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Summary

With the increasing amount of consumed textile products per capita over the re-
cent decades and the trend towards fast fashion and a shortened product lifetime,
the accumulation of textile waste is growing rapidly. This development in the
consumerism of textiles affects not only their production, but causes likewise con-
sequences in the management and treatment of the accruing waste. The annual
generation of textile waste from European households alone has been estimated to
around 5.8 million tonnes [1]. Thereby, the majority of the waste is either landfilled
or incinerated, which causes environmental pressures due to the low biodegrad-
ability of incorporated synthetics and the creation of emissions. Following the am-
bitions stated by the European Commission for a reduction in the EU’s greenhouse
gas emissions and in line with the Sustainable Development Goals for climate ac-
tion, this project aims for the development of a chemical recycling mechanism for
polyester and nylon, which contribute as the two most used synthetic textile mate-
rials to the mentioned concerns originating from textile waste.

Throughout the development of this project, a depolymerization process for poly-
ester and nylon 6 to produce their constituent monomers by co-processing has been
established, which is followed by the definition of a phase separation mechanism in
order to separate the resulted monomer products. The model has been generated
utilizing the simulation program Aspen Plus V9, with the main objective to retrieve
high monomer yields after the depolymerization and separation, with preferably
high purity suitable for the re-utilization of the monomer products in subsequent
new production processes. The depolymerization reaction has been defined as a
neutral hydrolysis in sub-critical conditions, due to the high process performance,
low environmental impacts, high yields of the individual polymers and the ability
to process different types of polymers. The chemical reactions for the depolymer-
ization of each polymer and the corresponding kinetics have been specified. For
the simulation of the reactor model, a plug flow reactor has been chosen to imple-
ment a continuous reaction and due to higher conversion efficiency. Because this
study is based on theoretical considerations and available data found in literature,
certain assumptions have been defined for the development of this recycling pro-
cess. The most important assumption is the hypothesis of no interaction between
polyester and nylon during the depolymerization process.

Based on the depolymerization reaction, terephthalic acid and e-caprolactam have
been identified as the main monomer selling products of the plant, from which
the solid terephthalic acid was decided to be separated first from the multi-phase
mixture stream. Therefore, the utilization of three hydrocyclones arranged in series
has been proposed, with an additional subsequent purification of the solid stream



by means of a flash. Due to this solid phase separation and purification, 99.8%
of the terephthalic acid could be recovered with a purity of 99.9%. Based on this
finding, the depolymerization of polyester and the corresponding separation of
terephthalic acid could be determined feasible. The remaining liquid stream after
the solid phase separation is consisting of e-caprolactam, aminocaproic acid, ethy-
lene glycol, water and a fraction of not fully depolymerized nylon. e-Caprolactam
has been separated from this liquid stream utilizing a distillation column and a
subsequent flash in order to purify the monomer product due to the reduction
of the water content. The monomer could be recovered by 96.6% with a purity of
91.2%, which is assumed as not pure enough for a direct re-utilization in some pro-
duction processes. Thereby, the main impurity of the monomer could be identified
as ethylene glycol residues with about 6.5%, which demonstrates a direct effect on
the product’s outcome due to co-processing of the two polymers.

Due to a high amount of ethylene glycol remaining in the liquid stream after the
separation of the main selling products, an additional separation of ethylene glycol
by means of a distillation column has been suggested. Thereby, 79.2% of the ethy-
lene glycol could be recovered from the process stream. Additionally, this further
separation gave access to the possibility of recycling a portion of the process water
stream back to the reactor input in order to reduce the overall water consumption
of the plant.

To improve the heat recovery within the system, a pinch analysis on the process
model has been investigated and an improved heat exchanger network has been
devised by reducing the applied external hot and cold utilities for the recycling
process. This analysis could optimize the heat integration in the model for an
improved energy consumption.
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aim of the process was a preferably high yield of separated monomer products,
with a sufficient monomer purity to enable the re-utilization of the recycled fibres
in new production processes. Therefore, an optimization study on the individual
phase separation mechanisms for the solid and liquid product phases has been con-
ducted. For the optimization of the plant’s energy consumption, a heat exchanger
network has been defined. Initially, this project has been planned as an experimen-
tal investigation on the depolymerization behaviour of polyester and nylon under
different reaction conditions, however due to special circumstances, the study has
been conducted solely theoretical. Therefore, the simulation program Aspen Plus
V9 has been utilized to model the depolymerization in a co-process as well as the
connected phase separation.
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Reading Guide

Throughout this report, abbreviations have been used. When the abbreviation is
introduced for the first time, the full word is written out followed by the associated
abbreviation in brackets. A list of all abbreviations as well as a nomenclature with
the used symbols is given. The reference style for this project is based on the IEEE
standard. The placing of a reference before or after the full stop indicates if the
reference is associated with the foregoing sentence or the paragraph respectively.
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1 Introduction

1 Introduction

1.1 Background and Motivation

Textiles are an important part of daily life. With a great variety of properties,
they can be found in clothes, furniture, bedding and carpets as well as work- and
sportswear, car tyres, safety belts and others. With a decreasing lifespan and the
price of clothes falling relative to in�ation, the consumption of textile products
have increased immensely over the recent decades and continues to rise further.
In 2017, European households alone consumed about 13 million tonnes of tex-
tile products according to the European Environment Agency, whereof 5.8 million
tonnes are discarded as waste every year [1]. This corresponds to an annual textile
waste accumulation of 11 kg per capita in the EU.

Also the textile industry itself produces waste, which incurred during different
stages of the production process. Most of these wastes can be reused directly in
different sections of the production line or for other types of products. However
about 25% requires additional treatment before it can be reused, which has been
estimated to a waste accumulation of about nine million tonnes every year on a
global scale. [2]

(a) Global �bre production development in million metric
tonnes.

(b) Distribution for global production of
110.5 million metric tonnes �bres in 2019.

Figure 1.1: Global �bre production development from 1975 to 2015 and their proportional share in
2019, data based on [3].

The immense increase in the textile consumption is mainly driven by the intensi-
�ed production of synthetic �bres, which can be seen in the �gure 1.1a. Hereby,
the most common synthetic �bre nowadays is polyester, which surpassed cotton
as the leading textile material in the late 1990s. Today, about 63% of the global
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1 Introduction

textile �bres are synthetic, with polyester taking more than 50% of the global share
as illustrated in the �gure 1.1b. With a production rate of over 5 million tonnes
of nylon (polyamide) in 2018, it is considered the second most common synthetic
�bre after polyester. [1], [3] An estimate of the application distribution of polyester
and nylon is given in the �gure 1.2. This illustrates the main economical sectors
to which �bres of polyester and nylon contribute to, demonstrating their everyday
importance.

The strong increase in the consumption of textiles creates different environmen-
tal effects. Especially the piling of synthetic waste in land�lls is detrimental due
to the low degradation rate of plastics. Whereas some synthetic materials such as
polyester degrade very slowly, over the duration of several years, others are non-
degradable. Also the production of textiles in general has different environmental
impacts. The cultivation of cotton creates pressure on land and water use, eutroph-
ication and use of mineral resources, whereas synthetics affect climate change and
the use of fossil fuel resources through their generation. The utilization of plastics
and synthetic textiles however can also contribute to more sustainability in indi-
vidual sectors, such as the reduction of vehicle weight in the automotive industry.

(a) Global application of polyester staple �bres in
2016, data based on [4].

(b) Global application of nylon in 2019, data based
on [5] .

Figure 1.2: Distribution of polyester and nylon application.

With the goal of reducing the EU's greenhouse gas emissions and climate neutral-
ity by 2050, the European Commission speci�ed textiles as one of the key value
chains in their composed Circular Economy Action Plan from 2020 as part of the
EU Green Deal [6], [7]. Due to the stated reasons, the consumption of textiles in
the EU has been de�ned as the fourth highest contributor on the use of raw mate-
rials and water after food, housing and transport and comparably high rankings in
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1 Introduction

the use of land and generation of greenhouse gas emissions [8]. This classi�cation
gives textiles an important role in the EU's ambitions for more sustainability. From
which a signi�cantly larger but indirect impact of the EU's textile consumption
has to be considered, generated in other parts of the world, through the produc-
tion and import of mainly clothes and footwear.

The utilization of recycled textiles could reduce these environmental pressures,
however the share of reused materials is currently negligible in the global mar-
ket and less than one percent of the overall global textiles is being recycled [9].
This leads to the majority of textile waste being incinerated or land�lled. As one
solution strategy, the European Commission announced an extended producer re-
sponsibility and an additional obligation for separate textile waste collection in the
EU member states by 2025 [7]. Therefore, the overall objective should be to pre-
vent waste accumulation, followed by re-utilization and recycling. The necessary
sorting of materials and products before reusing and recycling is a labour intensive
process and therefore costly, but also creates possibilities for job positions and the
development of circular economies.

In terms of recycling strategies, chemical recycling has the advantage over me-
chanical recycling as it recreates material �bres similar to the virgin �bres without
downgrading of the material. This way, the recycled �bres can be reintroduced to
new production processes without quality losses in the �nal product.

A more holistic approach for more sustainability and climate action in a global
context is given by the 2030 Agenda for Sustainable Development, which is cre-
ated by the United Nations and incorporates 17 Sustainable Development Goals
with different targets. An introduction to this idea and how it is connected to the
presented study will be given in the following section.

1.2 Sustainable Development Goals

In addition to the described study, this project has been involved in a Mega Project
organized by the Aalborg University, which encourages students from different
scienti�c �elds for the interdisciplinary exchange of ideas and experiences based
on different goals. The discussed challenge thereby has been the development of
a circular region, which emphasises a systematic change in circular economy and
ideas for more sustainability in the utilization of materials and energy. With this
background, the relation of the presented individual project to the Sustainable De-
velopment Goals (SDG) will be presented.

The United Nations' 2030 Agenda for Sustainable Development is a universal plan

3



1 Introduction

of the United Nations member states for direct action to end poverty and other
deprivations as well as to improve health and education, reduce inequality and
support economic growth, while tackling climate change and preserve the natural
environment on land and sea. For this ambitions, 17 SDGs with different focus
have been identi�ed and further re�ned by associated targets for each goal. [10]
With the presented background and the motivation for more sustainability in the
textile industry, this project has the potential to contribute to some of the de�ned
SDGs. The individual SDGs related to the objective of this study will be herewith
introduced.

With the recycling of textile waste, a more sustainable industrial
infrastructure through the re-utilization of different resources
will be created. Additionally, regained materials are made avail-
able. The recycling process itself requires a previous sorting of
the textile waste, which gives the possibility of new workplaces
and the cooperation between different countries.
As previously mentioned, the general consumption of synthetic
textiles is drastically increased over the recent past, which also
includes the private consumption and has led to the signi�cant
amount of textile waste per capita. Therefore, an ef�cient waste
management including the separate collection of textile waste is
a key step for a more circular economy in textiles and strictly
necessary for the implementation of a chemical recycling pro-
cess.
The aim of recycling textiles is reducing the accumulation of un-
used waste materials and likewise to making them accessible
for re-utilization. With the opportunity of reintroducing recy-
cled �bres to the production line of new products, the consump-
tion of textile products would become overall more sustainable,
due to the reduced utilization and depletion of fossil resources.
Thereby the opportunity to enhance circular economies will be
established.
Through the development of a process to recycle polyester and
nylon, a concrete starting point to a possible pathway of tackling
the previously described environmental problems caused by the
tremendous consumption of textile products will be given. This
approached solution incorporates different facets of climate ac-
tion, such as the reduction of environmental hazards, tackling
climate change and raise awareness for more sustainable con-
sumption.
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1 Introduction

With the introduced actions and the overall goal for more sus-
tainability in the textile industry, general measurements to pro-
tect the existing ecosystems and the therein living wildlife have
been described. With an ef�cient sorting mechanism of textile
waste, the entry and spreading of these wastes into open en-
vironments is to be prevented. Additionally, the generation of
emissions during the production process of virgin �bres and the
depletion of fossil resources should be reduced. Therefore, envi-
ronmental hazards and the pollution of land and sea should be
decreased.
The textile industry is a global economy. This should not only
comprise the production line for new products but also incorpo-
rate an international cooperation in waste management. This
partnership could embrace the collection of textile waste, the
sorting of the different materials, the recycling of these wastes
and �nally the re-distribution of recycled �bres to the produc-
tion factories.

1.3 Objective

Considering the high amount of textile waste and the large portion of incorpo-
rated synthetic materials, which are not or only insuf�ciently biodegradable, ef�-
cient strategies for the handling and recycling of this waste have to be developed.
Recycling of textile waste has the potential to lower the different environmental
impacts occurring during the production of new products mentioned previously
as well as lowering the overall waste accumulating in land�lls. Therefore, textiles
should primarily be reused, recycled and only incinerated as a last possibility.

For the stated reasons, the objective of this study is to design a process for the
chemical recycling of synthetic textiles. With polyester and nylon previously men-
tioned as the two globally most utilized synthetic textile materials, the process will
be developed for the recycling of these materials. The aim is to achieve �bres simi-
lar to the original �bres used in the generation of polyester and nylon respectively,
from which new products could be produced. With the development of such a pro-
cess, a potential pathway for a more sustainable waste management and circular
economy, in line with the presented SDG goals could be introduced.
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2 Problem Analysis

2 Problem Analysis

The dif�culties for the textile industry due to environmental concerns and an in-
creasing global demand has been introduced. Thereby, polyester and nylon could
be de�ned as the two most commonly used synthetic �bres on a global scale. Even
if the combination of nylon and polyester is not a widely utilized textile blend,
high accumulation of those in the textile waste is to be expected due to their broad
application. In general, due to the different blends of materials and the presence
of many chemicals, additives, or resins, the recycling of different textile products
remains challenging. To establish a recycling mechanism in the coming years that
can deal with a realistic textile waste distribution, understanding the behaviour
of different synthetic materials in such a recycling mechanism is of importance.
Therefore, analysing and designing a recycling process that can handle the two
mostly used synthetic materials polyester and nylon in a co-process could be of
high interest.

In this chapter, the theoretical background necessary to understand and develop a
possible solution for the recycling of polyester and nylon will be discussed. There-
fore, an overview of the planned process will be given. This will be followed
by an introduction to the synthesis reactions of polyester and nylon. These re-
actions will be utilized to estimate the respective depolymerization reactions by
reverse engineering, from which the behaviour of the two polymers in a hydrol-
ysis depolymerization will be discussed. Finally, possible separation methods for
the resulting product phase streams will be analysed. At the end of each section,
a summary of the �ndings will be given and this chapter will be followed by a
concluding problem statement. The implementation of the theoretical �ndings to
the simulation programme and their optimization will be discussed in following
chapters.

2.1 Overview of the Process

Different recycling processes have been utilized in the polymer industry. Some
common recycling methods in the plastic industry are primary, secondary, and
tertiary processes, however, these processes are not completely adapted in the tex-
tile industry. For the recovery of carbonaceous materials from textiles, physical
and chemical recycling are the preferred methods whereas incineration for energy
recovery and land-�lling methods should be avoided. In physical recycling, the
polymers are subjected to shredding and melting to remodel the polymer, but
there is limited use for these resulting polymers due to the degradation of the
polymer's properties with each life cycle as a result of the low molecular weight
of the recycled resin. This issue is caused by chain-scission reactions as a result
of interaction with water [11]. In the case of chemical recycling, this process is ca-
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2 Problem Analysis

pable of recovering the pure chemicals or monomers from polymers without any
degradation in properties which preferably can be reused as raw materials for the
production of new polymers or even chemicals. Due to these advantages, there
are multiple attempts for the development of different depolymerization processes
such as hydrolysis, glycolysis and pyrolysis in the scienti�c community [11].

This study will focus on the development of a co-processing mechanism for polyester
and nylon utilizing hydrolysis for the depolymerization. Therefore, it is crucial to
understand the differences and similarities of the two materials to identify feasi-
ble reaction conditions and estimate the composition of the products. Different
studies for the depolymerization of the single polymers could be found in the lit-
erature, however, there is no currently available literature or experimental data for
co-processing polyester and nylon. Therefore, existing data for the single poly-
mers with best �t to the described problem will be utilized as a starting point,
from which the co-process reaction will be approximated.

As the discussions made in this study are based on the data found in literature
and theoretical considerations, certain assumptions have to be made within the
scope of this project. One crucial assumption is the hypothesis of no direct inter-
action between the two polymers during the depolymerization process. Further-
more, the feed polymers will be assumed as pure materials, without impurities or
other incorporated residues. Based on this assumption, possible side reactions or
byproducts will be neglected.

Figure 2.1: Overview of the recycling process.

An overview of the general process is given in the �gure 2.1. This illustrates a
simpli�ed version of a possible recycling plant, not including necessary heaters or
a previous separation of the utilized waste material. Therefore, the main compo-
nents presented in the process can be narrowed down to the hydrothermal reactor
to decompose the respective polymer chains and the following separation mecha-
nisms for solids and liquids, utilized to separate the different products from each
other. A detailed description of each component and its implementation to the
simulation will be given.
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2 Problem Analysis

The objective in the development of this recycling process is the optimization of
the co-process for maximal product yield, which in this case means a maximum
amount of separated monomers. Additionally, the retrieved monomers should not
only reach a preferably high quantity, but also stay within certain quality con-
straints which are necessary for the re-utilization of the monomers in new produc-
tion processes for synthetic textile �bres or other plastic products.

By establishing the presented recycling process, a holistic approach for the de-
polymerization and separation of two combined synthetic textile materials will be
given, which could lead to a further development of new pathways for the recy-
cling of plastics and textiles. Therefore, it is of high interest to understand the
possibilities as well as the limitations evolving through the development of this
process.

In the subsequent section, the depolymerization of polyester by reverse engineer-
ing the synthesis reaction will be discussed, followed by the depolymerization of
nylon.

2.2 Depolymerization of Polyester

Polyesters are currently the most important thermoplastic polymers as illustrated
in the �gure 1.1b in the introduction and are used in a large variety of applica-
tions. These range from food and other plastic packaging, over the automotive
industry to clothes and different components in daily life products. Depending on
their main chain composition, they can be classi�ed as aliphatic, semi-aromatic or
aromatic polyesters corresponding to different material characteristics. Therefore,
different aromatic diacids and aliphatic diols can be combined. For the utilization
in textiles, the most common polyester is the semi-aromatic polyethylene tereph-
thalate (PET) with its chemical formula (C10H8O4)n and a melting point at about
260� C. It is synthesized by the reaction of terephthalic acid (TPA) and ethylene gly-
col (EG) to polymer chains. Polyester fabrics made of PET have the advantages of
a strong �ber, elasticity and resistance to abrasion and wrinkling [12]. Compared
to nylon �bres, polyester is typically not as strong, however, it has the advantage
of signi�cantly lower production costs. It is often combined with other �bres such
as natural cotton �bres in textile blends to improve the textile's properties.

2.2.1 Synthesis of Polyester

Textile polyester �bres are produced by polycondensation of its monomers TPA
and EG. Therefore, the functional carboxyl ( � COOH) and hydroxyl ( � OH) end
groups of TPA and EG respectively join via an ester link as illustrated in the �gure
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2 Problem Analysis

2.2. During the polymerization reaction, water is released which is constantly re-
moved to shift the equilibrium reaction towards the product side. Hereby, a higher
degree of polymerization is ensured. The reaction is often performed in stages
with increasing pressure and temperature to achieve higher molecular weights.
For the synthesis of polyester, the temperature ranges between 258� C and 290� C
but should not exceed 300� C at which point a rapid decomposition reaction occurs
[13].

Figure 2.2: Polymerization of polyester.

2.2.2 Depolymerization Summary

The depolymerization of polyester can be related to the reverse reaction of the here
described synthesis reaction. This time the PET polymer chain should split up
by breaking the ester links. For this purpose, water should be added under high
temperature and high pressure, and reform the carboxyl and hydroxyl end groups
with the respective monomers. The high pressure is necessary to induce breaking
of the polymer chains. A more detailed analysis of the reaction conditions for the
depolymerization will be given in section 4.3.2. Ideally, PET only breaks into its
two primary products TPA and EG, however, also secondary byproducts will form
in a realistic depolymerization process. Nevertheless, the amount of secondary
products appears to be relatively small and high product purities could be found
in literature especially for TPA [14]. For this reason, the assumption will be made
that these secondary products can be neglected in the following considerations.
Hence, the depolymerization reaction for polyester can be de�ned as follows:

(C10H8O4)n + H2O  ! C8H6O4 + C2H6O2 (2.1)
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2.3 Depolymerization of Nylon 6

Nylon is a synthetic aliphatic amide and therefore, classi�ed as a polyamide. The
variety of existing nylon types makes it an attractive material for many industries
due to its speci�c applicability and high performance properties. The particu-
lar type of nylon is indicated by its given numbering, specifying the number of
carbon atoms in its monomers. Depending on the type of nylon, it is industrially
produced either by the reaction of a diacid with a diamine or by ring-opening poly-
merization of lactams. Therefore, the main synthesis reactions can be summarized
as step-growth polycondensation, ring-opening polymerization and polyaddition
reactions. The result is an individually sized polymer with high strength and ther-
mal stability. With its characteristics of high elasticity, durability, the ability to be
dyed and its robustness, nylon is preferably utilized in the automotive industry,
followed by engineering plastics and textiles such as carpets as shown in the �gure
1.2b in the introduction section. Hereby, the two most commonly used types of ny-
lon and therefore most important are nylon 6 and nylon 6,6 whereas nylon 6 holds
an overall slightly higher market share and can be expected to promote the nylon
market growth due to its broad variety of application [5]. Because of its slightly
higher market share and the tendency of a higher rising demand, this report will
concentrate on the depolymerization of nylon 6.

2.3.1 Synthesis of Nylon 6

Nylon 6, or also polyamide 6 or polycaprolactam, is industrially synthesized by
ring-opening polymerization of its cyclic amide monomer e-caprolactam (CL) and
has the chemical notation (C6H11NO)n. Its melting point is at about 220 � C. The
polymerization mechanism can be induced by hydrolytic, cationic or anionic ini-
tiators. However, the cationic polymerization is often not preferred due to a lower
conversion rate and lower molar mass of the resulting polyamide [15]. For this
reason, cationic polymerization will not be included in further discussions. In the
following, the synthesis of nylon 6 via anionic and hydrolytic ring-opening will
be described, from which the depolymerization reaction will be derived by reverse
engineering.

Anionic Ring - Opening Polymerization
The anionic ring-opening polymerization of CL to nylon operates under anhydrous
conditions and is considered as the fastest polymerization method for nylon due to
lower activation energy, which makes it an interesting industrial mechanism [15].
The polymerization mechanism can be described in a three step reaction. First,
the acidic H � N proton is abstracted from the CL, initiated by the presence of
a strong base such as alkali metals, metal hydrides or metal amides, for example
sodium ( Na). This abstraction forms an activated monomer anion in the initial step
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which in turn attacks another cyclic lactam molecule to induce ring-opening in a
second step. The resulting very reactive primary amide anion abstracts likewise in
a third step the H � N proton from another lactam monomer, forming an amino-
acyllactam and an activated lactam anion which as well can continuously react
with the formed dimer. This reaction can successively continue by the activation
of further lactams to grow longer polymer chains, similar to the mechanism of
polyaddition. [16], [17] The described reaction scheme is illustrated in �gure 2.3
below.

Figure 2.3: Anionic ring-opening polymerization of nylon 6.

For the anionic ring-opening polymerization of nylon, different factors such as the
reaction time and temperature as well as the nature and concentration of the ini-
tiator are of importance. In case of polymerization without any initiator, or else an
already activated anionic monomer, a high reaction temperature above the melting
point of 220 � C is necessary. Hereby, the concentration of activated anions increases
with temperature and reaches predominance at about 150� C. The resulting ny-
lon product is of comparatively lower crystallinity. With addition of an initiator,
the reaction temperature as well as the time can be signi�cantly reduced, leading
to an increase in the reaction rate and reduction of side reactions. The same ef-
fect could be observed for the utilization of a catalyst. The temperature range for
polymerization with an initiator or catalyst could be determined as 130 to 180 � C
with a 94% conversion rate at temperatures above 130� C. However, reactions be-
low 130� C resulted in low conversion into nylon and low molecular weight, and
nylon synthesized at 150� C showed higher crystallinity [15], [18]. In terms of the
backward reaction, a high reaction temperature above 310� C is favoured to shift
the equilibrium to the left side [19].
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Hydrolytic Ring - Opening Polymerization
As indicated by the name, the hydrolytic ring-opening polymerization of nylon
is initiated by the addition of a small amount of water (1 - 2 wt%) [19]. Hereby,
the characteristics of nylon for moisture absorption which causes a plasticizing
effect has to be considered, for which reason high amounts of water should be
avoided. The hydrolytic reaction is a reversible reaction, which favours the back-
ward direction due to the higher stability of the cyclic ring structure. Similar to
the previously described anionic polymerization, the nucleophilic alcohol group
of water attacks the CL monomer to induce ring-opening and forms a carboxyl
end group ( � COOH). The remaining hydrogen bonds to the nitrogen, forming
an amino end group ( � NH2). The result is an aminocaproic acid (ACA) as illus-
trated in the �gure 2.4 below. Due to the reaction of functional electrophilic and
nucleophilic groups present, a large amount of smaller oligomer chains are built
at �rst which then connect to longer polymer chains. This reaction can also be
described as polycondensation, in which amide groups are formed by the nucle-
ophilic attack of amino end groups on carboxyl end groups [19], [20]. Therefore,
both reactions polyaddition and polycondensation occur in the hydrolytic ring-
opening polymerization and in the case of reverse polymerization are followed by
an additional step for ring closing. The reverse reaction of polycondensation can
be enforced by high temperatures and a high amount of water, even if it is not
thermodynamically favoured. In industrial processes, hydrolytic polymerization is
typically performed under atmospheric pressure and at a temperature range of 250
to 280� C, reaching an ef�ciency of about 90% [19]. However, a two stage reaction
process with adjusted pressure and water input is often favoured to optimize the
polymerization results. Similar to the anionic polymerization, the reaction mecha-
nism of hydrolytic polymerization can likewise be improved by the addition of a
catalyst.

Figure 2.4: Hydrolytic ring-opening of e-caprolactam.
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2.3.2 Depolymerization Summary

In comparison to the process of polyaddition, which occurs under anhydrous con-
ditions, polycondensation has a slower reaction rate which is also the case for the
backward reaction. This is because the polyaddition reaction is thermodynamically
favoured and less random than polycondensation. Although backward polyaddi-
tion requires high temperatures above 310� C, it is relatively insensitive towards
pressure changes. Since this reaction happens under anhydrous conditions, it can
be considered as the thermal degradation of the nylon polymer. Despite the faster
reaction of polyaddition, polycondensation can be enhanced with the presence of
a high amount of water and high temperatures [19]. In this reaction, ACA will be
produced as an intermediate step. Therefore, both reactions could be utilized for
the depolymerization of nylon into its monomer CL.

For the depolymerization reaction of polyester in 2.2.2, the presence of water is
necessary in order to break the polymer chains and form the respective monomers.
Therefore, the absence of water and consequently having anhydrous conditions
would be infeasible for the co-process. For this reason, the hydrolytic depolymer-
ization of nylon will be applied. This depolymerization can be summarized as
followed, with the formation of ACA as the intermediate:

(C6H11NO)n + H2O  ! C6H13NO2  ! C6H11NO + H2O (2.2)

2.4 Assessment of the Hydrolysis Reaction

When the addition of water reacts with one or more compounds in such a way that
it can form two or more products by scission of bonds, this process is known as
hydrolysis. Hydrolysis can be carried out under acid, basic or neutral conditions,
which will be discussed individually for each polymer in this section to de�ne the
most suitable reaction for the co-process. For polyester, hydrolysis is expected to
produce its monomers TPA and EG under high pressures and temperature. For the
cleavage of the amide bond in polyamides such as nylon 6, to produce monomers
like CL, hydrolysis is considered the major decomposition method. Hence, to iden-
tify common reaction conditions by understanding the differences in the behaviour
of the individual polymer is considered a key step towards the development of a
combined recycling reaction.
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2.4.1 Acid Hydrolysis

Polyester
Acid hydrolysis of polyester is applied using sulfuric or nitric acids, which are
the most common acids used as they permit reactions at high temperatures with
low activation energy and retention time [21]. However, this process is consid-
ered expensive and high risk due to the utilization of concentrated acids in large
quantities and the necessary removal of those from EG for puri�cation. Usage of
strong acids can be hazardous especially with the disposal of these toxic chemicals
after treatment which could pose signi�cant risk to human health and environ-
ment ecosystems if proper chemical waste management practices are not followed.
Based on the studies conducted by Mancini and Zanin [21] and Yoshioka et al. [22],
it is reported that acid hydrolysis of polyester with sulfuric acid resulted in high
yields of up to 80% of TPA.

Nylon
Nylon is likewise subjected to acid hydrolysis with presence of superheated steam
to produce ACA which then undergoes further conversion to CL under acidic
conditions [23]. In this process, inorganic or organic acids such as nitric, benzoic,
hydrochloric, and formic acids can be used for the hydrolysis. Catalysts such as
boric and orthophosphoric acid are often applied to the process at temperatures
around 250 - 350� C. The output is fractionally distilled in a base in order to recover
the CL by concentrating up to 70% liquor after the process. Approximately 93 -
95% of CL can be produced at the given temperature range by passing superheated
steam through molten nylon in the presence of phosphoric acid [24].

2.4.2 Alkaline Hydrolysis

Polyester
Under alkaline conditions, hydrolysis of polyester is capable of converting the
gained EG further into carbon dioxide and oxalic acid, which has more value than
the former product [25]. Therefore, this process seems economically feasible due
to the increased value in the product as well as using inexpensive bases like NaOH
or KOH at concentrations of 4 - 20% acting as a solvent in the reaction without
the requirement of pressure equipment. Additionally, the process can incorporate
coloured PET feedstocks and produce colourless products, which proves the pos-
sibility to oxidize the dye present in the feedstock. Despite these advantages how-
ever, alkaline hydrolysis alone is not capable of forming the acidic monomer TPA,
for which reason the primarily formed disodium terephthalate has to be acidi�ed
to be converted into the desired TPA. For this purpose, Ügdüler et al. [26] used
sulfuric acid in their study and could achieve good coversion of TPA. Nevertheless,
they could also determine a signi�cant amount of formed sodium sulphate, even
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considerably exceeding the amount of formed TPA. The high amounts of acids re-
quired for the conversion of TPA as well as the high amount of formed inorganic
salts as by-product make the utilization of alkaline hydrolysis unfavourable.

Nylon
For nylon, alkaline hydrolysis is not commonly applied as polyamides are much
more resistant to it compared to strong acids [27]. For this reason there is not
as much literature available on the alkaline hydrolysis of nylon. Studies were
conducted with barium hydroxide and KOH at high temperatures, but the results
showed a very low yield and long retention time of about one to three hours [28].
However, an improvement to this process could be the utilization of superheated
steam as a catalyst in the presence of alkalis under high pressure. It corresponds
to higher yields and faster reaction times of the depolymerization.

2.4.3 Neutral Hydrolysis

Neutral hydrolysis of polymers have great potential, especially with high temper-
ature and pressure of water at near sub- and supercritical conditions. Supercrit-
ical conditions of water could enhance the reactions considerably in comparison
to subcritical conditions due to properties and behaviour changes with the phase
transition. Water becomes a good solvent as the dielectric constant of sub/super-
critical water is in the range of 2 to 30 which is very low compared to a dielectric
constant of 80 for water at ambient conditions [29]. Hence, the hydrolysis process
appears very effective as water takes a dual role exhibiting behaviours both as acid
and alkali catalysts. Therefore, hydrolysis in sub- and supercritical conditions is
getting much attention for the recycling of waste polymers.

Polycondensation polymers are subjected to depolymerization to produce monomers
through processes such as hydrolysis as these polymers contain ester, ether, or acid
amide bonds which can be cleaved by hydrolysis in sub/supercritical water. The
use of sub/supercritical water has advantages in monomer recovery of plastics
such as high process performance, a low environmental impact and the capabil-
ity to process different types of plastics and waste incorporated plastics [14]. The
advantage of neutral hydrolysis is the utilization of water as a solvent instead of
any chemicals. However, the drawback of this process is that all the impurities
contained in the feedstock accumulate with the solids, which in this case is TPA,
causing the product to have less purity compared to other hydrolysis methods.
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Polyester
Polyester can be processed in neutral conditions with high pressure of 15 - 90 bar,
high temperature of 200 - 300� C and excess of water, producing a high yield of TPA
and EG. In the studies conducted by Colnik et al. [14] and Cata et al. [30], high
yields of TPA up to 90% were obtained for colourless PET feedstock in sub-critical
conditions of 300� C. The former also conducted experiments on coloured PET
waste in the same conditions and resulted in a lower yield with 85% compared to
the colourless PET due to the presence of the additives, however demonstrating
the ability of neutral hydrolysis to process PET from different sources [14]. By the
comparison of sub- and supercritical conditions, a slightly higher yield of TPA with
around 5 - 7% and less secondary products such as carbon dioxide, isophthalic acid,
benzoic acid, etc. could be observed in the sub-critical conditions, which suggests
that sub-critical conditions would be ideal to obtain the most yield of the monomer.

Nylon
Hydrolysis of nylon in sub/supercritical water has been of major interest as water
can participate in the process simultaneously as a catalyst and co-reactant. In their
experimental study, Motonobu et al. [31] conducted a hydrolysis process of nylon
6 at reaction conditions around 380� C and high pressure of 200 bar with a retention
time of up to 10 minutes in a batch reactor. The yield of monomer CL and ACA
obtained was 86% and 5.5% respectively. The higher the reaction temperature, the
faster is the formation of CL until a maximum yield value is reached within the
supercritical region and then it decreases with further increase in temperature as
it produces other byproducts such as ACA or cyclic dimer [29]. Different stud-
ies have been found conducted in the temperature range of 300 to 400� C and a
pressure range of 150 to 350 bar, suggesting that increasing reaction temperature
contributes to faster CL production rate and resulting in better conversion of ny-
lon. The results obtained by Motonobu et al. and Iwaya et al. demonstrate that
sub-critical conditions are more favorable than supercritical conditions for the hy-
drolysis of nylon as it is almost completely transformed with yields up to 85% and
shows better stability. However, despite high energy and equipment requirements,
supercritical water also provides certain advantages due to effective depolymeriza-
tion with high yields and lower residence time [19].

2.4.4 Hydrolysis Summary

With considerations of a cost ef�cient and environmental friendly process for the
recycling of textile waste, the advantages of neutral hydrolysis show good argu-
ments for its utilization. Acidic and alkaline hydrolysis however show certain
drawbacks in their application for at least one of the two polymers of interest. The
involved acids and bases in these hydrolysis reactions set the requirement for fur-
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ther puri�cation processes such as the acidi�cation of TPA or the recovery of CL
due to a fractional distillation. For the stated reasons, neutral hydrolysis is pre-
ferred for the utilization in this process. Additionally, it could be determined that
the treatment in sub-critical conditions is suitable for polyester as well as nylon
and might be bene�cial in terms of higher product yields. Another advantage of
sub-critical conditions is the lower energy demand. Therefore, the application of
neutral hydrolysis in sub-critical conditions is chosen for the further development
of the recycling co-process for polyester and nylon. A detailed discussion about
the reaction conditions applied in the simulation, will be given section 4.3 in the
upcoming chapter.

2.5 Product Phase Separation

After the hydrolysis of polyester and nylon, the reactor's output stream will consist
of a multi-phase mixture including the different depolymerization products. For
the re-utilization of these products in a production process of new plastics and syn-
thetic textiles, the corresponding product streams have to be separated from each
other. Therefore, the products and their respective phases have to be identi�ed �rst.
Based on the polymer synthesis of polyester and nylon described previously, TPA
and EG could be de�ned as the corresponding monomers of polyester, whereas CL
is the monomer of nylon. It is also possible that residues of the intermediate ACA
may be present in the outlet stream. The respective monomers are the products of
the polymers after depolymerization and separation.

TPA will be present as solid particles in the reactor's product stream, whereas
EG, CL and ACA will be dissolved in the water and therefore present in the liquid
phase. The different phases in which the respective products occur call for different
separation methods, which will be discussed in the following sections. Hereby, the
solid phase will be separated �rst, followed by the separation of the components
found in the aqueous phase. The objective is a high ef�ciency of the individual
separation methods to achieve a preferably high purity of the monomer products.
TPA, EG and CL can commonly be found in purity levels between 96% and 99%.
However, for the production of most PET products puri�ed TPA is preferred. The
presence of additives and resins within the monomers are not considered as their
amount and type require experimental analysis in order to de�ne appropriate sep-
aration methods. Additionally, the selling price of all three monomers increases
with higher purity. Therefore, an ef�cient separation of the multi-phase mixture
stream would increase the feasibility for recycling polyester and nylon in a co-
process. Special considerations will be given to the separation of TPA and CL
which are considered as the main selling products of the recycling plant due to
their higher market value.
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2.5.1 Separation of Terephthalic Acid

For separation of the solid TPA particles from the primarily liquid product stream,
different separation techniques such as �lters, cyclones, centrifuges or membranes
could be utilized. For low maintenance and easier implementation in a continuous
process, the utilization of cyclones and centrifuges is preferred over �lters and
membranes, therefore, a cyclone will be utilized in this project. Due to the high
liquid content and little to no gas phase present in the stream, a hydrocyclone
will be used. The functional principles of a hydrocyclone will be elaborated in the
following.

Figure 2.5: Solid - liquid separation block scheme.

Hydrocyclone
The hydrocyclone is a commonly used separation method for mixtures of solid par-
ticles or droplets from liquid carrier streams. The separation is based on differences
in densities and caused by centrifugal forces and characteristic �ow patterns. The
mixture �ow will tangentially enter the cylindrical vessel, which typically merges
into a conical body as illustrated in the �gure 2.6. The tangential entry of the
�ow and �uid pressure causes a rotational motion of the �uid, which results in
the development of a vortex. The �uid travelling through the chamber develops
a secondary inward radial motion towards the axial over�ow outlet, causing two
opposing forces on the dispersed particles. One is the centrifugal acceleration forc-
ing the particles in an outwards direction, whereas the radial inward moving �uid
creates a drag force. The resulting opposite movement of particles and �uid in a
radial outward and inward direction causes separation. This radial �ow movement
and therefore, the separation ef�ciency is in�uenced by the size of the particles, the
density of the particles as well as of the �uid and the viscosity of the �uid. The
liquid �uid will exit the hydrocyclone through the axial over�ow outlet, whereas
the more dense solid particles will exit through the under�ow. The under�ow
outlet can be peripheral to the chamber, however, it is commonly placed axial and
opposite to the over�ow outlet. The over�ow is directed by a cylindrical outlet,
also known as the vortex �nder. [32]
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Figure 2.6: Schematic of a hydrocyclone, taken from [33].

As previously mentioned, the solid particle separation from the liquid stream is in-
duced by different forces acting on the particle. Therefore, the centrifugal force FC

guiding the particle in an outward direction should be greater than the buoyancy
FB or drag force FD guiding the particle towards the inward direction along with
the liquid stream. Hereby, the main driving factor of the drag force is the liquid
viscosity, whereas the buoyancy and centrifugal force are mainly driven through
differences in the solid and liquid densities as can be seen in the equations 2.3 and
2.4 respectively. The different forces acting on the particles are illustrated in the
�gure 2.7 below. Hence, the solid separation is enhanced through higher density
differences between the liquid and the solid particles. Since the aqueous phase of
the reactor's output consists of multiple �uids, the respective densities have to be
considered. Nevertheless, due to the high water to polymer ratio of the reactor's
feed, the majority of the liquid �uid is water.

FC =
p d3

6
r s

u2
t

r
(2.3)

FB =
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Figure 2.7: Schematic of the different forces acting on a spherical particle in the hydrocyclone.

As can be seen from the �gure 2.8, the densities of the liquid products and water
decrease with temperature from which a higher separation ef�ciency at elevated
temperatures can be assumed. ACA is hereby not considered since a signi�cantly
lower quantity in the reactor's output stream can be assumed and due to the high
similarity to CL. Because EG is highly dissoluble in water due to its hydroxyl end
groups, an aqueous solution containing 75% EG is used for the comparison. It can
be determined that under atmospheric conditions, the liquid densities remain be-
low the solid density of TPA with about 1520 kg/m 3. Therefore, it can be assumed
that the overall difference in densities at high operating temperature is suf�cient
for the separation of the solid TPA particles.

Figure 2.8: Densities of caprolactam, water and an aqueous ethylene glycol solution as function of
temperature, data based on [34]–[36].
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Another important property of the carrying �uid is its viscosity, which has an
in�uence in the equation 2.5. Similar to the densities, a reduced viscosity is advan-
tageous for the separation. Figure 2.9 illustrates the viscosity of CL, EG and water
as a function of temperature. It can be seen that with increasing temperature, the
viscosity of each component decreases in a similar manner. Additionally, the low-
est viscosity can be read for water. With the high water amount of water necessary
for the depolyerization reaction, the reactor's output stream is expected to contain
about 3% EG and 6% CL from which it can be concluded that the overall stream
will have a viscosity similar to water.

FD = 3p dmur (2.5)

Figure 2.9: Viscosities of caprolactam, water, ethylene glycol and an aqueous ethylene glycol solution
as function of temperature, data based on [35]–[37].

Finally, only the size of the hydrocyclone and of the particles are left as in�uenc-
ing factors of the separation ef�ciency. The inside diameter of the cylindrical feed
chamber of a commercial hydrocyclone can commonly vary between 10 mm and
2.5 m. Typically, the hydrocyclone is capable of separating particles in the size
range of 1.5 to 300mm [38]. TPA has a particle size distribution of 50 to 150 mm
and lays well within this range [39]. For a continuous �ow, it can be assumed that
the particle size distribution will statistically tend towards a normal distribution.
For this reason, the mean particle size of TPA can be determined as 100mm.

In this section, the hydrocyclone could be de�ned as a suitable method to sepa-
rate the solid TPA particles from the multi-phase mixture stream exiting the hy-
drothermal reactor. The subsequent separation of the liquid components will be
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discussed in the following section, with focus on the separation of CL. A detailed
investigation on the separation ef�ciency of TPA and its optimization will be given
in section 5.1.

2.5.2 Separation of e-Caprolactam

After the solid TPA particles have been removed from the stream, a liquid mixture
containing EG, CL and water remains for further separation. This liquid stream
can possibly also contain small amounts of unconverted ACA. The following liquid
separation will be discussed for the ideal case, considering only EG, CL and water.

Figure 2.10: Liquid - liquid separation block scheme.

For the separation of liquid streams, different methods such as extraction, �ash
separation and distillation are the most commonly used. In liquid-liquid extrac-
tion, often two liquids are separated from each other due to their relative solubili-
ties by adding a solvent. This method however, creates certain disadvantages when
utilizing it in the presented study. The added solvent in the mixture would need to
be removed from the stream again after separation in order to not affect the purity
of the products. This solvent removal would cause higher energy consumption
and the requirement of additional equipment. Additionally, more than one solvent
may be required due to the characteristics of the different components present in
the mixed stream. For these reasons, the utilization of liquid-liquid extraction is
determined as infeasible in this case. In the following, the liquid stream separation
through the application of a �ash separator and distillation column will be dis-
cussed. With CL being one of the main selling products of the process, it should
primarily be separated from the liquid stream. The ideal result would then be a
single stream containing only CL and one stream containing EG and water.

Flash Separation
The separation of liquids by utilizing a �ash separator is a relatively simple and
commonly applied method. The separation is based on the different boiling points
and volatilities of the respective liquid components. For the separation, the pres-
sure and temperature in the liquid feed as well as in the �ash chamber need to
be considered. The more volatile component vaporizes and is taken off the over-
head, whereas the less volatile component remains in liquid state and drains to
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the bottom of the chamber. To prevent liquid droplets from being entrained in the
vapor, a demister is often added. Additional factors to consider are the �ow rate,
the feed composition and the size of the �ash chamber. Next to its simplicity, �ash
separation has the advantage of a rapid vaporization of the volatiles, however, the
extend of separation can be limited.

For the separation of the previously mentioned liquid mixture, the different boil-
ing points have to be considered. With about 100 � C, water has the lowest boiling
point of the liquid stream under atmospheric conditions, whereas EG with about
197� C and CL with about 270 � C have a comparatively high boiling point. Because
CL has the highest boiling point, it should be separated from the stream �rst. This
is also bene�cial for the objective of the liquid separation to gain a single stream
of CL. Since CL is one of the main selling products, a high purity is of importance
which could be reached by the evaporation of EG, water and possible other volatile
impurities in the stream. As a result, CL should exit the �ash chamber through
the bottom stream whereas a mixture of EG and water should take off through the
overhead. Equally, the possible accumulation of heavier impurities in the bottom
stream has to be considered. Therefore, a series of �ash separations may be ben-
e�cial to achieve the desired product purity. Overall, a temperature below 250 � C
with a certain safety margin has to be maintained during the separation process
to avoid a possible degradation or polymerization of CL. Additionally, the appli-
cation of vacuum pressure could be considered to evaporate EG and water at an
already lower temperatures.

Distillation Column
Similar to a �ash separator, a distillation column is based on the different boiling
points and the volatilities of a binary or multi-component liquid mixture. Under
the application of a certain temperature and pressure, separation is induced. The
more volatile component with a lower boiling point will evaporate and �ow up-
wards, whereas the component with a higher boiling point remains liquid and
drains downwards to the bottom of the column. The vapour and liquid stream
will then exit the column through the overhead and bottom indicated in the �gure
2.11. Packing or plates within the column increases the surface contact and hence,
the separation ef�ciency. The up-streaming vapor gets in contact with the plates,
which have a lower surface temperature, and condenses partially. Hereby, the
newly formed and further uprising vapour will be enriched with the more volatile
component. Likewise, the downward streaming liquid is enriched with the heav-
ier component. Due to the repeated development of evaporation and condensation
reactions, a distillation column is often referred to as a series of �ash units. An
advantage of a distillation column over a �ash separator is the higher degree of
separation. To ensure a continuous separation by a steady �ow and increase the
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ef�ciency, a small amount of the overhead and bottom stream is recirculated as
re�ux to the column as illustrated in the �gure 2.11.

Figure 2.11: Schematic of distillation column.

Many simulation programmes apply shortcut methods to estimate this re�ux ratio.
These preliminary estimations are often based on the Fenske-Underwood-Gilliland
equation for binary and multi-component mixtures to make a �rst estimation for
a minimum number of stages as well as a minimum re�ux ratio. These approx-
imations are further used by the programme as a starting point, to estimate a
correlation to the actual number of stages and actual re�ux.

In order to calculate a �rst estimation of the necessary minimum number of stages
Nmin for a suf�cient separation, the Fenske equation is commonly applied:

Nmin =
log[( xD

(1� xD ) ) ( 1� xB
xB

)]

logaave
(2.6)

aave =
p

aB � aD (2.7)

It is based on the output composition of the overhead (distillate) and bottom stream
divided with the average relative volatility aave. The average relative volatility is
dependent on the relative volatility of the lighter key component relative to the
heavier key component at the bottom of the column and at the distillate respec-
tively and is therefore a function of temperature and vapour pressure. [40]

For the estimation of a minimum re�ux ratio Rmin of binary mixtures, a graphi-
cal approach can be applied and is often preferred due to its relative simplicity.
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For multi-component mixtures however, the graphical estimation can not always
be applied for which reason a mathematical approximation based on the Under-
wood equation for multi-component mixtures is the most common method. In this
estimation, the distillation column is divided into different fractionating sections
indicating the composition of the key components. The relative volatility can vary
throughout the column, but is constant within one section. With the known com-
ponent compositions and the relative volatilities, a minimum re�ux ratio can be
estimated. [41]

With the �rst two estimations made the minimum number of stages and mini-
mum re�ux ratio can be correlated to determine the actual values by means of the
Gilliland correlation method. Although the Gilliland method is only an estimation
of the real values, its utilization has been proven useful. To determine the values for
the actual number of stages N and the re�ux ratio R, either a graphical approach or
else an estimation via calculations can be utilized. For a mathematical approxima-
tion of the correlation, a number of equations have been suggested over the past.
However, for the estimation of R, a multiplication factor such as R = 1.5 � Rmin

is often assumed. [40] A similar assumption can also commonly be seen for the
estimation of N, whereby preliminary calculations are signi�cantly shortened. It
becomes apparent, that due to the complexity of a more precise estimation for a
distillation column design, detailed calculations by means of a simulation are in-
evitable.

In this section, the separation of the liquid stream by means of a �ash separation
as well as a distillation column have been examined. Whereas the application of a
liquid-liquid extraction has been rejected in advance, both here discussed separa-
tion methods appear feasible for the utilization in the presented process. Certain
advantages and disadvantages of the two separation methods such as the rapid
�ash separation as well as the respective extend of the separation have been men-
tioned. A detailed discussion about the separation ef�ciency of each method and
the overall optimization of the liquid phase separation will be given in section 5.2.
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The continuously increasing consumption of textile products causes a globally
growing problem in their production as well as in the handling of accumulating
waste. The rising trend towards fast fashion and shorter product lifetimes, also
for other textile products such as draperies and furniture, play a crucial part in
this development. In the introduction, especially the growing portion of synthetic
textiles in the overall mix of textile materials could be identi�ed as the driving
factor of the increasing production rate of textile products. Furthermore, different
environmental and economical consequences could be assessed in relation to the
globally growing demand, with a speci�cally high impact on the consumption of
resources and on climate change.

One solution to the stated problem could be the chemical recycling of the tex-
tile materials that cannot be further reused and would otherwise end up as waste
in incineration or land�lls, thereby a circular economy could be created. Whereas
the research on the recycling of other plastic materials such as plastic bottles is
already established and implemented to a certain extend in real life application,
investigations on the recycling of synthetic textiles is comparatively limited in the
current state. Most research studies focus on the recycling of a single synthetic ma-
terial or on the recycling of polyester-cotton blends. With the fast rising share of
synthetic textiles in the overall material mix, an ef�cient recycling has the potential
to lower the described environmental pressure and gives the possibility to make
the production of new textile products more sustainable.

With polyester and nylon being the most commonly used synthetic textile materi-
als, it has been assumed that these will consequently accumulate the most in the
overall synthetic textile waste. For this reason, this project focuses on the chemical
recycling of these two materials to identify a new pathway for the depolymer-
ization of two different synthetic waste materials in a co-process and to de�ne
a possible separation mechanism of the resulting monomers. The objective is to
achieve suf�cient depolymerization and separation of the monomer products to
give the possibility of selling these monomers or reintroducing them to a following
production processes of new textile or plastic products. Due to the extend of this
project, certain assumption have been made for the development of this recycling
process.
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Assumption statements:

• The feed materials of the recycling plant are previously sorted and are con-
sidered as pure.

• The two polymers do not directly interact with each other during the depoly-
merization process.

• The product separation focuses on the main monomer selling products
e-caprolactam and terephthalic acid.

• Possible side products and intermediates are not considered.

Based on the de�ned objective, a continuous depolymerization process and a sub-
sequent separation mechanism of the product phases is to be designed. For the
depolymerization of polyester and nylon in a co-process, hydrolysis in neutral
conditions has been chosen. Furthermore, it has been decided to separate the solid
particles �rst, followed by the separation of the liquid components. An overview
of the recycling process is given in the �gure 3.1 below.

Figure 3.1: Overview of the depolymerization process and phase separation mechanism.

Before entering the hydrothermal reactor, the three feed streams consisting of wa-
ter, nylon 6 and polyester need to be well mixed with each other, as well as heated
up and set under pressure to approach the operating conditions of the reactor.
This is done to get the feed stream into molten state for a higher conversion and
to ensure a constant reactor environment for a steady hydrolysis reaction. Follow-
ing, the high temperature and high pressured stream can be depressurized and
cooled after the hydrolysis reaction for further treatment. The solid TPA particles
are separated from the liquid stream by means of a hydrocyclone. After the �rst
separation, the second main selling product, CL, is separated from the remaining
liquid stream with a distillation column. A detailed discussion about the optimiza-
tion of each separation component in terms of product yields and purities will be
given.
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This chapter discusses the co-processing simulation model of polyester and nylon
through hydrolysis. The complete model from the hydrothermal reaction to the
separation of the monomer product streams is designed and simulated based on
available literature data. This simulation model has been developed utilizing the
software Aspen Plus V9, which is commonly used for chemical process simula-
tions. The process design software contains inbuilt components and databases for
compounds and species with pure and binary regressed parameters. It is able to
simulate chemical processes by calculating the process performance on speci�ed
operation conditions using thermodynamic and mathematical models.

Engineers in petrochemical, pharmaceutical, polymer, and thermodynamic pro-
cess industries utilize Aspen Plus for optimizing existing design processes or pre-
dict the outcome of new processes by calculating mass-energy balances on the unit
operations. Physical and chemical characteristics of all species generated or con-
sumed during the chemical process are retrieved from the extensive component
database. Due to the availability of a thermodynamic database of compounds and
prominent operating components as well as chemical property packages for the
polymer process, Aspen Plus is ideal for simulating the depolymerization process.

4.1 Property Method

To model the simulation, different compounds taking the role of reactants, prod-
ucts, solvents, etc. were selected from the Aspen Plus component database. The
�uid package POLYNRTL was chosen as the property method for calculating the
properties of these components. This polymer-NRTL model is an extension of the
non-random two-liquid (NRTL) model for interactions with polymer segments and
co-polymers [42]. As one example, the POLYNRTL method can be utilized to de-
scribe a vapor-liquid and liquid-liquid equilibrium for different polymer solutions.
It is considered for the presented simulation as it is suitable for homo-polymers,
co-polymers, and polymer blends based on the operating conditions of this system.

4.2 Feed Stream

The raw materials inserted to the simulation model are water, nylon 6, and polyester.
The feed polymers are considered to be pure polymers without any impurities.
Therefore, the necessary pre-treatment of the waste materials would be needed to
consider for a practical implementation of this process, due to the extend of this
study however this aspect will not be discussed. Before entering the reactor, the
feed stream needs to be mixed, heated up and pressurized to a similar level as
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the operational conditions of the reactor. This is done to ensure constant oper-
ational conditions for the continuous hydrolysis reaction. The polymer streams
enter the process in molten form, therefore an extruder is assumed prior to the
feed entrance. The extrusion process melts the polymers, which are then assumed
to directly enter the mixer together with the water stream and proceed further
into the reactor. The melting points of nylon 6 and polyester are 220 � C and 260� C
respectively, therefore, the extruder is assumed to operate at 270� C and 100 bar.
The high pressure is applied to break down the polymer chains and additionally
ensure a liquid phase stream. The mixed stream is then heated and pressurized
to the respective operational conditions of the PFR before entering the reactor as
illustrated in �gure 4.1.

4.3 Reactor Model

4.3.1 Selection of the Continuous Reactor

To implement a continuous process and accomplish complete formation of the
monomer products, continuous reactors are preferred for industrial processes. The
reactor should also be capable to maintain and perform isothermally at high tem-
peratures and possibly long residence time to get the desired conversion and prod-
ucts. The most common used continuous reactors are the plug �ow reactor (PFR)
and the continuous stirred tank reactor (CSTR). In a PFR, the reactants travel along
the tube as a plug compared to the continuous stirring in the CSTR. As the plug
of compounds moves throughout the PFR, the compounds are transformed into
products. The PFR reactor is considered to have a theoretically higher conversion
ef�ciency compared to a CSTR with the same volume. This means the reaction will
be completed to a higher percentage in a PFR than in a CSTR as the former begins
at a high reaction rate and then decreases gradually towards the end, whereas the
latter operates always at low reaction rates. Considering high �ow rates and high
fractional conversion, the reactor volume that would be required utilizing a CSTR
would be considerably higher compared to the reactor volume of a PFR at the same
conditions [43]. Because the reactor volume can be considered the main criteria for
the choice of the reactor as the capital investment required can be reduced for
economical bene�ts, a PFR is chosen for the implementation in this model.
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