives and research questions, an overview of the structure and content of the
thesis will be provided. The reader will be guided through the subsequent chapters,
highlighting the comprehensive research approach undertaken during this PhD
thesis.

Chapter 2 delves into the thermal phenomena occurring during the
depolymerization of PET in various solvent systems by using Differential Scanning
Calorimetry (DSC) with high-pressure crucibles. The chapter discusses the energetics

and onset temperature of the different identified thermal effects and explores the
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hydrothermal degradation of PET contaminants. Additionally, DSC, combined with
chromatographic techniques, is assessed as a fast-screening method to investigate
chemical reactions occurring under hydrothermal processing conditions.

Before moving into more experimental activities, Chapter 3 presents the
development of a robust analytical framework that ensures accurate identification
and quantification of the compounds involved in nHTP of PET, thus facilitating the
understanding of the process chemistry. The mole balance approach is introduced
to track monomer units, and the principles and experimental setup of Nuclear
Magnetic Resonance (NMR) spectroscopy are described. This chapter explains the
identification and quantification of nHTP products using NMR and why this
technique is the most suitable tool for this purpose.

Shifting the focus to the chemistry of nHTP of PET, Chapter 4 presents the batch
experimental setup and methods, the identified reaction pathways, and the recovery
and distribution of monomer units, emphasizing the influence of temperature and
retention time on PET hydrolysis and monomer degradation.

Building on the fundamental knowledge of nHTP from previous chapters, Chapter 5
focuses on the design, development, and validation of a Continuous Recycling Unit
(CRU) for the nHTP of PET. This chapter describes the various subsystems and their
integration within the CRU, highlighting the iterative design and testing process and
proposing future improvements. Validation experiments confirm the compliance of
the CRU, demonstrating stable operation and closure of the mole balance of
monomer units.

In Chapter 6, the feasibility and implications of a closed-loop recycling system for PET
based on nHTP are discussed. It begins by presenting the results from the synthesis
experiments, including esterification, purification, and transesterification of the
heterogeneous nHTP solid products, and compares the properties of rPET with
commercial PET. Considering all processes from PET to rPET investigated in this PhD
thesis, mass and carbon flows within the recycling system are assessed, identifying
key areas for optimization to improve material and carbon efficiency.

The thesis concludes by summarizing key findings and contributions, answering the
research questions stated earlier, and emphasizing advancements in understanding
the fundamentals of nHTP, continuous operation, and scale-up challenges.
Recommendations for future research focus on improving the nHTP process,
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addressing the impact of contaminants in real PET waste, and optimizing
downstream synthesis. These recommendations highlight the potential for
enhancing PET circularity and contributing to environmental sustainability.

16



CHAPTER 2. THERMODYNAMICS OF PET
SOLVOLYSIS

This chapter delves into the energetics of the different phenomena occurring during
PET solvolysis and the onset temperatures of these processes. This was investigated
by applying DSC with high-pressure crucibles. In addition, DSC combined with
chromatographic techniques was assessed as a fast-screening method to investigate
chemical reactions by looking at the heat exchange and the composition of the
products. The content of this chapter is based on PAPER A: Exploratory DSC
investigation on the solvolytic depolymerization of PET in varied solvent systems and
in the presence of model additives and contaminants.[77]

2.1. DSC EXPERIMENTAL SETUP

DSCis a powerful analytical technique used to investigate the energetics of processes
in chemical reactions and determine the onset temperatures of these phenomena.
[78,79] For this study, a Maia 200 F3 heat-flux DSC (NETZSCH GmbH) was used with
high-pressure 100 pL gold-plated Ni-steel crucibles rated to 100 bar. Figure 2-1
depicts the DSC setup used for the experiments.
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Figure 2-1: DSC experimental framework. DSC setup and working principle (left), and DSC
output measurement with the enthalpy calculation represented by the shaded areas in the
thermogram (right).

Two crucibles, a reference empty crucible and a sample crucible, are placed in the
DSC oven and subjected to a specific temperature program. During this process, the
temperature difference between crucibles is monitored and recorded (uV). This
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temperature difference is then used to calculate the heat flux IN (endothermic
process) or OUT (exothermic process) of the sample based on the heat flow
calibration coefficient K (mW pV?) as shown in Figure 2-1 (left). Temperature and
calorimetric sensitivity calibrations were performed based on the melting effect of
standard-grade indium, bismuth, tin, and caesium chloride. The thermogram in
Figure 2-1 (right) shows heat flow (Q) as a function of time (t). In this example, the
DSC trace highlights three distinct peaks (P1, P2) and the corresponding
temperatures (T1, T2, T3). Each peak represents a thermal effect such as melting,
crystallization, or chemical reaction, with the onset temperature indicating the
temperature at which the process begins. The areas under the peaks are
proportional to the enthalpy of the process, thus providing quantitative information
about the energetics. The hypothesis is that the thermogram can be used as a proxi
for the chemical events.

2.2. PET CHARACTERIZATION

In all experiments of this thesis, colorless Lighter C93 PET granules from
Equipolymers were used. For DSC experiments, the polymer mass had to be within
+ 0.1 mg, so the PET granules were pulverized into powder using a Pulverisette 14
(Fritsch). The PET granules were submerged in liquid nitrogen before pulverization
to increase brittleness and prevent melting.

To assess the impact of the downsizing process on the thermal history and polymer
properties, DSC analyses of 1) raw, 2) liquid nitrogen-treated, and 3) pulverized PET
samples were conducted. After temperature equilibration and a 5-minute isotherm
at 40 °C, the PET samples underwent two consecutive heating-cooling cycles. Each
cycle included heating at a rate of 10 °C min™ to 280 °C, followed by active cooling at
a rate of 20 °C mint down to 40 °C. The DSC traces from thermal cycles 1 and 2 are
shown in Figure 2-2.

The PET samples displayed no glass transition (Tg) or cold crystallization during the
first heating scan, indicating high initial crystallinity. The double melting peak
exhibited by all samples (onset temperature 230 °C) is likely due to varying crystal
structures induced by the granules production process (annealing) and thermal
history of the PET.[80] The first melting peak at 235 °C was less pronounced in the
pulverized sample than the others, while the second peak at 250 °C was similar
across all samples. Additionally, only the pulverized sample showed a hot-
crystallization peak during cooling. This behavior could be due to reduced internal
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stresses and local heat from pulverization, as well as increased polymer chain
mobility and decreased average molecular weight from mechano-chemical
fragmentation. Both raw and liquid nitrogen-treated PET showed identical
crystallinity and crystallization temperatures in the second heating scan, indicating
consistent thermodynamic behavior.
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Figure 2-2: DSC characterization of raw, liquid nitrogen treatment and pulverized PET
granulates. Results are shown for the first (left) and second (right) heating-cooling scan cycles.
The arrows on the DSC trace indicate the direction of the heating-cooling. The figure was
adapted with permission from [77].

2.3. THERMAL PHENOMENA DURING nHTP OF PET

DSC experiments in high-pressure crucibles were conducted to better understand
the thermodynamics involved in nHTP of PET. PET (10 wt.%) and water were loaded
into the crucible, controlling the filling ratio to obtain an isochoric saturated liquid-
vapor mixture. To identify potential leakage during the analysis, crucibles were
weighed again after the experiments, and if the pre/post-run mass difference was
more than 2 %, the experiment was discarded. The samples were subjected to an
initial temperature stabilization at 50 °C for 30 min, followed by a heating scan of 5
°C mintto 310 °C and a cooling scan without active cooling.

Figure 2-3 shows the main thermal phenomena identified based on the DSC traces
from neutral hydrolysis of PET. First, the polymer swells upon heating (1), allowing
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solvent molecules to penetrate the polymer network. As temperature increases, PET
starts melting (2) at 200 °C. This temperature is severely reduced compared to the
standard melting point onset temperature of PET at 230 °C. Based on the Flory-
Huggins melting point depression theory, polymers may exhibit a lower melting
point in the presence of solvents. Equilibrium between the polymer repeating units
in the liquid and crystalline polymer phases is reached at T,, = TQ, when the
chemical potentials in both phases are equal. Adding a liquid solvent decreases the
chemical potential of the liquid phase. Therefore, T, will decrease to reestablish the
equilibrium between crystalline and liquid phases.[77]
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Figure 2-3: DSC-identified phenomena during neutral hydrolysis of PET. The figure was adapted
with permission from [77].

After PET melting, an endothermic peak indicates simultaneous hydrolysis of ester
bonds and dissolution of depolymerization products (3). The endothermic energy of
TPA dissolution is expected to be 274 + 5 J g. Details on how the TPA dissolution
enthalpy was obtained can be found in PAPER A.[77] In contrast, the endothermic
energy of the post-melting peak was measured at 91 + 11 J g* PET for six repetitions
of the depolymerization experiments. Since the energy measured is lower than
expected, an exothermic process counteracting the endothermicity of TPA
dissolution must occur. These results suggest that the hydrolytic depolymerization
of molten PET is an exothermic process, indicating that the heat released during PET
hydrolysis is 183 J g PET, while Kao et al. reported 599 J g PET.[66]

2.4. PET DEPOLYMERIZATION IN DIFFERENT SOLVENTS

After examining the underlying phenomena occurring during nHTP of PET, various
state-of-the-art PET solvolysis technologies were evaluated to understand their
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differences from nHTP. The chosen technologies were glycolysis, methanolysis,
alkaline hydrolysis, and combined alkaline hydrolysis and ethanolysis. Figure 2-4
shows the DSC traces for the different solvent systems, and the difference in melting
onset temperature and enthalpy.

The melting point depression experienced by PET in methanol and ethanol solvent
systems was almost twice that of the other solvents. This could be due to their small
molecular size, which allows them to diffuse more easily into the polymer structure,
as well as their lower polarity compared to water, which aligns better with the
hydrophobic nature of PET. On the other hand, melting enthalpy gives a hint of the
extent of PET depolymerization, with the water-ethanol-NaOH solvent system
exhibiting the highest degree of depolymerization before melting. This result aligns
with previous findings from Ugdiiler et al., who reported 68 % PET conversion at 80
°C and 20 min retention time using a similar solvent mixture of water-ethanol-
NaOH.[81] The water-NaOH experiment also achieved significant depolymerization
of PET, indicating that PET undergoes solid-state depolymerization in the presence
of NaOH. Karayannidis et. al used alkaline hydrolysis at 200 °C for one hour, achieving
a TPAyield of 97.9 %, which supports this hypothesis.[82] Finally, the transition from
subcritical to supercritical fluid was observed as a decrease in heat flow for the
water-ethanol-NaOH (285 °C) and methanol (240 °C) solvent systems. This is due to
a drastic drop in the isochoric heat capacity of the fluid.[83-85]

PET melting (Typset 228.4 °C)
[ PET+EG
Tonset 205.0 °C / Topeet -23.4 °C / H,, 70.9 J gPET™
Il PET+Water
Tonset 200.9 °C / Tyt -27.5 °C / H,, 49.9 J gPET™
I PET+Water+NaOH
Tonset 201.2 °C / Typeer -27.2 °C/ H,,, 13.3 J gPET?
I PET+Water+EtOH+NaOH
Tonset 177.8 °C / Tynget -50.6 °C / H,, 7.4 ) gPET
N PET+MeOH
Tonset 178.4 °C / Topeet -50.0 °C / H,, 49.3 J gPET™

Heat flow (mW mg?)

50 100 150 200 250 300
Temperature (°C)

Figure 2-4: DSC traces for the different solvent systems considered for PET solvolysis (left) and
measured melting onset temperature and enthalpy (right). The figure was adapted with
permission from [77].
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2.5. nHTP OF PET WITH CONTAMINANTS

DSC with high-pressure crucibles was also used to investigate the degradation of
model PET additives and contaminants under nHTP conditions and whether this
technique could be directly used to assess the effect of these foreign materials in the
depolymerization of PET. (R)-(+)-Limonene (LM) was chosen as an organic
contaminant (e.g. beverages), 2-(2-hydroxy-5-methylphenyl) benzotriazole (BT) as a
UV stabilizer, and 1-(methylamino)anthraquinone (AQ) as a dye. Experiments of the
contaminants (5 wt.%) with water were performed following a heating ramp of 5 °C
min! to 200, 250, 300, and 350 °C, and the reaction product mixture was dissolved
and analyzed by GC-MS and HPLC-MS/MS to quantify the extent of degradation. In
addition, an nHTP test with PET (10 wt.%) mixed with the contaminants (1 wt.%) was
also conducted.
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Figure 2-5: DSC experiments of model PET additives and contaminants. a) DSC traces of
hydrothermal degradation of additives and contaminants, b) Conversion at different
temperatures, and c) PET hydrothermal depolymerization in the presence of additives and
contaminants. The figure was adapted with permission from [77].

As shown in Figure 2-5 (a), the melting effects of AQ (162 °C) and BT (132 °C) were
detected, and ripples in the DSC traces appeared in all cases at higher temperatures.
To demonstrate whether the ripples could belong to heat of degradation reactions,
the model compounds were quantified after the experiment. Figure 2-5 (b) shows
the conversion of contaminants as a function of temperature. BT was relatively
stable under hydrothermal conditions, exhibiting a conversion that was between 0
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and 10 %. On the other hand, AQ and LM showed degradation already at 200 °C, with
LM undergoing 100 % conversion at 350 °C. A direct correlation between the ripples
and the conversion could not be found. Finally, Figure 2-5 (c) shows the results of
the DSC experiments in which PET was mixed with the individual contaminants. The
melting effects of AQ, BT, and PET were detected, and the presence of LM enhanced
the melting point depression of PET in water. Nevertheless, it is challenging to
distinguish between the distinct effects due to the overlap of many phenomena.

2.6. CONCLUSIONS

In conclusion, the application of DSC with high-pressure crucibles has proven to be
an effective method for investigating the thermodynamics of PET solvolysis, offering
insights into the onset temperatures and energetic profiles of the various
phenomena involved. The study demonstrated significant melting point depression
of PET in the presence of solvents, with methanol and ethanol exhibiting the greatest
effects. Additionally, the results revealed that PET depolymerization in NaOH-
containing solvent systems showed high depolymerization efficiency already in solid-
state. The influence of contaminants and additives on PET depolymerization was also
assessed, indicating that while some contaminants like limonene significantly impact
melting point depression, others such as benzotriazole are relatively stable under
hydrothermal conditions. These findings underscore the utility of DSC in rapidly
screening and quantifying the effects of different solvolytic conditions and
contaminants on PET, providing a robust framework for optimizing PET recycling
processes.
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CHAPTER 3. MONOMER BALANCE AND NMR
ANALYTICAL FRAMEWORK

Before performing nHTP experiments, it is crucial to establish an experimental
framework that helps reach the desired results. To study the chemistry and
understand the product distribution of nHTP of PET, a quantitative experimental and
analytical method is required. This chapter presents the experimental framework
used in this thesis, which is based on quantitative NMR (qNMR) and a mole balance
approach that allows to investigate in detail the fate of PET monomer units after
nNHTP. These methods were first developed and applied in PAPER B: Process
optimization by NMR-assisted investigation of chemical pathways during
depolymerization of PET in subcritical water,[86] and later utilized and expanded in
PAPER C: Continuous Hydrothermal Processing of Polyethylene Terephthalate (PET)
under Subcritical Water Conditions: A Proof-of-principle Closed-loop Study.[87]

3.1. MOLE BALANCE OF MONOMER UNITS

To understand the chemistry of nHTP of PET under different conditions, it is
important to identify and quantify the input and output compounds in the reactor.
This information helps to elucidate the reaction pathways of PET monomer units,
specifically dicarboxylic acid (DCA) units, including TPA and isophthalic acid (IPA), and
EG units. In the Lighter C93 PET used for this study, IPA constituted 0.7-0.8 % of all
DCA units, with the rest being TPA.[86] IPA is typically added in small amounts to
reduce PET crystallinity, enhancing its processability, transparency, flexibility, and
barrier properties. By determining the final nHTP products and their reaction
pathways, the consumption of PET monomer units can be quantified, allowing for a
mole balance of DCA and EG units in the reactor system (Figure 3-1, Eq. 3-1).

Accumulation in the reactor is zero in steady-state of continuous experiments as well
as at the completion of batch experiments. Rearranging Eq. 3-1 gives as a result Eq.
3-2, where the monomer units “X” coming into the reactor (Eq. 3-3) is equal to the
mass of PET, mpgt, divided by the molecular weight of the PET repeating unit,
MWpgr (192.17 g mol?), and the units coming out are the sum of all the units “X”
consumed to produce all the compounds found in the product mixture (Eq. 3-4).
Table 3-1 shows some examples of parameter x]X which represents the units of “X”
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consumed to produce one molecule of compound j. Detailed description of this
quantification approach can be found in PAPER B and PAPER C.[86,87]

HO_~ oy
nhA nké EG <
n EG P
consumed Near b S o
OH >—<O E— DCA _ -
o s, OH
o 0 Nconsumed nbcA” (O~
n
PET feedstock Reactor [ nHTP products

v

Reaction pathways

Figure 3-1: Mole balance of monomer units in nHTP experiments. The figure was adapted with
permission from [86].

IN — CONSUMED — OUT = ACCUMULATION (Eq. 3-1)
Xunit _ _ Xunit Xunit — Xunit _
Njp = N¢onsumed + Nynreacted = 1’logt (Eq' 3 2)

Xunit _ _TPET (Eq. 3-3)
m
MWPET
nz)(llﬂlit — Z n; X]-X (Eq. 3-4)

j

Table 3-1: Consumption of monomer units per produced molecule (EG, x]-EG, and DCA, ij ca),

COMPOUND xj¢ xA

-

TPA 0 1
BHET 2 1
1,4-dioxane 2 0
Acetaldehyde 1 0
Benzoic Acid 0 1

If there are no material losses and all the compounds present in the products can be
identified and quantified, then potential reaction pathways could be defined based
on chemical understanding, the mole balance of monomer units closed, and the
product distribution as a function of process conditions could be better understood.
To achieve this, the following materials and methods are required:
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e A streamlined analytical method capable of identifying and quantifying new
compounds in the product mixture. This will be presented in the following
section, which is dedicated to NMR analysis.

e Batch experimental setup and method to do fast screening of nHTP conditions
in a controlled environment. Every side stream should be collected and
analyzed, providing quantitative information at every point. (Chapter 4)

e Continuous nHTP experimental setup and methods that allow for stable
operation, mole balance closure and production of depolymerization
products at kilo scale (Chapter 5)

3.2. NMR ANALYSIS
3.2.1. PRINCIPLES OF NMR

This section was written based on the books “Basic One- and Two-Dimensional NMR
Spectroscopy” and “A Graduate Course in NMR Spectroscopy”.[88,89]

Nuclear Magnetic Resonance (NMR) is a powerful spectroscopy technique that
leverages the magnetic properties of atomic nuclei. At the core of NMR is the
concept of nuclear spin (I), which gives rise to a magnetic moment, making nuclei
with 1>0 act like tiny magnets. When these nuclei are placed in a strong static
magnetic field (Bo), their magnetic moments align with the field, leading to discrete
energy states, as shown in Figure 3-2. The energy difference (AE) between these spin
states is proportional to the magnetic field strength, described by AE = (hyBo)/2m,
where y (rad s T) is the characteristic gyromagnetic ratio of the nuclei and h is
Planck's constant. The nuclei tend to occupy the lower energy state (a-state) slightly
more than the higher energy state (B-state), following a Boltzmann distribution.

NMR spectroscopy involves exciting these nuclei with a radio frequency (RF) pulse
that matches the energy gap between the spin states, causing transitions from the
a-state to the B-state. The resonance (Larmor) frequency of this transition, we = yBo,
depends on the strength of the magnetic field. After the RF pulse, a short-lived
macroscopic magnetization vector rotates around the external magnetic field at the
characteristic Larmor frequency. This rotation induces an oscillating current/voltage
in the receiver coil, generating the Free Induction Decay (FID) signal. This FID signal,
containing the precession frequencies of the different nuclei, is recorded and then
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transformed into a frequency domain spectrum using the Fourier transformation,
providing detailed information about the molecular structure and environment of
each nucleus in the sample.
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Figure 3-2: Atomic nuclei spin properties with and without external static magnetic field.

|
|
|
|
|
|
|
|
|
|
|

Chemical shift and spin-spin coupling are the two most important NMR parameters.
They make NMR a highly effective method for identifying compounds due to their
sensitivity to molecular structure and environment. The chemical shift represents
the relative resonance frequency of a certain nucleus compared to a standard and
varies based on the electronic environment of the nucleus. Nuclei in different
chemical environments generate FID signals with distinct resonance frequencies.
The effective magnetic field locally experienced (Bef) by the nuclei is affected by the
screening effect of surrounding electron clouds, resulting in a different resonance
frequency than the standard. For instance, a 'H nucleus near an electronegative
atom like oxygen will experience a different magnetic field than one surrounded by
less electronegative atoms like carbon or hydrogen, resulting in different chemical
shifts in the NMR spectrum. Spin-spin coupling, or J-coupling, arises from
interactions between spins of adjacent nuclei, influencing the energy levels of a
nucleus based on the spin states (a or B) of nearby nuclei. This coupling is mediated
by electron spin polarization through chemical bonds, adding another layer of
information to the NMR spectrum that helps elucidate the molecular structure and
connectivity. Advanced 2D NMR techniques like DQF-COSY, [*H,3*C]-HMBC, and
[*H,*3C]-HSQC enhance this by revealing correlations between different nuclei.

Figure 3-3 shows the experimental setup used for NMR analysis. The heart of the
NMR instrument is based on two main components: the magnet and the probe. The
former creates the required static magnetic field, B,, and it is kept cold by using a
liquid helium tank, insulated by an external liquid nitrogen and vacuum layers. On
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the other hand, the probe is in charge of exciting the sample and recording the FID
signal using the excitation-receiver coil. The FID signal will later be Fourier
transformed to extract the frequency spectrum that contains the characteristic
frequencies of the nuclei present in the sample. This frequency spectrum is referred
to as the NMR spectrum, and the area under the resonance peaks is directly
proportional to the number of nuclei contributing to that signal, allowing for precise
and direct measurement of compound concentrations without needing external
calibration standards. The intrinsic quantitative nature of NMR and its ability to
elucidate molecular structures make it superior to standard chromatography
techniques, which rely on compound-detector interactions and standard curves for
quantification.
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Figure 3-3: NMR experimental setup.

3.2.2. IDENTIFICATION: 'H-NMR PEAK ASSIGNMENT

In characterizing the product phases from nHTP of PET, solid and aqueous samples
underwent DQF-COSY, ['H,'3C]-HMBC, and ['H,3C]-HSQC analyses to identify
correlated signals in the *H-NMR spectrum. Later, the 'H-NMR spectra collected from
standard samples were compared against the solid and aqueous spectra as shown in
Figure 3-4.

Potential candidates were selected based on peak shift, multiplicity, and coupling,
guided by the anticipated reaction pathways of PET monomers under nHTP
conditions. For instance, Figure 3-4 illustrates the comparison of the spectrum of the
aqueous phase with standard samples of EG, diethylene glycol (DEG), and dioxane,
exemplifying this analytical approach. While H shifts offer initial clues, chemical
shifts may be influenced by environmental factors like pH. As shown in Figure 3-4,
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where the aqueous phase pH was 3-3.5, dioxane and EG peaks are slightly shifted
compared to the standard samples. To confirm the identification of these peaks, 2D
HSQC spectroscopy was employed. HSQC correlates proton and carbon resonances,
allowing for the unambiguous assignment of peaks to specific compounds based on
two independent shifts (*H and 3C) as well as their characteristic correlations. More
details on identification and assignments can be found in the main text and
supplementary material of PAPER B and C.[86,87]
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Figure 3-4: Identification of EG, DEG, and dioxane based on *H-NMR and [*H,*3C]-HSQC spectra
of standard samples.

3.2.3. QUANTIFICATION: SIMPLE MIXTURE ANALYSIS

NMR quantification of nHTP products was performed via the “Simple Mixture
Analysis” (SMA) tool from MNova 14.2.3 (Mestrelab Research S.L.). NMR
quantification works by integrating the area under the peaks of interest, which is
directly proportional to the number of nuclei contributing to each signal. However,
in complex mixtures like the ones found in nHTP solid and aqueous products,
multiple compounds may produce overlapping signals, making it difficult to
distinguish between them and thus interfering with the quantification. Peak
deconvolution from an NMR spectrum is crucial for accurate quantification because
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it allows for the resolution of overlapping signals into distinct peaks corresponding
to individual nuclei or groups of nuclei. Without deconvolution, quantification would
be imprecise, leading to errors in determining the composition of the sample.

Once the compounds are identified and assigned in the *H-NMR spectra and the
signals are deconvoluted, a mixture can be defined in the SMA for automated
quantification. This process begins by creating a new compound, selecting the
integration regions of the relevant signals, inputting the multiplicity of each peak,
and defining the number of protons contributing to each signal. For instance, the
signals in Figure 3-5 would be defined in the mixture as presented in Table 3-2.

Table 3-2 Definition of BHET, MHET, dioxane, and DEG in the SMA mixture.

COMPOUND REGION (ppm) MULTIPLICITY NUMBER OF 'H

BHET 8.160 - 8.195 Singlet
MHET 8.120 - 8.160 Multiplet 2
1,4-dioxane 3.735-3.760 Singlet 8
DEG 3.715-3.760 Multiplet 4

1,4-dioxane
MHET RES
\/’//
8.15 8.14 g1z '/ 3.75 374 3.73 3.72
H (ppm)

Figure 3-5: Peak deconvolution of BHET and MHET in the aromatic region and dioxane and
DEG in the CH; region.

Finally, the SMA quantification is run on all samples to obtain the integrals of the
peaks defined in the mixture. With this and the known concentration of the internal
standard in the sample, the concentration of every compound can be determined
using Eq. 3-5.

A N td
G = CStdA :

(Eq. 3-5)
std N
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Where Cj and Cgq are the concentrations of compound j and internal standard in
the NMR sample, Aj and Agq are the integrated areas of the peaks of compound j
and the internal standard, and N;j and N4 are the number of protons contributing
to the peaks of compound j and the internal standard. Based on the concentration
of the compounds in the NMR sample, the sample preparation procedure, and the
mass of collected product phases, the total amount of each compound in the nHTP
products can be obtained. The main text and supplementary material of PAPER B
and PAPER C give more details on the calculations needed for quantification.[86,87]

3.3. CONCLUSIONS

In conclusion, this chapter outlines a robust experimental framework that combines
gNMR and mole balance methodologies to study the chemistry of nHTP of PET. By
identifying and quantifying the monomer units and their reaction pathways, this
approach provides a comprehensive understanding of how PET monomer units
behave under various conditions. The framework enables precise measurement of
output compounds, offering detailed insights into product distribution and reaction
mechanisms. This tool is essential for optimizing the nHTP process and was crucial to
the findings discussed in Chapter 4 and Chapter 5, based on the results presented in
PAPER B and PAPER C.[86,87]
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After defining the experimental framework, batch experiments were conducted to
investigate the chemistry of PET under different nHTP process conditions. This
chapter presents the experimental methods and insights into nHTP reaction
pathways and product distribution. The content is based on PAPER B: Process
optimization by NMR-assisted investigation of chemical pathways during
depolymerization of PET in subcritical water.[86]

4.1. BATCH NHTP EXPERIMENTS: SETUP AND METHOD

The nHTP batch experimental setup shown in Figure 4-1 included a fluidized sand
bath (Techne, SBL-2D) and two 20 mL micro-batch tubular reactors. An electric
motor with an eccentric vertical shaft was positioned horizontally above the sand
bath to hold and shake the reactors during the experiments. The micro-batch
reactors (1) were constructed using standard stainless steel tube fittings from Hy-
Lok, South Korea. A capillary tube (2), equipped with a ball valve (3), a pressure
sensor (4), and a mechanical connector (5), was attached to the top of each reactor.
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Figure 4-1: Micro-batch reactor setup for nHTP experiments.
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The ball valve allows leak testing, flushing the reactor with N, before the experiment,
and collecting gases produced during the reaction. The pressure sensor monitors the
internal pressure of the reactor and, together with the temperature of the fluidized
sand bath, helps control the properties of the water. The mechanical connector
attaches to the vertical shaft, which transforms the rotational motion of the motor
into a vertical shaking motion.

First, PET and deionized water in a mass ratio of 1:10 were loaded into the reactors,
1 g PET and 10 g water in each of them. Reactors were closed and tested for leaks by
pressurizing and submerging them into water. Once leak-free, the reactors were
flushed with nitrogen and pressurized to 3 MPa. The sand bath was heated to the
experiment temperature (280, 310 and 340 °C). The reactors were then immersed in
the fluidized sand and attached to the agitation system, which would provide
continuous shaking during the reaction (0, 5, 10, 20 and 45 min). After the reaction
time of the experiment, the reactors were quenched to terminate hydrothermal
reactions. After reaching room temperature, the pressure was released, and all
products were collected in 50 mL vials using 40 mL of deionized water to rinse the
reactor as shown in Figure 4-2.

Deionized Volumetric
water flask

@ Product Phase
mixture Centrifugation separation

\IF

Figure 4-2: Product collection and phase separation procedure of batch nHTP experiments.
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Vials were centrifuged, and the supernatant was transferred to a 100 mL volumetric
flask. Approximately 25 mL of deionized water was added to the vial to clean the
solids of any water-soluble compounds adsorbed on them. After centrifuging the
new mixture, the supernatant was added to the volumetric flask and deionized water
was used to fill it up to the ring graduation mark. Solids were freeze dried and
weighed. NMR samples of both phases were prepared and analyzed following the
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procedures presented in PAPER B, and quantification was conducted based on the
methods and identification presented in Chapter 3.[86]

4.2. nHTP REACTION PATHWAYS

'H-NMR spectra of solid and aqueous phases were used to identify nHTP products
following the procedure in Section 3.2.2. The PET reaction pathways in Figure 4-3
were elucidated by considering the potential reactions that could take place under
hydrothermal reaction conditions, and the H-NMR peak assighment of the
identified products shown in Figure 4-4.
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Figure 4-3: Reaction pathways of PET during neutral hydrothermal processing. The figure was
adapted with permission from [87].
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Figure 4-4: 1H-NMR peak assignment of a) aqueous and b) solid nHTP products. The figure was
adapted with permission from [87].
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nHTP reactions start with the random water scission of ester bonds, quickly reducing
the average molecular weight of the polymer chains and leading to a broad range of
oligomers of different sizes. These will further hydrolyze into PET precursors and
small mono and diesters. DCA moieties undergo decarboxylation to benzoic acid at
high temperatures.[90] Although benzoic acid could degrade into benzene, the latter
was not found in the product mixture.[91]

The acidic reaction conditions created by the production of TPA, IPA and benzoic acid
trigger EG degradation reactions, which become more pronounced at high
temperatures.[67] DEG is produced by condensation of two EG molecules following
a proton activated dimerization reaction.[92] DEG undergoes dehydration to 1,4-
dioxane and takes part of transesterification reactions that result in DEG containing
esters.[93] EG also experiences dehydration to vinyl alcohol, which tautomerizes to
acetaldehyde.[94]

A large fraction of acetaldehyde exists in hydrate form, allowing self-
disproportionation to ethanol and acetic acid. Furthermore, acetaldehyde converts
to 2-butenal via aldol condensation, which can then polymerize at high temperatures
to produce carbonyl-containing oligomeric chains. Acetaldehyde and 2-butenal
could also undergo decarbonylation under hydrothermal conditions, producing
methane, propylene, and carbon monoxide.[95,96]

4.3. MONOMER RECOVERY AND DISTRIBUTION

The recovery of DCA and EG monomer units (p) in both solid and aqueous phases
was obtained after quantification of all compounds, calculation of the monomer
units in each of them, and comparing these with the initial units in PET. Recovery
gives insights on how DCA and EG units are distributed among nHTP products. Figure
4-5 shows that higher temperatures and longer retention times increase selectivity
towards TPA and EG due to greater hydrolysis. However, these conditions also
trigger degradation reactions, primarily affecting EG.

At 280 °C, a maximum of 57.7 % DCA units are recovered as TPA and 20-25 % as
mono(2-hydroxyethyl) terephthalic acid (MHET), whereas at 310 °C and 340 °C, the
TPA yield increases to 67.1 % and 76.6 %, respectively, due to enhanced hydrolysis
of MHET and BHET. These two compounds are water-soluble and will dissolve in the
aqueous phase until saturation, with any excess remaining in the solid phase. For
example, at 340 °C and 45 min, BHET is only present in the aqueous phase because
the amount produced is insufficient to reach saturation. On the other hand,
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decarboxylation of TPA and IPA to benzoic acid is promoted as the conditions
become more severe, with 1.2 % of DCA units being benzoic acid at 340 °C and 45
min. Finally, IPA and IPA esters follow a similar trend to that of TPA and TPA esters.
Benzoic acid, IPA and IPA esters are included in the group “Others” in Figure 4-5.
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Figure 4-5: Recovery and distribution of DCA and EG monomer units in solid and aqueous nHTP
products. The figure was adapted with permission from [86].
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As illustrated in Figure 4-5, the highest recovery of EG, approximately 33 %, is
achieved at 280 °C, which is less than half of the maximum recovery of TPA. This
demonstrates the instability of EG under high-temperature hydrothermal conditions
and long reaction times in comparison to TPA and IPA. For instance, EG monomer
recovery is reduced from 27.2 % to 9.2 % when the reaction time goes from 5 to 45
min at 340 °C. The conversion of EG into degradation products such as aldehydes,
which then react, consumes EG and shifts the equilibrium toward ester bond
hydrolysis. EG also degrades and produces DEG, increasing the concentration of 2-
(2-hydroxyethoxy)ethyl 2-hydroxyethyl terephthalate (D-T-G) between 280 °C and
310 °C due to transesterification of BHET. However, at 340 °C hydrolysis of ester
bonds becomes more predominant hence yielding the lowest amount of D-T-G.

Undissolved material was found during the preparation of solid samples for NMR.
This undissolved solids were attributed to unreacted PET. Figure 4-6 shows the total
DCA and EG monomer unit recovery when considering the units found in the
unreacted PET. The monomer balance closure ranged from 80 to 90 %, being the
balance of EG units always lower than that of DCA units. This behavior becomes more
prominent at 340 °C, where EG recovery drops from 90 % at 0 min to 39 % at 45 min
due to degradation products ending up in unidentified products, and thus not
quantified. At 280 °C and 0 min reaction time, PET was completely unreacted, so the
monomer balance closed 100 % for DCA and EG units. To achieve higher mole
balance closure under all experimental conditions, expanding the list of identified
compounds and quantifying the potential gases at high temperatures would be
necessary.
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Figure 4-6: DCA and EG monomer unit recovery considering undissolved PET during NMR solid
sample preparation. The figure was adapted with permission from [86].
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4.4. CONCLUSIONS

This chapter presented the experimental setup and methodology used for
investigating the chemistry of PET under different nHTP process conditions using
micro-batch reactor experiments. The comprehensive analysis using *H-NMR spectra
facilitated the identification and quantification of an extensive number of nHTP
products. The findings reveal significant insights into the reaction pathways and
product distribution of PET monomer units, particularly the influence of temperature
and retention time on the hydrolysis and degradation of DCA and EG units. Higher
temperatures and longer reaction times enhance the hydrolysis of PET, increasing
TPA recovery while promoting EG degradation. These results demonstrate the
instability of EG under severe conditions compared to TPA. The monomer recovery
and distribution data underscore the importance of optimizing reaction parameters
to maximize desirable product yields while minimizing degradation.
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CHAPTER 5. CONTINUOUS RECYCLING UNIT
FOR nHTP OF PET

This chapter presents the development of a first-of-its-kind lab-scale continuous unit
for nHTP of PET, from conceptualization to validation experiments. Unlike previous
hydrothermal processes, this system introduces novel approaches tailored to the
unique challenges of nHTP feedstocks and products. The chapter guides the reader
through the design process, initial concepts, challenges encountered, and identified
NHTP principles during continuous operation. It also covers lessons learned,
corrections made, and potential future improvements, providing valuable insights
into the practical application of nHTP technology. Finally, validation experiments
demonstrate the potential of the unit in terms of mole balance closure and stable
operation, underscoring its significance for future process development from both
fundamental and industrial perspectives. The content is based on PAPER C:
Continuous hydrothermal processing of poly(ethylene terephthalate) (PET) under
subcritical water conditions: A proof-of-principle closed-loop study.[87]

5.1. DESIGN, CONSTRUCTION AND TESTING

The nHTP flow system presented in this chapter is the first-of-its-kind: a lab-scale
continuous unit for nHTP of PET, with no similar examples in the scientific literature.
A Japanese patent by Organo Corp Asahi Chemical Industry Co Ltd describes an
nHTP-like process in general terms but lacks technical design details.[97] Numerous
hydrothermal liquefaction (HTL) units exist worldwide to convert biomass into liquid
fuels and chemicals.[98] Despite HTL and nHTP technologies using water chemistry
to depolymerize large polymeric molecules, the nature of the nHTP feedstock and
product requires an utterly different design philosophy. Licella Pty Ltd, a company
with extensive experience in HTL, filed a patent detailing various aspects of a
liqguefaction process for waste plastics, particularly the design of the plastic feeding
system.[99] All these were used as inspiration for the design of the flow system. First,
the goal and scope of the continuous lab-scale unit were defined as follows:

“The Continuous Recycling Unit (CRU) is envisioned as a kilo-scale flow system
designed to investigate the continuous nHTP of PET, operating at high-pressure
(50-200 bar) and high-temperature (250-350 °C) and integrating multiple
subsystems to ensure seamless control and stable process operation.”
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The requirements for the CRU are presented in Table 5-1, providing a clear roadmap
for its design and construction. Additionally, to make the problem more manageable,
the CRU system is divided into various subsystems: PET feeding, water feeding,
reactant mixing, reactor, product cooling, and product collection. All these
subsystems are integrated within a process control and energy supply framework, as
shown in the bottom of Table 5-1.

Table 5-1: CRU requirements and overview of the CRU system and components.

UNIT REQUIREMENTS

Process
Pressure

Feeding of
reactants

Mixing

Reactor

Product
cooling
Pressure
reduction
Process
stability
Mass
balance
Monitoring
and data
logging

The system must operate at pressures up to 200 bar to maintain
water in the liquid phase for effective hydrothermal reactions.

A plastic melt throughput of 0.4 to 0.6 kg h'! and a water flow rate
of 4 to 10 kg h™* must be pressurized and heated to reaction
temperature, allowing for water:PET mass ratios of 10 and above.
The system must ensure efficient mixing of water and PET melt to
enhance contact between reactants.

The reactor should maintain temperatures up to 350 °C and a 10-
20 min retention time.

Effective cooling of reaction products, managing solid precipitation
to avoid flow obstruction and maintain process stability.

A robust pressure let-down mechanism to bring the multiphase
product to ambient conditions, ensuring pressure and flow stability.
Maintain stable process setpoints despite external disturbances,
ensuring consistent product quality and process reliability.

Design the system to measure and account for all input reactants
and output products, enabling the closure of the mass balance.

Continuous online monitoring and real-time logging of process
parameters for operational oversight and data-driven adjustments.

SYSTEM DEFINITION

Continuous Recycling Unit System

i 1 \
Process integration & control \
feedi \

2ecns Reactant Product Product

Reactor
Water

feedin /
. Energy supply !

Mixing

cooling collection
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The result of the CRU designing and construction process is shown in Figure 5-1. The
CRU has six main sections: plastic feeding (1), water feeding (2), reactant mixing and
conditioning (3), a tubular reactor (4), product cooling (5), and pressure let-down (6).

The plastic feeding system includes an extruder (1.1) and gear pump (1.2) to melt
and pressurize the PET. The water feeding system uses a skid pumping system (2.1)
and heated blocks to pressurize and heat the water. Both streams converge in a
mixing chamber (3.1) and then flow into a tubular reactor (4.1). The cooling system
uses a natural convection cooler (5.1) and two tube-in-tube heat exchangers (5.2)
with a recirculation loop and pump (5.3) designed to improve cooling and reduce
fouling. Depressurization and collection of products are handled by a double-cylinder
pressure let-down system (6.1 & 6.2). The next sections present the design of
relevant components, details on subsystem working principles, lessons learned, and
potential future improvements.

( 1. Plastic feeding
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1. Plastic feedin

Figure 5-1: Continuous recycling unit (CRU): process diagram (top), and laboratory scale flow
unit (bottom). The figure was adapted with permission from [87].
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5.1.1. CONTROL STRATEGY AND POWER DISTRIBUTION

National Instruments (NI) hardware and software products were selected for their
high performance, ruggedness, flexibility, and ease of use, enabling rapid
development and deployment of the CRU control and monitoring application, along
with quick software updates after modifications. The NI hardware includes a
CompactRIO-9054 controller with modules for temperature input (N19213), current
input (N19203), and digital input/output (NI9403), allowing for temperature and
pressure monitoring and control signal transmission. The programming is done using
NI's LabVIEW software, a graphical programming environment. The control strategy
is presented in Figure 5-2 (top).

User Interface Real-Time Controller Process
HLE S : @
<> e Rl -« @
1 =
Desktop computer CompactRIO Monitored variables
et (D] et [ oo [ Toveretenceou [ 04 s [ —— CoONETOI SEttiNGS (PID)

Connection \ o jl%i =
Ul-CompacRIO @ W [of] BT o aw | e : ‘
e il o ¥ - } {0
Process -
sdniacs control & monitoring e

(User interface) =

mE g S

Figure 5-2: Control strategy of the CRU: Control architecture (top) and NI Labview CRU user
interface (bottom).

Comments . =
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The "LabVIEW Real-Time Control on CompactRIO (RIO Scan Interface)" sample
project was used as a starting point. The control architecture is a double-layer
deterministic real-time control framework ensuring process reliability during
communication breakdowns. It includes:
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Ul (User Interface) application: Deployed on a desktop computer (Figure 5-2
(bottom)), it manages communication with the real-time controller, updates process
setpoints and control configurations, retrieves data, and transmits user commands.

RT (Real-time) application: Deployed on the CompactRIO controller, it directly
oversees the plant by reading and logging temperatures and pressures, comparing
readings to setpoints, and sending control signals based on PID control algorithms.

The Nl-based control system interacts with the different components in the unit by
sending control signals and modulating the power supplied to each device. These
interactions occur in the electrical box (Figure 5-3), where all control and power
supply instruments are installed.
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Figure 5-3: Physical distribution and sections in the electrical box of the CRU.
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IN THE FIELD
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Figure 5-4: Electrical diagram of the electrical box in the CRU.

Figure 5-3 shows the general layout of the different components within the box, and
Figure 5-4 shows a reference diagram showing the components and the connections
between them. Section 1 in Figure 5-3 contains the CompactRI0-9054 (1), equipped
with a 5 V digital I/O module to control the solid-state relays that power the
components in the field based on temperature and pressure readings. A 24 V DC
power supply (2) powers this control section of the box where the stand-alone
Siemens Logo PLC (3) controlling the pressure let-down is also located. Section 2 is
made of solid-state relays (4) that interface the 5 V digital control signals and the 230
V AC power supply for the process equipment. Sections 3 & 4 distribute the 3-phase
power supply containing a main manual breaker (5), a contactor (6), and an
emergency relay (7). Finally, Section 5 contains the motor invertors (8) and the filters
(9) to protect the control signals from electromagnetic interference noise.
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5.1.2. HEATING AND INSULATION SOLUTIONS

Heating and insulation are required for different equipment across the CRU, leading
to the use of three heating solutions: heating tape, heating cartridges, and band
heaters. Heating tape, with low power density (200-250 W m2), is highly flexible and
suitable for irregular shapes with small bending radii like pipes, valves, and fittings.
Heating cartridges, installed in custom aluminum heating blocks, offer high power
density and medium flexibility, ideal for localized, high-intensity heating. Band
heaters also provide high power density but have low flexibility due to size
constraints, making them effective for cylindrical barrels and large pipes.

Table 5-2: Heating solutions used in the CRU.

HEATING TAPE HEATING CARTRIDGES BAND HEATERS

High-temperature glass fiber insulation tape (< 1000 °C) is used as first insulation
layer on top of the heaters to enhance thermal efficiency and protect the second
insulation layer. The tape is then covered with standard glass fiber pipe insulation (<
250 °C) to further improve heat retention and ensure a robust insulation system,
effectively minimizing heat loss and protecting the equipment from temperature
fluctuations. Heating and insulation were supplied by Horst, Germany, and Lund &
Sgrensen A/S, Denmark.

Table 5-3: Heat insulation solutions used in the CRU.

GLASS FIBER INSULATION TAPE GLASS PIPE INSULATION

O
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5.1.3. PLASTIC FEEDING

Figure 5-5 shows a detailed diagram of the plastic feeding system. It includes a SJ25
single screw extruder (1) (RobotDigg, China) with a 25 mm screw diameter, which
melts, conveys, and pressurizes the PET to 15-25 bar. Temperature sensors in the
barrel and die monitor and control the temperature profile of the extruder, and a
fine metal screen in the extruder die prevents large particles from passing through.

A custom-made stainless steel block connects the extruder to several key
components: the melt pressure transducer (2) that monitors the extruder outlet
pressure, the needle bleed valve (3), and the gear pump (4), (Slack&Parr, UK). The
gear pump head, with a fixed displacement of 2.4 cc rev! and a volumetric efficiency
greater than 99.81 %, boosts the melt to the reaction pressure, ensuring a consistent
melt flow. A second melt pressure transducer (5) monitors pressure and
temperature after the gear pump. A needle valve (6) allows for melt bleeding during
startup and shutdown. A modified lift check valve (7) (Hy-Lok, South Korea) equipped
with a return spring isolates the plastic feeding subsystem from the rest of the
process, preventing any backflow of water.

Figure 5-5:Diagram of the plastic feeding system.

The melt pressure transducers are NaK-filled with Inconel diaphragms and type-)
thermocouples (KE series, Gefran, Italy). The needle valves are high-temperature
valves (up to 648 °C) equipped with graphite packing, GB Series from Hy-Lok. All
fittings, component connections, and tubing are 3/8 inch in diameter and heated
using heating tapes, while extruder barrel and gear pump head are heated using
band heaters.
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Operation of the plastic feeding system

The diagram in Figure 5-6 illustrates the operating procedure for the CRU's plastic
feeding. RED indicates components that are off or closed, while GREEN indicates
components that are on or open.
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Figure 5-6: Operation sequence of the plastic feeding system.

1. Heating Up: During the heating stage, the heating elements are activated to bring
the extruder, gear pump, and all other components to the required operating
temperature above the PET melting point. Bleed valves remain open to release any
pressure generated by the heating of trace water in the system. All motors remain
off until all plastic in the system is melted. This is confirmed if the extruder and gear
pump can be turned by hand.
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2. Extruder Bleeding: Once all components are hot, the extruder motor is turned on
to move and melt plastic through the extruder. The bleed valve near the extruder
remains open to release any trapped air or gases in this section of the system. The
gear pump remains off, forcing the melt through the first bleed valve.

3. Gear Pump Bleeding: When the melt flow through the first bleed valve is
consistent and bubble-free, the extruder bleed valve is closed, pressure is built up
(P04), and the gear pump motor is turned on. The melt then flows through the
second bleed valve to ensure the system is air-free and the melt flow is consistent.

4. Pressurization: After bleeding, all valves are closed, and pressure builds up after
the gear pump (P06) until it reaches the reactor pressure.

5. Start Feeding: When the pressure at PO6 exceeds the reactor pressure, the check
valve opens, and a flow of plastic material is fed into the process. The system is now
actively feeding the plastic material.

6. Stop Feeding: To stop feeding, the bleed valve after the gear pump is opened,
reducing the pressure at P06, closing the check valve, and halting the flow of plastic
material into the process.

During testing of the plastic feeding system, the following problems were
encountered:

e The gearmotors of the extruder and gear pump had to be retrofitted to decrease
the minimum RPM, enabling the delivery of the low melt flows required by the
system. Although this solution was temporarily effective, operating these
components at low RPM is undesirable as it forces them to work at the lower
limit of their operational window.

e Two mechanical couplings broke due to the presence of solid PET in the system
at motor startup. One coupling is between the motor and extruder shaft, and the
other is between a different motor and the gear pump driving shaft.

e The lift check valve was modified and equipped with a return spring after failing

to close quickly enough during operation. This failure caused water backflow,
which turned into steam.
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e Extrusion of real PET waste containing other polymers, aluminum foil, and other
contaminants led to the plugging of the extruder screen. At industrial scale,
extruders working with plastic waste are equipped with screen changers (e.g.
plate, piston, belt or rotary disc type) that remove the accumulated material
continuously or in batch. However, it is not common to find these in small
extrusion systems.

LESSONS LEARNT
Size your equipment correctly from the beginning: correct sizing of extruder

and gear pump would have avoided pricey and time-consuming retrofit.

Keep everything hot and double check: make sure that the whole system is kept
at processing temperatures long enough and check manually that all plastic is
melted before starting the motor.

Don’t let water in the plastic feeding system: ensure there is no water backflow
into the plastic feeding system, as it would lead to potentially hazardous
situations and unpredictable PET flow characteristics due to depolymerization.

FUTURE IMPROVEMENTS
Solution for continuous extrusion of PET waste at lab scale: First, this could be

achieved by installing inline filters with a large enough surface area to allow for
long-duration experiments. A screen changer fitting the scale of the unit could
also be implemented. Finally, PET waste could be pre-pelletized in a suitable
system before experiments.

5.1.4. WATER FEEDING

The skid pumping system shown in Figure 5-7 was delivered by HYTOR Group A/S,
Denmark. An air-driven plunger pump (CRP500V400, Williams pumps, USA)
pressurizes the water, and the flow rate is determined by the displacement volume,
which is set by adjusting the stroke length, and the strokes per minute, controlled by
the pneumatic relay and controller. Flow is measured using a calibration pot, and a
check valve isolates the system from the rest of the unit. Water is heated by two
cartridge-heated aluminum blocks (130x100x55 mm, 250 W per cartridge, 1000 W
per block) before mixing with the melt.
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LESSONS LEARNT
Off-the-self components are the fastest solution: customize solutions only
when no commercial product is available. If it is available, buy it.
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Figure 5-7: Diagram of the skid pumping system delivered by HYTOR Group A/S, Denmark.

5.1.5. REACTANT MIXING

PET and water do not readily mix due to differences in polarity, density, viscosity,
and the hydrophobic nature of PET. Therefore, enhancing the contact between these
phases is crucial to reducing mass transfer limitations and improving
depolymerization reactions. Licella Pty Ltd designed the plastic feeding system
shown in Figure 5-8 (a), where supercritical water is injected directly into the plastic
flow, and a static mixer is placed immediately afterward.[99] This method is likely
effective on an industrial scale due to its ability to facilitate thorough mixing.
However, implementing such a complex system on a lab scale is impractical due to
its intricacy and the challenges of scaling down the components.

A simpler yet effective mixing solution was developed for the CRU, as shown in Figure
5-8 (b). This design leverages the pulsed flow pattern of the water feeding system
and utilizes standard tube fittings from Hy-Lok. The tube, through which PET is fed,
was machined to fit into the mixed flow outlet tube. As the water flow approaches
the mixing point, its cross-sectional area is reduced, accelerating the flow and
increasing turbulence. This, combined with the high peak velocities generated by the
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air-driven plunger pump, ensures proper mixing of the reactants before they reach

the reactor.

LESSONS LEARNT
Simplify and win: a simple approach is the best starting point for robust and
effective solutions. Overengineering could be detrimental when unnecessary.
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Figure 5-8: Design of the water-PET mixing point in the CRU. a) Mixing solution presented in
Licella’s patent W02018107204A9 [99], b) Mixing solution implemented in the CRU.

5.1.6. REACTOR

Figure 5-9 (top) presents the phenomena taking place in the reactor. First,
turbulence generated at the mixing point breaks down the PET melt, increasing the
contact between the reactants. This initiates nHTP reactions, which occur rapidly
when PET is in a melt state. As the reactions progress, the products begin to dissolve
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in the water, and once they have proceeded long enough, the flow becomes a

homogeneous phase.
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Figure 5-9: CRU reactor. Phenomena occurring during nHTP of PET (top), TPA solubility in
subcritical water and TPA inline purification and recovery concept (bottom).[100]

This behavior is anticipated based on the results from Chapter 2, where nHTP
phenomena were identified based on the DSC traces, and also the batch results from
Chapter 4, which show that PET conversion to monomers, and mono and diesters is
significant above PET melting point temperature already and 5 min reaction time.
Based on the solubility of TPA in subcritical water shown in Figure 5-9 (bottom), if
PET was fully depolymerized to TPA and EG and the water to PET mass ratio in the
reactor was 10 or above, all the TPA should be dissolved under nHTP reaction
conditions.[100] This was also confirmed during DSC experiments.[77]

A simple 4.3 meter long tubular reactor, with a 1 inch outer diameter and 0.083 inch
wall thickness, was designed using standard stainless steel seamless tubing from Hy-
Lok, providing a reactor volume of 1.5 L. ZCR metal gasket face seal fittings were used
at the reactor ends to ensure leak-tight performance while allowing for mounting
flexibility. Since a cartridge-heated aluminum block (130x100x55 mm, 250 W per
cartridge, 1000 W total) is used after the mixing point to bring the reactant mixture
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to reaction temperature, heating is only needed to compensate for heat losses from
the reactor. Therefore, three 500 W heating tapes were installed in series and
controlled by thermocouples mounted on the reactor surface.

The decrease in solubility experienced by certain reaction products upon cooling
can be leveraged for inline purification. Figure 5-9 (bottom) conceptually illustrates
how TPA crystallization can be used for this purpose. In the nHTP region, TPA is 100
% soluble, allowing for the removal of non-soluble impurities such as carbon black
(HOT separation). As the products cool, TPA precipitates due to its low solubility at
lower temperatures, resulting in high TPA crystallization and recovery. For instance,
cooling the products to 168 °C allows for 95 % recovery of solid TPA. Once the desired
recovery is achieved, TPA can be separated from the liquid product (COLD
separation), leaving water-soluble contaminants behind.

During testing and validation experiments, minor corrosion of the 316L stainless
steel CRU reactor was observed, evidenced by the red coloring of the products over
time. Iron concentration, quantified by Inductively coupled plasma optical emission
spectrometry (ICP-OES), increased from 0.028 mg g* at 250 °C t0 0.074 mg g at 310
°C.

LESSONS LEARNT

Reactor corrosion: The acidic nature and high temperatures of the nHTP process
causes corrosion of the reactor material.

FUTURE IMPROVEMENTS

Stop corrosion: a more suitable material or coating for the reactor will be
considered and tested under nHTP conditions.

Inline purification: install inline filtration systems to study the potential of inline
purification of TPA.

Retention time and mixing: implement the required modifications to study the
effect of mixing (using static mixers) and retention times (through flexible feeding
or different reactor sizes).

5.1.7. PRODUCT COOLING
The reaction products (>250 °C) leaving the reactor must be cooled below 100 °C to

avoid sudden liquid-vapor phase transition during depressurization. Cooling is
typically achieved using a low-temperature fluid that absorbs heat from the stream
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to be cooled, creating a temperature gradient in the interfacing material. The wall of
the interfacing material, a pipe in this case, becomes the coldest surface in contact
with the stream, promoting surface solid precipitation during cooling. This leads to
the development of a fouling layer on the pipe walls, which grows until the pipe
eventually clogs. Initial tests were conducted with three tube-in-tube heat
exchangers placed in series. The system would quickly clog once the first products
reached the cooling system, with severe fouling happening in the first centimeters
of the cooling system, supporting the previous hypothesis.

The recirculation loop in Figure 5-10 was implemented to prevent the fouling of solid
products on the cooler walls. This system consists of an initial natural convection-
cooled heat exchanger (5.1) followed by two water-cooled tube-in-tube heat
exchangers (5.2) and a pump (5.3). The effectiveness of this solution relies on several
phenomena working together, which are shown in Figure 5-10 (right). First, product
recirculation creates higher flow through the cooler, leading to increased turbulence,
which keeps particles dispersed and prevents deposits on the cooler surfaces.
Second, the recirculated cold products mix with the hot flow, cooling directly in the
bulk of the liquid rather than on the cooler walls. Finally, solid products brought back
to the cooler inlet act as seeds for secondary nucleation of new crystals in the liquid
bulk, further reducing solid deposition on the cooler walls.

_—— - ———— - -
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Figure 5-10: Recirculation loop. Process diagram (left), flexible impeller recirculation pump
design (center), and fouling phenomena with and without recirculation (right).
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Recirculation of the cooled products back to the inlet of the cooling system was
achieved using the custom-made flexible impeller recirculation pump shown in
Figure 5.10 (center). Flexible impeller pumps offer excellent self-priming capabilities
and versatile fluid handling. They are easy to maintain, have a compact design, and
efficiently handle fluids with entrained solids. However, no commercially available
flexible impeller pump could handle up to 200 bar, necessitating a custom-built
solution. The impeller from a UNISTAR 2001-A drill pump (ZUWA-Zumpe GmbH,
Germany), served as the starting point for the pump body design.

A shaft is required to transfer the turning motion from the electric motor to the
pump impeller. While a magnetic coupling between the motor and shaft is
commonly used in high-pressure systems, it is a costly solution for a proof-of-concept
design. Therefore, mechanical coupling was chosen, focusing on pump seals and
bearings to ensure smooth, leak-free operation. The radial ball bearings 1 and 3 in
Figure 5-10 (center) ensure shaft alignment, while the thrust ball bearing 2 allows it
to spin, withstanding the force created by the process pressure and transferred by
the thrust collar. A custom-made PTFE DanaRotoFlex R65 (Dana-Seals A/S, Denmark)
rotary seal (Seal 1) was used to seal the shaft. To ensure the pump body is leak-free
between pump body sections, lateral grooves were made to install viton O-rings
(Seal 2). Finally, a regular rotary seal (Seal 3) was added to minimize the washing
away of lubricating grease.

Figure 5-11 shows the surface temperatures across the recirculation loop over time
during a test run at a reactor temperature of 280 °C. Additionally, a diagram at the
bottom describes the phenomena that could explain the behavior of the
temperature profile in the air-cooled heat exchanger. As the experiment proceeds,
minor fouling occurs in the air-cooled heat exchanger shortly after the point where
the flow from the reactor and the recirculation mix. Over time, the thickness of the
fouling layer increases, decreasing the total heat transfer coefficient (U). This
reduction in U decreases the heat dissipation rate (Q), which is reflected as an
increase in the surface temperature downstream (AC2) compared to the point where
fouling is happening (AC1). See temperature readings after the fouling critical point
in Figure 5-11. The fouling also causes the flow path to shrink, increasing the pressure
drop and consequently decreasing the flow delivered by the recirculation pump. As
the flow rate decreases, the recirculation cooling drops, leading to higher surface
temperatures in the air-cooled heat exchanger. At a certain point, fouling becomes
critical, and if it is not removed, the heat exchanger eventually plugs, with the
recirculation pump unable to overcome the pressure drop. When this occurs, the
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flow from the reactor is diverted to the recirculation pump, compromising its
integrity. This behavior was observed during some of the test runs.

The temperature readings at the top of Figure 5-11 show a cyclic behavior after the
fouling critical point, where detachments of the fouling layer are presumed. These
detachments are promoted by the switch between collecting cylinders in the
pressure let-down system, which triggers a short and sudden pressure pulse. This
cyclic detachment helps to prevent a complete blockage of the system, albeit
temporarily. The operation of the pressure let-down system will be explained in
detail in the following section.
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Figure 5-11: Testing and operation of the recirculation loop: surface temperature readings
across the recirculation loop during a test run at 280 °C reactor temperature (top), location of
the temperature readings in the recirculation loop (center), and fouling phenomena (bottom).
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LESSONS LEARNT
High-pressure flexible impeller recirculation pump: the development of this

custom-built pump was crucial for achieving long running times and
understanding the fouling phenomena during the cooling of nHTP products.
Recirculation suppresses fouling: recirculating cold products to the cooler inlet
helps reduce fouling. However, clogging is still expected in the long term if no
further changes are made in the system.

FUTURE IMPROVEMENTS
Fine-tuning the recirculation system: adjusting flow and coolant temperature to

minimize fouling. Higher flows and lower recirculation temperatures would help
reduce fouling.

Mechanical scraper: implementing a mechanical scraper in the air-cooled heat
exchanger to continuously remove the fouling layer.

Different pump impeller: exploring alternative pump designs capable of creating
higher pressure heads to overcome the pressure drop caused by fouling and
promote the detachment of the fouling layer.

5.1.8. PRESSURE LET-DOWN

The final step in the process involves continuously depressurizing the products
without affecting process stability. The solution should also enable easy and frequent
collection of representative product samples. Depressurization in chemical
processes is usually achieved by dynamically throttling the process flow while
maintaining a set upstream pressure. The greater the pressure drop requirement,
the more throttling needed. The pressure drop is directly related to the flow and the
throttling effect, as described by Eq. 5-1, which considers both viscous frictional
pressure drop in pipes (f-L/D) and pressure drops from components (5K), and the
flow characteristics (pV?/2).[101] A more significant throttle effect is necessary for
lower flow rates to achieve the same pressure drop. If the flow contains particles of
considerable size, the throttling can potentially cause clogging and wear on the
throttling element. These are significant limitations when continuously
depressurizing high-pressure, low-flow, multiphase systems containing solids.

L pV2
_ (& Eqg. 5-1
AP (fD+ E K) > (Eq. 5-1)
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Different approaches can be undertaken when designing the depressurization
system. When solids are removed before depressurization, high-throttling systems
such as capillary systems [102,103] and back pressure regulators [104] can be used.
However, when the process flow is heavily loaded with solids, gas-based
depressurization [105], or piston-based architectures [106,107] are employed. Since
the process flow in the CRU is heavily loaded with solids (5-10 wt.%) and no gas phase
is available for depressurization, a piston-based system was implemented.

The pressure let-down system designed for the CRU is shown in Figure 5-12 (a), and
it consists of two opposing-cylinder setups that work in parallel. Each setup has an
air cylinder (AC) (U Series, ARTEC Pneumatic, Italy) with a 200 mm bore diameter and
a 150 mm stroke length, driven by compressed air up to 6 bar, and a process cylinder
(PC) (TAON Hydraulik, Denmark) with a 40 mm bore diameter, a 150 mm stroke
length, and 250 bar pressure rating. As shown in Eq. 5-2, the PC acts as collection
vessels where the back pressure (Pprocess) is set by the ratio between process and air
piston areas (Aac and Apc). An electro-pneumatic regulator (PR) (ITV1000 series, SMC
Corporation, Japan) actively controls the pressure in the air cylinder (Pac). In this way,
the feeding systems set the flow of reactants into the system, while the pressure let-
down system defines the process pressure.

A
Pprocess = AAC Py (Eq. 5-2)
PC

When reactants are fed into the CRU, pressure in the system will increase, which will
be transmitted to the air cylinder. The electro-pneumatic regulator will then release
air, and the piston will move and facilitate expansion on the process cylinder. The
fast, continuous behavior of the electro-pneumatic regulators makes this process
smooth, avoiding pressure fluctuations. The cylinder configuration presented in
Figure 5-12 (a), together with a set of 4 pneumatic actuated ball valves (V), enables
a smooth transition between product collection in the process cylinder,
depressurization, and product release in the product tank. This sequence ensures
process pressure stability and reduces the operating load on the valves, which open
and close when inlet and outlet pressures are equalized.

Operation of the pressure let-down system

The product collection sequence shown in Figure 5-12 (b) starts by having the inlet
valves (V1.1 and V2.1) open for both process cylinders (PC1 and PC2) while keeping
the air back-pressure to the set process pressure (Step 1). After this overlapping step,
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where both cylinders are open to the process, the full cylinder (PC2) starts the
depressurization and product release process while the other cylinder (PC1) keeps
filling up (Steps 2 and 3).
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| 1. Overlap stabilization

3 Filling PC1 / Empty PC2
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(S U R

Product Product
tank tank
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Product Product Product
tank tank tank

Figure 5-12: Pressure let-down system of the CRU: a) System diagram and components, b)
Operation of the pressure let-down system.
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After product release, PC2 is pressurized again to the process pressure and stays idle
until PC1 is full and the overlapping sequence for PLS stabilization starts (Steps 4 and
5). Finally, the PC1 is full, PC2 is filling, and PC1 can start the depressurization and
product release process (Steps 6). All these sequence steps are indicated in the
pressure graph of Figure 5-13, where the pressure readings of both process cylinders
and the process pressure after the reactor during testing are displayed.

The long-term operation of the pressure let-down system was satisfactory. However,
oscillations in the process pressure were observed during cylinder filling and
switching, as shown in Figure 5-13. This is due to the fact that not only process and
air pressure are interacting, but frictional forces due to piston seal friction and
mechanical misalignments are introduced, with this friction not being equal
throughout the stroke (increasing Pprocess during filling of PC1).
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Figure 5-13: Diagram of the opposing-cylinder setup where forces affecting the final process
pressure, and a graph with process pressure and process cylinder pressures during operation
are displayed.

LESSONS LEARNT
Piston-based depressurization systems are effective: the double opposing-

cylinder setup delivered stable process pressure while enabling easy and
frequent collection of products. However, slight deviations from the objective
process pressure were observed.
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FUTURE IMPROVEMENTS
Control based on process pressure: control of the Pac was solely made based on

a pressure setpoint of Pacitself. Control of the air pressure based on Ppc would
overcome the pressure fluctuations due to friction and misalignments, resulting
in even better process stability.

Compact system: a more compact depressurization setup could be achieved by
integrating both cylinders in a single component, using a similar design to that of
an air hydraulic booster (e.g. AHB series, ENERPAC, USA)

Hydraulic back pressure control: Using a hydraulic back pressure control fluid
would make the setup even more compact, enabling integration with the feed
pressurization system to improve energy efficiency.[108]

Hot depressurization: a high-temperature membrane back pressure regulator
(e.g. HT series, Equilibar, USA) could be used for hot depressurization when
solids are still dissolved in the aqueous phase, requiring a downstream flash
tank.

5.2. VALIDATION EXPERIMENTS

After the design, construction, and testing of the CRU, validation experiments were
performed to ensure that mole balance and process stability were achieved with the
final setup, thus contributing to expanding the fundamental knowledge of
continuous nHTP of PET. Experiments were run at reactor temperatures of 250, 280,
and 310 °C, pressure of 165 bar, and PET and water feeding of 570 g h* and 7000 g
h, respectively (Reactor retention time 12 min). The recirculation ratio between
recirculation and process flow was 5:1, with coolant temperature maintained at 45,
40, or 35 °C for reactor temperatures of 250, 280, and 310 °C, respectively.

The unit was heated by flowing water through the system, and once stable
temperatures were attained throughout the unit, plastic feeding started. After 48
min of stabilization, three product batches were collected for 8-10 min each. Three
aliquots of the solid-liquid product mixture were sampled, and phase separation was
performed following the procedure depicted in Figure 5-14. NMR samples of the
product phases were prepared, analyzed, and quantified following the methods
presented in PAPER C.[87]
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Figure 5-14: CRU product batch collection and phase separation procedure adapted from [87].

Process stability

As shown in Figure 5-15, controlled start-up and shutdown of the CRU were
achieved, and pressure and temperature conditions in the reactor remained steady
throughout the experiments. The reactor was maintained at a pressure within +6.5
% of the target value (P12, 165 bar) and experienced a temperature profile (T09-T12)
fluctuation of 3.6 % around the target reactor temperature. The temperatures of
water (T08) and plastic (T06) right before the mixing point are also shown, being
stable during all the validation runs. Finally, the cooler outlet temperature reading
(T13) displays an increase around 12 min after plastic feeding started, indicating that
the first depolymerization products reached the cooling system.

The pressure reading of the melt pressure transducer between the gear pump and
the check valve (P06) is also shown in Figure 5-15. During the start-up period, P06
increased due to traces of water in the plastic feeding system (a), which was released
through the bleed valve once the plastic melted. Approximately 55 min after the
start of the experiment (b), PO6 raised above the process pressure (P12). At this
point, the gear pump had been turned on, and plastic started being fed into the
reactor. A pressure difference between P06 and P12 is observed due to the pressure
created by the return spring in the check valve.
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Figure 5-15: CRU process stability validation results: process diagram with the location of
pressure and temperature readings (top), and temperature and pressure values during the
nHTP experiment at 280 °C (bottom ). The figure was adapted with permission from [87].

Mole balance and monomer distribution

The following objective of the validation experiments was to confirm that, with the
setup of the CRU shown in Figure 5-15, the mole balance of monomer units could be
closed and quantification results could be used to understand the fate of PET
monomer units during continuous nHTP. Figure 5-16 presents the distribution of
initial DCA and EG monomer units in solid and aqueous phase products after nHTP
experiments. After accounting for all monomer units in each compound, the mole
balance of DCA and EG monomer units averaged 100.4 % (5.9 %) and 106.5 % (+8.9
%) for all NHTP experiments. These results are better than for the batch experiments,
where mole balances were closed at 80-90 %, likely due to minimized material losses
at larger scales.
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Figure 5-16: Distribution of EG and DCA monomer units among the different compounds
identified in the solid and aqueous products from nHTP experiments at 250, 280 and 310 °C.
The group “Others” includes benzoic acid, isophthalic acid, isophthalic acid esters, 2-butenal,
1,4-dioxane, ethanol and acetic acid. The figure was adapted with permission from [87].

The distribution of DCA and EG monomer units between aqueous and solid phases
depends on the reaction temperature. At 250 °C, EG monomer units were equally
distributed between phases, with 51.2 % in the aqueous phase. At 280 °C and 310
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°C, the EG units in the aqueous phase increased to 94.2 % and 97.1 %, respectively.
Conversely, 89.3 % of DCA units were in the solid product at 250 °C, with only 3.4 %
in the aqueous phase at 310 °C. The hydrolysis extent and limited ester solubility
explain the monomer distribution at different temperatures. At 250 °C, 30.5 % of EG
monomer units were dissolved EG, and 59.8 % were present as MHET, ethylene
glycol diterephthalate (T-G-T), or BHET. Similarly, 32.9 % of DCA units were TPA, and
63.8 % were present as MHET, T-G-T, and BHET. At 310 °C, the process selective
towards EG and TPA increases, constituting 77.5 % and 94.2 % of the monomer units,
respectively. These results indicate more efficient ester hydrolysis at higher
temperatures. Continuous experiments also showed higher degree of
depolymerization, with TPA recovery at 76.9 % in continuous versus 54.6 % in batch
experiments at 280 °C and similar reaction time.

Despite obtaining higher monomer selectivity, higher temperatures also promoted
unwanted EG degradation and decarboxylation of TPA and IPA to benzoic acid.
Acetaldehyde increased from 0.3 % of EG units at 250 °Ct0 9.3 % at 310 °C. 2-butenal
and 1,4-dioxane, part of “Others” in Figure 5-16, accounted for 0.05 % and 1 % of EG
units at 310 °C. Dioxane vyield increased tenfold from 250 °C to 310 °C, and
decarboxylation to benzoic acid began at 280 °C.

Carbon distribution

Figure 5-17 shows the carbon distribution among nHTP products, which provides
insights into carbon recovery feasibility for PET synthesis. Carbon concentration was
550-600 g kg in solids and 10-12 g kg in the aqueous phase with solids containing
around 80 % of the carbon. Therefore, most of the carbon is concentrated in the solid
phase making it more readily available than the carbon in the aqueous phase, which
is highly diluted by the water used in the process. Regardless of process conditions,
carbon in PET was consistently distributed between solid, from 76.1 to 81.1 %, and
aqueous products, from 18.9 to 23.9 %. In the solid fraction, MHET contained the
highest carbon amount at 250 °C (29.7 %C), while TPA was predominant at 280 °C,
reaching 78.8 %C at 310 °C. In the aqueous phase, EG, MHET, and BHET were the
main carbon forms, with 14.9 %C in EG at 310 °C. Thus, carbon as TPA and EG
increased from 32.2 %C at 250 °C to 87.3 %C at 310 °C. However, 3.5 %C was in the
form of degradation products at 310 °C.
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Figure 5-17: Carbon distribution within the solid and aqueous product phases from nHTP
experiments at 250, 280 and 310 °C. “Degradation” includes benzoic acid, acetaldehyde, 2-
butenal, diethylene glycol, 1,4-dioxane, ethanol and acetic acid. “Others” include isophthalic
acid, isophthalic acid esters, T-G-T, and trace ethylene glycol (EG) in the case of solids.

5.3. CONCLUSIONS

The development and validation of the CRU, a first-of-its-kind flow unit for nHTP of
PET, have provided significant insights into the fundamentals of continuous
operation of nHTP, but also about the practical application and optimization of this
technology. Testing and iterative design were pivotal for the success of the CRU, with
the cooling system being the most critical component for long term operation. The
continuous experiments also highlighted areas for future improvement, such as
installation of a screen in the extruder for real waste processing, mechanical scrapers
to manage fouling in the cooling system and inline purification of nHTP products.
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Additionally, reactor corrosion should not be overlooked, and more suited materials
or coatings should be implemented.

The CRU demonstrated stable operation under various experimental conditions,
achieved mole balance closures of 100.4 % (+5.9) and 106.5 % (+8.9) for TPA and EG
monomer units and provided insight into the distribution of monomers and carbon
among different phases and reaction products. The validation experiments
underscored the CRU's capability to pave the way for scaling up the technology and
refining continuous nHTP, providing valuable data for future LCA and Tecno-
economic analysis (TEA) based studies, and advancing the fundamental
understanding of hydrothermal processing of PET waste.
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CHAPTER 6. OUTLOOK OF PET CLOSED-LOOP
nHTP-BASED RECYCLING

This chapter looks into the outlook of PET closed-loop recycling, focusing on the
synthesis of rPET from heterogeneous nHTP solid products. It begins with a
preliminary assessment of the environmental impact of the process and then
presents the experimental results from the repolymerization of solid nHTP products
into PET through esterification, purification, and transesterification. The results are
compared with commercial PET, demonstrating the feasibility of a PET to rPET
closed-loop recycling system. The content of his section is based on PAPER C:
Continuous hydrothermal processing of poly(ethylene terephthalate) (PET) under
subcritical water conditions: A proof-of-principle closed-loop study.[87] The chapter
also examines the mass and carbon flows in the recycling system, identifying areas
for optimization to enhance material and carbon efficiency. Finally, the chapter
highlights the potential for improving PET circularity and sets the stage for future
research into processing real PET waste and addressing the impact of contaminants.

6.1. ENVIRONMENTAL ASSESSMENT OF nHTP

Barnard et al. performed a comprehensive comparison of the environmental impact
of the main PET solvolysis technologies. For this purpose, they defined a green metric
called the Environmental Energy Impact (), which combines the energy intensity
(Energy Economy Coefficient (g)) and waste generation (Environmental Factor (E)) of
the process.[44] As shown in Eq. 6-1, the Energy Economy Coefficient (€) is calculated
by considering the product yield (Y) as the mass fraction of the product compared to
the initial material, reaction temperature (T), and time (t). Finally, the Environmental
Factor (E), first introduce by Prof. Sheldon in the early 1990s, compares waste
generation against the product yield (Eq. 6-2).[109]

Y Myaste E
= — (Eq.6-1 E= ——— (Eq.6-2 = -~ (Eq.6-3
& T-t (Eq ) Mproduct (Eq ) E € (Eq )

Based on these green metrics and the nHTP results obtained in batch and continuous
experiments, the environmental impact of the nHTP process was compared in Figure
6-1 to those compiled by Barnard et al.[44] The higher the Energy Economy
Coefficient (€) the better since higher yields are obtain for the same reaction time
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and temperature, while the lower the Environmental Energy Impact (§) the better
since it shows lower waste generation for the same yield and reaction conditions. As
shown in Figure 6-1, the best batch (310 °C, 5 min) and continuous (250 °C, 12 min)
nHTP process conditions offer some of the lowest environmental impact among
solvolysis technologies. The continuous CRU experiment at 250 °C and 12 min shows
better overall Environmental Energy Impact (§) than all technologies with the
exception of aminolysis. Despite these metrics being an effective preliminary
comparison tool, a deeper investigation of the processes under industrially relevant
conditions and LCA studies based on those results are required. This will allow for
TEA studies and more accurate and quantitative predictions of the environmental
impact of the process, from PET waste to rPET.
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Figure 6-1: Energy economy coefficient (€), and environmental energy impact factor () for the
best batch (310 °C, 5 min) [86] and continuous (250 °C, 12 min) [87] nHTP process conditions
compared to other solvolysis technologies.
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6.2. SYNTHESIS OF rPET FROM nHTP SOLID PRODUCTS

To assess the potential of using the heterogeneous nHTP solid mixture for PET
closed-loop recycling, the solid products from the CRU validation experiments
(nHTP250°C, nHTP280°C, nHTP310°C) were repolymerized following the three steps
shown in Figure 6-2: 1) Esterification to BHET, 2) Purification of BHET, and 3)
Transesterification to PET. Synthesis with pure TPA and EG monomers was also
performed to establish a synthesis benchmark.

1) ESTERIFICATION 2) PURIFICATION 3) TRANSESTERIFICATION
Septum m:w t
NA{ @g 100°°C =
/ o7

N,

Vacuum

Catalyst

_ Cold trap
240°C/400RPM /4 h ; 270°C/20h

Figure 6-2: nHTP solids to PET synthesis: 1) Esterification, 2) Purification, 3) Transesterification.

In the esterification step, solids and EG were mixed in a 1:10 mol ratio, assuming the
solids consisted entirely of TPA, with 0.05 mol% Ti(IV)OBu relative to TPA added as a
catalyst. The solids:EG mixture (15 g) was prepared in a 250 mL round-bottomed
flask equipped with a condenser and sealed with septa. Esterification was carried out
at 240 °C with magnetic stirring at 400 RPM for 4 hours under a nitrogen atmosphere.
Upon completion, boiling demineralized water was added to the product mixture to
dissolve BHET. The solution was filtered and cooled to 5 °C for 24 hours. The cold
solution was then filtered to recover the purified white BHET crystals. BHET crystals
were weighed and analyzed using NMR.[87] Yield and purity of the obtained BHET
are presented in Table 6-1.
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Table 6-1: BHET yield and purity after esterification and purification steps.

T Tsawee Vo aHET %)

BHET (nHTP250°C) 49.2 (+0.58) 95.7 (+0.15)
BHET (nHTP280°C) 54.5 (+4.9) 88.9 (+2.1)
BHET (nHTP310°C) 54.9 (+1.9) 82.7 (+1.4)
BHET (Com. TPA) 53.5 (+0.90) 84.5 (+1.3)

For the transesterification step, dry BHET was added to a 250 mL round-bottomed
flask equipped with a condenser and sealed with septa. Polymerization was
performed under vacuum for 20 hours at 270 °C. A cold trap was used to collect the
EG released during the reaction. The number average molecular weight (M) of the
produced PET was measured using NMR, the decomposition temperature (T4) was
calculated based on thermogravimetric analysis (TGA), and its melting temperature
(Tm) and degree of crystallinity (X.) were obtained by DSC. The results are presented
in Table 6-2. The formation of polymer chains was also confirmed by Attenuated
Total Reflectance Fourier Transformed Infrared Spectroscopy (ATR-FTIR).[87]

A decrease in M, from 50.4 kDa (+12.8 kDa) to 16.6 kDa (+1.70 kDa) was observed
with increasing nHTP temperature, which is directly related to the purity exhibited
by the synthesized BHET after purification. Finally, My, T4, T and X. of the PET
synthesized from nHTP250°C solids were similar to commercial PET, which
demonstrates that rPET can be produced from the nHTP products with properties
comparable to those of commercial PET.

Table 6-2: PET yield, number average molecular weight (M,), decomposition temperature (Ty),
melting temperature (T,,) and degree of crystallinity (X.).

T SAMPLE  VIELD D | Mok0a) | Tol'T) | XD | Tol'T

. 87.4 50.4 250.4 39.5 433.8

PET(nHTP250°C) (11 59)  (+128)  (£229)  (£7.91)  (£0.349)
. 83.3 33.1 252.3 333 431.7
PET(nHTP280°C) (. 033)  (+123) (£0.660) (£3.67)  (5.21)
. 88.4 16.6 253.7 34.8 433.9
PET(nHTP310°C) ) 82)  (#17)  (£0337) (£2.85)  (£1.24)
86.2 18.2 253.1 38.4 4337

Ui U (£4.55)  (+4.1)  (+0.510) (+2.04)  (+0.390)
Com. PET - (Eig) 261.9 - 438.9

74



CHAPTER 6.0UTLOOK OF PET CLOSED-LOOP NHTP-BASED RECYCLING

6.3. MASS AND CARBON FLOWS

The technical feasibility of a PET closed-loop recycling system was demonstrated by
first subjecting PET to nHTP, and then using the solid products to synthesize rPET.
Based on the results from the nHTP validation experiments and the subsequent
synthesis, the mass and carbon flows IN and OUT of each process can be estimated,
providing a clearer picture of the overall material flows in the PET closed-loop
recycling system in Figure 6-3.
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5746 kg

o o o I = e = o = - - ~

PET CLOSED-LOOP
RECYCLING SYSTEM

Esterification

! |
I 1
! 1
| 1
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PET | product mix BHET | rPET
100 kg | 399 kg 81kg 161 kg
- Purification Transesterification ||
i |
! 1
| Water 4212 kg :
I
: Aqueous Phase 1235 kg Others 318 kg EG 20 kg :
| )
OUT MASS FLOW
IN 5785 kg
128 kg
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PET | Solids 179 kg BHET | rPET
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Esterification Purification Transesterification
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Figure 6-3: Mass and carbon flows in the PET closed-loop recycling system to process 100 kg
of PET (63 kg of embedded carbon). EG is included in “Others”.
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Since the solid products from nHTP at 250 °C yielded rPET with properties closest to
commercial PET, the depolymerization and synthesis results from these experiments
were used as the base case scenario for the assessment of mass and carbon flows in
the system. The flows were calculated by considering the carbon content and the
yield of each process. For the batch PET synthesis experiments, losses during product
collection were neglected, as these would be negligible in a continuous industrial
process.

Figure 6-3 illustrates all the mass and carbon flows in the PET closed-loop recycling
system required to process 100 kg of PET. It is worth noting that the synthesis
process was performed to demonstrate technical feasibility, but no optimization was
done to reduce material and energy consumption. Moreover, reusability or material
recovery from the outflows was not considered due to lack of information,
underscoring the need for future research. Nevertheless, these results provide a
roadmap, highlighting where significant material efficiency improvements could be
made.

The mass flows in Figure 6-3 show that a maximum of 61 % PET circularity can be
achieved with the current system setup, highlighting the limitations and
inefficiencies faced by all recycling routes. The largest mass flow in the system is
water, used in the nHTP process and BHET purification, with the latter representing
78 % of the water consumption. The exiting water streams from the nHTP and
purification processes could be treated and recycled, reducing water consumption
and enhancing carbon efficiency if valorization strategies are implemented.

The carbon flows in Figure 6-3 show that if the excess EG used in the esterification
process is not recovered after BHET purification, 3.4 kg of carbon in the form of EG
are used for every kg of rPET produced. Moreover, EG from the transesterification
process is highly pure and can potentially be reused in the esterification process with
minor processing.

All treatment options to recover and reuse material flows will incur energy costs that
should be considered. Therefore, instead of consuming material and treating it
afterwards to recycle and reduce material consumption, reducing mass
requirements at the source by optimizing each process could be a more efficient
strategy. For instance, the water to PET ratio in the nHTP process could be reduced
if the operation and productivity of the process are not compromised. In the
esterification step, a 1:10 solids to EG molar ratio was used. Based on stoichiometry,
a ratio of 1:1 should suffice, but excess EG was required to shift the equilibrium
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towards BHET due to the water produced during esterification being trapped in the
flask by the condenser. A fractionation column could be used to continuously remove
water during the experiment while condensing EG, reducing the excess EG
requirement. The water to product ratios used during purification could also be
optimized, along with the cooling temperature, based on published solubility
data.[110]

As presented, there is significant potential for system optimization to reduce mass
and carbon requirements through integrated process design and investigation of
specific process aspects. These results also highlight the relevance of LCA and TEA,
which will be crucial decision tools in the optimization process.

6.4. BOOSTING PET CIRCULARITY

Figure 6-4 presents the current PET mass flow estimates in the EU if a PET to rPET
closed-loop system based on nHTP was implemented. The material efficiency
presented in the previous section is factored in, and new renewable carbon sources
such as biomass and captured CO; are considered for a future sustainable scenario.
The flows are estimated based on the results obtained using pure PET as feedstock.

co,
5 Material
losses
Renewable Mechanical
carbon sources 1788 recycling
ni/w
Trays 2159
@'
PET PET
manufacturer converter Texhles
2577
B840 Oth NHTP- based
— 488655 closed-loop
I Mechanically recycled PET Renewable Carbon M Trays Il Bottles

I Chemically recycled PET I Recycling losses I Textiles WM Others

Figure 6-4: PET mass flow estimates in the EU in kt per year if the PET closed-loop nHTP-based
recycling system was implemented.[28]
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To expand the knowledge on real PET waste processing, PAPER D delves into the
impact of contaminants on the nHTP and synthesis process yields, as well as the
purity of the recovered BHET, showing that highly pure BHET (294 mol%) can be
synthesized from highly contaminated nHTP solid products. While more
investigation is required, this thesis has provided a research framework and set the
groundwork for future activities, offering novel methods, setups, and fundamental
insights.

6.5. CONCLUSIONS

In conclusion, this chapter has thoroughly examined the feasibility and potential of
PET closed-loop recycling through the synthesis of rPET from heterogeneous nHTP
solid products. By detailing the repolymerization process, from esterification to
transesterification, and comparing the properties of the resulting rPET with
commercial PET, the chapter demonstrates the viability of this recycling method.
Additionally, the analysis of mass and carbon flows within the recycling system
identifies key areas for optimization, emphasizing the importance of improving
material and carbon efficiency. The chapter also underscores the potential for
enhancing PET circularity, while highlighting the need for further research into the
impact of contaminants and the optimization of process parameters. Conclusions
and future recommendations.
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CHAPTER 7. CONTRIBUTIONS TO THE FIELD
AND RECOMMENDATIONS

This thesis focuses on expanding the fundamental knowledge of nHTP and
addressing the challenges associated with the practical application of this
technology. The main contributions to the field, along with recommendations for
future research, are summarized below by answering the initial research questions
that guided the work undertaken during this PhD thesis.

QUESTION 1

What are the thermodynamic phenomena occurring during PET solvolysis, their
energetics, and onset temperatures?

The application of DSC with high-pressure crucibles has provided critical insights into
the thermodynamic phenomena occurring during PET solvolysis. PET undergoes
swelling upon heating, which facilitates the penetration of solvent molecules into its
polymer network. This leads to a substantial reduction (20-50 °C for the studied
solvents) in the melting onset temperature from its standard melting point onset of
230 °C, aligning with the Flory-Huggins melting point depression theory. The
decrease in melting enthalpy in solvent systems with NaOH suggests significant solid-
state depolymerization. In the case of nHTP, an endothermic peak follows melting,
indicating simultaneous hydrolysis of ester bonds (183 J gPET) and endothermic
dissolution (274 + 5 ) gTPA™) of depolymerization products. These findings highlight
the utility of DSC in rapidly screening and quantifying the thermal effects of different
solvolytic conditions.

Additional experiments with PET contaminants demonstrated that DSC, when
combined with quantitative analytical techniques, can offer a comprehensive
experimental framework to simultaneously study thermal phenomena and chemical
reactions. Further nHTP DSC studies using this approach would enhance the
understanding of the link between thermodynamic phenomena and the chemical
composition of the products, thereby facilitating the development of more accurate
kinetic studies.
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QUESTION 2

Apart from the hydrolysis of ester bonds, what are the main reaction pathways
during nHTP of PET?

During nHTP of PET, hydrolysis of ester bonds yields small esters like BHET and MHET
as well as TPA and EG monomers. However, several side reactions occur besides
hydrolysis. HCW’s unique properties, such as increased ion product, facilitate
reactions like acid-catalyzed ones. The high temperature and acidic nature of the
reaction environment promote the decarboxylation of TPA and IPA and the
degradation of ethylene glycol into compounds like acetaldehyde and diethylene
glycol. These side products further react to yield 2-butenal and 1,4-dioxane,
respectively. These pathways result in a complex mixture of products, affecting the
overall selectivity and efficiency of the depolymerization process.

During nHTP of PET, the hydrolysis of ester bonds is the main reaction, yielding small
esters like BHET and MHET, as well as TPA and EG monomers. However, due to the
unique properties of HCW, such as its increased ion product, several chemical
pathways, including acid-catalyzed reactions, are facilitated. The high temperature
and acidic nature of the reaction environment promote the decarboxylation of TPA
and IPA, as well as the degradation of EG into compounds like acetaldehyde and
diethylene glycol. These side products further react to yield 2-butenal and 1,4-
dioxane, respectively. These pathways result in a complex mixture of products,
affecting the overall selectivity and efficiency of the depolymerization process.

QUESTION 3

How do nHTP reaction conditions affect the composition of PET depolymerizati-
on products, and which methods could be used for quantification?

A gNMR method was successfully developed and applied to identify and quantify 16
compounds in the nHTP product mixture. This provided a detailed understanding of
the distribution of PET monomer units among the product phases, requiring simple
sample preparation and eliminating the need for multiple analytical techniques.

The reaction conditions during nHTP significantly affect the composition of PET
depolymerization products. Higher temperatures and longer retention times were
found to enhance the hydrolysis of PET, increasing the recovery of TPA while
promoting the degradation of EG. At lower temperatures (e.g., 250 °C), both TPA and
EG remain more stable, but the hydrolysis process is less efficient, resulting in a
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higher proportion of partially depolymerized products like BHET and MHET. As the
reaction temperature increases to 310 °C and above, the hydrolysis of these
intermediate products accelerates, leading to higher yields of TPA and the formation
of degradation products such as benzoic acid and acetaldehyde. The quantitative
analysis also allowed for the closure of the monomer mole balance in the CRU
reactor system.

QUESTION 4

What would a continuous flow system for nHTP of PET look like? What are the
potential challenges of continuous operation and process scale-up?

A continuous flow system for nHTP of PET was designed, constructed, and
successfully validated. It included an extruder and gear pump for melting and
pressurizing PET, a high-pressure water pumping system, and a mixing chamber to
ensure thorough contact between the reactants. The mixture would then pass
through a heated tubular reactor where the nHTP reactions occur. Following this,
the products would be cooled, and a piston-based pressure let-down system would
manage the depressurization and collection of the final products. It demonstrated
process stability during validation experiments, and the mole balance of monomer
units was closed.

Challenges for long-term continuous operation and scale-up were identified. The
main challenge was fouling in the cooling system caused by the precipitation of solid
products upon cooling. This issue was mitigated by using a recirculation loop that
takes cold products back to the inlet of the cooling system. Additionally, minor
corrosion in the reactor due to high temperatures and acidic conditions was
identified. Future work on continuous nHTP should focus on ensuring consistent
feeding of waste PET waste, minimizing fouling in the cooling section, and ensuring
the reliability of the depressurization system.

QUESTION 5

What is the technical feasibility of a closed-loop PET value chain based on nHTP?

The technical feasibility of a closed-loop PET value chain based on nHTP was
demonstrated by the successful synthesis of rPET by esterification of nHTP solid
products into BHET, purification, and transesterification of purified BHET. The best
results were achieved using the solid products from the continuous nHTP experiment
at 250 °C. These better results could be attributed to the low presence of
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monofunctional degradation products, which can act as polymer chain terminators
and reduce the number average molecular weight. However, further investigation
into the mechanisms affecting rPET synthesis from nHTP solid products is needed to
optimize the process, develop purification methods to target problematic
compounds and enhance the characteristics of the recycled polymer.

Another focus area should be the development of LCA and TEA studies based on
continuous experimental data, to serve as decision-making tools for increasing the
material and energy efficiency of the nHTP process. This could involve optimizing the
nHTP water-to-PET ratio, implementing advanced water management and
valorization approaches, reducing excess EG in the esterification step, or improving
the BHET purification process. Research should also prioritize processing real PET
waste, both from packaging and textile applications, addressing the impact of
contaminants on the nHTP chemistry, the continuous operation of the nHTP process,
and the synthesis of rPET.

This thesis demonstrates the technical feasibility of nHTP as a promising chemical
recycling pathway for achieving a closed-loop PET economy. The findings highlight
the potential for further refining the process to improve efficiency and scalability.
This work lays a solid foundation for future studies aimed at optimizing PET recycling,
ultimately contributing to the broader goal of achieving a more sustainable carbon
economy.
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