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All models are wrong,

but some are useful.

-George Box, 1976
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Abstract

The need for new, bio-based components to replace their fossil-derived counterparts is
becoming increasingly urgent. The objective of transitioning to bio-based alternatives is
not only to reduce carbon emissions and move towards environment-friendly solutions
but also mitigate the health risks from hazardous substances. For a novel compound,
developing a production strategy from laboratory synthesis involves a high investment
and lengthy, rigorous testing. To address this challenge, kinetic modeling and process
modeling can facilitate process development in silico based on first principles. The re-
sulting process model allows for an initial assessment of the production design regarding
technical and economic feasibility.

In this thesis, the synthesis of 1,2-epoxy-6-methyl-triglycidyl-3,4,5-cyclohexanetricar-
boxylate (EGCHC) serves as a case study to investigate the techno-economic viability
of the novel sustainable epoxy resin. Therefore, this study sheds light on the synthesis
path and presents a methodology to provide insights into the production, crucial for later
scale-up decisions. EGCHC is formed from a four-step synthesis route starting from
sorbic acid and allyl alcohol, which are both available as fully bio-based. Subsequently,
maleic anhydride is added to the formed allyl sorbate. In the next step, further double
bonds are introduced with the ring-opening and esterification reactions using allyl alcohol.
The last reaction step epoxidizes the previously formed double bonds to generate four
functional groups, leading to a dense cross-linked network in the cured resin. EGCHC
shows a bio-based content of 53.8 %, taking a conservative approach of only including
readily available bio-based resources on an industrial scale. All used components can be
derived from natural feedstocks, but many synthesis routes are not implemented on a large
scale. Comparing EGCHC to the industrial standard epoxy diglycidyl ether of bisphenol
A (DGEBA), equivalent or even superior thermo-mechanical properties can be identified
with minor drawbacks in the glass transition temperature.

As allyl sorbate is a commercial product, the initial reaction step starting from sorbic
acid is excluded from kinetic and process modeling. Thus, the underlying synthesis route
covers three reaction steps, which are scrutinized individually. Reaction models are de-
rived for each step, and the representative kinetic models are regressed with experimental
data gathered from batch experiments. Pre-exponential factors and activation energies are

estimated with high accuracy and confidence for the three reaction steps: Diels-Alder
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reaction, allylation, and epoxidation. The key findings cover not only kinetic parameters
but also information about the respective reaction mechanism. Several models are postu-
lated and compared based on statistical information theory for the allylation. Here, it is
shown that the reaction proceeds as second order through two intermediates. Modeling
the epoxidation reveals that the reaction mechanism can be simplified by two kinetic
constants representing the epoxidation of a terminal or ring-bound double bond. Using
that assumption, the network of reactions with six intermediates can be modeled with
high precision.

Based on the findings from the kinetic modeling studies, a process is designed for large-
scale EGCHC production. Therefore, the kinetic models are implemented in a process
simulation environment in the respective reaction units. Furthermore, efficient purification
and separation sections are developed for each synthesis step. Due to the exothermic
characteristic of the Diels-Alder reaction, the reaction is carried out in a tubular reactor,
ensuring adequate heat control. Process intensification is applied in the allylation section,
as the reagent here also acts as the solvent. Thus, separation and reaction are combined
within a reactive distillation column. Sensitivity studies are carried out, enabling optimal
operation conditions for the column regarding energy demand and product purity. The
epoxidation reaction is also modeled in a tubular reactor, allowing for a high conver-
sion. The complete process is used to perform a techno-economic analysis to judge the
feasibility of the novel epoxy EGCHC produced with a purity of 95 %. A competitive
market price for EGCHC compared to other bio-based epoxies is derived using a recycling
economy for the epoxidation agent.

Overall, this thesis showcases, based on the synthesis route towards the epoxy EGCHC,
a comprehensive methodology that allows an initial assessment in respect to commer-
cialization and scale-up of a novel molecule using preliminary laboratory measurements.
Thus, process design, general feasibility, and further key economic metrics can be de-
rived. With the help of the kinetic models, reaction sections can be sized and designed
accurately. However, the resulting figures should allow for further decisions rather than
direct design. Nevertheless, a variety of findings around and from kinetic and process

modeling will greatly enhance and drive development of the postulated process design.
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Kurzzusammenfassung

Die rasant wachsende Nachfrage nach nachhaltigen Alternativen zu konventionellen, fos-
silen Materialien treibt die Entwicklung neuartiger, biobasierter Molekiile voran. Die-
se Ersatzstoffe bieten immense Potenziale zur Reduzierung von CO,-Emissionen, zum
Schutz der Umwelt und zur Minimierung von Gesundheitsrisiken, die oft mit konventio-
nellen Stoffen verbunden sind. Die Entwicklung einer Produktionsstrategie fiir neuartige
Molekiile basierend auf Laborsynthesen ist mit hohen Investitionen, sowie langwierigen
und aufwindigen Studien verbunden. Einen Losungsansatz konnen kinetische und Pro-
zessmodellierung liefern, welche die in silico Prozessentwicklung auf Basis fundamenta-
ler physikalisch-chemischer GesetzméaBigkeiten ermoglichen. Das resultierende Fliebild
erlaubt es, das Prozessdesigns bereits in einem frithen Stadium hinsichtlich der techni-
schen und wirtschaftlichen Machbarkeit zu bewerten.

In dieser Arbeit wird die Synthese von 1,2-Epoxy-6-Methyl-Triglycidyl-3,4,5-Cyclohe-
xantricarboxylat (EGCHC) als Fallstudie zur Untersuchung der technischen und wirt-
schaftlichen Umsetzbarkeit des neuartigen und nachhaltigen Epoxidharzes herangezogen.
Der Syntheseweg wird im Detail dargelegt und eine Methodik prisentiert, welche es
erlaubt, tiefere Einblicke in den Produktionsprozess zu ermoglichen, um eine spétere
Skalierbarkeit zu beurteilen. Die Synthese von EGCHC erfolgt ausgehend von den bio-
basierten Edukten Sorbinsdure und Allylalkohol in einem vierstufigen Prozess. An das
im ersten Schritt gebildete Allylsorbat wird darauffolgend Maleinsdureanhydrid addiert.
Anschlieend werden durch Ringoffnung und Veresterung mit Allylalkohol weitere Dop-
pelbindungen eingefiihrt. Im letzten Reaktionsschritt werden die gebildeten Doppelbin-
dungen epoxidiert, was zu einer vierfachen Funktionalisierung des Produkts fiihrt. Die
Epoxidgruppen erlauben die Formation eines dichten Netzwerks im ausgehirteten Harz.
EGCHC weist einen biobasierten Anteil von 53,8 % auf, welcher konservativ bestimmt ist
und nur bereits im industriellen MaB3stab verfiigbare biobasierte Komponenten einbezieht.
Alle verwendeten Stoffe konnen in der Theorie aus nachwachsenden Rohstoffen gewon-
nen werden, jedoch sind viele Syntheserouten noch nicht gro3technisch umgesetzt. Ver-
gleicht man EGCHC mit dem industriellen Standard-Epoxidharz Diglycidylether von Bis-
phenol A (DGEBA), so lassen sich vergleichbare, teils sogar bessere thermo-mechanische
Eigenschaften feststellen, wobei geringfiigige Einbuflen in der Glasiibergangstemperatur

bestehen bleiben.
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Aufgrund der kommerziellen Verfiigbarkeit von Allylsorbat wird der erste Reaktions-
schritt - ausgehend von Sorbinsédure - fiir die kinetische und Prozessmodellierung nicht
betrachtet. Damit ergibt sich ein Syntheseweg mit drei Reaktionsschritten, die jeweils
einzeln im Detail analysiert werden. Fiir jeden Schritt werden Reaktionsmodelle entwi-
ckelt, experimentelle Daten erfasst und die aufgestellten kinetischen Modelle mit die-
sen regressiert. Die jeweiligen pria-exponentielle Faktoren und Aktivierungsenergien fiir
die Diels-Alder-Reaktion, Allylierung und Epoxidierung werden mit hoher Genauigkeit
und geringen Konfidenzintervallen bestimmt. Die zentralen Erkenntnisse aus den kineti-
schen Modellen umfassen nicht nur deren Parameter, sondern auch Informationen iiber
die jeweiligen Reaktionsmechanismen. Fiir die Allylierung werden verschiedene Model-
le postuliert und eine Modellauswahl anhand von Informationskriterien vorgenommen.
Dabei wird gezeigt, dass die Allylierung in zweiter Ordnung und unter Bildung zwei-
er Zwischenprodukte ablduft. Die Modellierung der Epoxidierungsreaktion legt offen,
dass die Approximation des Reaktionsmechanismus durch zwei kinetische Konstanten
gerechtfertigt ist. Die beiden Parameter beschreiben die Reaktionsgeschwindigkeit der
Epoxidierung an einer terminalen oder ringgebundenen Doppelbindung im Molekiil. Un-
ter Berilicksichtigung dieser Annahme kann das Reaktionsnetzwerk mit den sechs Zwi-
schenprodukten modelliert werden.

Basierend auf den Ergebnissen aus der kinetischen Modellierung wird ein Verfahren fiir
die grofitechnische EGCHC-Produktion konzipiert. Dafiir werden die Reaktionsmodelle
mit den regressierten Parametern in einer Prozesssimulationsumgebung implementiert.
Weiterhin werden fiir jeden Syntheseschritt effiziente Aufreinigungs- und Abtrennungs-
methoden in silico entwickelt. Die Diels-Alder-Reaktion wird aufgrund der Exothermie
in einem Rohrreaktor durchgefiihrt, um eine addquate Warmeabfuhr zu gewihrleisten.
Im darauffolgenden Abschnitt wird mit Hilfe von Prozessintensivierung Reaktion und
Aufreinigung in einer einzelnen Reaktivdestillationskolonne kombiniert, da Allylalkohol
gleichermalBen als Reagens und Losungsmittel fungiert. Mit Hilfe von Sensitivitétsstudien
werden optimale Betriebsbedingungen fiir die Rektifikation hinsichtlich Energiebedarfs
und Produktreinheit ermittelt. Die Epoxidierung wird in einem weiteren Rohrreaktor si-
muliert, um einen hohen Umsatz zu ermoglichen. Der gesamte Prozess wird einer techno-
okonomischen Analyse unterzogen, um die Umsetzbarkeit des Herstellungsprozesses des
neuartigen Epoxids zu beurteilen. EGCHC, welches eine Reinheit von 95 % aufweist,
kann mit Hilfe einer Kreislaufwirtschaft fiir das verwendete Epoxidierungsmittel zu ei-
nem wettbewerbsfihigen Marktpreis hergestellt werden.

Die vorliegende Arbeit demonstriert eine umfassende Methodik zur initialen Bewertung
der Marktfihigkeit und Skalierbarkeit eines neuartigen Molekiils anhand von leicht durch-
fiihrbaren Labormessungen. Die Methodik kann fiir andere, neue Syntheserouten ange-
wendet werden, sodass Prozessdesign, Umsetzbarkeit sowie weitere 6konomische Kenn-

grofen in kurzer Zeit abgeleitet werden konnen. Die resultierenden Ergebnisse dienen



jedoch eher als Entscheidungsgrundlage, denn als direkte Auslegungsrichtlinie. Dennoch
wird die Vielzahl an Erkenntnissen aus den Studien zur kinetischen und Prozessmodel-

lierung die Entwicklung eines moglichen Herstellungsprozesses mafgeblich fordern und
vorantreiben.
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1 Introduction

1.1 Motivation

Epoxy resins are ubiquitous in modern life, serving as important materials in a vast array
of applications, from high-performance adhesives and coatings to composites used in
construction and electronics [1, 2]. Their versatility and superior properties, including
chemical resistance, low density, and mechanical strength, have led to an increased appli-
cation in industry [3]. The worldwide market size for epoxy resins in 2019 is estimated
at 3.1-3.2 million tons per year [4]. However, the market volume remains comparably
small taking the total plastics production of 382 million tons in 2022 into consideration
[5]. Figure 1.1 illustrates the annual production capacity of fossil and bio-based polymers
worldwide from 1950 to 2022. Additionally, a forecast using component annual growth
rates (CAGR) of 2% and 17 % for fossil and bio-based derived polymers until 2028 is
indicated [5]. Clearly, with less than 1 % of the total polymer production, the latter still
only plays a minor role in the world’s plastics economy. However, the CAGR of bio-based

polymers evidently shows that it is an emerging and valuable market.
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Figure 1.1: Development of the worldwide polymer production capacities for fossil and
bio-based plastics from 1950 to 2022 and forecast until 2028. Modified after [5].



1 Introduction

About 90 % of the commercial epoxy resin is based on bisphenol A diglycidyl ether
(BADGE), also diglycidyl ether of bisphenol A (DGEBA) [6]. The widely-used resin
is made from bisphenol A (BPA) and epichlorohydrin (ECH). Currently, only ECH holds
the potential to be synthesized from renewable resources. Glycerol, a byproduct of bio-
diesel production, is the starting point for the formation of green ECH [7, 8]. Thus,
bio-based ECH can readily be acquired at an industrial scale [9]. Most commonly, the
Epicerol® process developed by Solvay is used to produce renewable epichlorohydrin
from green glycerol [10]. In 2023, bio-based ECH used for the synthesis of epoxy resins
made up 30 % of the bio-based polymer production capacities [5]. This fraction considers
partial bio-based products, as the second reagent BPA remains to be produced from fossil
resources. Despite the availability of an ECH replacement, the toxicity and health impact

of the component remain unchanged [11, 12].

1.1.1 Bisphenol A: Health Concerns and Regulatory Change in
the EU

Growing concerns regarding the health implications of bisphenol A cast a shadow on
their continued use. The chemical is linked to various health issues, including endocrine
disruption [13, 14] and cardiometabolic or cardiovascular diseases [15, 16]. Consequently,
regulatory bodies around the globe begun implementing stricter regulations on the use of
BPA in specific applications, prompting the search for safer alternatives. Several restric-
tions already exist in the European Union to ban the use of BPA for the application in
thermal paper [17], plastic infant feeding bottles, and food packaging for children under
the age of three [18]. In 2015, the European Food Safety Authority (EFSA) postulated
a temporary tolerable daily intake (TDI) of 4 ug/kg [19]. In April of 2023, the EFSA
re-evaluated the TDI of BPA and significantly reduced the TDI to 0.2 ng/kg based on
new scientific evidence [20]. Recently, the EU government published the results of a
study targeting BPA levels in adult urine samples in different EU countries [21]. To
translate a TDI to a concentration level, a human biomonitoring guidance value (HBM-
GV) is developed for a certain substance, which was also established for BPA [22]. The
human biomonitoring initiative (HBM4EU) revealed that BPA concentrations exceeded
the HMB-GV in the samples of 92 % of the participants [23]. Noteworthy, the derived
HBM-GV of 11.5ng/L is below the analytical detection limit of BPA [21]. Therefore, it
is likely that additional samples could have contained BPA levels above the HBM-GYV,
raising health concerns for the European population. Even if new restrictions in the use
of BPA are being set, producers will likely introduce similar structural compounds like
bisphenol F or bisphenol S. This poses the question of whether a ban of the entire class of

chemicals might be more effective instead of targeting single structures [24].



1.1 Motivation

1.1.2 Research on Bio-Based Alternatives to DGEBA

Health and environmental impacts have spurred significant research towards syntheses
of novel, green alternatives to DGEBA. The replacement of the conventional resin with
sustainable alternatives draws great attention in recent research. Figure 1.2 illustrates
and compares the total number of journal articles published with the fraction of articles,

which include the keywords "epoxy" and "bio-based" in their title or abstract. The general
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Figure 1.2: Development of the total number of journal articles published from 1950 to
2023 in comparison to the normalized fraction of number of articles published with the
keywords "epoxy" and "bio-based" in the title or abstract. Data from [25].

volume of publications has risen exponentially since the 2000s. Nevertheless, articles with
the focus on bio-based epoxies outgrow this trend starting from 2010. This underlines the
urgency and interest of research groups in the field of sustainable resins. One frequently
followed path is to mimic the aromatic properties of BPA with structurally similar natural
molecules. Such starting materials can include but are not limited to cardanol [26-28],
eugenol [29-32], vanillin [33-37], lignin derivatives [38—40], and other biogenic sub-
stances [41]. ECH is often added to form the desired glycidyl ethers. Similarly, cyclic
aliphatic polyols derived from sugars can be used for the etherification [42—45]. Another
strategy is to epoxidize the double bonds in highly unsaturated molecules derived from
renewable feedstocks. Polyunsaturated fats and fatty acids serve as common starting ma-
terials [46-50]. m-Chloroperbenzoic acid is frequently utilized due to its ease of usage
and separation on a laboratory scale [51]. Hydrogen peroxide can also function as an
oxidizing agent, either in combination with metallic catalysts [52—54] or small chain car-
boxylic acids [55, 56]. In the context of bio-based materials, enzymatic epoxidations are
increasingly recognized due to the environmentally friendly process conditions with low
temperatures and pressures [57-59]. A challenge associated with the present oxidizing
conditions is the rapid deactivation of enzymes, resulting in short lifetimes. Optimized

operating principles can help mitigate this issue [60].



1 Introduction

1.2 Outline

Many of the previously mentioned studies discussing novel bio-based molecules show-
case their synthesis with laboratory experiments. Researchers then analyze the resulting
epoxy resins’ thermo-mechanical properties to compare and validate the materials. How-
ever, it often remains to be seen, whether an up-scaling of the synthesis is possible or
feasible concerning technical and economic aspects. This thesis demonstrates a holistic
approach towards the synthesis of a novel, bio-based epoxy resin with a strong focus
on the necessary subsequent steps complementing laboratory research. From a depiction
of the synthesis route developed within a collaboration in the "GreenCarbon" project
[61, 62], kinetic and process modeling is employed to draw a priori conclusions on
the complete production chain. The novel molecule with the name 1,2-epoxy-6-methyl-
triglycidyl-3.,4,5-cyclohexanetricarboxylate (EGCHC) is synthesized from sorbic acid,
allyl alcohol, and maleic anhydride and thus does not rely on ECH or BPA [61]. All
mentioned compounds are either bio-available [63—66] or routes were published to pro-
duce them abstaining from fossil resources [67, 68].

Therefore, a thorough understanding of the reaction steps can be established by utilizing
state-of-the-art modeling techniques. This approach greatly reduces the efforts increasing
production scale as information about the process design is already available. Thus, in an
early development stage, not only details about the newly reported reaction steps, but also
an assessment of the competitiveness of the proposed, novel structure can be given.

All parameter estimations and statistical analyses are performed in MATLAB® R2021a,
due to the vast extent of toolboxes and advanced numerical solvers. Process modeling
is conducted using Aspen Plus® V12 (38.0.0.380). Preliminary studies mainly related to
bio-processes, which handle enzymes, are investigated using SuperPro Designer®. As the
capabilities for the prediction of physical properties, especially for unknown components,
are more pronounced in the Aspen Engineering Suite, all presented results in this thesis
are generated with Aspen Plus®. The subsequent techno-economic assessment is carried
out with Aspen Process Economic Analyzer® (APEA-V12), which estimates equipment
costs assuming a first quarter 2019 pricing basis (CEPCI 618.7).

Chapter 2 lays the theoretical groundwork for the kinetic and process modeling em-
ployed throughout this work. A detailed examination of the methodologies used for pa-
rameter estimation and model discrimination is provided. Specifically, techniques within
the framework of chemical reaction engineering are presented. Additionally, relevant
physical property methods and unit operations that are directly connected to the studied

process are discussed.



1.2 Outline

Chapter 3 presents the background of the upcoming chapters by introducing the syn-
thesis route towards the novel epoxy EGCHC. This information is crucial for drawing
a holistic picture. Starting with a description of all reaction steps, insights into thermo-
mechanical results of the cured resins are given. The bio-based content of EGCHC and
cured resins thereof are discussed in detail in an ecological assessment. This chapter
summarizes the key findings of the works published in:

J. M. Breitsameter, N. Reinhardt, M. Feigel, O. Hinrichsen, K. Drechsler, B. Rieger,
“Synthesis of a Sustainable and Bisphenol A-Free Epoxy Resin based on Sorbic Acid
and Characterization of the Cured Thermoset”, Macromol. Mater. Eng. 2023, 2300068,
DOI 10.1002/mame . 202300068.

Chapter 4 sheds light into the parameter estimation of the postulated reaction models.
Therefore, the synthesis of the novel bio-based epoxy EGCHC is rapidly monitored using
'"H-NMRand multi-parameter fitting of non-linear regression functions is performed to
obtain the reaction rate constants. The kinetic model variables are predicted using re-
parameterization techniques. Additionally, model discrimination is applied to the reaction
scheme using information theory where applicable. The described methodology provides
a fast and efficient way to gather kinetic and mechanistic data about novel synthesis routes.
This chapter was published in a similar way in:

M. Feigel, J. M. Breitsameter, K. Lechner, B. Rieger, O. Hinrichsen, “Kinetic Modeling
of the Synthesis Path for the Production of a Sustainable Epoxy Resin based on Allyl
Sorbate”, Ind. Eng. Chem. Res. 2023, 62, 13389-13400, DOI 10. 1021 /acs . iecr.
3c01317.

Chapter 5 presents a comprehensive and systematic process simulation for the produc-
tion of the novel sustainable epoxy. The study successfully employs classical group contri-
bution methods based on UNIFAC to accurately predict thermal separation processes and
estimate physical properties of all relevant compounds. Sensitivity studies are performed
to size and optimize the chosen equipment, with the results revealing the effects of crucial
parameters on all stages of the process. A techno-economic analysis is conducted to assess
the competitiveness of the proposed process design compared to representative epoxy
resins. This chapter was published in a similar way in:

M. Feigel, J. M. Breitsameter, B. Rieger, O. Hinrichsen, “Bridging the Gap from Labora-
tory to Production: Kinetic Modeling-Guided Process Development for a Novel Epoxy
Resin”, Ind. Eng. Chem. Res. 2024, 63, 1271-1285, DOI 10 . 1021 / acs . iecr .
3c03339.
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https://doi.org/10.1021/acs.iecr.3c03339




2 Theoretical Background

2.1 Kinetic Modeling

Understanding and predicting chemical reactions requires models representing the ob-
served behavior. These models act as a theoretical approximation of reality, guiding re-
searchers in understanding the reaction mechanism. Within the field of chemical reaction
engineering, various approaches are employed to obtain reaction models. These models
define the structure of a chemical conversion by describing the path reactants follow
leading to the desired final product. Kinetics further investigate the reaction mechanism
at a granular level, quantifying the rates and underlying mechanism associated with each
elementary step within the pathway. Depending on the simulation method, the kinetic
and reaction models can be separated or lumped. Aggregated approaches use empirical
mathematical equations to predict specific observations without necessarily referencing,
e.g., thermodynamics. Increased computational power has also advanced data-driven
models using machine learning and neural networks in chemical engineering. While these
can generate accurate predictions with large datasets, they risk acting as "black boxes",
hindering fundamental understanding of the reactions.

This thesis focuses on reaction models based on first-principles power-law kinetics, pro-
viding a fundamental understanding of the reactions involved. Therefore, the approaches
presented in the upcoming chapters instead follow a separate structure using reaction
models and kinetics based on known and observable chemistry.

2.1.1 Reaction Kinetics

Kinetics play a pivotal role in chemical process design by providing a quantitative de-
scription of reaction rates while offering valuable insights into the reaction mechanisms
themselves. To provide a focused context for the following studies, this chapter presents
a brief introduction to reaction kinetics. For a comprehensive understanding of various

aspects of this field, please refer to the extensive literature available [71-74].
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In general, a reaction equation comprises educts E; which are converted to products P;
Ve, |E1+[Vey|[Ea+--- 2 vp Pr+vp,Pr+... . (2.1)

By convention, the stoichiometric coefficients v; are positive for products and negative
for educts. By summarizing Equation 2.1, it can be written

0= Z VeiEi +Z Vp,-Pi = ZV,‘C,‘ (2.2)
i i i

for all components C;. It is more practical to refer to "components" or "species" due to
the often reversible nature of a reaction indicated by the double-sided arrow in Equa-

tion 2.1.
The rate of reaction for component i is defined as

1 dn,-
=1 23
T V dr (2.3)
with the change in moles n;. Assuming constant volume V, Equation 2.3 can be expressed

with molar concentrations ¢; = n;/V

dCi
=L, 24
ri dr (2.4)
The reaction rate r is represented by
r=Vvr;. (2.5)

The conversion at which an educt reacts to a product can generally be expressed as

r=kf(c) (2:6)

with the reaction rate constant k and a function f, describing the dependency on the

components present in the system. A frequent approach is to approximate f(c;) as
fep=T]e" 2.7)
i

with the reaction orders ¢; [71]. The temperature dependency of the rate constant k can

be described by the Arrhenius law

E
k = kgexp <—R—‘;> (2.8)
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with the pre-exponential factor k), the activation energy E 5 and the universal gas constant
R. If the reaction consists of multiple reaction steps, Equation 2.3 needs to be adjusted to

consider each step j:
dn; .
d_l‘l = Z"j,i’”j = Ri- (2.9)
J

Therefore, the introduced total rate of production R is a matrix with dimensions of j X i
and Equation 2.9 can be written as

dn T .
—=v r=R. 2.10
i r (2.10)

2.1.2 Parameter Estimation

Parameter estimation is the regression of selected model variables to find the minimum
deviation between measured data and simulated model responses, typically using a mini-
mum least-squares or maximum likelihood estimation (MLE). The underlying data, both
in quantity and quality, determine the confidence of the parameter estimates. The total
number of observations nyot is defined as the sum of data sets ng,, with their number of

discrete experimental measurement points nexp, where nexp can have multiple responses

Nresp-

Ndata Nresp Mexp

not= Y, Y . (2.11)

m=1 i=1 j=1

The reaction in Equation 2.12 acts as an example with the task to find pre-exponential
factor k() and activation energy Ex:

at+b & ¢ (2.12)

All three components a, b and ¢ can be measured separately by an analysis method of
choice. Assuming that batch experiments are performed at different temperatures, samples

with distinct points in time are collected according to Table 2.1.

Table 2.1: Sampling protocol with the number of samples taken at temperatures 7;
(example).

Temperatures W T, Tz Ty
Number of samples 10 20 15 10
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Each temperature run m represents one data set: nq,; = 4. As all three components can
be measured within one sample, the number of responses is nresp = 3. Therefore, the total

number of observations can be calculated:

Ndata Mresp exp
mot=y, Y, Y, =(10+10+10 + 20+20+20 + ...)=165. (2.13)
m=1 i=1 j=1

In the field of parameter estimation measured data is segregated to predictors X and

responses Y:

Y=f(X) (2.14)
with f being the unknown model generating the responses. The function is described with
parameters @ which are the target values of the estimation. Therefore, it can be written as

Y=f(X,P)+¢ (2.15)

with the parameter vector @ = [Py,..., (Ianar] and an error term €. Writing Equation 2.15
with the corresponding dimensions introduced in Equation 2.11, it follows that:

Yiip Y Y sy X @, €Ll €12 - Elngg
i1 Yoo oo Yop | f X2 : . &1 82 - g
: ®,
par
Ynexp,1 Ynexp,2 T Ynexp»”lresp m Xnexp m gnexpsl 8”lexp,z tee enexp»”lresp m
(2.16)
or in a compact notation form:

In the case of the example reaction given in Equation 2.12, the predictor vectors Xj; con-
sist of the sampling times and the response matrices Y, are the measured concentrations
of each component at a time. The size of Y, is different for each temperature campaign.

The parameter vector has two entries: @ =[P, D] = [kg, Eal-

Generally, the function f is neither linear nor analytically solvable. In the case of reaction

kinetics, ordinary differential equations (ODEs) need to be solved.

10
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It is tempting to linearize the Arrhenius equation (Equation 2.8) and evaluate k at each
temperature which is a common approach [71, 72]:
Ep 1l

lnk=ln(k0)—??. (2.18)

Using a graphical analysis of In(k) over 1/T, the slope and intercept of the regression line
facilitate to estimate —ETA and In (ko) , respectively. However, this fitting approach limits
the statistical meaning of the results and thus, should be avoided [75].

Therefore, a simultaneous fitting of both parameters is favorable. The temperature depen-
dency of the kinetic constant k described by an Arrhenius-type law imposes a strong corre-
lation between pre-exponential factor k and activation energy E 5 . Several approaches are
pursued to weaken the coupling thereof. The otherwise high correlation of the parameters
to be estimated would lead to an increased computational effort or lower the efficiency of
the optimization algorithm [76]. Different possibilities to re-parameterize the Arrhenius
equation using a reference temperature 7..f have been published, which are listed in

Equation 2.19a-Equation 2.19d [77-79]:

[ Epx (1 1
b, =P et N 2.19
‘ Ko P L R (T Tref ) } ( Y
[ Tref
Dy = By exp | P, | 1- - (2.19b)
[ EN /1 1
b= exp|O--2 (—-—)} (2.19¢)
L R T Tref
[ Tref
(Dk = exXp @+¢EA I—T (219(1)
with
® =In(Py,) (2.20a)
Dy, = koexp[-Pg, | (2.20b)
TN
dp, = (2.20¢)
A RTref
1 Ndata
Tef = (2.20d)
Ndata + 1 n=1

A good summary and review of the different forms and their sensitivity towards 7,.f can
be found from Schwaab et al. [75, 76, 80, 81]. The four re-parameterization strategies

can be grouped into half- (Equation 2.19a, Equation 2.19b) and full-exponential (Equa-

tion 2.19¢, Equation 2.19d) approaches. In this study, parameter estimation of the kinetic

rate equations is performed using the half-exponential formulation of Equation 2.19b,

which shows the best numerical stability.

11
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2.1.3 Model Discrimination

Model selection is a crucial part of parameter estimation. This chapter introduces the
principles of the information-theoretic approach to select and rate candidate models from
data-based experiments. For an advanced understanding, reading detailed literature is
recommended [82—85].

Einstein’s assertion that "everything should be made as simple as possible, but no sim-
pler" is widely cited [84, 85], yet its validity remains subject to an ongoing debate [86].
Nevertheless, this quote encapsulates the essence of model discrimination. The selection
of a "best-fit" model, referred to as model discrimination, is of particular interest when the
true function or first-order principle model is unknown. In chemical reaction engineering,
representing all molecular steps involved in a reaction pathway may not always be essen-
tial. Otherwise, experimental data may not be sufficient to fully elaborate on intermediate
steps present in a reaction. While various theories and reaction models can be proposed
and tested against the gathered data, the challenge lies in determining which model best

represents the data.

Bias —
Variance —

Npar ”

Figure 2.1: Schematic illustration of the principle of parsimony. Bias and variance as
function of the number of parameters np,r. Modified after [85].

Information and likelihood theory provide a relative means to assess which candidate
model is empirically most supported. However, information theory cannot give an ab-
solute rating or propose an ideal model. Instead, it assists the applicant in deciding on
a model that, based on the available data, possesses the highest empirical support while
also being simple in terms of its parameter space. The latter is referred to as the principle
of parsimony and is illustrated in Figure 2.1. Increasing the parameter space and thus re-
ducing the bias will automatically result in a higher variance in the estimated parameters.
Therefore, a trade-off is required to derive an optimal, minimal number of parameters
necessary to describe the empirical observations. Wei demonstrated this principle in a

humorous yet vivid example by asking, "How many parameters does it take to fit an

12
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elephant?" [87]. A simplified two-dimensional drawing with 36 discrete points was fitted
with a Fourier sine series where the number of terms was chosen as the fitting parameter.
The author concluded that a 30-term series "may not satisfy the third-grade art teacher,
but would carry most chemical engineers into preliminary design" [87].

Mathematically, the difference between the true model function g and a selected model f;
with set parameters @ = [Py, ..., (Ibnpar] can be calculated by the Kullback-Leibler (K-L)
distance 1(g,f;) [88]:

NS 8(X)
I(g,ﬁ)—/g(X)ln<ﬁ(X’ q))) dX. (2.21)

The underlying data X are always bound to the truth g. However, the K-L distance cannot
be directly applied in regression studies due to the inherent uncertainty in determining the
true model function g. Rewriting Equation 2.21 gives:

I(g.f) = / (0 In(g(X)) dX / 2O (X, D)) dX. (2.22)

Equation 2.22 describes the K-L distance as two statistical expectations Ej referenced to

the true function g. Thus, it can be written:

1(g.f;) = Eg [In(g(X))] - Eg [In(f;(X, @))] . (2.23)

The first term in Equation 2.23 is only dependent on the true function g which is unknown.
Hence, it can be treated as a constant C [85]:

1(g.f}) = C—Eg [In(f;(X, P))] . (2.24)

The remaining expectation in Equation 2.24 represents the distance or measurable dis-
crepancy between true model g and candidate model f; up to the constant C. The quan-
titative expectations will rank the models in order of smaller distances. This marks the
fundamentals of information theory, as the true function is unknown a priori. Thus, only a
relative measure is available to decide within a set of models based on data samples which
model is closest to g, i.e., has the least loss of information [85]. As still g is unknown, an
estimation of the K-L distance /(g,f;) is required. Akaike took the expected value Egy of
Equation 2.24 which in theory refers to a second sample taken out of the ngy, [82, 89,

901.
Eg [I(g.f)] = C'=Eg Eg [In(fi(X, )] (2.25)

Akaike demonstrated that the key step lies in estimating the double expectation in the

second term of Equation 2.25. This term represents the statistical expected values derived

13
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from the true function g, evaluated across two independent data samples (x;,xp € X) de-
noted here by g and g’ [82]. Akaike proposed an elegant method using the log-likelihood

function . at its maximum point as an unbiased estimator of the double expectation with

a bias-correction term representing the number of estimated parameters npar [82]:

L(P,X)—npar = C'—Eg [1(g.))] - (2.26)

In 1973, Akaike introduced an information criterion (A/C) by multiplying the left hand
side of Equation 2.26 with —2. More details on the emergence of the "magic number 2"
can be found in [91]. Thus, the Akaike information criterion can be written as

AIC=-22(D,X)+2npar (2.27)
or in a simplified notation

While AIC can select the best model from a given set, the selected model may still be
inadequate if the set itself is poor. Therefore, ensuring that the model selection is compre-
hensive and well-founded is crucial. Adding more known parameters to an approximating
model can reduce the relative K-L distance. However, adding more estimated parameters
will introduce uncertainty to the estimation and potentially increase the relative K-L
distance due to overfitting. This trade-off between complexity and accuracy is reflected
in the information criterion being minimized. For least-squares estimation, the general
likelihood function .’ can be replaced by regression statistics, i.e, estimated residuals
of a model assuming normally distributed errors [85]. Using the introduced notation, if
least-squares fitting is applied to the model responses Y, and experimental observations
Ym, AIC can be calculated as:

Yo —Ym)?
AIC = nexpIn <Z(’"—’")> +2npar. (2.29)

Nexp
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2.2 Process Modeling

2.2.1 Physical Properties

Regardless of the chemical process studied, the initial stage of each simulation is to
define the components that should be handled throughout the model and their physical
properties. Here, critical decisions are made, ultimately influencing the generation of
the flowsheet in the next stage. Also, prior understanding of the phases and units to be
designed can significantly reduce the complexity of the physical property methods.

The accurate description of the vapor-liquid-equilibrium (VLE) of a pure component or
a mixture of components is of high interest. Precise VLE calculations provide a crucial
foundation for the design of thermal separation units. At equilibrium the liquid phase
fugacity f; | can be equated with the fugacity of the vapor phase f; y:

Jir=rliv- (2.30)

Physical property methods can be grouped into two main categories, each defined by the
calculation method for fugacities in each phase. Either an equation of state model or an
activity coefficient model can be selected. Details will be given on models that will be
used in the later stage of the process simulation in chapter 5.

2.2.1.1 Equation of State Method

Equation of state (EOS) methods derive an algebraic correlation between the state vari-
ables temperature 7, pressure p, and volume V. The simplest EOS model is the ideal gas
law. Other prominent EOS models are the cubic equations of Peng-Robinson [92] and
Soave’s modifications [93] to Redlich-Kwong [94] or the virial type models Benedict-
Webb-Rubin [95] and Hayden-O’Connell [96].

The fugacity in each phase can be calculated using the fugacity coefficient ¢, which
describes the deviation from ideal behavior.

Jil=Qi1xip (2.31a)
Jiv=Qivyip (2.31b)
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Redlich-Kwong

The Redlich-Kwong model is an equation of state method valid for systems at low pres-
sures [94]. The EOS is defined as

RT a
= — 2.32
with
1 R2T1.5
a=Y xj\/a; and a;= ¢ (2.33a)
Zl-" Vi " 9(2-1) pe
3
2—1RT,
b=Y xb; and bi:\/; pc. (2.33b)
i C

Therefore, only knowledge about the critical properties of pressure p. and temperature 7

of each component and their molar volume Vy, is required.

2.2.1.2 Activity Coefficient Method

In activity coefficient methods, the liquid phase fugacity is determined using an activity

coefficient ¥ and a standard liquid fugacity fzol Equation 2.34b is the same as Equa-

tion 2.31b. This means that in cases where both vapor and liquid phases are present, the
activity coefficient method will be used for the liquid phase, while for the gas phase, an
EOS is still required.

fa=vxif) (2.34a)
Jiv=0ivyip (2.34b)

Important activity coefficient models are Wilson [97], NRTL [98], UNIQUAC [99], and
UNIFAC [100, 101]. For systems that deviate strongly from ideal behavior, activity coef-
ficient methods are recommended to use. Predictions depend heavily on the accuracy of
the known or estimated pure component or interaction parameters. Thus, Wilson, NRTL,
or UNIQUAC are suitable for calculating the liquid phase behavior in non-ideal systems

for components listed in one of the established databases.
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In the case of novel structures or mixtures of molecules that are not available in common
databases, predictive physical property methods, such as UNIFAC or PSRK [102], are

required.

UNIFAC

The UNIFAC model uses the same approach as the UNIQUAC model but generalizes the
physical property method using functional groups instead of distinct molecules. Hence,
with a relatively small number of functional groups, the physical properties of almost any
molecule can be predicted [100, 101]. The UNIFAC model calculates the liquid activity

factor ; based on a combinatorial ¥; . and residual term ¥; ;:

Iny;=Iny; . +Iny,. (2.35)

Each term is defined in Equation 2.36a and Equation 2.36b, respectively.

D; D z PD; b,
Inyc=In—+1-—-Z(lnt+1-- 2.36
nyc IIXi + X; 2(n9i+ Ql) ( a)

Ngroup
In%ir= ), Vii(Inli-InIj;) (2.36b)
k

The combinatorial term calculated with Equation 2.36a is based on a molecular volume

fraction @; and a molecular surface fraction 6; for component i in a system with a
total fixed number of molecules n¢omp. Volume and surface fraction are determined with
Equation 2.37a and Equation 2.37b, respectively. The coordination number z is frequently
set to 10 [103].

XiTi

= e (2.37a)

L X7
J
X534

~ Ncomp

. % .
§ Xj 3 4j

(2.37b)

i
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The used parameters r; and g; are derived from tabulated group volume R, and group area
values Oy with the total number of functional groups in the mixture ngroup and the number

of occurrences Vi ; of a group of type k in molecule i.

Ngroup
ri= Y ViiRg (2.38a)
k
Ngroup
qi= Y, ViiOk (2.38b)
k

In Equation 2.36Db, the residual term ¥; ; is calculated with the activity coefficient of group

k at the mixture composition I. I; ; is defined as the activity coefficient of group k in a
mixture of only molecule i present, i.e., a pure component mixture. Both coefficients can

be calculated with the help of Equation 2.39:

Ngroup Ngroup ® lPk
;=0 [1-In Y ©n¥i— Y ngl’f—’”
" " Y OYm
n

(2.39)

Here, 0, is the area fraction of group m, similar to 6; in Equation 2.37b, but calculated

with a group mole fraction Xj. X} is defined as the fraction of a functional group of type

k in a molecule divided by the total number of functional groups in the mixture.

Z
Op = nprLX’" (2.40a)
Y 50nXn
nncomp
L Vi
Xp=—2 (2.40b)

- Ncomp Mgroup

L oL Vmp
] m

¥,k 1s a binary interaction parameter between two groups m and k, which is temperature

dependent and calculated from tabulated parameters a,, 4.

W, 1 = exp (-aLT"> (2.41)

An overview of published and available binary interaction parameters of the UNIFAC
model is given in Figure A.1 (a,, x # ay ). In total, 1400 parameters are listed in public
literature, while additional and updated values are only available within the UNIFAC

consortium.
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UNIFAC (Dortmund)

In 1987, Weidlich and Gmehling introduced a modified version of the original UNI-
FAC method to achieve higher prediction accuracy of vapor-liquid-equilibria [104]. The

adjusted and improved version of the UNIFAC model, cited as Dortmund due to the

affiliation of the authors, differs slightly in the calculation of the combinatorial term:

o D, z F Pb;
ny.=ln—t+1-—_(InL+1-- 242
Mhe = Xi 2<n9i 0 24

with

3

X;r;
(pi*:ncomlp—lg' (243)
? Xjrj4

The main advantage is the enhanced temperature dependency of the binary interaction

parameter ‘F),, ;:

(2.44)

( amk+bka+cka2>
¥ak=exp|— . . .

T

This allows the calculation of excess enthalpies with improved accuracy, which is not
possible in the original UNIFAC model [104].

2.2.2 Process Units

This chapter provides some conceptual insights into key process units used throughout
this work. Modern process simulation tools are equipped with a vast selection of unit
operation models that can easily be aggregated to complex flowsheets. Heat and mass bal-
ances are solved in the background, and the user has to take care of the specifications, such
as the thermal mode of operation, pressure, dimensions, and the set of reactions. A short
introduction to the mass balances of each reactor type is presented in the next section. As
reactor design and engineering is not within the scope of this work, a complete but brief
overview is given. Similarly, some basics for the simulation of distillation columns based
on theoretical stages are introduced. Excellent literature on chemical reaction engineering
and process technology has been published over the last decades, covering all relevant
reactor and process design topics [71-74, 105-108].
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2.2.2.1 Reactors

At the heart of any chemical plant lie the reactors, where the educts undergo transforma-
tions that yield the desired products. While other unit operations like feed conditioning
and product purification might have larger dimensions and visibility of a plant, reactors re-
main the very essence of chemical production. From a modeling perspective, understand-
ing and simulating reactor behavior is crucial. Mass transport limitations play a minimal
role in the homogeneous liquid-liquid reactions studied in this thesis due to the inherent
mixing occurring at the molecular level. In contrast, heterogeneous catalyzed reactions
require a deep understanding of mass transport and diffusion processes to adequately

design and size the respective reaction equipment.

Batch Reactor

In this thesis, all experiments for kinetic studies are conducted in stirred glass vessels in
batch operation. Due to vigorous stirring and a large heat sink in the form of oil or ice
baths, the system can be treated as homogeneous and isothermal C(% ~ 0. Hence, the mass

balance can be set up as follows:
= VR (2.45)

with the formation rate of each species R;, the reaction volume VR and the time derivative
of the molar amount »;. The mass balance is valid for closed systems, which is assumed

throughout the conducted experiments.

For the conversion X follows

_njo—n;

X= (2.46)

nio
If isochor behavior (%—‘; =0) is assumed, the molar amounts can be exchanged with molar

concentrations c;

_Ci0—Ci

€i,0

X (2.47)

Even though all experiments in this thesis were conducted in batches, it is inevitable
that continuously operated reactors are necessary for a successful commercialization. The

disadvantage of batch reactors lies in the comparably small throughput due to the lead and
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cleaning times necessary to fill the reactor, perform a reaction, and discharge the products.
Thus, batch reactors are only applied in high-value product formulation or processes that

are infeasible to run continuously [74].

Continuously Stirred Tank Reactor

The main property of a continuously stirred tank reactor (CSTR) is the homogeneity in
the reaction phase. Therefore, no gradients exist in any reactor dimension, and outlet
conditions represent the reaction phase. The mass balance can be written as:

dn;

d_;l =n; -+ VRR;. (2.48)

Similarly to the batch reactor, the conversion can be calculated with

_hjp—n;

X (2.49)

10
Ideal Plug Flow Reactor

The ideal plug flow reactor is characterized by neglecting radial profiles within the tube
and dispersion in the axial direction. Assuming stationary behavior, the mass balance over

the axial domain z can be derived as:

dcju

dz

= VRR; (2.50)

with the superficial velocity . Conversion can be calculated using Equation 2.49 with the

molar inlet flowrate of component 72; ) and the molar flow at the outlet 72;.

2.2.2.2 Distillation Columns

Component separation and purification are essential in chemical production. Various tech-
niques exist, while thermal separation is one of the most critical methods. The concept of
an ideal theoretical stage represents the foundation for several thermal separation systems.
Due to the benefits of continuous operation in large-scale chemical production, separation
methods must also be capable of processing these flows. For a rigorous analysis, the

concept of theoretical stages is a well-suited approach [106, 109]. Figure 2.2 illustrates a

respective equilibrium stage j. The mass balance involves vapor and liquid flows entering
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and leaving the system to the next stage. Additionally, a feed flow l;l]f and vapor 71§ jor

liquid nls j side stream flows might be present.

A

. ny

ne - J
< il
f .

> stage j Q/)
’h,l
S.j
AN
ny_y .

Figure 2.2: Schematic representation of the mass balance on a theoretical stage.

Loss or provision of heat is represented by Qj, while enthalpies need to be balanced for
the complete stage additionally. The system can be described by the so-called MESH
(material-equilibrium-summation-heat) equations. The material balance for a component

i is set up as:
o1 . . f .1, .1 . .
Mij =i X jat 0011 75z — O+ g i j— (] +7g )y =0 (2.51)

with liquid mole fraction x; and vapor mole fraction y;. All stages are assumed to be at

equilibrium condition. Hence,

with an equilibrium constant K; ;. Additionally, summation of molar fraction must be

conserved:

Syj=Y xij=1 and Sy;=Y yij=1. (2.53)
Lastly, the heat balance needs to be closed for the theoretical stage:

Hj= ‘J1-+1H]1-+1 +i)_ HY | + A H] — (i) + Al J)H}- — (i) +ig YH} -0 =0. (2.54)
If reactions occur in the theoretical stage, the influence on heat and mass balance must be
considered. The system of equations is solved for all stages, which can be computationally
demanding if many stages and components are present. Available software nowadays
provides efficient solution methods and solvers tackling the design of distillation columns
[73]. Aspen Plus applies the inside-out method by default but offers various other solver

algorithms [110]. Further details on solution methods, design, and simulation of distilla-

tion columns can be found in the literature [106].
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2.2.3 Techno-Economic Analysis

Economic figures are crucial metrics for deciding on further development and investment
at all stages of designing a chemical process. Depending on the conceptualization stage,
ballpark numbers can be derived for the project with uncertainties narrowing down to
+£10% in the best case [107]. Higher confidence can be achieved if data about compa-
rable processes or similar plants with different capacities are accessible [73]. For novel
processes, widespread uncertainties are typical and must be coped with short payback

periods or higher return on investment rates.

To gather information about the total annual cost TAC of a plant, the total capital in-
vestment 7CI and the total operating costs 7TOC need to be calculated. The fundamental
relation is given in Equation 2.55

Cl
TAC=—+T0C (2.55)

p

with the payback time #p. Thus, fixed and reoccurring costs are taken together and spread
over a period of time. This simple description shall be sufficient for understanding the
calculations performed in this thesis. Detailed financial mathematics are required to accu-
rately determine project costs, considering as many external impacts as possible, which
can be found in related literature [105, 107, 108, 111, 112]. Software tools like the Aspen

Process Economic Analyzer (APEA) greatly reduce the efforts to estimate the key cost

indices. A pre-built process flowsheet can be directly imported, allowing mapping and
sizing of all relevant process units. Furthermore, additional equipment can be connected
and sized if required. A detailed cost analysis can be performed, compared, and refined
in simple steps by specifying important input parameters such as raw material and utility

prices, tax rate, interest, or depreciation method. [110]

2.2.3.1 Total Capital Investments

The following two chapters shed light on the main contributions to Equation 2.55. The
TCI is a fixed amount representing the equipment costs, including land and auxiliaries,
referred to as fixed-capital investment and working capital [111]. The fixed-capital invest-
ment covers the costs for all plant manufacturing and non-manufacturing parts. The first
part includes equipment necessary for the process, typically consisting of the process

units, piping, insulation, and instrumentation. Everything unrelated to the production
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process is categorized as the non-manufacturing fixed-capital. Examples are the land,
buildings for administration or offices, warehouses, laboratories, and permanent instal-
lations for transporting or receiving of goods [111]. A certain amount of money must
be held back to cover production costs. The working capital marks the second fraction
of the TCI and includes raw materials and products in stock and cash required to pay
salaries, materials, or utilities. Typically, the working capital covers the operation costs
for a one-month period [111].

Each contribution to the 7CI must be either known a priori or approximated. Different
methods exist to estimate costs for equipment. One frequent approach is the use of a
costing index CI. Cost indices facilitate historical data to determine recent prices of the
sought equipment. If an unit’s capacity is different to the original design (V| # V), a

correction can be applied using an exponent o:
cL\ [(Vi\%
Ci=Co|{ = )| =) - 2.56
: O(Clo) (Vo) (220

Commonly used cost indices are the Chemical Engineering Plant Cost Index (CEPCI),
the Nelson Farrer Refinery Construction Index (NF-Index), or the Marshall and Swift
Index (M&S) [112]. APEA uses the CEPCI as a basis for calculating equipment prices
published and updated yearly by Chemical Engineering.

2.2.3.2 Total Operating Costs

Besides the investment costs, the second contribution to the total annual cost of a plant
covers the operating or production costs. One large portion is manufacturing costs, which
include all costs related to the actual production. Operating and supervisory labor, raw
materials, utilities, and catalysts are examples.

To accurately estimate the total costs, reasonable estimates of the operating costs are
required. Labor costs can be assigned to unit operations within the process. Tools such
as APEA offer workforce requirement information for each primary equipment type to
estimate the number of workers necessary to operate the plant [110]. Another possibility
to calculate the costs for each labor type is to use rule-of-thumb percentages to narrow
down the operating labor costs to supervision, supply, laboratory, and other charges [109].
For common chemicals, tabulated data can be found indicating labor hours per ton of
chemical produced [111].

The raw materials account for up to 50 % of the product costs. Often, it remains chal-
lenging to gather recent chemical prices from public sources or literature. Direct quota-

tions are preferred when the highest accuracy is required [111]. Examples of sources for
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2.2 Process Modeling

estimating chemical market prices are Chemical Week or ICIS Chemical Business. For
non-commodity chemicals, fluctuations can be higher and reported market prices might
not be available or only for small quantities.

Process utilities are required to provide electricity and energy, which can be supplied by
fired heat, steam, cooling water, and refrigerants, among others. The accuracy of cost
estimation varies depending on the development stage of the process. While electricity,
natural gas, and water prices can be derived from the respective local stock exchange
or other sources, the amount of heat needed and the price of steam heavily depends
on the level of detail in heat management. Furthermore, steam can be produced on-site
or bought from external sources. Generally, a steam network consists of three pressure
regimes to provide heat for different temperature levels. Prices for electricity, cooling
water, refrigerants, and low, medium, and high-pressure steam can be derived from APEA,

allowing for coherence of the cost estimate basis in accordance to the equipment [110].
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3 Synthesis of the Novel Epoxy and
Properties of the Cured Resin

This chapter summarizes key aspects of J. M. Breitsameter, N. Reinhardt, M. Feigel,
O. Hinrichsen, K. Drechsler, B. Rieger, “Synthesis of a Sustainable and Bisphenol A-
Free Epoxy Resin based on Sorbic Acid and Characterization of the Cured Thermoset”,
Macromol. Mater. Eng. 2023, 2300068, DOI 10 . 1002 /mame . 202300068. Respective
figures and tables are reprinted with permission.

3.1 Background

Even though the range of applications for epoxy resins has increased in the last years
due to their unique material properties, the need to replace their components with envi-
ronmentally friendly and sustainable alternatives has risen recently. Moving away from
fossil resources is one apparent reason. Moreover, in the case of diglycidyl ether of
bisphenol A, which is present in around 90 % of epoxy resins [6], also health concerns are
a driving force. As discussed in Chapter 1, these are mainly related to using of bisphenol
A in the thermosets. Also, the toxicity of epichlorohydrine is to be considered [11, 12].
Despite the plethora of literature on new sustainable epoxy resins [26—43, 50, 113], the
aromatic structure of DGEBA permits high thermo-mechanical properties necessary for
many applications, which most of the reported alternatives lack. Especially the high glass
transition temperature Ty of epoxy thermosets based on DGEBA is crucial in structural
applications in the automotive or aerospace sector [114]. Even though some cases achieve
desirable Tg-values using natural aromatic building blocks, the epoxy groups are still
introduced by reaction with ECH [30, 38, 41]. The proposed, novel molecule 1,2-epoxy-
6-methyl-triglycidyl-3,4,5-cyclohexanetri-carboxylate (EGCHC), which is based on bio-
based available sorbic acid and allyl alcohol, abstains from the use of BPA or ECH
completely [61]. A detailed ecological assessment of the molecule is given in Section 3.4.
The conducted synthesis route covering all reaction steps is illustrated in Figure 3.1.
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Figure 3.1: Reaction steps for the synthesis of the epoxy EGCHC starting from sorbic acid.

Modified from |]61].
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3.2 Synthesis of EGCHC

3.2 Synthesis of EGCHC

Starting from bio-available sorbic acid, four reaction steps are proposed to synthesize
EGCHC [61]. The steps will be referred to with numbers from 0-3. The initial esterifi-
cation (0) is later excluded from kinetic and process modeling as allyl sorbate is a com-
mercially available product used as a food flavoring agent [115-117]. Hence, reaction 0 is
only depicted to gain a whole view of the synthesis route starting from sustainable educts.
Steps 1-3 are the main focus of the kinetic and process modeling study in Chapter 4 and
Chapter 5.

The synthesis procedure is shortly summarized according to Breitsameter et al. [61]. For
a detailed synthesis and purification protocol, the original publication is recommended
[61]. Reaction progress is monitored by TH-NMR. Details on the analysis are given in the
Supporting Material of Chapter 4 and [61].

Solid sorbic acid is dissolved in allyl alcohol and heated to reaction temperature. The
reaction is started by adding catalytic amounts of sulfuric acid (0.5 vol%) and performed
under reflux and isothermal conditions by applying continuous stirring. After extraction
and purification using distillation, allyl sorbate is obtained as a colorless liquid. In syn-
thesis step 1, a Diels-Alder reaction between previously formed allyl sorbate and maleic
anhydride is conducted. Toluene is used as a solvent and heated to reflux conditions.
Maleic anhydride, which was beforehand dissolved, undergoes a [4 + 2]-cycloaddition
with the conjugated double bonds of allyl sorbate. The product allyl 7-methyl-1,3-dioxo-
1,3,3a,4,7,7a-hexahydroisobenzofuran-4-carboxylate (AHIBC) is received after crystal-
lization. The collected solid AHIBC is then dissolved in allyl alcohol and heated un-
til reflux is reached. With the addition of catalytic amounts of sulfuric acid, the ring-
opening and condensation reaction 2 is started. The product triallyl-6-methylcyclohex-
4-ene-1,2,3-tricarboxylate (TACHC) is obtained as a colorless oil after extraction from
the solvent and purification using column chromatography. In the last step 3, TACHC
and meta-chloroperbenzoic acid (mCPBA) are added together with DCM as a solvent at
room temperature. Formed meta-chlorobenzoic acid (mCBA) is not soluble in DCM and
precipitates out of solution. After filtration, solvent removal, and drying, the epoxy 1,2-
epoxy-6-methyl-triglycidyl-3,4,5-cyclohexanetricarboxylate (EGCHC) is received. The

concentrations and weight yields from each synthesis step are summarized in Table 3.1.
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3 Synthesis of the Novel Epoxy and Properties of the Cured Resin

Table 3.1: Synthesis summary with concentrations and mass yields of each reaction step
[61].

¢ e Yield ¥P
# Reagent 1 / mol/L Reagent 2 / mol/L. Solvent /%
0 sorbic acid 2.23  allyl alcohol - allyl alcohol® 82
1 allyl sorbate 10.00 maleic anhydride 10.20 toluene 84
2 AHIBC 0.84  allyl alcohol - allyl alcohol® 81
3 TACHC 0.23 mCPBA 1.84 DCM 78
aconcentration here defined as mole component divided by volume solvent.
Pmass yield.
C

with catalytic amounts of H,SO, (0.5 vol%).

3.3 Curing of EGCHC

As the mechanical properties of the cured resins are a crucial parameter, the curing pro-
cedure of EGCHC is explained. Additionally, DGEBA samples were cured with identical
hardeners to compare the novel, sustainable epoxy resin with an industrial standard resin.
Two commonly used amine-based curing agents are selected: isophorone diamine (IPD)
and commercially available Jeffamine®T-403 [118, 119]. The samples are transferred
into silicone molds and cured in an oven after rigorous mixing of the epoxy and the
respective curing agent in an equimolar ratio. The curing procedures are summarized
in Table 3.2. Details and process parameters can be extracted from Breitsameter et al.
[61]. For mechanical testing, i.e., tensile strength and modulus, dog-bone structures are

Table 3.2: Summary of curing procedure conditions for EGCHC and DGEBA samples [61].

Molar Curing Curing Post-curing  Post-curing

Sample mixing ratio  time  temperature time temperature
/- /h /°C /h /°C
EGCHC + IPD 1.0 0.5 45 0.5 120
EGCHC + T-403 1.0 2.0 60 2.0 100
DGEBA + IPD 1.0 2.0 60 2.0 160
DGEBA + T-403 1.0 3.0 80 2.0 120

prepared as shown in Figure 3.2a following the small geometry 1BB from DIN EN ISO
527-2 [120]. The geometry is chosen as the structure volume is minimal and produced
sample masses are limited. Care needs to be taken so that the structures show no de-
fects that could alter the measurement results. Defects comprise air inclusions, as seen
in Figure 3.2a. Measurements are performed in an Inspekt 100 (Hegewald & Peschke,
Germany) displayed in Figure 3.2b in accordance to [61]. Tensile testings are repeated
five times with an elongation speed of 0.125 mm/min.
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3.3 Curing of EGCHC

| ST S ey -

(a) Dog-bone structure of EGCHC cured with IPD (b) Cured EGCHC sample with IPD after tensile
with air inclusions. testing.

Figure 3.2: Tensile testing after DIN EN ISO 527-2 of cured EGCHC and DGEBA samples
[120].

Glass transition temperatures Tg are measured using dynamic mechanical analysis (DMA).
Three samples are tested for each epoxy and curing agent combination. The specimen is
heated with a constant heating ramp of 2 K/min under an oscillating tensile load. For
details, the original publication is recommended [61].

Table 3.3 summarizes the key results of the thermo-mechanical analyses of the cured
resins. The glass transition temperature T together with the tensile modulus and strength
are tabulated for the four samples. The curing agent IPD shows superior material proper-
ties for all samples compared to T-403 if stiffness at high temperatures is required. Due to
the cycloaliphatic structure of IPD, a more rigid cross-linked network can be established
[61]. As EGCHC also has more oxirane functionalities, the cross-link density is increased
for resins consisting of the novel epoxy. Thus, the EGCHC-containing samples are stiffer
compared to the respective samples with DGEBA. However, T is lower in EGCHC-based
resins. Because of the aromatic structure of DGEBA, strong 71— interactions are formed,
leading to very high glass transition temperatures compared to EGCHC [61].

Table 3.3: Glass transition temperature, tensile modulus and tensile strength for the four
cured samples [61].

Ty Tensile modulus Tensile strength
/°C / MPa / MPa

EGCHC + IPD 129.8+£6.2 3964.5+285.3 75.5+17.1
EGCHC + T-403  56.5+1.3 3622.1 +166.5 517+ 6.1
DGEBA + IPD 161.7+04 3138.6+184.2 67.5+ 3.7
DGEBA +T-403 82.0%+1.2 2926.5+1534 54.0+ 5.5

Sample
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3 Synthesis of the Novel Epoxy and Properties of the Cured Resin

3.4 Ecological Assessment

The ecological assessment of the synthesis route illustrated in Figure 3.1 is based con-
servatively on readily available components on a larger scale. Alternatives or published
bio-based syntheses are mentioned where applicable. The calculations utilize a carbon
balance applying the standard ASTM D6866 [121].

[ bio-based
[ fossil

EGCHC DGEBA

Figure 3.3: Comparison of bio-based carbon content between epoxy EGCHC (left) and
industrial standard DGEBA (right) using ASTM D6866 [121].

In principle, both components in the esterification step 0 are bio-based. Sorbic acid can
be derived as a natural feedstock from rowan berries [63, 64]. However, the industrial
production of the preserving agent is performed using malonic acid and crotonaldehyde
[122]. The latter is readily bio-available [123, 124], leading to a total bio-based content of
66.7 % for sorbic acid. Allyl alcohol can fully be derived from natural resources [65, 66].
Hence, the calculated bio-based fraction of the intermediate allyl sorbate is 77.8 %. In
step 1, maleic anhydride is added to the diene forming AHIBC in a Diels-Alder reaction.
Maleic anhydride is a fossil commodity chemical produced on an industrial scale from
partial oxidation of n-butane [125-128] or benzene [126, 128]. Even though plenty of
bio-based routes have been published, no realized pilot or industrial-scale plants are
operating [67, 68, 129-132]. Therefore, fossil-originating maleic anhydride is taken into
consideration, reducing the bio-based content to 53.8 % for AHIBC. As now allyl alcohol
is added twice in reaction step 2, the bio-based content of TACHC increases to 68.4 %.
This also marks the final bio-based content for the epoxy EGCHC since only oxygen
atoms are incorporated in the epoxidation step, which is not tracked by the ASTM method.
A best-case scenario is pursued to compare EGCHC with the industrial standard epoxy
DGEBA. Thus, 100 % bio-based epichlorohydrin is assumed in the synthesis of DGEBA.
Green ECH can readily be acquired in large quantities from the Epicerol® process [9,
10]. Consequently, the bio-based content of DGEBA can be improved up to 28.6 %.
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MA
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[ bio-based
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Figure 3.4: Contribution of different components to the total bio-based content of EGCHC
calculated using ASTM D6866 [121] (left) and DIN EN 16785-2 [133] (right). SA: sorbic
acid, AA: allyl alcohol, MA: maleic anhydride, Epox: epoxidation with mCPBA.

Analyzing the bio-based content of EGCHC over the synthesis route applying DIN EN
16785-2 leads to 53.2 % [133]. The slightly lower reported content stems from a more
extended approach than only a carbon balance, which also considers H-, N-, and O-atoms.
Thus, the epoxidation step lowers the bio-originating content as fossil-based mCPBA is
taken as an oxidizing agent. To better visualize the contributions of each reaction step
and component on the total bio-based content of EGCHC, Figure 3.4 illustrates the shares
for both standards. Sorbic acid contributes to both contents due to the assumption being
derived partially bio-based.

[ bio-based
M fossil

EGCHC+IPD eCO DGEBA+IPD eCO

Figure 3.5: Comparison of bio-based carbon content of cured resins EGCHC and IPD eCO
(left) and DGEBA and IPD eCO (right) using ASTM D6866 [&].

The cured samples are also compared using their bio-based theoretical content, as the

total bio-based content of a resin consisting of epoxy and curing agent is often given. The

curing agent of interest for the ecological assessment is isophorone diamine (IPD). IPD
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3 Synthesis of the Novel Epoxy and Properties of the Cured Resin

is a common amine-based curing agent produced from acetone [118]. Despite the con-
ventional fossil availability, EVONIK recently launched sustainable amine-based cross-
linkers [134]. Renewable IPD (90 % bio-based carbon) is sold under the trade name
VESTAMIN® IPD eCO [135]. Figure 3.5 illustrates the achievable bio-based contents
for EGCHC and DGEBA. As the curing agent is assumed to have 90 % bio-based carbon,
the content of renewable carbon rises in comparison to Figure 3.3 for both cases. The

cured resin containing EGCHC shows a minor increase due to the larger molecular mass

of EGCHC compared to DGEBA and an equimolar curing ratio.

3.5 Conclusion

A novel, highly sustainable molecule, derived from easily obtainable building blocks, is
introduced. EGCHC, which is completely BPA- and ECH-free, shows promising thermo-
mechanical properties while maintaining a high bio-based carbon content. Starting from
natural available sorbic acid and allyl alcohol, a synthesis route is presented, covering
four major reaction steps. After an esterification of the respective components, maleic
anhydride is added in a [4 + 2]-cycloaddition. The intermediate molecule AHIBC is then
again reacted with allyl alcohol, forming TACHC, which has distinct terminal double
bonds that are epoxidized in the last step. The resulting compound EGCHC has four
oxirane functionalities and is, therefore, capable of acting as a cross-linking agent. Even
though some of the components and solvents used are of fossil origin, alternatives or
published bio-based routes to these molecules are shown. Hence, the presented struc-
ture could be produced fully bio-based once these alternatives become technically and
economically feasible. The cured resins with IPD show auspicious thermo-mechanical
properties. EGCHC exceeds the measured values of the industrial standard DGEBA for
tensile modulus and strength. The slightly lower T still allows the EGCHC systems to be
employed in various applications. The ecological assessment revealed a high bio-based
content of EGCHC of 68.4 %, which makes the epoxy a promising alternative to its
fossil competitors. Additionally, the synthesis completely abstains from the use of BPA
or ECH.
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Steps

Abstract

The homogeneous catalytic reaction steps for the production of 1,2-epoxy-6-methyl-
triglycidyl-3,4,5-cyclohexantricarboxylate (EGCHC) starting from allyl sorbate were stud-
ied. The promising largely bio-based bisphenol A and epichlorohydrine-free epoxy com-
pound was synthesized with a three-step reaction network consisting of a Diels-Alder re-
action with maleic anhydride, an esterification with allyl alcohol, and an epoxidation with
3-chloroperbenzoic acid. All reactions were performed batchwise in defined temperature
ranges between 2 and 103 °C depending on the respective reaction. Reaction progress was
monitored with 'H-NMR spectroscopy. For all studied reactions, kinetic models were
established and regressed with acquired experimental data to gather information about
pre-exponential factors and activation energies. A model comparison for the esterification
using both maximum likelihood and parsimony showed that the reaction is second order
and proceeds through two intermediates toward the product. Moreover, the reactivity
of the different double bond types in the epoxidation is compared and discussed. The
postulated models fitted well with the experimental measurements and thus were found to

accurately describe the underlying reaction mechanisms.
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4 Kinetic Modeling of the Synthesis Steps

4.1 Introduction

Epoxy resins are an important material crucial in various applications and across different
industry sectors ranging from construction over electronics to coatings due to their easy
handling and processing [1-3]. In general, the resin consists of a two component system:
the polyepoxide containing multiple oxirane oxygen and a curing agent. The strength
and nature of the forming network of cross-links depend on the curing agent’s functional
groups, which can be amines, acids, alcohols, and mercaptanes among others. The most
common epoxy thermoset is synthesized using the bisphenol A (BPA) and epichlorhy-
drine (ECH) route. Concerns about the toxicity of bisphenol A arouse in the past and are
still today a relevant topic [13, 136]. The risks and hazardous characteristics of bisphenol
A led to a ban of BPA in certain food and beverage contact materials and restricted
limits in other applications in the European Union [14, 17, 18]. Ultimately, as research
is still ongoing and public opinion shifts due to "BPA-free" marketing campaigns, a ban
of BPA-based chemicals in other fields could follow. Furthermore, as the commercial
production of both BPA and ECH is mostly based on fossil resources, a transition to
bio-based alternatives is indispensable. Epichlorhydrine can readily be synthesized from
sustainable resources using bio-based glycerin. This route is already conducted industri-
ally on a kiloton scale and constitutes 20 % of the total bio-based platform chemicals in
Europe [9]. For BPA no such route exists. Therefore, the production of the commonly
used bisphenol A diglycidyl ether (DGEBA) leads to a total bio-based fraction of 33.5 %
using green ECH. Advancing towards climate-friendly and sustainable alternatives is a
vital part of present research as the most commonly used epoxy resins rely on fossil
resources and toxic raw materials. The availability of commercially distributed so-called
bio-based epoxy resins is limited both in number and maximum stated bio-based content
[137]. While these products try to increase their ecological footprint, they still rely on
BPA.

Previously, we reported a novel synthesis route to an epoxy compound which can read-
ily be produced with a bio-based content of > 68 % and also is completely BPA free
[61]. Additionally, the chemicals used in the current synthesis strategy can reportedly
be produced with renewable resources [67, 68, 138] or alternatives are at hand [52, 59].
Furthermore, synthesized 1,2-epoxy-6-methyl-triglycidyl-3,4,5-cyclohexantricarboxylate
(EGCHC) cured with isophorone diamine (IPD) shows promising mechanical properties
with high glass transition temperatures up to 131 °C and a tensile stress of up to 50 MPa.
IPD is available with a bio-based carbon content of up to 90 % [135] further increasing
in that case the total bio-based carbon content of the cured resin to 75 %, exceeding
competitors [137] while maintaining the required thermo-mechanical properties [61].

As the proposed novel molecule shows promising properties, details on the reaction
should pave the way for further elaboration on the production. Thus, reaction models of
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4.2 Experimental

the crucial reaction steps are postulated. Thereby gathered kinetic models are fitted with
experimental data to get insights on the different reactions. The production of the epoxy
EGCHC consists of four main reactions starting from sorbic acid and allyl alcohol. As
the first step comprises the esterification to allyl sorbate, which is already commercially
available as a flavouring agent [115, 116], this step is excluded from the kinetic modeling.
Thus, starting from allyl sorbate, each of the three subsequent reaction steps is kinetically
modeled in detail. Therefore, the reaction progress is examined on a laboratory scale in a
batch reactor, and adequate reaction models are regressed with therein gathered data. Non-
linear parameter fitting using a standard least squares approach is applied as a regression
tool due to the stiff nature of the underlying differential equations. A total number of
652 experimental observations are used for kinetic modeling. Model discrimination is

performed using classical information criteria if applicable.

4.2 Experimental

4.2.1 Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise noted and were
used as received: sorbic acid (> 99.0 %), allyl alcohol (> 98.5 %), maleic anhydride
(= 99.0 %), sulfuric acid (H,SO,, ACS reagent, 95.0 to 98.0 %), toluene (ACS reagent,
> 99.5 %), diethyl ether (> 99.9 %, suitable for HPLC, inhibitor free), 3-chloroperbenzoic
acid (mCPBA, > 77 %), methylene chloride (DCM, suitable for HPLC, > 99.8 %, con-
tains 40 to 150 ppm amylene as stabilizer), > 99.5 %), methyl 3,5-dinitrobenzoate (99 %),
sodium thiosulfate (Na,S,03, ACS reagent, 99 %).

4.2.2 Kinetic Experiments
4.2.2.1 General Procedure

All experiments were conducted in a laboratory-scale three-necked-flask equipped with a
magnetic stirrer, a condenser, and thermocouples. If not described differently, samples of
roughly 0.1 mL were taken with the help of a syringe and diluted to 0.5 mL in a NMR-
tube with chloroform-d3. The reaction progress of each reaction was monitored with H-
NMR: 6. Detailed information on the analysis method and synthesis procedure can be

found in the Supplementary Information and our previous publication [61]. Total sample
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volumes were kept < 5 % of the reaction volume. Thus, all reactions are modeled in batch
with the assumption of constant volume over reaction time. Ideal mixtures are assumed
which was realized by rigorous stirring. Isothermal conditions were achieved using oil or
cooling baths, respectively. The temperature was continuously monitored with the help of

thermocouples.

4.2.2.2 Diels-Alder Reaction

Allyl sorbate was prepared by dissolving sorbic acid (50 g) in allyl alcohol (200 mL) with
catalytic amounts of H,SO,4 (1 mL). The product was extracted with diethyl ether and
purified by distillation. Maleic anhydride (13.40 mmol, 1.31 g, 1.02 eq) was dissolved in
toluene (100 mL) and heated to the desired temperature. The reaction was started with the
addition of allyl sorbate (13.14 mmol, 2 g). The Diels-Alder product with the name allyl
7-methyl-1,3-dioxo-1,3,3a,4,7,7a- hexahydroisobenzofuran-4-carboxylate (AHIBC) was

gathered as a white solid after crystallizing.

4.2.2.3 Esterification

The product of the Diels-Alder reaction (1.0 g, 4.0 mmol) was dissolved in allyl alcohol
(5mL). The mixture was heated to the desired temperature and the reaction started by
the addition of the catalyst sulfuric acid (0.025 mL, 0.5 vol%). Samples were either mea-
sured immediately or cooled to =30 °C to prevent further reaction. The yielded triester
with the name triallyl-6-methylcyclohex-4-ene-1,2,3-tricarboxylate (TACHC) was further

functionalized in an epoxidation reaction.

4.2.2.4 Epoxidation

TACHC (0.5 g, 1.44 mmol) and 3,5-dinitrobenzoate (standard for quantification in NMR-
spectroscopy) were diluted in DCM (30 mL) and heated to the desired temperature. In
the case of the reaction at 1.6 °C the mixture was cooled with the help of an ice-bath.
The reaction was started by the addition of mCPBA (3.54 g, 2.05 mmol, 10eq). Samples
were prepared by quenching an aliquot of roughly 0.3 mL with a saturated solution of
Na,S,05 to remove excess mCPBA. The organic phase was then concentrated in vacuo,

and the residue was dissolved in chloroform-d3.

38



4.3 Model Development

4.3 Model Development

The models used in this report are regressed with the experimental data which are ac-
quired with the beforehand stated procedures and analysis methods. For each of the
three reactions, an adequate reaction model is chosen which is described in the following

sections.

4.3.1 Diels-Alder Reaction

OO0
O U 0 o)
/\/\)]\O/\/ toluene, f0) s 0
reflux )/

Figure 4.1: Diels-Alder reaction of allyl sorbate and maleic anhydride to AHIBC.

For the implementation of the Diels-Alder reaction between allyl sorbate (AS) and maleic
anhydride (MA), which is displayed in Figure 4.1, an irreversible reaction second order is
assumed [139-141]. The possible retro Diels-Alder reaction is neglected since only low
to medium temperatures are used in the performed experiments. Due to the high exother-
micity of the reaction (A H 0 =_185.5kJ/mol), educt concentrations are in a limited range
with enough solvent to ensure isothermal conditions. The reaction rate of each component
can thus be described with the help of Equation 4.1:

dc;
d—; =—kDACASCMA 4.1)

with the reaction rate constant kpa and the molar concentration ¢; of component i.
This second order reaction can readily be solved analytically. The solution for the case
CAS.0 7 ¢MA.0 (& #0) is shown in Equation 4.2:

0 =CAS,0—CMA,0 (4.2a)
o
CAS = o . (4.2b)
1- (1 ~as 0) exp (kpato)

The conversion of allyl sorbate Xag is then calculated with Equation 4.3.

Xpg = 1--AS 4.3)
CAS.0
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The AS conversion X,g is directly measured by TH-NMR as shown in Figure 4.13.
Therefore, the progress of the Diels-Alder reaction of AS with MA can be tracked by
analysing the timely resolved spectra displayed in Figure 4.14. Hence, a single response
variable is regressed. In contrast to the other reactions, the simplicity of the underlying

rate law in Equation 4.1 allows the direct regression of its analytical solution shown in

Equation 4.2.

4.3.2 Esterification

Figure 4.2: Acid catalyzed reaction path of the esterification reaction starting from the
Diels-Alder product (I) to TACHC (III) via the two intermediates ITa and IIb.

The mechanism of the esterification reaction is displayed in Figure 4.2. The first reaction
step opens the anhydride of structure I (AHIBC, Diels-Alder product) and leads to the
diester Ila or IIb, respectively. The reaction is acid catalyzed and can be assumed to be
irreversible [142]. Due to the fact that the initial reactant is not symmetric, two different
possibilities for the addition of allyl alcohol exist. It is expected that the electronic config-
uration with the proximate carboxylate group influences the opening of the anhydride ring
and therefore preferably builds intermediate IIb. Thus, two different reactivities and con-
sequently kinetic constants need to be considered. Subsequently, allyl alcohol reacts with
the free acid functionality of the opened anhydride ring in a condensation reaction to form
product III and water. As sulfuric acid acts as a catalyst, the concentration of the mineral
acid is supposed to be constant. Therefore, the reactions are modeled with k7 = k; - CH,SO,-
Thus, a reaction scheme can be drawn with the to be considered kinetic constants. From
Figure 4.2 the number of kinetic constants required to describe the reaction paths towards
TACHC can be extracted with the above stated considerations. In total six reactions are
distinguished while for this reaction different models will be tested due to the plethora of

variables. Parameter reduction is performed by equal reactivity assumptions. All forward
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4.3 Model Development

reactions are second order with allyl alcohol (AA) as the second reagent. The reverse
reactions 4 and 6 are second order with the condensation product water as the second
component.

The formation rate of each species can therefore be set up. The system of differential
equations is shown in Equation 4.4 comprising all four reaction paths and six kinetic
constants k; as illustrated previously in Figure 4.2.

dc

d—tl = —(k; +kp)crean (4.42)
deqp

” ® = +kicrean —ksemacaa +kaemen,o (4.4b)
de

dIth = +kpcrean —kscribCAA +KeCTcH,0 (4.4¢)
dem _ k ky+k 4.4d
“ar -~ TK3ClacAA +KsCbCAA — (kg +ke)cmien,o (4.4d)

The change in concentration ¢; of the species I, Ila, IIb, and III is monitored by g
NMR. A detailed description of the spectra and procedure is given in the Supplementary
Information. The reaction progress can be extracted from the timely measured spectra
as seen in Figure 4.16. The areas F; from the spectra are direct proportional to the
concentration of each component and are referenced to the signal area Fyot which includes
all components as illustrated in Figure 4.15. The concentrations are determined using the

initial concentration of component I ¢y known from weighed portion as illustrated in

Equation 4.5.

i =fi-eto= 1 @5)
tot

Similarly, the initial concentration of AA is calculated from the known amount added as
described in the experimental procedure. Thereof collected concentration data of compo-
nents I, I1a, IIb and III are employed for fitting the postulated models. Due to only narrow
shifts between the resonance signals of Ila and III, the areas can in some cases not be
solely integrated leading to a sum of cyy, + cpp-

Different models are tested and compared using best likelihood and maximum parsi-
mony. Mathematical details can be extracted from the Statistical Analysis section in the
Supplementary Information. The applied models are listed in Table 4.1 and are based
on Figure 4.2. The number of parameters np,r includes both pre-exponential factor and
activation energy. Hence, the value is twice the number of regarded reactions or can be
deduced from the number of equal reactivity assumptions: (6 —nassum) - 2. Even though
already neglected, model 1 treats reactions 1 and 2 as reversible leading to a total number
of 16 parameters. Model 2 represents the scheme drawn in Figure 4.2 with individual
kinetic constants for each reaction. In contrast to that, model 3 assumes both reverse

reactions to be kinetically equal (k4 = kg), while model 4 sets forward and backward

41



4 Kinetic Modeling of the Synthesis Steps

reaction of the second step equal. In model 5, all forward reactions of each path are
treated equally. Furthermore, model 6 simplifies the reaction network by taking identical

reactivity of forward and backward reactions for all steps into consideration.

Table 4.1: Selection of different tested models for the esterification reaction of the
Diels-Alder product with allyl alcohol.

Model number ‘ Npar Assumption
1 16  reversible reactions for the first step
2 12 irreversible reactions for the first step
3 10 ky =kg
4 8 k3 = k5; k4 = k6
5 8 k1 =k3; ky = ks
6 6 k1=k2;k3=k5;k4=k6

4.3.3 Epoxidation
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Figure 4.3: Simplified epoxidation reaction of TACHC with mCPBA forming EGCHC.

The product of the esterification step TACHC has two distinct sites for epoxidation. The
double bond in the hexene ring, which stems from the [4 + 2] cycloaddition, and three
terminal double bonds. The terminal bonds belong to the former AA. All reactions are
irreversible, first-order in each reactant and bimolecular as generally considered for the
epoxidation of alkenes [143-146]. In the following, the single double bond within the
ring will be referred to as R, whereas a terminal bond with T. It is assumed that each
bond T behaves equally in the epoxidation reaction and therefore cannot be distinguished.
As a result, a reaction scheme can be developed which depicts each possible route from
TACHC to EGCHC. Figure 4.4 illustrates the reaction paths with all potential components
named after the number and type of double bond which are converted. The product
EGCHC is equivalent to RTTT. For better visibility, mCPBA is not shown as a reactant in
the scheme due to its presence in all pathways. As a consequence of the similar structure of
the terminal bonds and equal reactivity assumption the reaction scheme is defined by two
rate constants &k and k¢, respectively. The rate constant k¢, which describes the epoxidation

of terminal bonds T, is adjusted by a probability factor taking into account the number of
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4.3 Model Development
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Figure 4.4: Possible reaction paths of the step-wise epoxidation of TACHC with indication
of the respective rate constants for terminal k; or ring-bound double bonds k;.

possible victim double bonds. In the beginning, either R or T can first be epoxidized. As
there are three terminal bonds available, the kinetic constant is multiplied by a factor of
three. If the terminal bond reacts first (species T), again two possibilities exist: epoxidation
of R (species RT) or again introducing a terminal oxirane functionality (species TT). All

further reaction steps can be described in an analogous way. Equation 4.6a—Equation 4.6h

define the rate laws for the kinetic model resulting from Figure 4.4.

dcTﬁ# = cmCPBA (—krcTACHC — 3kt CTACHC) (4.62)
dc(l:_f = cncpBA (FhretacHC — 3kicR) (4.6b)

T — e cppati3kenacic—ker~2ker) (4.6¢)
dff?T = CinepBA (Hhret + 3kicr — 2kicRT) (4.6d)
dfiTtT = cePBA (H2kicr —keeT —kicTT) (4.6e)
dcgtTT = CuCPBA (+2kiCRT + ke ¢TT — Kt CRTT) (4.60)
dcgtTT = ¢;ucpBA (FkeeTT —kreTTT) (4.62)
chg’# = cuCPBA (+ktCRTT +krCTTT) (4.6h)

The used analysis method 'TH-NMR only allows to examine the depletion of double bonds
with a distinction in terminal T or ring-bound R. This is shown in a characteristic spectrum
drawn in Figure 4.18. As it is not possible to distinguish the individual terminal double
bonds, the model is regressed with the conversion of each type of double bond X;. The

conversions Xg and Xt are defined in Equation 4.7 and Equation 4.8 with respect to the

reaction species of Figure 4.4 and the initial concentration of the educt ctacHc,0:
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4 Kinetic Modeling of the Synthesis Steps

1
Xp=1-
CTACHC,0

CTACHC *CT+CTT+ CTTT] 4.7)

1 2 1
Xr=l-—— {CTACHC +cr+ 5 (cr+cerp)+ 5 (err+ CRTT)} , (4.8)
CTACHC,0 3 3

where ¢; denotes the molar concentration of species i. The measured values for Xg and X1
are used as the response variables for the fitting approach. Hence, both pre-exponential
factor ko r, ko ¢ and activation energies Ep r, Ea ¢ can be determined.

An important property of epoxy resin components is their oxirane oxygen content OOC
which is defined as the molar mass of epoxy group oxygen atoms divided by the total
molar mass of the molecule Miot:

Noo Mo
Mot

00C = 4.9)

with the number of oxirane oxygen atoms Npg and the molar mass of oxygen M. In the

model, OOC is calculated with Equation 4.10:

00C = 1 _[(CR"'CT)+2(CRT+CTT>+3<CRTT+CTTT)+4<CEGCHC)]
CTACHC,0 w+1 0+2 0+3 w+4
(4.10)

with the dimensionless ratio of educt and oxygen molar mass ®

M
= ZTACHC (4.11)
Mo

0]
The maximum oxirane value can be calculated by the known molecular mass of the

product EGCHC and a total number of oxirane oxygen atoms of Nog = 4. Hence, a

relative progress of epoxidation 1 can additionally be determined which is defined in

Equation 4.12.

n=00C- (%a)ﬂ). (4.12)

Note that the oxirane oxygen content for the measured values was calculated based on the

experimentally derived conversions X and Xr.
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4.4 Computational Methodology

4.4 Computational Methodology

4.4.1 Reactor Model

The used batch reactor is modeled as an isothermal, isochoric, and homogeneous system.
Therefore, the net formation rate of each species Ri can be calculated with the reaction

volume VR and the time derivative of the molar amount #;:

dnl
=V R 4.13
I (4.13)

For better numerical stability, Equation 4.13 is transformed to a dimensionless form by
multiplying the net formation rate with the total experimental time f¢pq ,,, and initial molar
amount not, ,; of experiment m.

dy, t ,
_m = —end’m VRRL (414)

dr  nwotm
The differential equations describing the reaction rates are solved numerically by applying

a variable-step, variable-order solver suited for these stiff systems [147].

4.4.2 Regression

As all systems comprise of ordinary differential equations or their solutions, the respective
regression functions f to fit the kinetic parameters to the experimental data are nonlinear.

In general, the used nonlinear regression models can be described as in Equation 4.15:
Y =f(Xom, P)+&m (4.15)

with the response matrix Y, the predictor vector X, the parameter vector @ = [Py, ...,
Cbnpar] and an error term &y. Y, is sized by the number of responses nresp and measure-
ment points nexp, respectively. The regression is performed by a standard least squares ap-
proach applying the well-established Levenberg-Marquardt algorithm [148—150]. Hence,
Equation 4.16 is minimized numerically with the experimental measurement points Yo

of data set m for the number of data sets nqyq,.
Ndata Mresp Mexp

min Y Y Z (F X, @)=Y (4.16)

mlllj
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4 Kinetic Modeling of the Synthesis Steps

The total number of observations ng, which is used for least squares minimisation, is
therefore equal to the sum of the data sets, i.e., the experimental runs at a given tempera-
ture, together with the number of experimental measurements contained therein, i.e., the

time-resolved samples, and the number of responses obtained from a taken sample.

Ndata resp exp
not=y, Y, Y (4.17)
m=1 i=1 j=1

The parameters to be fitted are the kinetic constants k, which can be described by an

Arrhenius law:

Ea
k=k —|. 4.18
Thus, a simultaneous regression of pre-exponential factors k and activation energies Ea
is performed. Due to the sensitive nature of the exponential equation, Equation 4.18
is transformed for better numerical stability using a half-exponential approach with the
following @-function:

T
Py = Py exp {qJEA ( —%f)} (4.192)
E
Dp, = RTAf (4.19b)
e
Dy, = koexp(—Pg, ) (4.19¢)

with the respective transformed parameters (P, Pg, € P) and a reference temperature
T,or defined as the arithmetic mean of the experiment temperatures. After the minimiza-
tion of squared residuals is converged, the variables are re-parameterized and values for
ko and E 5 are obtained. Due to the number of potential models in the esterification of the
Diels-Alder product, further statistical analysis is performed to rate and compare these
models. For model discrimination, information criteria are used which rate the reaction
models based on number of parameters and likelihood. Two different criteria are applied
to assess the models, the Akaike information criterion AIC in Equation 4.20 [82] and the

Bayesian information criterion BIC in Equation 4.21 [151]:

AIC =22 +2npy; (4.20)
BIC = —29% + log (nexp) . npar (421)

with the log-likelihood function .. Further details can be extracted from the Supplemen-
tary Information. Regression of kinetic parameters and thereby fitting of experimental
data are performed with MATLAB® R2021a.
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4.5 Results and Discussion

Model Evaluation

Diels-Alder Reaction

The Diels-Alder reaction was conducted at different temperatures ranging from 70 to
103 °C. Figure 4.5 displays the linear parity plot gathered for several batch experiments
at the various temperatures (ng = 141).
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Figure 4.5: Linear parity plot of the allyl sorbate conversion for all measurements. Dashed
lines mark the + 10 % region.

The simple reaction model allows to fit the analytical solution stated in Equation 4.2 to
the response values which accurately describes the reaction conversion. This procedure
diminishes computational time to a fraction of the numerical solution of the differential
equation. Separate conversion plots for the batch experiments can be found in Figure 4.19
in the Supplementary Information section. In Figure 4.6, the distribution of the residuals
(Figure 4.6a) and the corresponding lag plot (Figure 4.6b) for all measurements are drawn.
Additionally, the residuals are fitted with a Gaussian distribution function .4 (,LL,GZ)
for better visualization. The residuals follow a normal distribution and no identifiable
structure in the lag plot which concludes random error in the data points and thus no
correlation of the measurements. The total coefficient of determination for all experiments

is RZ =0.9861 which further endorses the applied model and measurement approach.
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Figure 4.6: Distribution with normal distribution curve approximation (¢ =—-0.0082,
02 =0.0013) and lag plot of the residuals of fitting the Diels-Alder reaction at different
temperatures.

The resulting parameters with 95 % confidence intervals are Dy, = (0.405+0.014)L/(mols)
and ®@g, =20.016 +0.818. Corresponding pre-exponential factor and activation energy
are re-parameterized from the respective @-values at a reference temperature of 360.15 K
and determined to be 6.904 - 10% L/(mol s) and 59.93 kJ/mol using the half-exponential
transformation of the Arrhenius equation. As a comparison, similar activation energies
between 56.3 and 58.5 kJ/mol have been found for the Diels-Alder reaction of MA with
isoprene [152, 153].

The most critical parameter in the kinetic study is the temperature control to ensure
isothermality. Due to the strong exothermic character of the reaction, a rise in temperature
can be seen, if the educt concentrations are chosen too high. Diels and Alder also expe-
rienced this exothermic behavior, when describing the reaction between MA and sorbic
acid [139]. By performing the reaction without solvent, our studies showed a temperature
increase from initially 100 to 200 °C within 30 s which leads to quick decarboxylation if
temperatures rise above 150 °C [140]. An adequate amount of solvent as presented in this

report in combination with the oil bath therefore suffocates to execute the Diels-Alder

reaction under nearly perfect isothermal conditions.

Esterification

In Table 4.2, the various tested models are compared using the Akaike A/C and Bayesian
BIC information criterion calculated with the number of parameters npar and model likeli-
hood. Additionally, corrected Akaike values AIC, differences A4, and total coefficients
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4.5 Results and Discussion

of regression RZ, are tabulated. Akaike differences show that model 4 with eight param-
eters performs best, indicating substantial level of empirical support. In contrast to that,
the other models show considerably less or essentially no support. [85] Furthermore, the
confidence intervals are increased for the other tested models as displayed in Table 4.5.
Thus, model 4 is selected as the candidate model. All shown regression and error plots
are computed with the underlying candidate model with eight parameters.

Table 4.2: Total coefficient of determination, Akaike and Bayesian information criteria for
the different tested models for the esterification reaction of the Diels-Alder product with
allyl alcohol.

Model number | npar RZ, AIC AIC. BIC Ay

16 09948 3224 39.40 72777 1597
1209943 2427 28.17 54.66 7.99
10 09942 20.27 2296 45.60 4.00
8 09942 16.28 1799 3554 O
8 0.9477 18.48 20.19 38.74 2.20
6 0.8478 19.28 20.26 3448 3.01

AN N AW~

Table 4.3 depicts the resulting values for @; and the re-parameterized variables for pre-
exponential factor and activation energy. Additionally, 95 % confidence intervals are
shown. Activation energies are in a reasonable range. Even though the uncertainty of the
reversible reaction towards the intermediates is high, considering the reaction improves
the model fits. Figure 4.20 shows that an equilibrium is reached at each temperature,
which otherwise would lead to a complete consumption of Ila or IIb in the case of an
irreversible reaction.

Table 4.3: Estimated parameters ®; with 95 % confidence intervals and re-parameterized
variables k( ; and E ; for a reference temperature of Tyer = 348.16 K for candidate model 4.

Reaction E ‘ Dy,.i / L/(mols) kg ; / L/(mols) Dg, . /- Ep ; /kJ/mol
1 12212 +£0.418 1.14 - 107 21.93 +0.54 62.76
2 2.830 +0.137 1.66 - 10° 23.77 +0.89 68.03
3.5 0.747 + 0.020 1.14-10° 29.34 +0.59 83.96
4.6 0.632 +0.099 3.07-10° 16.68 +4.74 47.72

Figure 4.7 illustrates the linear parity plots for the esterification reaction with individual
sub figures for each measured component. The parity plots comprise all experimental data
points gathered between 48 and 97 °C (nyor = 341). High agreement between calculated
and measured concentrations is achieved.
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Figure 4.7: Linear parity plots of the esterification reaction of the Diels-Alder reaction (I)
to TACHC (III) for each component. Experiments with only three responses are indicated
by closed symbols. Dashed lines mark the + 10 % region.

Mostly, outliers representing more than 10 % deviation stem from the measurement at
48 °C indicated by closed symbols in Figure 4.7a, Figure 4.7c and Figure 4.7¢. The
less accurate fitting of that particular experiment can be deduced from the respective
parity plots. The recorded TH-NMR spectrum which could not resolve the individual
concentrations of Ila and III was evaluated so that the sum of (cyp, + cqyp) could be fitted.

As only the sum of both components was accessible, a degree of freedom is yielded
for that particular data set leading to a underdetermined system of equations. Although
this adds measurement points prone to larger errors for regression, the data are included
in the overall regression of the parameters to enhance the validity of the results for an
increased temperature range. In addition to the parity plots, measured batch concentration
experiments of the esterification of the Diels-Alder product with AA can be found in
Figure 4.20 for the different temperatures with corresponding model fits represented by
lines. The candidate model 4 agrees well with the measurements. Both fast formation of
primary products and equilibrium are in accordance to the data. While the Diels-Alder
product reacts rapidly to zero concentration within a short time, the synthesis of TACHC
(III) is rather slow. The assumption of an irreversible reaction for the first reaction step is
justified taking the quick vanishing of I into consideration. This further disproves model
1 which comprises reversible reaction steps for the formation of the intermediates.

The formation of intermediate IIb is enhanced for all experiments leading to a higher

maximum in concentration than Ila. If steric hindrance of the carboxylic group would
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4.5 Results and Discussion

determine the progress of reaction, the result of equal reactivity could not hold true.
Rather, the inductive effects of groups in educt I lead to the difference in reactivity of
reactions 1 and 2. As the ester group induces a -I-effect and the methyl group induces
a +l-effect, the electron density at the carbon atom in the anhydride ring adjacent to
the ester group is decreased. Hence, the attack of the nucleophile proceeds more likely
with the ring-opening toward the neighboring ester group and thus, forming component
IIb. Equilibrium of product III and intermediates Ila and IIb is reached at the end of
each experiment. Due to the chosen candidate model with identical equilibrium constants,
the end concentrations of the intermediates is equal (Keq = k3/k4 = ks5/kg). This broadly
matches with the measurement data.
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Figure 4.8: Residual distribution with normal distribution curve approximation
(u =-0.0002, 62 =0.0007) and lag plot of the residuals of fitting the esterification reaction
at different temperatures. Residuals are normalized by cy .

Figure 4.8 illustrates the distribution and lag of errors. The histogram follows a normal
distribution with an accumulation of residuals at zero stemming from regression of educt
I. The Diels-Alder product rapidly reacts and, thus, the concentration reaches zero for
the majority of the measurement time. Hence, model and experiment align with high
agreement and calculated errors are minimal. Figure 4.8b displays the lag of the residuals
for the four measured temperatures. The spreading and pattern of the lag plot suggests
randomness of the errors without correlation between subsequent points. Mostly, outliers
in Figure 4.8b are contributed from the measurement at the lowest temperature due to the
fitting of both Ila and III. Though, residuals and distribution of errors are in an acceptable

range.
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Epoxidation

Figure 4.9 displays the linear parity plot of the epoxidation reaction for the various
batch experiments performed (ng¢ = 170). Each temperature is indicated by a different
symbol. Additionally, the type of double bond is distinguished by the symbols being
closed or open. A general high agreement between experimental and model values is
achieved. Conversion plots for the batch epoxidation can be found in the Supplementary
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Figure 4.9: Linear parity plot of the epoxidation of TACHC. Double bond in ring is
represented by closed symbols, terminal double bonds by open symbols. Dashed lines mark
the £ 10 % region.

Information section. Figure 4.21 shows the experimental data points of Xg and X, and
the respective model fit. Both conversions reach 100 % when all double bonds of type R or
T are epoxidized. Thus, X1 represents the reaction conversion of all three terminal double

bonds. Note that the time scale differs greatly from Figure 4.21a to Figure 4.21c. In other

words, a temperature increase in the considered range leads to a more than 20-fold faster
conversion of each double bond. The temperature used in the experiments is limited to
the normal boiling point of the solvent DCM (T}, = 39.6°C) as a pressurization of the
glass reaction vessels is not possible. Figure 4.10 displays the residual distribution and
lag plot, respectively. The histogram in Figure 4.10a shows a normal distribution with an
accumulation of residuals at close to zero. The aggregation stems from the underlying
analysis method. Due to the fast reaction of the ring-bound double bond, the remaining
peak diminishes rapidly to zero within the noise of the signal as seen in Figure 4.21.
Hence, after only 10 % of the measurement time, experimental values for Xg are noted
to be fully converted showing high agreement with the model and, thus, residuals are
minimal. The initial measurement values in the beginning are prone to error because

of the fast reaction and therefore, steep slope of the profile. The data points of Xgr
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Figure 4.10: Residual distribution with normal distribution curve approximation
(1 =0.0024, 02 =0.0008) and lag plot of the residuals of fitting the epoxidation reaction at
different temperatures.

tend to show a kink in the curve at high turnovers due to the uncertainty of the values
close to 100 %, which can be lost in the signal noise (reciprocal trend of peak area and
conversion). As a result, the residuals of XR are spread at the beginning and concentrated
around zero for residuals determined at long measurement times. This trend can be seen
in Figure 4.22 illustrating a residual versus predictor plot for Xg. Nevertheless, with no
identifiable structure in the lag plot, independent errors can be assumed. Furthermore, the
normal distribution of residuals assures that the random errors are drawn from a Gaussian
distribution validating stated confidence intervals. The regressed @-functions with their
respective 95 % confidence intervals and re-parameterized pre-exponential factors and
activation energies are listed in Table 4.4. The confidence intervals are in a narrow range.
Furthermore, a total coefficient of determination of R? =0.9952 is achieved which justifies

the underlying reaction scheme.

Table 4.4: Estimated parameters &; with 95 % confidence intervals and re-parameterized
variables pre-exponential factor kg ; and activation energy Ep ; for a reference temperature
of Tier =294.92K.

Reaction i ‘ Dy, ; / L/i(mols) kg ; / L/(mols) Pg, /- EA ;i / kJ/mol
R 0.760 £ 0.030 2.15- 107 24.395 £ 0.831 59.82
T 0.061 +0.002 1.81-107 26.744 £ 0.566 65.57
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Figure 4.11: Comparison of ring and terminal double bond epoxidation and reaction
progress of the modeled epoxidation scheme.

To get an insight on the relative reactivity of each type of double bond Figure 4.11a
depicts the ratio of the obtained kinetic constants against the temperature. As expected,
the terminal bonds are less likely to react. The higher activation energy of the terminal
epoxidation reveals a preferred reaction of the ring-bound double bond. Thus, in the
measured temperature range, the ring-bound double bond is converted 11-15 times faster
than a terminal bond whereas this difference becomes less pronounced at higher temper-
atures. To achieve a high oxirane oxygen content, either sufficient reaction times or high
temperatures need to be ensured. The limiting temperature of 40 °C can be exceeded by
increasing the reaction pressure according to the vapor pressure of DCM. The proposed
model allows to predict the course of each species in contrast to a total double bond
conversion. This will later be used to determine the oxirane oxygen content. Figure 4.11b
displays the timely development of each possible species derived from the reaction model
in Figure 4.4 for 37.5 °C. The initial development of the reactant composition is shown
for the first 6h. As a result of the implemented reaction network, species R and T are
primary products which can be deduced by their non-zero slope through the origin. All
other intermediates and the product have a slope of zero at r = Oh. Furthermore, the
difference in reactivity between the two double bond types illustrated in Figure 4.11a
is evident in Figure 4.11b. The maximum molar fraction of T is slightly more than 0.08
whereas R peaks at a molar fraction of more than 0.50. A continued terminal epoxidation
is very unlikely (max(xtT) < 0.01). The production of TTT is negligible. It is apparent
that the main route in the epoxidation reaction comprises a preliminary conversion of
the ring-bound double bond and a subsequent gradual epoxidation of the three terminal
bonds. This behavior is in accordance to the typically low reactivity of terminal double
bonds [154, 155].
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Figure 4.12: Simulated versus experimental determined relative oxirane oxygen content 1
over time for all measured temperatures.

The theoretical oxirane oxygen content of EGCHC is OOC = 15.5%. The commercial
standard epoxy component DGEBA yields 9.4 %. The difference in OOC results from
the higher density of epoxy groups per mass in EGCHC than in DGEBA which leads
to a lower epoxy equivalent weight in the sustainable epoxy [61]. Though, in the present
study, only theoretical observations are made to interpret the model results and expand the
model predictions. Figure 4.12 shows the relative progress in oxirane oxygen formation
n for the different tested reaction temperatures within 1 day. The model predicts well the
measured OOC. While only the total OOC can be determined with the laboratory data, the
model allows statements to be made about the concentration of each individual species
and consequently their contribution to the mixture OOC at any point in time. This could
be used to optimize a process model for a maximum of OOC at reasonable process times

to ensure high functionality, and thus, cross-linkage of the resin.

4.6 Conclusions

In this study, the previously described and published route to the partly bio-based epoxy
resin EGCHC was further kinetically investigated. The main reaction steps were con-
ducted on a laboratory scale while sampling and analysing the reaction progress with the
use of 'H-NMR. The chosen analysis method proves to be suitable to rapidly generate
the necessary batch profile data. Due to the simplicity of sample preparation and fast
measurement time, experimental data of high accuracy could be achieved.
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4 Kinetic Modeling of the Synthesis Steps

The Diels-Alder reaction between AS and MA is shown to be of second order and
irreversible. These results simplify the rate law to an analytical solution of the underlying
differential equations. The model accurately fits the AS conversion while errors proved to
be random and independent. Thus, reliable values for pre-exponential factor and activation
energy of 6.904 - 10* L/(mol's) and 59.93 kJ/mol could be derived.

The further esterification of the received product is successfully described by a model
comprising two different intermediates. The two diesters stem from the opening of the
anhydride ring in either way. Model discrimination was performed with the help of
information criteria and maximum likelihood. The selected candidate model with the
assumption of equal reactivity of the two intermediates towards EGCHC fits well the
measurements. It could be shown that the difference in reactivity in opening the anhydride
ring and the resulting different intermediate concentrations are caused by the proximity
of the carboxylate group.

The last reaction step toward the epoxy resin component EGCHC was regressed with a
model describing in detail the development of the successive epoxidation of each double
bond. In total, eight components are tracked including educt and product. Despite the
various reaction paths, a data regression using two different kinetic constants proves to
be sufficient to accurately depict the reaction progress. The different reactivity of the
two reaction types, epoxidation of terminal or ring-bound double bonds, agrees with the
expected lower reactivity of terminal double bonds.

In general, all of the postulated models precisely fitted the experimental values and can
therefore be assumed to describe the respective reactions in a meaningful way. Statistical
analyses showed random error and no correlation in the collected data. Hence, the results
pave the way to a preliminary process implementation which allows to get insights into
a possible production process with information about material and energy consumption
and a better general overview of the process. Consequentially, a process simulation of the
individual steps and the complete production of the well-performing sustainable epoxy
needs to follow.
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Supplementary Material

Analytical Solution of a Bi-Molecular Reaction

This chapter shows the analytical solution to the reaction equation of the type a+b L.

Writing this chemical reaction in forms of differential equations results in:

d

% = —kycacy, (4.222)

d

—2 =—kicacy (4.22b)
with the reaction rate constant k| and the concentrations c; > 0. Since % = %, it can be
written:

d

d_t(ca_cb) =0. (4.23)

This has the solution

ca(t)—cp() = ca0—Cp 0 (4.24)

with the initial concentrations c; (. Defining the initial concentration difference @ = ¢, -
Cp,0 7 0 and using previous expression, the ordinary differential equations (ODE) can be
decoupled, which yields for component a:

dcy

E =—k1Ca(Ca—(X). (425)

Rearranging the ODE leads to

dCa

— = —fds, (4.26)
ca(ca—) !

from which the solution can analytically be obtained by integration:

calt) = « (4.27a)
1- (1 - %) exp(—k;ta)
af1- %) exp(—k, 100)

cp(r) = : . (4.27b)
1- <1 - %) exp(—k;ta)
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For the special case that o = 0, the solution is:

Ca,0

)= ——""7"—
ca(t) 1+Ca,0k1t

Statistical Analysis

For the evaluation of the chosen models and reaction pathways statistical analysis is
performed both on whole models and for individual fitting parameters. To describe the
deviance of model values and responses, calculation of sum of squares error SSE and sum
of squares total SS7 is a basic approach to gather information about the coefficient of

determination RZ:

Q2o SSE_ 1 X @)= Y|

= - (4.29)
SST V—pt HZ
with the mean of the observed values u
X Vo
== (4.30)
Nexp

Confidence intervals are calculated based on the estimated coefficient variance matrix
COov

SSE

Tyt 431
dof es J ) ( )

COV =

with the residual degree of freedom dof ., which is defined as
dofres = nexp _npa_r. (4.32)

J is the Jacobian matrix. The confidence intervals CI can thus be deduced to:
o
Cli_g=®+1"! (1 - E,dofres) . \/diag(COV) (4.33)

with the reverse Student’s ¢-distribution 7! and o = 0.05 for 95 % confidence intervals. A
more detailed description and further reading can be found in literature [156].

In contrast to accurately fit the observations with a model of choice the particular model
should be as simple as possible. This overfitting of gathered data and thus goal to minimize
the parameter space is referred to as principle of parsimony. A trade off is often required
to regress the proposed model with the smallest possible number of parameters achieving

an adequate fit. Several estimation and rating criteria have been proposed in literature to
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evaluate and compare different models. Most rely on the log-likelihood function .Z which
can readily be related to the regression process based on a minimization of the negative
log-likelihood function.

The values of the maximum likelihood estimates can be correlated to the maximum of
the log-likelihood function. Together with the number of parameters npar and number
of experiments nexp the Akaike and Bayesian information criteria can be defined (c.f.

Equation 4.20 and Equation 4.21). In the case of minimization of least squares and for the

case of normally distributed errors, the likelihood function and thus AIC can be calculated
as
res €X < 2
L o L (f Ko, @)=Y
AIC = nexplog | ==t ==L S n ) +2npar (4.34)

Nexp

Often, if the available data are over dispersed or in other words few responses are

recorded, a corrected AIC is calculated, denoted as AIC:

2npar(npar + 1)

AIC. =AIC+
Nexp —Npar — 1

(4.35)

Equation 4.35 should be used if nexp/npar <40 [85]. Of general interest are the differences

of the gained AIC as the absolute values are not interpretable:
Apjc =AIC;—min(AIC) . (4.36)

Burnham and Anderson suggest as a rule of thumb ranges of 0-2, 4-7 and < 10 which in-
dicate the level of empirical support of model i in comparison as substantial, considerably
less and essentially none, respectively [85].

Characterization

Nuclear magnetic resonance (NMR) spectra are recorded on a Bruker Ascend 400 MHz
spectrometer. All spectra are referenced on the proton signal of the respective solvent.
Complete spectra and referenced signals can be found in detail in literature [61]. The
TH-NMR spectra are taken for different reaction times and stacked chronologically in
the following figures. Though, the time difference between subsequent TH-NMR varies
due to logarithmic distributed sampling times. Furthermore, the concentration of the
components, which is proportional to the area of a signal, is mapped with the shading

of a color to better visualize the development of the reaction.
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Figure 4.13: Section of the 'H-NMR spectrum of the Diels-Alder reaction between maleic
anhydride and allyl sorbate at a conversion of 49.9 % after a reaction time of 15 min at
103 °C. Displayed values denote the area of the peaks for conversion determination.

Figure 4.13 shows a characteristic section of a '"H-NMR spectrum of the reaction mixture.

The indicated signals at 4.9 to 5.2ppm and 4.3 to 4.5ppm are used to identify and
determine the allyl sorbate conversion.
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Figure 4.14: Progress of the Diels-Alder reaction at 103 °C in "H-NMR.

Figure 4.14 illustrates the progress of the reaction at 103 °C. The stacked plot with

increasing time from top to bottom clearly indicates the formation of the Diels-Alder
product and thus the diminishing of allyl sorbate.
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Figure 4.15: Exemplary 'H-NMR after 8 min reaction time of the allylation reaction at
78.5°C.

In Figure 4.15 the characteristic section used to determine the concentration of the com-
ponents in the esterification reaction is shown. The resonance signals in the TH-NMR
spectrum between 3.0 to 3.2 ppm determine the fraction of I, Ila, IIb, and III. The areas are
correlated with the signal area between 2.4 ppm and 2.8 ppm which is used as a reference
area. This procedure allows to directly calculate the fraction and thus the concentration
taking the initial concentration cy ( into consideration.
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Figure 4.16: Progress of the allylation reaction at 78.5 °C in 'H-NMR.

Figure 4.16 illustrates the reaction progress on the basis of timely taken 'TH-NMR spectra.
While signal I decreases rapidly to zero, the signals Ila and IIb slowly increase, pass
a maximum and diminish for longer times. The product III is generated throughout the
reaction.
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Figure 4.17: Section of the 'H-NMR spectrum of the epoxidation reaction of TACHC after
a reaction time of 48 min at 26.2 °C.

In Figure 4.17, the relevant section of a TH-NMR spectrum to analyse the epoxidation
reaction is drawn. Signals at 9.2 to 9.3 ppm refer to the signals of the used standard
methyl 3,5-dinitrobenzoate. Both signals shifting at 5.6 ppm and 6.1 ppm are introduced
by the resonance of the protons located at the hexene double bond. The signal at 5.8
to 5.9ppm can be referenced to the hydrogen atoms attached to the terminal double
bonds. The resonance signal does not differ, and therefore, the signal shifts are identical.
The signal area corresponding to all three protons is used for the calculation of Xt. All
calculated areas are referenced with the signal area of the standard, which has a constant

concentration over the course of the reaction.
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Figure 4.18: Progress of the epoxidation reaction at 26.2 °C in ' H-NMR.

Figure 4.18 shows the reaction progress successfully tracked by 'H-NMR. Thus, the
conversion of terminal or ring-bound double bonds can be examined. These generated

batch reaction data are used for fitting the kinetic model of the epoxidation.
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Additional Model Results

This section further illustrates the model results gathered by fitting the experimental data
or gives additional insights into the statistical analysis of the parameters.
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Figure 4.19: Fit of the experimental allyl sorbate conversion data at various temperatures.
Experimental points as markers, model fits as lines. Total coefficient of determination
R2, =0.9861.

The Diels-Alder reaction batch experiment results are displayed in Figure 4.19. Addi-
tionally, model fits are shown with lines. Accurate regression of the measurements can
be seen for all temperatures resembling an adequate model assumption for the Diels-
Alder reaction of maleic anhydride and allyl sorbate. Total coefficient of determination is
RZ,=0.9861

tot = V- :
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(b) T=61.0°C. RZ =0.9943.
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(d) T=97.0°C. RZ =0.9978.

Figure 4.20: Measured concentration values with model fits denoted as lines for the
allylation of the Diels-Alder product (I) over the two intermediates Ila and IIb towards
TACHC (III). Experimental points as markers, model fits as lines (Model 4). Dashed lines
show individual model results from fitting the sum of Ila+III. Total coefficient of

determination thot =0.9942.

Figure 4.20 shows the concentration profiles for the batch experiments of the Diels-Alder

product with allyl alcohol. In Figure 4.20b—Figure 4.20d all components could be tracked

individually as shown in the TH-NMR reaction progress spectra in Figure 4.16. Though,

due to the small shifts between component ITa and III in the recorded 'H-NMR spectra

(cf. Figure 4.15) and thus an overlapping of the peaks in some measurements, a separation

of the individual peaks was not possible in these cases. Therefore, structures Ila and III are

fitted as a sum. Using this method, only the concentrations of species I and IIb can directly

be determined, whereas the remainder comprises the sum of Ila and III. As a result, the

experimental obtained concentrations cf, cyyp and (¢, +cyyy) are fitted with Equation 4.4a

— Equation 4.4d. This is illustrated in Figure 4.20a which shows experimental data points

and model fits at 48 °C.
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A comparison of estimated parameters with 95 % confidence intervals and re-parameterized

variables is displayed in Table 4.5. Models 2, 3, 5 and 6 are tabulated with their respective
AIC and BIC values.

Table 4.5: Estimated parameters ®; with 95 % confidence intervals and re-parameterized
variables k( ; and E ; for a reference temperature of Tyer = 348.16K for models 2, 3, 5 and

6. Akaike and Bayesian information criteria for model comparison.

E Dyo.i ko.; @EAJ. Ep AIC  BIC
/ L/(mol s) / L/(mol s) / - / kJ/mol /- /-
1 | 12.288+0.422 1.23-107 2201+ 054 6298
2 2746 +0.153 1.19-107 2347+ 1.05 67.16
9

3 0.768 £0.027 1.35-107 2948+ 0.77 84.36 2497 54.66
4 0.767£0.149 1.24-10% 1327+ 627 37.98

5 0.613+£0.119 6.52-10% 2897+ 420 8291

6 0.365+0.182 1.10-10° 23.11+13.14 66.12

1 | 12251+0422 121-107 2199+ 054 62.94

2 2.801+0.148 1.19-107 2345+ 099 67.10

3 0.752+0.023 1.53-10° 29.62+ 0.70 84.77 | 2027 45.60
46| 0.634+0.106 8.08-10% 1534+ 502 43.90

5 0.736 £0.109 1.06-108 2698+ 3.41  77.20

1 | 1242940532 1.51-107 2220+ 0.67 63.53

106

2 2.698 £0.178 6.90 109 2294+ 121  65.66 16.43  36.69
1,3 ] 0.751+£0.027 242-10° 30.08+ 0.81 86.08
25| 0413+0.086 1.15-10% 27.63+ 4.55 79.08

1,2 ] 5916+0.763 1.51-107 1941+ 2.11 55.56
35| 0.579+0.086 2.42-10° 3257+ 336 93.19 | 19.28 34.48
46| 0377+0393 1.15-10% 2432+29.06 69.60
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Figure 4.21 shows the epoxidation progress data from the batch experiments using
mCPBA as an epoxidation agent for the different examined temperatures. The conversion
of both types of double bonds, ring-bound or terminal, is displayed. Conversion data was
deduced from "H-NMR spectra as illustrated in Figure 4.18.
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Figure 4.21: Double bond conversion of ring-bound double bond Xg and terminal bond X1
for different temperatures. Experimental points as markers, model fits as lines. Total
coefficient of determination RZ, = 0.9952.

In Figure 4.22 the residuals of the double bond conversion Xg are displayed versus the
measurement time. Due to the large difference in the time scale between the experiments,
the x-axis is scaled logarithmically.
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Figure 4.22: Residuals of ring-bound double bond conversion versus time. Abscissa scaled
logarithmically.
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Abstract

The development of a production process of the sustainable epoxy resin 1,2-epoxy-
6-methyl-triglycidyl-3,4,5-cyclohexanetricarboxylate (EGCHC) is presented. The three
main sections of the suggested process flowsheet follow the reaction steps beginning with
allyl sorbate and maleic anhydride. The Diels-Alder, allylation, and epoxidation reactions
are simulated in Aspen Plus V12 and connected to form a single process train. To size
and establish key process parameters, simulations supported by kinetic data for each
reaction are performed. The [4 + 2]-cycloaddition and epoxidation are implemented in
multitubular plug flow reactors with downstream crystallizers for product purification.
The allylation reaction is carried out in a reactive distillation column to separate the heavy
boiling product from the condensate/allyl alcohol mixture which is further processed to
regain allyl alcohol. To decrease the intake of raw materials, recycle streams are added
to each sections. EGCHC is achieved with a purity of 95 %, which can be employed
with standard curing agents to form densely cross-links due to an average number of
epoxy groups > 3.96 in the product stream. Furthermore, a techno-economic analysis is
performed showcasing a competitive market price for EGCHC with the given process
design in the segment of bio-based epoxy resins. The study demonstrates a comprehen-
sive strategy that allows for rapid implementation of a novel synthesis process based on

preliminary laboratory measurements and rating thereof.
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5 Process Development for the Production

5.1 Introduction

Epoxy resins are widely used due to their versatility and ease of processing in various
fields. Most commonly, commercial epoxy production relies on the bisphenol A (BPA)
and epichlorohydrin (ECH) route to form bisphenol-A-diglycidylether. However, the use
of BPA has raised environmental and health concerns. As BPA is a known endocrine
disruptor, there are growing calls to restrict or ban its use in consumer products [157].
Furthermore, the reliance on fossil resources for both BPA and ECH production highlights
the urgent need to rely on more sustainable alternatives. While bio-based epoxy resins
have emerged as potential alternatives, they face limitations in their bio-based content,
so epoxy production and still often relies on BPA [4, 113, 137, 158]. Nevertheless, it
is inevitable to replace fossil-based epoxy systems in the future and therefore further
advancement and expansion of scientific research in that field is required.

Previously, we presented a novel synthesis route to an epoxy resin which can read-
ily be produced with a bio-based content of > 68% and also is completely BPA-free
[61]. The production of the epoxy with the name 1,2-epoxy-6-methyl-triglycidyl-3,4,5-
cyclohexanetricarboxylate (EGCHC) consists of four main reactions. The synthesis steps
are illustrated in Figure 5.1. Allyl sorbate is prepared according to reaction 0a by esterifi-
cation of sorbic acid and allyl alcohol. The latter is available as a bio-based product from
glycerol and formic acid through reaction 0b [65, 66]. Sorbic acid is a natural product
and can be extracted from rowan berries [64]. It is used in large quantities in the food

industry as a preserving agent [159] and is produced from crotonaldehyde and fossil-
derived malonic acid [122]. Crotonaldehyde is already available bio-based [124], leading
to a conservative approximated bio-based content of allyl sorbate of 67 %. The synthesis
and process modeling of the production of allyl sorbate are not within the scope of this
study since the compound is already commercially available due to its application as a
food flavoring agent [115-117]. Hence, the focus is on the process simulation of reactions
1-3. Additionally, in our earlier work, the reaction progress thereof was measured to
facilitate kinetic modeling of the particular reactions [69]. The derived kinetic data are
used to build the process model illustrated in the present study.

In total, a complete picture can be drawn starting from laboratory synthesis towards
kinetic analysis and finally process modeling providing the starting point for a techno-
economic analysis. It should be noted that the process model was developed closely to
laboratory works and thus does not claim to be optimized in either scale or unit operations
used in an industrial sense. Instead, the approach intended to show a methodology which
allows to give access to a priori information crucial for further development. Additionally,
a short techno-economic analysis was performed based on the gathered process data to

rate the competitiveness of the molecule. In the context of the herein shown application
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Figure 5.1: Reaction steps for the production of EGCHC starting from sorbic acid and allyl
alcohol.

as a resin, only few similar methods can be found in the literature which deal with pro-
cess design from initial kinetic modeling [160-164]. However, as these studies consider
existing molecules and alternative production routes, the presented process model and
the simulation approach in our work should demonstrate a methodology to assess the

feasibility of the production of a novel resin component.

5.2 Methodology

5.2.1 Components

An overview over all components required for building the process model is given in Ta-
ble 5.1 with reference to the data origin. Properties retrieved within Aspen Plus were taken
from the APV 120 PURE38 databank. [IUPAC names and structures of all relevant reaction

intermediates are given in the Supplementary Information section in Table 5.11.
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Table 5.1: Components with names and formula included in the model. Source of their
respective physical properties indicated.

component name formula  properties
AA allyl alcohol C;HO Aspen
AS allyl sorbate CyH{,O, Estimated
MA maleic anyhydride C4H,04 Aspen
MCBA  m-chlorobenzoic acid C7H50,Cl1 Aspen
MCPBA  m-chloroperoxybenzoic acid C7H505Cl1 Aspen
NMP N-methyl-2-pyrrolidone CsHgNO Aspen
TOL toluene C,Hg Aspen
DCM dichloromethane CH,Cl, Aspen
H20 water H,O Aspen
allyl 7-methyl-1,3-dioxo-1,3,3a,4,7,7a- .
AHIBC he)}(]ahydroistenzofuran—4—carboxylate Ci3H1405  Estimated
Ila T CiHy0O¢  Estimated
ITb T C,6Hy0O¢ Estimated
triallyl-6-methyl .
TACHC cyclghex—4—eng— 1,2,3-tricarboxylate Crot240¢  Estimated
R T Cy9Hy40O  Estimated
RT T Cy9H,4Og Estimated
RTT T Cy9Hy4Og9  Estimated
T l C,9H,40;  Estimated
TT T C 1 9H2408 Estimated
TTT 7 C oH40y Estimated
EGCHC ~ L2epoxy-6-methyl- CoHy,0,, Estimated

triglycidyl-3,4,5-cyclohexanetricarboxylate

T Name and structure of component in Supplementary Information.

5.2.2 Physical Properties

taken from the Aspen Plus databases. For most of the structures presented in the synthesis

recommended [100, 101, 165]. The estimation of physical properties based on the group
contribution method UNIFAC/UNIFAC-DMD is depicted for the components AHIBC,
IIa, IIb, TACHC, and EGCHC in detail in Table 5.2.

To set up the process simulation, the required physical properties of all components

present in the process must be known. If not stated otherwise, physical properties are

route, physical properties are not available. Thus, a parameter estimation using a standard
group contribution approach is employed. Either the UNIFAC or the modified UNIFAC
(Dortmund) group contribution method (GCM) is applied to predict missing component

properties. For details on calculation and further reading, the original publications are



5.2 Methodology

Table 5.2: List of UNIFAC groups used in the model to determine physical properties of
unknown structures. Breakdown of groups required to build the structures of AHIBC, Ila,
IIb, TACHC and EGCHC.

main group group description # of occurrences
number symbol AHIBC TIla IIb TACHC EGCHC
1 CH? alkane group - - - - -
1 CH2 alkane group 1 2 2 3 3
1 CH3 alkane end group 1 I 1 1 1
2 CH=CH alkene group 1 1 1 1 -
2 CH=CH2 alkene group 1 2 2 3 -
20 COOH acid group - 1 1 - -
41 COO acrylate 1 2 2 3 3
42 cCHP cyclic alkane group 4 4 4 4 4
53 H2COCH epoxy - - - - 3
53 HCOCH epoxy - - - - 1
54 0=COC=0¢ anhydride 1 - - - -

3used in UNIFAC if cyclic group is not available.
dmodified UNIFAC (Dortmund) only.
“added from literature [166].

All other components which require a GCM-approach are structured in a similar way and
can easily be derived from the given examples. The list of groups for all structures is given
in the Supplementary Information in Table 5.11 together with Table 5.12. From the set of
required groups, only the anhydride group is not available in the Aspen Plus database.
The volume parameter Ry, surface parameter Oy, and required interaction parameters are
listed in Table 5.3 and are taken from the literature [166]:

Table 5.3: Volume parameter R;, and surface parameter Q; of the anhydride group
0O=COC=0 [166].

group Ry, Ok
0=COC=0 1.5200 1.7732

With the help of the group parameters, the activity coefficients are estimated, which are
made up of a combinatorial and a residual term. For the latter, binary interaction parame-
ters are needed which are partly published and partly distributed between the UNIFAC
consortium members. These interaction parameters are in most cases regressed from

vapor-liquid equilibrium data and due to the extensive required number of experimental
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data available only for certain groups. In the case of the modified UNIFAC GCM, the
temperature dependency of the parameters is enhanced.

s
¥ =exp (—%) (5.1a)
'Pij:exp<—al] = i ) (5.1b)

Equation 5.1a and Equation 5.1b depict the difference between the calculation methods

to determine the binary interaction parameters ‘Fj; for two groups i and j. For the original
UNIFAC method, in Equation 5.1a, only a single parameter a;; is used. If no interaction

B Published parameters
O UNIFAC-Consortium

1 ! 0 No parameters available
1 1 2 2
2 20 20
20 41 41
41 42 42
53 53 53
54 54 54
UNIFAC UNIFAC-DMD

Figure 5.2: Parameter matrices for UNIFAC and modified UNIFAC (Dortmund) group
contribution property method. Availability of binary interaction parameters of used groups.

parameters exist, the interaction between these two groups is ignored. Figure 5.2 shows
the parameter matrix for the groups needed to model all components in this process. For
both UNIFAC and the modified version, most of the binary interaction parameters are
available with an exception of the anhydride group in the Dortmund modified property
method, which are only available to consortium members [166-168]. Therefore, the
physical properties of the relevant component AHIBC are calculated using UNIFAC.
The only missing binary interaction parameter affects the epoxide group. However, the
interaction between anhydride and epoxide can be neglected, as the anhydride ring is

opened within the reaction pathway before epoxide groups are introduced.
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In the second process step 2 (Figure 5.1), an esterification takes place using allyl alco-
hol. Due to the condensation reaction, water accumulates in the solvent stream. Thus, a
separation of the solvent-condensate mixture is required. Allyl alcohol and water form an
azeotropic composition whose behavior can be described with the nonrandom two-liquid
(NRTL) method. For an accurate prediction of the vapor-liquid equilibrium, the binary
interaction parameters are regressed using literature data [169-171]. Three sets of data
points under isobaric conditions are used. Figure 5.3 shows the literature data on the
isobaric vapor liquid equilibrium for 0.3 bar, 0.6 bar, and 1.013 bar with lines indicating
prediction by the adjusted NRTL model. The regressed binary interaction parameters are
listed in Table 5.4 and are used exclusively in the distillation sections of allyl alcohol. The
global property method of the flowsheet is UNIFAC.

elict al. mXu et al. vMarzal et al.
380 I T T T

370 p = 1.013 bar

360 |- e .
rp = 0.6 bar

Temperature T' / K

yp = 0.3 bar

Figure 5.3: Vapor-liquid equilibrium for the mixture of (1) allyl alcohol and (2) water. Solid
and dashed lines represent predicted liquid and vapor compositions by NRTL, respectively.
Experiments are indicated by markers with open and closed symbols describing vapor and
liquid, respectively [169-171].

Table 5.4: Regressed NRTL parameter for the system: allyl alcohol (AA) and water.

i, ajj bi
H,O, AA 1.937+0.824 192.114 £293.679
AA, H,O -2.022+£0.490 673.013+174.181
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5.2.3 Kinetic Models

To incorporate the different reactions into the process simulation, their respective kinetic
models are required to achieve an accurate description of each step. As already stated, the
three main steps (cf. Figure 5.1) are a [4 + 2]-cycloaddition 1, an esterification 2, and an
epoxidation reaction 3. In our previous study, reaction models were established for each
reaction and regressed with data acquired in laboratory measurements [69]. The following
sections briefly depict the reaction models with their particular kinetic parameters. For

further details, refer to our previous work [69].

5.2.3.1 Diels-Alder

The Diels-Alder reaction between allyl sorbate and maleic anhydride (Figure 5.1, reaction
1) is modeled as an irreversible reaction second order. Therefore, the reaction rate can be

written as:

r=KkDACASCMA (5-2)

with the reaction rate constant kpa and the molar concentration ¢; of component i. Pre-
exponential factor and activation energy are kg pa = 8.075 - 10*L/(mols) and E ADA =
60.32kJ/mol, respectively [69].

5.2.3.2 Esterification

Reaction 2 in Figure 5.1 can be described by the reaction scheme displayed in Figure 5.4.
The first reaction step opens the anhydride of structure I and leads to a diester in an acid
catalyzed irreversible reaction. Two intermediates are possible due to the unsymmetrical
structure of the educt I (AHIBC). Subsequently, allyl alcohol reacts with the intermediates
ITa or IIb to form product III (TACHC) and water. All reactions are second order and acid
catalysed with k; = k} - H,50, using 0.5 vol% sulfuric acid. In our previous study it was
shown that the reversible reactions towards TACHC exhibit equal reactivity and thus can
be treated with the same kinetic constants [69].

Therefore, the resulting model can be described by four reactions and kinetic constants,
as for the equilibrium reactions forward and backward reactions are explicitly defined.

Hence, the formation rate of each species can be set up, which are shown in Equation 5.3a

to Equation 5.3d.
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Figure 5.4: Acid catalyzed reaction path of the esterification reaction starting from the
Diels-Alder product AHIBC (I) to TACHC (III) via the two intermediates Ila and IIb.

dc

d—tl = —(k; +kp)crean (5.3a)
deqp

” ® = +kjcrean —ksemacaa +k_zcmcn,o (5.3b)
de

dIth = +kpcrcaa —k3CmbCAA +K_3CTIICH,0 (5.3¢)
demr _ 2k 5.3d
“ar -~ Rs(Cmacaa+cmpean) -2k scnicn,0 (5.3d)

The results from regression of pre-exponential factors and activation energies are listed in

[able 5.5.

Table 5.5: Pre-exponential factor and activation energy of the reaction rate constants ky, kp,
k3 and k_3 of the allylation reaction [69].

ko,; in L/(mols)  Ep ; in kJ/mol

ky 1.14-107 62.76
ky 1.66-10° 68.03
ks 1.14-10° 83.96
k. 3.07-103 47.72

75



5 Process Development for the Production

5.2.3.3 Epoxidation

In the last reaction step, the oxirane functionalities are established. It has been shown
that the double bonds in the product of the esterification step can be categorized into two
groups [69]. The distinct sites for epoxidation are a double bond in the hexene ring and
three terminal double bonds, respectively. Thus, the possible intermediates until complete
conversion of all double bonds are indicated with the type of double bond reacted, e.g.,
for RTT, the ring bound and two terminal double bonds are epoxidized. The modeled
reactions are irreversible and of second order in the respective reactant and mCPBA. It is
assumed that the terminal bonds are chemically and kinetically not distinguishable. The
reaction scheme that stems from a gradual epoxidation of each double bond is depicted in
Figure 5.5. For better visibility, the scheme is simplified, showing only the components’

alias.

3kp
R Sk jr 2R, RTT

TACHC / / EGCHC
31\

— TT —> TTT

Figure 5.5: Reaction scheme of the epoxidation reaction of TACHC with mCPBA.

Due to equal reactivity of the terminal bonds the reaction system can be described by two
rate constants kg and kT, respectively. As several terminal double bonds are available, the
rate constants are multiplied with a factor resembling the possibility of the reaction. The

pre-exponential factors and activation energies are listed in Table 5.6.

Table 5.6: Pre-exponential factor and activation energy of the epoxidation rate constants for
ring and terminal bound double bonds, kg and k1 [69].

ko, in L/(mols) Ep ; in kJ/mol

kr 2.15-107 59.82
kr 1.81-107 65.57

To evaluate the progress of epoxidation and get a characteristic property of the epoxy, the
oxirane oxygen content OOC is calculated. The parameter describes the molar content
of oxygen atoms bound in epoxy functional groups in ratio to the total molar mass.
Additionally, a relative oxirane oxygen content 1) can be defined, which is scaled to 1
and can be used to track the progress of epoxidation. Details on calculation of OOC and

7N are given in the Supplementary Information.
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5.2.4 Process Model

5.2.4.1 Process Design

The process is designed closely to the laboratory procedures. Some process units are
replaced with more industrially feasible operations. Since production capacities in the
experimental setups are on a gram or milligram scale, no up scaling in size or operation
mode has been implemented yet. The described process should demonstrate one possible
and viable route to produce the epoxy EGCHC on an industrial scale. The gained insights
of the system and the results of the implemented process simulation should pave the way
towards decisions on a scale-up. The production process of EGCHC is separated into three
sections which consist of the three main reaction steps 1-3 illustrated in Figure 5.1. The
complete simulation is based on a constant allyl sorbate mass flow of 100kg/h. Based
on this feed rate, all other input streams are sized with respective design specifications
derived from laboratory experience. The postulated process is drawn schematically in
Figure 5.6. Process modeling is performed with Aspen Plus® V12 (38.0.0.380).

Results and optimizations are based on the typical chemical reaction data, conversion X,
yield Y;, and selectivity S; which are calculated based on the continuous process flow
scheme. Therefore, mole flows 7; are taken directly from the stream results to get con-

version, yield, and sensitivity data, as shown in Equation 5.4—Equation 5.6, respectively.

Aj in— i out
X; = l,ll‘l‘ i,ou (5.4)
njin
Y; = l,OLT iin | Yj (5.5)
Njin Vi
’}l.’o t_,}l. . V;
S = 'z u : iin | V) (5.6)
njin—"jout | Vi

In the first upstream section, allyl sorbate reacts with maleic anhydride to give the Diels-
Alder product AHIBC. Toluene is used as the solvent. The feed rate of maleic anhydride
is set to achieve a molar ratio of 1.02 mol/mol, in accordance with laboratory experience.
Similarly, the molar fraction of allyl sorbate in the stream is set to 0.15 by varying
the toluene make-up flow, accounting for the recycle streams. The reaction mixture is
preheated and then fed to the reactor. A plug flow reactor is chosen for the liquid-liquid
reaction. Industrial applications of Diels-Alder reactions with maleic anhydride as the
dienophile comprise the synthesis of tetrahydrophthalic anhydride (THPA) or methyl
tetrahydrophthalic anhydride (MTHPA). The diene is butadiene or isoprene, respectively
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AS—
Diels-Alder
MA— DS Heat Reactor
TOL—

<
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Reactive
LS Distillation

Water

g Distillation

4T Bottom
AA

TACHC
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Epoxidation
Reactor
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I
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Figure 5.6: Proposed production of EGCHC using a three step cascade reaction starting
from allyl sorbate. Section 1: Production of AHIBC, blue. Section 2: TACHC production,
green. Section 3: EGCHC production, orange.
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[172]. The cycloaddition of maleic anhydride and butadiene is continuously performed
in a gas-liquid reactor, where butadiene is vaporized prior to injection [173]. The product
THPA is separated by crystallization [174, 175]. MTHPA is synthesized in a liquid reactor
in batch or continuously with product purification in a thin film evaporator to recover
isoprene [176]. Similarly, after passing through the reactor, the mixture is decompressed,
which enables partial vaporization of toluene. Thus, a fraction of the solvent is removed in
an adiabatic flash to reduce the energy consumption of the crystallizer. The remaining liq-
uid stream is transferred to a crystallizer, where solid AHIBC is separated from the resid-
ual solvent and educts. Both solvent rich streams are recycled and mixed with the feed
stream. Afterwards, AHIBC enters the second process section, where it is first dissolved
in recycle and make-up allyl alcohol to achieve a molar fraction of 0.1. The preheated
liquid stream 1is fed to a reactive distillation unit, which enables a quick separation of
the condensation product together with allyl alcohol at the head. The reactive distillation
section implies a homogeneous catalyzed reaction with sulfuric acid. Industrially relevant
are normally catalytic packings using ion-exchange materials which act as an acid catalyst
due to the corrosive nature of sulfuric acid [177]. Though, there are some references
demonstrating a successful application of the mineral acid in a reactive distillation unit
[178-180]. As only small fractions of sulfuric acid are required, the component is ne-
glected in the process section. Nevertheless, the kinetic constants already incorporate the
acid catalyst and thus are applied as listed in Table 5.5. In preliminary studies, it has been
shown that the mineral acid concentration remains fairly constant over the reactive section
confirming the lumped kinetic approach. It is conceivable to represent the consecutive
reaction from the intermediates Ila and IIb towards TACHC using chemical equilibrium
rather than explicit rate expressions for the forward and backward reactions. However,
the formation of the intermediates requires an irreversible reaction that still needs to be
taken into account, resulting in a minimal computational benefit. Consequently, the kinetic
model derived for the reaction network depicted in Figure 5.4 is applied as presented [69].
The allylation product TACHC exits at the bottom of the column and is further purified
in a flash drum. A side stream is drawn from the reactive column, which consists of
nearly pure allyl alcohol and is mixed together with the vapor phase of the flash drum.
The distillate is made up of a mixture of allyl alcohol and water which forms a minimum
azeotrope depicted in Figure 5.3. In general, to overcome the azeotropic point, special
techniques are applied such as extractive distillation [181-183], azeotropic distillation
[184—-186] or pressure-swing distillation [187—-189]. For the separation of an aqueous allyl
alcohol solution extractive distillation [190], eutectic solvents [191] or phase splitting
by salt addition [192] are possible methods. Extractive distillation is selected using N-
methyl-2-pyrrolidone in a molar ratio of 5.9 as an entrainer as it shows promising results
for that mixture [190]. The recovered allyl alcohol is then mixed with the recycle stream

and added to the feed. In the last process section (reaction 3), TACHC is epoxidized to the
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final product EGCHC. Thus, TACHC is mixed with mCPBA and the solvent DCM and
fed to a reactor after heating to reaction conditions. The epoxidation reaction is carried out
according to experimental works using mCPBA with a 2 % molar excess per double bond.
In an industrial scale, the handling of the peracid is complicated due to safety reasons, i.e.,
fast decomposition at elevated temperatures in different solvents [193, 194]. A stable op-
eration can be achieved in methylene chloride [193]. Nevertheless, even though the onset
decomposition temperature of solid mCPBA is 89 °C [195], Zhang et al. recommend oper-
ation temperatures below 56 °C for mCPBA in DCM at a concentration of 1.1 g/mL [196].
As epoxidation reaction rates for alkenes are low, increased temperatures are favorable
[197]. Thus, temperatures up to 90 °C are suggested by using radical inhibitors for stable
operation [194]. Due to these concerns, mCPBA is often replaced by hydrogen peroxide
as an oxidizing agents together with metallic catalysts [52-54], enzymes [57-59] or small
chain carboxylic acids [55, 56]. The latter method is commercially applied in, e.g., the
production of epoxidized soybean oil acting as a stabilizer in polyvinlyl chloride [56, 198,
199]. Nonetheless, taking the safety recommendation into consideration, the epoxidation
method with mCPBA is a viable option for this process. Furthermore, the route using
mCPBA 1is advantageous due to the simple removal of the precipitating mCBA which
is less soluble in DCM than the peracid [51]. Additionally, the reaction is backed by a
reaction model, with kinetic data regressed specifically for the conversion of TACHC that
is not available for other epoxidation methods. Moreover, different oxidizing agents have
already been tested and were found to be unsuccessful in epoxidizing the terminal double
bonds in TACHC [61]. Further downstream, a decompression vaporizes some of the DCM
that reduces the amount of liquid processed in the second crystallizer. As residual mCPBA
and especially mCBA solidify at low temperatures, an accurate separation of the oxidizing
agents is achieved in a downstream solid filter. Lastly, the permeate is flashed again to
effectively remove the remaining solvent fractions, and the epoxy EGCHC is received as

the retentate.

5.2.4.2 Economic Evaluation

To evaluate the feasibility of the production of the postulated novel epoxy molecule,
the total annual cost TAC which is based on the total operating cost TOC and the total
capital investment 7CI is calculated. The determination of the TAC should enable the
rough comparison between commercially available standard epoxy (DGEBA) and special
products with increased bio-based content. The TAC can be calculated from Equation 5.7,
where p is the payback time.

TCI
TAC = — +TOC (5.7)

p
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Table 5.7: Raw material prices.

component price unit ref.
allyl alcohol 220 $/kg [200]
allyl sorbate?® 3.40 $/kg [200, 201]
DCM 0.60 $/kg S [202]
maleic anhydride 1.80 $/kg [203]
mCPBA 36.00 $/kg [204]
N-methyl-2-pyrrolidone  4.30 $/kg [205]
toluene 0.77 $/kg [206]

4price computed from sorbic acid and allyl alcohol price.

The investment costs comprise mainly the equipment costs of the process units and
their installation costs and are therefore a fixed number within a given process design.
The total operating costs consist mainly of the utility and raw material usage, labor, and
maintenance. For details and further reading on techno-economic analyses of chemical
processes, more in-depth literature review is recommended [105, 108]. The costs for
utility, labor and maintenance, and the total capital investment are estimated by Aspen
Process Economic Analyzer® (APEA-V12) which is used for the techno-economic eval-
uation. Equipment costs are estimated from APEA applying a first quarter 2019 pricing
basis (CEPCI 618.7). Raw material prices are taken from literature and market references
and listed in Table 5.7. Waste water treatment is implemented with a stream price of
0.1 $/kg. Prices for mCPBA in a large scale are harder to obtain and therefore taken from
respective online pages [204]. Utilities used in the process are displayed, together with the
corresponding prices, in Table 5.8. The costs and properties are directly taken from APEA.
As data for TAC are unavailable for competitor epoxy production processes, a comparison
of product prices is performed. Thus, with a given payback period and a desired rate of
return, the target price for EGCHC is estimated and compared with available prices for
commercial epoxy materials. The payback times is set to 5 years and the rate of return to
20 %. Setting a short payback time copes with unpredictable risks and costs not coverable
here, e.g., piping and site preparation [107].

Table 5.8: Utility prices taken from APEA (2019).

utlility price  unit
electricity 0.0775 $/kWh
cooling water 0.0317 $/m>
low pressure steam (6.90 bar) 17.91 $/it

medium pressure steam (11.35bar) 21.48 $/t
high pressure steam (27.60 bar) 25.77 $/t
refrigerant (freon 12) 0.17 $/t
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5.3 Results and Discussion

Process Model

As mentioned before, the results for the EGCHC production process are structured in
the three main process sections: Diels-Alder reaction (reaction 1), allylation (reaction 2),
and epoxidation (reaction 3). In addition to the whole process, each part is individually
evaluated. The process flowchart is depicted in Figure 5.7. A complete overview of the
equipment is given in the Supporting Information in Table 5.13. The stream results are
listed for each section in Table 5.16, Table 5.17 and Table 5.18 Stream splitters are
employed to enhance convergence by purging 5 % of the recycle loops. This enables a

higher stability and robustness of simulating the complex flowsheet with several recycle
streams. The quantity of the respective purge streams S-116, S-213, S-218, and S-319

together with their composition can be retrieved from the stream results summary in
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Figure 5.7: Flowsheet of the production of EGCHC with unit operations, streams and
indication of process sections.
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Diels-Alder

The feed stream consisting of allyl sorbate, maleic anhydride, and toluene and the recycle
stream are preheated to a reaction temperature 7= 90°C in a heater H101. The reaction
is performed in a multitubular plug flow reactor due to the exothermic character of the
Diels-Alder reaction which is operated isothermally (A:H? = -185.5kJ/mol). Thus, a
large heat-transfer area is required to effectively cool the reactor and avoid any hotspots.
An industrial typical sizing is applied to the reactor, which consists of 3000 tubes with
a standard diameter of 1 inch [207]. The reaction volume, i.e., length, is chosen by
performing a sensitivity study of the geometry versus allyl sorbate conversion, which
is illustrated in Figure 5.8a. The conversion is determined at the outlet of R101. For an
acceptable conversion of X > 90%, a reactor length of 4 m is chosen. The profiles of
the molar fraction of the reactants and product are shown in Figure 5.8b. As the Diels-
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= 061 . :
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(a) Conversion of allyl sorbate for varying lengths (b) Molar composition profile in R101. 7=90°C,
of multitubuluar reactor R101. L=4m, xpg i, =0.15.

Figure 5.8: Sensitivity study of reactor tube length and resulting molar fraction profile for
L =4m in reactor R101.

Alder product AHIBC is collected in a solid form from the crystallization operation, the
liquid stream needs to be cooled down. To reduce the required duty in C101, the reaction
mixture is throttled down to 100 mbar so that a fraction of the solvent vaporizes, which
can then be separated in the adiabatic flash drum F101. The still solvent-rich liquid phase
exits the flash drum, is pressurized, and is then cooled down to 0 °C before entering the
crystallizer C101. The unit operation is sized by using solubility data of the Diels-Alder
product estimated from laboratory experiments. The data are shown in the Supplementary
Information section in Table 5.11. Here, only the Diels-Alder product solidifies out of the
organic phase and can be removed from the liquid stream in the filter FIL101. Residual
educts and solvent are recycled to M101 and used to pre-cool the liquid stream to the
crystallizer. AHIBC is achieved with a product mass flow of 163.6 kg/h.
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Allylation

The design parameter of the reactive distillation unit D201-R are summarized in Table 5.9.
The column is split into two sections with packings as column internals. The bottom part
up to feed stage 14 represents the reactive section. As no commercial catalytic packing is
available in Aspen Plus, and in this case sulfuric acid is used, a ceramic packing type
is applied. If sulfuric acid is explicitly added to the process, it would likely exit the
column through the bottom, resulting in a slight dilution of the stream. To achieve the
specified product purity, the reboiler duty would need to be increased, leading to a slightly
higher bottom temperature than reported in Table 5.9. The residence time is kept short at
60s. The section height and diameter are 1.2 m and 0.3 m, respectively. The theoretical
stages up to the condenser act as the rectification part. Here, the solvent and the reactant
allyl alcohol and the condensation product water are separated from the heavy boiling
components AHIBC, TACHC, and the reaction intermediates. A side stream exits the
column at stage 13 benefiting from nearly pure allyl alcohol which can be obtained here.
Additionally, the condenser duty is effectively reduced due to the reflux being simulated
by total condensation. Due to a decreased liquid flow rate in the upper part of the column,
a smaller diameter is chosen to comply with the column hydraulics. The resulting section

packed height and diameter are 2.4 m and 0.2 m, respectively.

Table 5.9: Design parameter of the reactive distillation column D201-R.

parameter value comment
R 2.0mol/mol molar reflux ratio
Nstages 20 number of stages
Nfeed 14 feed stage number
Hside 13 side draw stage number
XB 0.8 bottom specified TACHC molar purity
113 150kg/h  specified side mass flow
H 3.6m total column height
PH 1.0 bar head pressure
TH? 89.9°C condenser temperature
g? 149.4°C  boiler temperature

dcalculated values from set design specifications.

Different sensitivity studies are performed to adjust the reflux ratio and molar product
purity as a function of the side mass flow. The results are summarized in Figure 5.9.
Figure 5.9a illustrates the effect of side mass flow and reflux ratio on the condenser duty
Q. As expected, a higher back flow from the condenser increases the duty required to
liquefy the vapor exiting the column head. Furthermore, the heat duty decreases linearly
with the side mass flow. As more liquid is drawn from the middle section of the column,

less vapor reaches the condenser. This effect coupled with a higher reflux leads to steeper
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Figure 5.9: Sensitivity studies for reactive distillation column D201-R. Varying of reflux
ratio R, side mass flow rate riz;3 and bottom molar purity specification xg.

slopes for the heat duty curves. Hence, e.g., increasing the side mass flow from 50 kg/h to
100kg/h for R = 3.0 reduces the needed heat duty by 21 %. Taking only Figure 5.9a into
consideration, the optimization result would lead to decreasing the reflux ratio as far as
possible while maintaining a maximum side mass flow rate. It needs to be mentioned that
missing data points in all charts stem from infeasible operation points in which too much
liquid is extracted leading to a dry up of theoretical stages. Including the results from
Figure 5.9b, it can be shown that an inverse trend for choosing an optimal reflux ratio is
seen. The purity of allyl alcohol wa A 13 in the side stream decreases with increasing side
mass flow. Additionally, the purity benefits from higher values of R as more water exits
the column through the condenser. Figure 5.9c indicates the development of selectivity of
the allylation reaction towards the product TACHC. Here, the specified bottoms purity is
altered while keeping the reflux ratio constant. The selectivity drops for large mass flows
and lower set points of xg. Both effects are negligible for low 7113 and only become
relevant for high mass flows whereby in absolute terms the impact is less than 1 %.

Different aspects are the cause of the selectivity development. As the specified molar
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Figure 5.10: Sensitivity of flash drum F201. p = 0.1 bar.

fraction is increased, the temperature rises in the column which is also illustrated in
Figure 5.9d. Hence, the reaction proceeds at an enhanced rate and less intermediates flow
out of the bottom section of the column due to the constant residence time specification.
Even though the molar fraction of TACHC is maintained by design specification, the mass
fraction of TACHC decreases at high riz. Due to the less extent of allyl alcohol, the reaction
proceeds slower and produces more intermediates when large amounts are drawn out of
stage 13. While a selectivity increase seems beneficial, Figure 5.9d illustrates that the
required bottoms temperature of the column rises drastically for xg > 0.8. Combining all
results and taking the various influence variables into consideration, the varied parameters
are set to the values stated in Table 5.9.

The allyl alcohol side stream is combined with the condensed vapor of flash F201 in
the mixer M202. Water is separated from the distillate of column D201-R by using
the entrainer NMP. In the first extraction column nearly pure allyl alcohol exits at the
condenser, while water and the entrainer are fed to a second distillation column separat-
ing the mixture. Afterwards, NMP is recycled back to the extraction section. For better
convergence, small stream fractions are purged. Losses are compensated by an entrainer
make-up stream. Process parameters are adapted from the literature and summarized in
Table 5.14 and Table 5.15 [190]. As water is formed as a condensation product, the

amounts to be processed are in a limited range. Therefore, even though a high amount
of entrainer of 5.9 mol/mol is proposed by the authors, the purification of allyl alcohol
by extractive distillation shows good results due to the small water contents. The allyl
alcohol distillate from D202 is mixed with the recycle stream and reused in the feed of
the reactive distillation with a combined purity of waa =0.99.

The crude TACHC stream enters the flash drum F201 where the remaining allyl alcohol
is vaporized under a vacuum and at elevated temperature. Figure 5.10 illustrates the mass
fraction of TACHC in the outlet liquid stream of flash drum F201 as a function of temper-
ature. Additionally, the required heat duty is plotted on the secondary axis. The sensitivity
study shows that a purity > 99 wt—% is achieved at 130 °C. As the bottom temperature for
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the specified molar purity xg = 0.8 is 149 °C, the curve illustrating the required heat duty
of the flash drum crosses zero around that temperature. Thus, depending on the chosen
operation temperature, cooling or heating is required. As the development of the purity
flattens off for high temperatures, 160 °C is selected yielding a TACHC mass fraction
of wrachHc = 0.995. The heat of the TACHC stream is used to partially pre-heat the

epoxidation feed stream.

Epoxidation

The last reaction step 3 introduces four oxirane functionalities which enables the epoxy
to build a cross-linked network. To increase the reaction rate and thus reduce the reactor
volume the mixture of components is heated to 70 °C. As the atmospheric boiling point
of DCM is below 40 °C the pressure is increased to 4 bar. The mass flow of mCPBA is
set by a stoichiometric excess of 1.02 per double bond leads to a mass concentration of
0.35g/mL which is below 1.1 g/mL [196]. Hence, the chosen process parameters ensure
both fast reaction and safe mode of operation regarding the handling of mCPBA. To
further enhance safety, a multitubular reactor similar to R101 was chosen. The reactor
geometry ensures high thermal controllability due to the increased heat transfer area. For
a proper sizing of the plug flow reactor a sensitivity is performed. The results are displayed

in Figure 5.11a and Figure 5.11b.
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(a) Relative oxirane oxygen content 1 and (b) Molar composition profiles in R301. 7'=70°C,
EGCHC yield Yggcghc at reactor R301 outlet. L=3m, xtacHc,in = 0.05.

Figure 5.11: Sensitivity study of tube length and resulting profile of molar fractions in
reactor R301.

The important product properties are based on number of epoxy groups or oxirane oxygen
content OOC. As the epoxidation of EGCHC comprises several intermediates a complete

production towards the desired epoxy may not be feasible. To effectively form a network
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the number of functional groups should extend two as commonly used hardeners provide
a bi-functionality. The kinetic model employed allows a direct calculation of the compo-
sition at any reactor length and thus, a determination of the characteristic oxirane oxygen
content. In Figure 5.11a the yield of product EGCHC and the relative oxirane oxygen
content 1 are calculated for different tube lengths of reactor R301. A small increase in
reaction volume leads to a steep curve of both values. Thus, a reactor length of 3m is
chosen, resulting in a yield of ¥ = 95.8% and relative oxirane number of 1 = 99.1 %.
Figure 5.11b displays the profiles of the reactants (cf. Figure 5.5) for the given design
specifications. The educt TACHC is rapidly converted. As expected by the reaction mech-
anism and the magnitude of the rate constants, the reaction proceeds mainly through the
upper route drawn in Figure 5.5. The initial epoxidation of a terminal double bond is only
slightly pronounced. The subsequent conversion of another terminal bond is negligible.
After around 1 m the only remaining intermediate is RTT which slowly reacts due to the
decreasing amount of mCPBA and low reactivity of the terminal double bond. The exiting
reaction mixture consists of EGCHC and RTT with an average number of functional
groups of 3.96. The crystallizer C301 operates at a temperature of 0 °C and is sized by
the solid formation computed with the equilibrium constant derived from the physical
property system using the Gibbs free energies. A large waste stream of 71 = 418kg/h
consisting of residual m-chloroperbenzoic acid and formed m-chlorobenzoic acid exits the
the solid filter FIL301. The consumed peroxy acid can be recycled and thus reused in the
process. In general, 3-chlorobenzoic acid is transformed to 3-chlorobenzyl chloride using
thionyl chloride [208, 209]. The latter is an industrial common intermediate in medicine
for certain drugs or agriculture for herbicides [210, 211]. Also, m-chlorobenzyl chloride
is the starting material for mCBPA production [212], which then closes the cycle. The
required steps, chemicals and recylce loop are not implemented in the postulated process,
which is out the scope of the present publication. Still, it is noted that with the effort and
costs of reconditioning, a circular economy for mCBPA can be achieved. Thus, taking
the yields of 91 % for m-chlorobenzyl chloride [209] and 90.6 % for m-chloroperbenzoic
acid [212] production into consideration the feed stream of mCBPA shrinks to a make-up
stream of ri = 83.9kg/h.

The purification of the EGCHC product stream is done by vacuum evaporation realized
in a flash drum. To determine the operating conditions of the flash drum Figure 5.12
shows the mass fraction of DCM in the product stream. A sensitivity study is performed
to evaluate the influence of temperature and pressure on the purity and residual DCM
content in the epoxy product stream. To achieve a DCM content of less than 0.1 wt-%
the pressure needs to be smaller than 0.05 bar. To keep temperatures in a limited range a
pressure of 10 mbar and a temperature of 120 °C is chosen, leading to a product mixture
concentration of > 99.9wt—%. Mixture contents are mainly EGCHC (95.9wt—%) and
epoxidation intermediate RTT (4.0 wt—%).
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Figure 5.12: Parametric sensitivity of pressure and temperature in flash drum F302 on the
purity of DCM in the liquid stream. Target purity of 0.1 wt-% indicated with dashed line.

The product purification realized here by a flash drum in Aspen Plus can industrially be
implemented using thin film evaporators to effectively remove the solvent and protect the
product EGCHC from degeneration. Thin film or wiped-film evaporators are often applied
in industry if unstable and temperature sensitive compounds, e.g. for the purification of

caprolactam [213-215] or cases where highly viscous components are processed [216,

217) -

Economic Evaluation

To estimate the competitiveness of EGCHC, a techno-economic analysis is performed. As
the study introduces a conceptual design study of the chemical process, the estimation of
costs can only be made with reasonable accuracy. This is due to not only the early stage
in planning but also the estimation of raw material costs, which are subject to most un-
certainty. Nevertheless, the results should give a ballpark figure to compare EGCHC with
available commercial epoxy resins. A summary of the economics of the process is given
in Table 5.19 in the Supporting Information. While a comprehensive economic analysis
is not the primary focus of this study, some preliminary insights into the economics of
the proposed process are provided. The allylation section accounts for approximately
45 % of the total installed equipment costs for the majority of the capital costs. The
reason is the set-up of three distillation units which include a complex reactive distillation
column. Utility costs are split mainly between reaction steps 2 and 3 associated with the
reactive distillation and crystallization, respectively. Raw material costs are largely driven
by the mCPBA price. As mentioned in the Process Design section, a shift away from
mCPBA could improve the process economics resulting in lower raw material costs and
possibly cheaper purification techniques. However, alternative epoxidation agents have

not achieved comparable yields in laboratory experiments, leading to their exclusion from
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Table 5.10: Comparison of EGCHC price from TEA and commercial prices of epoxy
resins. Selection of available bio-based epoxy resins together with their bio-based content
and composition information from MSDS [218-220].

component bio-based content BPA-free  price unit ref.
EGCHC? <68% Yes 83.0 $/kg -
EGCHCP < 68% Yes 215 $kg -
DGEBA 0% No 22 $/kg [114]
phenol epoxy novolac 0% Yes/No© 4.8 $/kg [114]
phenoxy resins 0% No 11-17 $/kg [114]
Entropy Resins® One <29% No 36 $/kg [221]
Sicomin® Greenpoxy 56 <56% No 35 $/kg [222]
Resoltech® ECO 1070 <31% No 21 $/kg [223]

4no recycle economy for oxidizing agent.
bwith recycle economy for mCBPA.
“novolacs cover a class of epoxy which can depend on BPA.

the current process design. Therefore, the presented route is the basis for the reported
economics. As it has been shown in the process results section, a waste stream containing
mCBA leaves the plant which could be re-processed to close the cycle of the oxidizing
agent and thus, reduce the make-up stream of mCPBA. To incorporate this in the techno-
economic analysis, the raw material price is set to 7.2 $/kg, representing 20 % of the
original market price.

Table 5.10 indicates the resulting price for EGCHC from the TEA using the Aspen Eco-
nomic Evaluation Analyzer together with market prices for different epoxy resins. Prices
for commercial bio-based resins were taken from the manufacturers Web sites or direct
quotations and should enable a basis for rough comparison. Additionally, the maximum
bio-based content is listed together with the information, whether BPA is included in the
composition of the resin. Values are taken from the respective material safety data sheets
(MSDS) [218-220]. Clearly, bisphenol-A-diglycidylether (DGEBA) shows the lowest
price as it stems from rather simple production processes and mostly relies on crude-oil
prices. The resulting EGCHC price is not competitive compared to DGEBA but abstains
from BPA usage. Furthermore, the high bio-based content of < 68 % puts it in a different
market segment. Comparing EGCHC with other listed bio-based epoxy resins, which
are commercially available, showcases that EGCHC with a closed mCPBA recycle would
indeed be competitive in the high pricing segment of bio-based resins with a product price
of 21.5 $/kg. Also, eliminating the use of BPA allows EGCHC to have a unique selling
point, further increasing its competitiveness. Therefore, the rough estimation of EGCHC

prices should enable us to decide on proceeding investigations on the novel molecule.
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5.4 Conclusion

In this study we could successfully show the implementation of the process for the pro-
duction of a sustainable epoxy based on allyl sorbate and maleic anhydride. The process
is divided into three main sections, resembling the conversion steps from allyl sorbate to
EGCHC. The continuous process uses plug flow reactors for the Diels-Alder reaction and
the epoxidation step. The allylation is performed in a reactive distillation. The reactors
are simulated with available kinetic data. Separation steps are designed with applicable
physical properties regressed or estimated for the specific use case. Each of the main pro-
cess sections is coupled to build a complete plant scheme for the production of EGCHC.
Thus, a holistic view emerges starting from the synthesis description in the laboratory
[61] towards the kinetic modeling of the crucial reaction steps [69] leading to the process
simulation presented here. Hence, in a short matter of time, an initial process flowsheet of
the production of a novel compound could be employed. Additionally, a techno-economic
analysis is performed that estimates the price for EGCHC from the process specifications.
The results show the competitiveness of the novel epoxy in the rising market of bio-based
epoxies and BPA-free materials and enable us to decide on further research.

Even though a complete process scheme could be drawn showing promising results for
the production of EGCHC, the proposed flowsheet is open for further optimizations. A
rigorous heat integration and sizing of heat exchangers are identified as one of the crucial
next steps to further reduce energy consumption. Moreover, exchanging the epoxidation
method could provide viable alternatives that increase the industrial relevance of the com-
plete process. The energy intensive crystallizer and the reactant mCPBA could therefore
be replaced. In that case, kinetic data for the epoxidation step must be gathered to facilitate
accurate process simulation. Furthermore, experiments in laboratory and pilot scales are
necessary to continue investigations and perform more accurate techno-economic analy-

SES.

Supplementary Material

Component Structure Overview

This section provides an overview of the structures of the components present in the
process simulation of EGCHC starting from the Diels-Alder product of allyl sorbate
and maleic anhydride. Accordingly, educts, intermediates and products are shown and

their respective description of UNIFAC groups is tabulated. The group numbering in
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Table 5.11 is done in coherence with the documentation of the used software Aspen Plus
and displayed in Table 5.12. Group numbers for each molecule are sorted in increasing
order. Additionally, the chemical formula and structure are given together with their
respective [IUPAC names. The abbreviations listed are in accordance to the component
names used in the process flowsheet.

It is to be noted that the displayed structures and names for the molecules RT, RTT, T and
TT illustrate one possibility. For example, component T defined by the chemical formula
C9H407 and listed UNIFAC groups in Table 5.11 has an epoxy group which stems from
a terminal double bond. Though, the group contribution method can not distinguish the
location of the oxirane oxygen as three possibilities exist. Thus, the model treats these
components equally. A more detailed analysis can not be derived from the present data,

as only double bond conversions of type 'ring’ and "terminal’ are reported by evaluation
of the 'H-NMR.
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Table 5.11: Components estimated with UNIFAC group contribution method. List of
names, structures and their respective group description.

Abb. Formula Structure Name

Group Number
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Table 5.11: Components estimated with UNIFAC group contribution method. List of
names, structures and their respective group description (continued).

Abb. Formula Structure Name

Group Number
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Table 5.11: Components estimated with UNIFAC group contribution method. List of
names, structures and their respective group description (continued).

Abb. Formula Structure Name Group Number
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Table 5.11: Components estimated with UNIFAC group contribution method. List of
names, structures and their respective group description (continued).

Abb. Formula Structure

Name

Group Number
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5.4 Conclusion

Table 5.12 lists all used UNIFAC groups with the respective group number and descrip-
tion. The individual groups are assigned to main groups which define the to be applied

interaction parameters.

Table 5.12: UNIFAC group numbering and description.

Group Main Group Symbol Description
1005 CH
1010 1 CH2 alkane
1015 CH3
}82(5) 2 gg;gélz alpha-olefin group
1955 20 COOH acid
3300 41 COO acrylate
3900 53 CH20CH epoxide
3910 CHOCH
5000 54 0=COC=0 anhydride

Oxirane Oxygen Content

The oxirane oxygen content OOC refers to the bound oxygen atoms in an epoxy functional
group within a molecule. It is defined as the molecular mass all oxirane oxygens n- Mg
divided by the molecular mass of the component M:

n-MO

00C =
M

(5.8)
If several oxirane functionalities can be formed within a synthesis process, often a relative

oxirane oxygen content is calculated, as shown in Equation 5.9.

_ oocC
"~ 00Cy,

n (5.9)
The content of epoxy groups is normalized with the theoretical maximum value. For the
epoxy EGCHC, a maximum of four epoxy groups can be formed leading to OOCy, =
0.155. Thus, a dimensionless number 11 can be defined which depicts the progress of
epoxidation.
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Solubility of AHIBC

The solubility of the Diels-Alder product (AHIBC) in toluene was determined in the
laboratory at three temperatures, each measured three times. 2 mL of toluene were put
in a screwed cap vessel and agitated using a magnetic stirrer. AHIBC was added in small
portions and left for several hours to assure complete solution of the solids. In Figure 5.13
the solubility of AHIBC in toluene at 25 °C, 35 °C and 50 °C is shown.
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Figure 5.13: Solubility of AHIBC in toluene at different temperatures.
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Equipment Overview

A complete list of unit operation models is given in Table 5.13.

Table 5.13: Equipment summary of the complete process scheme. Indicated temperatures
and pressures are at the outlet.

Name Equipment T/°C p/bar
C101 Crystallizer 0 1.0
C301 Crystallizer 0 1.0
D201-R Reactive distillation column 1492 1.0
D202 Distillation column 1462 1.0
D203 Distillation column 2042 1.0
F101 Flash drum 50 0.1
F201 Flash drum 160 0.1
F301 Flash drum 49 1.0
F302 Flash drum 120 0.1
FIL101  Flash drum 0 1.0
FIL301 Flash drum 0 1.0
H101 Heat exchanger 90 1.0
H102 Heat exchanger 45 0.1
HX103 Heat exchanger 30P 1.0
H104 Heat exchanger 0 1.0
HI105 Heat exchanger 25 1.0
H201 Heat exchanger 80 1.0
H202 Heat exchanger 44 0.1
H301 Heat exchanger 70 4.0
H302 Heat exchanger 100 1.0
H303 Heat exchanger 38 1.0
H304 Heat exchanger 38 1.0
H305 Heat exchanger 30 1.0
M101 Mixer 30 1.0
M102 Mixer 33 1.0
M201 Mixer 70 1.0
M202 Mixer 95 1.0
M203 Mixer 196 1.0
M204 Mixer 96 1.0
M301 Mixer 50 1.0
M302 Mixer 109 1.0

4 Bottom temperature.

b Hot stream outlet temperature.
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Table 5.13: Equipment summary of the complete process scheme. Indicated temperatures
and pressures are at the outlet (continued).

Name Equipment T/°C p/bar
P101  Pump 50 1.0
P102  Pump 45 1.0
P201  Pump 160 1.0
P202  Pump 44 1.0
P301  Pump 50 4.0
P302  Pump 120 1.0

R101  Multitubular reactor 90 1.0
R301 Multitubular reactor 70 4.0

S101  Splitter 33 1.0
S201  Splitter 204 1.0
S202  Splitter 96 1.0
S301  Splitter 38 1.0
V101 Valve 50 0.1
V301 Valve 49 1.0

The specifications of process units D202 and D203 are shortly discussed. The separation
of allyl alcohol and water is known in literature [190-192]. Thus, a literature study was
conducted to apply a published described separation technique. An extraction process
using N-methyl-2-pyrrolidone (NMP) was chosen which uses two columns to extract
water from the mixture achieving first pure allyl alcohol over head and then separating
the remaining water/NMP mixture in a second distillation unit [190]. As the study lacked
information about the process parameters of the columns and only showed results of
observed stream purities, a reproduction was only partially possible. With the set property
model used in the current simulation the first distillation column could not be sized
successfully. As the scope of the presented study is not on the separation of the allyl
alcohol/water mixture and due to the lack of data from the cited reference, the first
distillation column was simplified by employing a separation block. To address this
limitation, it was ensured that the temperatures in the condenser and reboiler of the
simplified separation block accurately reflected the conditions reported in the reference.
The design parameters are listed in Table 5.14.

100



5.4 Conclusion

Table 5.14: Design parameter of the distillation column D202.

parameter \ value  comment

XD 0.999  distillate specified AA molar purity
H 3.66m total column height

PH 1 bar pressure

TH? 96.6 °C  condenser temperature

g? 146.2°C boiler temperature

4values calculated from flashing stream compositions.

For column D203, the separation of water and N-methyl-2-pyrrolidone with the specified
purity of xg =0.9999 could be achieved. All design parameter and resulting temperatures

are summarized in Table 5.15.

Table 5.15: Design parameter of the distillation column D203.

parameter \ value comment
R 1.5mol/mol molar reflux ratio
Ngtages 15 number of stages
Rfeed 7 feed stage number
XB 0.9999 bottom specified NMP molar purity
H 152m total column height
PH 1 bar head pressure
TH? 99.1°C condenser temperature
g2 203.6°C  boiler temperature

4calculated values from set design specifications.
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Stream Results

Table 5.16, Table 5.17 and Table 5.18 list the stream results for the process separated in
each process section. Stream names can be extracted from Figure 5.7. Components are

only listed if they show a mass fraction w; > 1 - 1073.

Table 5.16: Stream results of the Diels-Alder section.

n; / m; | T/ p/ w; /-

Name

kmol/h  kg/h °C bar AS MA TOLUENE AHIBC
ALLYSORB 0.66 100.00 25.00 1.00 1 0 0 0
MALEIC 0.66 6450 25.00 1.00 0 1 0 0
TOL-MU 0.17 15.50 25.00 1.00 0 0 1 0
DCMMU 0.48 40.56 25.00 1.00 0 0 0 0
S-101 4.83 492.68 30.28 1.00 0.224 0.147 0.629 0.000
S-102 483 492.68 90.00 1.00 0.224 0.147 0.629 0.000
S-103 4.17 492.68 90.00 1.00 0.022 0.017 0.629 0.332
S-104 4.17 492.68 4998 0.10 0.022 0.017 0.629 0.332
S-105 3.30 412.25 4998 0.10 0.026 0.020 0.557 0.397
S-106 3.30 412.25 50.17 1.00 0.026 0.020 0.557 0.397
S-107 3.30 412.25 30.17 1.00 0.026 0.020 0.557 0.397
S-108 330 412.26 0.00 1.00 0.026 0.020 0.557 0.397
S-109 3.30 412.26 0.00 1.00 0.026 0.020 0.557 0.397
S-110 0.65 163.55 0.00 1.00 0 0 0 0
S-111 0.87 8043 4998 0.10 0.001 0.001 0.998 0.000
S-112 0.87 8043 4533 0.10 0.001 0.001 0.998 0.000
S-113 0.87 80.43 4549 1.00 0.001 0.001 0.998 0.000
S-114 3.52 329.14 33.18 1.00 0.033 0.025 0.942 0.000
S-115 3.34 312.68 33.18 1.00 0.033 0.025 0.942 0.000
S-116 0.18 1646 33.18 1.00 0.033 0.025 0.942 0.000
S-117 2.65 24871 0.00 1.00 0.043 0.033 0.924 0
S-118 2.65 24871 29.16 1.00 0.043 0.033 0.924 0
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Table 5.17: Stream results of the Allylation section.

Name n; / m; | T/ p/ wi /-

kmol/h  kg/h °C bar AA H20 AHIBC IIA [IB  TACHC NMPYR
AHIBC 0.65 163.55 25.00 1.00 0 0 1 0 0 0 0
ALLYL-MU 1.54 8937 25.00 1.00 1 0 0 0 0 0 0
S-201 6.53 49835 69.76 1.00 0.666 0.006 0.328 0.000 0.000 0.000 0
S-202 6.53 49835 80.00 1.00 0.666 0.006 0.328 0.000 0.000 0.000 0
S-203 0.82 237.01 14941 1.00 0.039 0.000 0.000 0.001 0.001 0.959 0
S-204 2770 150.00 9429 1.00 0979 0.021 0.000 0.000 0.000 0.000 0
S-205 236 11134 89.85 1.00 0.896 0.104 0.000 0.000 0.000 0.000 0
S-206 0.67 22835 160.00 0.10 0.003 0.000 0 0.001 0.001 0.995 0
S-207 0.15 8.65 160.00 0.10 0.998 0.001 0 0.000 0.000 0.001 0
S-208 0.15 8.65 4391 0.10 0.998 0.001 0 0.000 0.000 0.001 0
S-209 0.15 8.65 44.02 1.00 0.998 0.001 0 0.000 0.000 0.001 0
S-210 2.85 158.65 9479 1.00 0.980 0.020 0.000 0.000 0.000 0.000 0
S-211 4.57 25834 9551 1.00 0.988 0.012 0.000 0.000 0.000 0.000 0
S-212 434 24542 9551 1.00 0.988 0.012 0.000 0.000 0.000 0.000 0
S-213 0.23 1292 9551 1.00 0.988 0.012 0.000 0.000 0.000 0.000 0
S-214 4.44 388.36 146.23 1.00 0.000 0.030 0 0 0 0 0.970
S-215 .72 99.69 96.60 1.00 1.000 0.000 0 0 0 0 0
S-216 3.80 376.71 203.64 1.00 0.000 0.000 0 0 0 0 1.000
S-217 0.64 11.65 99.08 1.00 0.005 0.995 0 0 0 0 0.000
S-218 0.19 18.84 203.64 1.00 0.000 0.000 0 0 0 0 1.000
S-219 3.61 357.87 203.64 1.00 0.000 0.000 0 0 0 0 1.000
S-220 0.19 1883 25.00 1.00 0 0 0 0 0 0 1
S-221 3.80 376.71 196.06 1.00 0.000 0.000 0 0 0 0 1.000

UoIsnouo)) $°G



1!

Table 5.18: Stream results of the Epoxidation section.

Name n;/ m; ! T/ p/ w; /-

kmol/h  kg/h °C bar AA 1IA IIB TACHC EGCHC MCPBA MCBA DCM R RT RTT
TACHC 0.67 228.35 160.16 1.00 0.003 0.001 0.001 0.995 0 0 0 0 0 0 0
MCPBA 2.66 459.11 25.00 1.00 0 0 0 0 0 1 0 0 0 0 0
S-301 13.07 1508.50 49.60 1.00 0.009 0.000 0.000 0.151 0.000 0.304 0.000 0.535 0.000 0.000 0.000
S-302 13.07 1508.50 50.12 4.00 0.009 0.000 0.000 0.151 0.000 0.304 0.000 0.535 0.000 0.000 0.000
S-303 13.07 1508.50 70.00 4.00 0.009 0.000 0.000 0.151 0.000 0.304 0.000 0.535 0.000 0.000 0.000
S-304 13.07 1508.51 70.00 4.00 0.009 0.000 0.000 0 0.171  0.009 0.268 0.535 0.000 0.000 0.007
S-305 13.07 1508.51 48.81 1.00 0.009 0.000 0.000 0 0.171  0.009 0.268 0.535 0.000 0.000 0.007
S-306 11.37 1364.69 48.81 1.00 0.010 0.000 0.000 0 0.189 0.010 0.296 0.487 0.000 0.000 0.008
S-307 1.70 143.83 48.81 1.00 0.003 0.000 0.000 0 0.000 0.000 0.000 0.997 0.000 0.000 0.000
S-308 11.37 1364.69 0.00 1.00 0.010 0.000 0.000 0 0.189 0.010 0.296 0.487 0.000 0.000 0.008
S-309 8.71 946.41 0.00 1.00 0.015 0 0 0 0272 0 0 0.702 0.000 0.000 0.011
S-310 2.66 418.28 0.00 1.00 0 0.001 0.001 0 0 0.033 0.966 0 0 0 0
S-311 8.71 946.41 120.00 1.00 0.015 0 0 0 0272 0 0 0.702 0.000 0.000 0.011
S-312 8.06 677.73 120.00 0.01 0.020 0 0 0  0.000 0 0 0.980 0.000 0.000 0.000
S-313 0.65 268.68 120.00 0.01 0.000 0 0 0 095 0 0 0.001 0.000 0.001 0.040
S-314 0.65 268.68 120.13 1.00 0.000 0 0 0 0.959 0 0 0.001 0.000 0.001 0.040
S-315 9.75 821.56 109.69 1.00 0.017 0.000 0.000 0 0.000 0.000 0.000 0.983 0.000 0.000 0.000
S-316 9.75 821.56 3794 1.00 0.017 0.000 0.000 0 0.000 0.000 0.000 0.983 0.000 0.000 0.000
S-317 9.75 821.56 38.18 1.00 0.017 0.000 0.000 0 0.000 0.000 0.000 0.983 0.000 0.000 0.000
S-318 9.26 780.48 38.18 1.00 0.017 0.000 0.000 0 0.000 0.000 0.000 0.983 0.000 0.000 0.000
S-319 0.49 41.08 38.18 1.00 0.017 0.000 0.000 0 0.000 0.000 0.000 0.983 0.000 0.000 0.000
EGCHC 0.65 268.68 30.00 1.00 0.000 0 0 0 0.959 0 0 0.001 0.000 0.001 0.040
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5.4 Conclusion

Table 5.19 summarizes the economic metrics of the project which were calculated with

the help of APEA.

Table 5.19: Executive summary of the investment costs from the APEA simulation results.

name value unit

Total capital investment | 7.268 - 106 USD
Total operating cost 3.682 - 107 USD/year
Total raw material cost | 3.260- 107 USD/year
Total utility cost 1.192-10° USDl/year
Total product sales 4.640 - 107 USD/year
Rate of return 20 %lyear
Payback period® 5 years

4design specification, calculated from adjusted product price.
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6 Summary

6.1 Conclusions

This thesis presents a holistic picture of the development of a process simulation for
the production of a novel epoxy molecule with four oxirane functionalities: 1,2-epoxy-
6-methyl-triglycidyl-3,4,5-cyclohexanetricarboxylate (EGCHC). The study spans from
laboratory synthesis using sustainable starting materials through kinetic modeling to a
comprehensive process simulation encompassing all key reaction steps. The process starts
with mainly bio-based components and fossil-based molecules, which have readily been
proven to be derivable from natural feedstocks. The synthesis covers four steps to obtain
EGCHC in high yields of 78 %. The reaction steps consist of an esterification, Diels-Alder
reaction, allylation (addition twice of allyl alcohol), and an epoxidation reaction. The
initial esterification step was excluded from further kinetic or process modeling since the
product allyl sorbate is a commercially available substance. The thermo-mechanic proper-
ties of cured resins of EGCHC were evaluated using standard methods. In particular, com-
posites containing EGCHC and the curing agent isophorone diamine showed promising
glass transition temperatures, tensile moduli, and tensile strengths. The materials prepared
with EGCHC exceeded the mechanical properties of its commercial competitor, DGEBA.
Due to its lack of aromatic structure, the glass transition temperature of 130 °C of cured
EGCHC cannot fully reach the high Ty of the DGEBA-based resin.

The bio-based content of EGCHC was assessed by applying the respective DIN EN and
ASTM standards using a conservative approach. Due to the different calculation methods,
a bio-based content of 53.2 % (DIN) and 68.4 % (ASTM) was derived. DGEBA was
chosen as a commercial standard epoxy to evaluate potentials of the bio-based alternative.
It was shown that EGCHC exceeded by 39.8 % the frequently used epoxy. Additionally,
the bio-based content EGCHC and DGEBA cured with IPD was examined. Using 90 %
bio-based IPD, a total bio-based content for cured resins of EGCHC and DEGBA of
74.7 % and 40.9 % was calculated, respectively.

Central to this work is the kinetic modeling of the individual reaction steps involved

in the synthesis. The model development comprised model discrimination, parameter
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6 Summary

estimation, and statistical analyses thereof. |H-NMR was used to gather the sets of ex-
perimental data necessary to regress the model parameters. Under controlled conditions,
batch experiments were conducted with frequent sampling. Out of all probes, a total of
652 model responses were obtained. These consist of the concentrations or molar fractions
of individual components in the three studied reactions. The sampling time defined the
predictors. This measurement technique is capable of gathering observations in a fast,
simple, and accurate way. The Diels-Alder reaction between allyl sorbate and maleic
anhydride was confirmed to be second-order and irreversible, allowing for an analytical
solution of the rate law. The derived model accurately describes allyl sorbate conversion,
with random and independent errors, leading to reliable estimates for the pre-exponential
factor and activation energy. The subsequent allylation was successfully modeled with two
intermediates arising from the different ring-opening pathways. Information criteria and
maximum likelihood were employed for model selection, revealing the empirically most
supported model assuming equal reactivity of the intermediates towards EGCHC. It was
shown that the carboxylate group’s proximity influences the reactivity difference in ring-
opening and subsequent intermediate concentrations. The final epoxidation step was mod-
eled, tracking eight components, including starting materials and products. Despite the
complexity, a model with two kinetic constants accurately depicted the reaction progress,
reflecting the expected lower reactivity of terminal olefins compared to ring-bound double
bonds. Overall, the proposed models precisely fit the experimental data, suggesting their
effectiveness in describing the respective reactions. Statistical analyses confirmed random
errors and no correlation in the gathered data, emphasizing the empirical support of each
model.

A process design was conceptualized which was utilized to construct a process simulation
leveraging the insights gained from the kinetic model. Following the reaction path, the
process was divided into three sections covering the Diels-Alder reaction, allylation,
and epoxidation reaction. A plug flow reactor was designed for the Diels-Alder reac-
tion, allowing enhanced control of the reaction temperature necessary for the exothermic
reaction. In the second step, process intensification was applied by coupling reaction
and separation in a reactive distillation column. By utilizing sensitivity studies, optimal
operation conditions could be derived for reflux ratio, reboiler duty, and the mass flow
of a side stream of highly pure allyl alcohol. The addition of the side stream enabled a
drastic reduction in energy consumption and unit sizing. The last reaction step introduces
the functional groups necessary to build a cross-linked network. It was shown that the
formation of the epoxy groups proceeded with different reactivities dependent on the
location of the double bonds. The process was simulated with a plug flow reactor using
the reaction model derived and regressed in the kinetic modeling section. Due to the
traceability of only the type of double bond in the measurements, the process model

allowed for a detailed understanding of the reaction progress. Thus, evaluating the oxirane

108



6.2 Outlook

content enabled an optimal sizing of the reactor.

A techno-economic analysis was established to evaluate the economic feasibility of the
proposed process, offering a ballpark figure for the final product price and enabling
comparison to commercial bio-based products. A drastic reduction in the product price
could be achieved by utilizing a recycling management of consumed epoxidation agent
mCPBA. The estimated price is comparable to other readily available bio-based epoxy
resins. However, EGCHC offers the benefit of abstaining from using BPA or ECH, which

most of the commercial components still rely on.

6.2 Outlook

This thesis covers the preliminary development and feasibility study of the production of
the novel epoxy resin EGCHC. It is shown that the resin is both technically and econom-
ically competitive, which should enable a starting point for further in-depth analyses to
design the process. As the main focus of this work is based on the reactions involved,
more research must be done to model the separation sections accurately. Here, studies
on the physical properties of the generated molecules are inevitable. The intermediate
components, starting from allyl sorbate towards EGCHC, do not exist in current phys-
ical properties databases. Therefore, group contribution methods are applied to predict
these properties. Experimental works could showcase the accuracy and reliability of
the predictions and lead to a more detailed and accurate simulation of the separation
steps. Additionally, by optimizing energy consumption, this process can reduce costs and
enhance its marketability as an environmentally friendly solution. Thus, heat integration
can be employed within the process design.

Furthermore, laboratory work, both in scale and operation, needs to be followed to prove
the concept of the process. Continuous operation must be evaluated for all reaction steps.
This not only enables the validation of the production process but also allows for higher
material output, which can be utilized to further assess other physical properties of the
resin, which demand larger samples. If the postulated process design is verified, a scale-
up of the units is necessary to assess the scalability of the reactions and separations. The
precipitation of solids might introduce challenges that need to be tackled.

The applied methodology can broadly be deployed for other novel molecules synthesized
in the laboratory. In the present study, '"H-NMR was utilized as a fast measurement tech-
nique that can be used in many organic syntheses. Even if the detection of the individual
components would not be accessible by 'H-NMR, modern analytical chemistry offers

a wide range of in situ methods to track the reaction progress. On that basis, kinetic
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6 Summary

modeling can be performed, which lays the foundation for further a priori process de-
sign. By leveraging the results of the process model, early predictions of technical and
economic feasibility can be made. Therefore, the insights gained from this work are
crucial for determining the following steps, i.e., whether to proceed with scale-up, dive
deeper into research for process optimization, or explore alternative production methods
altogether.
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A UNIFAC Groups

A.1 UNIFAC
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Figure A.1: Availability matrix of published binary interaction parameters a,, ; for the
UNIFAC model. Data from [166—168].
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A UNIFAC Groups

Table A.1: List of UNIFAC groups used in the model to determine physical properties of

unknown structures.

main sub group description main group description
group  symbol group symbol
1 C 20 COOH .
1 CH 20  HCOOH acid
1 CID alkane group 71 CCl
1 CH3 21 CHC1 CcCl
2 c=C 21 CH2Cl1
2 CH=C 22 CCI12
2  CH2=C alkene group 22 CHCI2 CC12
2 CH=CH 22 CH2CI2
2 CH=CH2 23 CCl3
3 ACH . 23 CHCI3 cCl3
3 AC aromatic carbon 24 CCla cCl4
4  ACCH 25 ACCl aromatic chloro
4 ACCH2 aromatic carbon 26 CHNO2
4  ACCH3 26 CH2NO2 nitro
5 OH alcohol 26 CH3NO2
6 CH30H methanol 27 ACNO2 aromatic nitro
7 H20 water 28 CS2 carbon disulphide
8 ACOH aromatic carbon 29 CH2SH thiol
9 CH2CO 29 CH3SH
9 CH3CO carbonyl 30 furfural furfural
10 HCO aldehyde 31 DOH ethane diol
11 CH2COO acetate 32 I iodo compounds
11 CH3COO 33 Br bromo compounds
12 HCOO formate 34 CC i
13 CHO 34 CHC axinie group
13 CH20 35 DMSO dimethylsulphoxide
13 CH30 ether 36 CH2CHCN acrylonitrile
13 THF 37 C=C-Cl olefinic chloro
14 CHNH2 38 ACF aromatic fluoro
14 CH2NH2  primary amine 39 DMF DME
14 CH3NH2 39 HCON(CH2)2
15 CHNH 40 CF
15 CH2NH secondary amine 40 CF2 CF2
15 CH3NH 40 CF3
16  CH2N fertiary amine 41 COO acrylate
16 CH3N 42 Si
17 ACNH2 aromatic amine 42 SiH .
18 CSH3N 42 SiH2 silane
18 CS5H4N pyridine 42 SiH3
18 CS5H5N 43 SiO )
19 CH2CN - 43 SiHO siloxane
19 CH3CN nitrile 43 SiH20
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A.1 UNIFAC

Table A.1: List of UNIFAC groups used in the model to determine physical properties of
unknown structures (continued).

main sub group description main group description
group symbol group symbol
44 NMP methylpyrrolidone 49  morpholine morpholine
45 CCI3F 50 C4H2S
45 CCI2F 50 C4H3S thiophene
45 HCCI2F 50 C4H4S
45 HCCIF 52 CH2SuCH
45  CCIF2 CCIF 52 CHoSucH2 ~ Sulphones
45 HCCIF2 53 CH20CH2
45 CCIF3 53 CH20CH
45 CCI2F2 53 CH20C .
46  CONH2 53  CHOCH oxides
46 CONCH3 53 CHOC
46 CONCH2 ) 53 COC
46 CON(CH3)2 amide 54 0=COC=0  anhydride
46 CONCH3CH2 55 ACCN aromatic nitrile
46 CON(CH2)2 56 ACBr aromatic bromo
47 C2H402
47 C2H502 ethoxy
48 CH2
48 CH2S sulphide
48 CH3S
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Latin Symbols

a interaction parameter -

a correction factor, attractive forces -
AIC Akaike information criterion -

b interaction parameter -

b correction factor, volume -
BIC Bayesian information criterion -

c concentration mol/L
c interaction parameter -
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CI cost index -
CI confidence interval a.u.
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dof degree of freedom -

E statistical expectation -

E stage equilibrium condition -
Ea activation energy kJ/mol
f function, custom term -

f fugacity Pa
F area a.u.
g function -

H height m
H enthalpy kJ/mol
i number -

1 Kullback-Leibler distance -

j number -

J Jacobian a.u.
k kinetic constant L/(mol s)
K equilibrium constant -
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mass flow kg/h
molar mass g/mol
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normal distribution function -
oxirane oxygen content -
pressure bar
sum of group areas -
normalized group surface area parameter -
heat duty kW
reaction rate mol/(Ls)
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normalized group volume parameter -

gas constant J/(mol K)
net formation rate mol/(Ls)

coefficient of determination -

selectivity -
stage component summation -
sum of squares errors a.u.
sum of squares total a.u.
time S

reverse Student’s 7-distribution -

temperature K
glass transition temperature K
total annular costs $/a
total capital investment $
total operating costs $/a
space velocity m/s
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liquid mole faction -

conversion -
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X predictor vector a.u.
X group mole fraction a.u.
y vapor mole fraction -
Y yield -
Y response vector a.u.
Y response matrix a.u.
Y measurements a.u.
Z coordination number -
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concentration difference mol/L
reaction order -
activity coefficient -
activity coefficient at mixture condition -
shift ppm
Akaike criterion difference -
error term a.u.
relative oxirane oxygen content -
molecular surface fraction -
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mean a.u.
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variance of the distribution -
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molecular volume fraction -
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liquid
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component annual growth rate
chemical engineering plant cost index
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ECH
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group contribution method
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allylation intermediate b: 5,6-diallyl-2-methylcyclohex-3-ene-
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allylation product TACHC

isophorone diamine

Kullback-Leibler

3-chlorobenzoic acid

3-chloroperbenzoic acid

human biomonitoring guidance value

maleic anhydride

material-equilibrium-summation-heat

maximum likelihood estimation

material safety data sheet

methyl tetrahydrophtalic anhydride

N-methyl-2-pyrrolidone

nuclear magnetic resonance

non-random two-liquid

oxygen

ordinary differential equation
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