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ABSTRACT

Biphasic reaction systems are composed of immiscible aqueous and organic liquid phases
where reactants, products, and catalysts are partitioned. These biphasic conditions point to
novel synthesis paths, higher yields, and faster reactions, as well as facilitate product separation.
The biphasic systems have a broad range of application, such as the manufacture of petroleum-
based chemicals, pharmaceuticals, and agro-bio products. Major considerations in the design
and analysis of biphasic reaction systems are physical and chemical equilibria, Kinetic
mechanisms, and reaction rates.

The primary contribution of this thesis is the development of a systematic modelling framework
for the biphasic reaction system. The developed framework consists of three modules
describing phase equilibria, reactions and mass transfer, and material balances of such
processes. Correlative and predictive thermodynamic models, including newly developed
group-contribution electrolyte model (e-KT-UNIFAC), have been implemented to predict the
partitioning and equilibria of electrolyte and non-electrolyte species for a wide variety of
reacting substances. Reaction kinetics and mass transfer are described by non-elementary
reaction rate laws. Extents of reaction are used to calculate the species material balances.

The resulting mathematical model contains temperature dependent reaction rate parameters,
equilibrium constants, and partition coefficients; where only the reaction rates are to be
regressed to a minimum of time-dependent data. The application of the framework is made to
five distinct cases in order to highlight the performance of the model for correlating the data
and predicting the overall rates, the ultimate amounts of product formation, the ultimate
impurities amount, and the optimum operating condition using different organic solvents
leading to an improved and innovative design of the system.



DANISH ABSTRACT

Reaktive to-fase systemer bestér af ikke-blandbare vandige og organiske faser, hvor reaktanter,
produkter og katalysatorer er fordelte. Disse to-fase betingelser kan lede mod nye synteseveje,
hgjere udbytte og hurtigere reaktioner, ligesom de kan lette separationen af produkter. To-fase
systemer har en bred anvendelse i, for eksempel, fremstilling af petroleumsbaserede kemikalier,
leegemidler og landbrugsrelaterede biologiske produkter. Nogle af de vigtigste faenomener i
design og analyse af reaktive to-fase systemer er fysiske og kemiske ligeveegtsbetingelser,
kinetiske mekanismer, samt reaktionshastigheder.

Det primere bidrag fra denne afhandling er udviklingen af en systematisk fremgangsmetode til
modellering af reaktive to-fase systemer. Fremgangsmetoden bestar af tre moduler til
beskrivelse af faseligevaegte, reaktioner og stofovergang, samt stofbalancer for disse processer.
Korrelative og pradiktive termodynamiske modeller, inklusiv den nyudviklede elektrolytiske
gruppebidragsmetode (e-KT-UNIFAC), er blevet anvendt til at forudsige fasefordelingen og
ligevaegten af elektrolytiske og ikke-elektrolytiske forbindelser for en lang rekke reaktive
systemer. Reaktionskinetik og stofovergang er beskrevet med ikke-elementaere
reaktionshastighedsudtryk. Reaktionernes omdannelsesgrad benyttes til at beregne
forbindelsernes stofbalancer.

Den resulterende matematiske model har temperaturafthengige parametre for
reaktionshastigheder,  ligevaegtskonstanter og  fordelingskoefficienter, hvor  kun
reaktionshastighederne skal tilpasses til en lille mangde tidsafhengig data. Fremgangsmetoden
anvendes pa fem forskellige cases for at illustrere modellens evne til at korrelere data og
forudsige overordnede hastigheder, slutmangden af produktdannelser og slutmeangden
urenheder, savel som optimale driftsbetingelser med forskellige organiske oplasningsmidler,
hvilket leder frem til et forbedret og innovativt design af systemerne.

VI
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1
INTRODUCTION AND OVERVIEW

"Essentially, all models are wrong,
...but some are useful"

George E.P. Box [1]



Generic Model-Based Tailor-Made Design and Analysis of Biphasic Reaction Systems

1.1 INTRODUCTION

Biphasic reaction systems have a broad range of application, such as the manufacture of
petroleum-based chemicals, pharmaceuticals, agricultural and biochemical products. In these
systems, two liquid phases are established by immiscibility between co-existing solvent pairs
such as aqueous/organic, ammonium/organic, supercritical-CO>/ionic liquid, or separated by a
permeable membrane. The reactants, catalysts (including also biocatalysts and enzymes), and
inert species partition differently in the liquid phases, allowing novel synthesis routes with
higher conversion, selectivity, and yield of desired products; as well as, lower amounts of an
unwanted side products. Additionally, the reactants, catalysts, and products can often be found
in different phases, making downstream separation processes easier.

Mathematical modelling can be valuable tool for efficiently analysing and designing these
complex systems. For example, solution and reaction properties of many chemicals involved
(reactants, solvents, products, co-products, and catalysts) need to be described; the extent of
miscibility (totally, partially, or fully immiscible) must be established; the phases where
reactions occur need to be identified; and the reaction and mass transfer mechanisms must be
established. Also, the effects of inert species on partitioning and of mixture composition on
reaction rates must be characterised.

Issues concerning the formulation of the model involve:

1. The purposes of the model

2. The properties of the involved chemicals

3. The reactor configurations

4. The reaction related issues:
a. The location of the reaction
b. The type of the reaction (kinetic or equilibrium controlled)
c. The rates of main and side reactions

5. The distributions (partitions) of the involved chemicals
a. The distribution during the reaction
b. The post-reaction distributions

6. The lack of experimental data



Introduction and Overview

1.2 OBJECTIVES

To overcome the above challenges and to demonstrate the practicality of this project, three
consecutive objectives are defined:

1. To develop a systematic framework for modelling of the biphasic reaction system;
2. To apply the developed framework for constructing models of the specific case;
3. To implement the developed model for the process design, optimisation, and analysis.

Whereas, the developed framework should provide an efficient and systematic procedure for
developing the model of biphasic reacting systems that also requiring the minimum effort on
the experiment. The selected cases should underline broad range of applications of the
framework. And, lastly, the models are implemented for the improved and innovative design(s)
of the systems.

1.3 THESIS STRUCTURE

This chapter gives a brief introduction to the biphasic systems, the issues concerning modelling
of the system, and the objectives of this project. Chapter 2 covers the previous work done on
modelling and applications of the system. The modelling methodology which is used as a
guideline for developing the framework is described. Various applications of the system and
their importance are presented. The previous attempts to model the systems are also displayed.
Chapter 3 elaborates on the developed framework together with the corresponding generic
model; as well as, implemented the constitutive models. The framework is then implemented
for modelling of the selected processes in chapter 4. The constructed models are then employed
for design and analysing of their relevant processes in chapter 5. Lastly, chapter 6 summarises
the contribution of this project and presents the intriguing aspects that are not yet solved by this
work for future consideration.

“Since all models are wrong the scientist must be alert to
what is importantly wrong. It is inappropriate to be
concerned about mice when there are tigers abroad”

George E.P. Box [2]






2
LITERATURE REVIEW

This chapter starts with the review of the generic modelling methodology, in section 2.1. This
methodology has been used as a guideline for developing the framework for modelling of the
biphasic reaction systems in chapter 3.

Section 2.2 presents applications of biphasic reaction systems including, but not limiting to,
phase transfer catalyst involved systems, epoxidation, hydroformylation, and amino acid
production. Five of the most interesting cases are selected for modelling and analysis in
chapters 4 and 5.

Section 2.3 collects and displays the attempts to model biphasic reaction systems in an open
literature. Although these models contain some limitations, they can be used as a good starting
point for examining biphasic reaction systems in detail.

Although this chapter does not contain any novel contribution of this work, it gives an overview
of what has been done before; in order to appreciate the accomplishment of this project.



Generic Model-Based Tailor-Made Design and Analysis of Biphasic Reaction Systems

2.1 MODELLING METHODOLOGY

The main objective of this section is to review the generic modelling methodology suitable to
apply for biphasic reaction systems.

The modelling fundamentals, modelling methodologies, and generic model structure are taken
from the Product and Process Modelling: A Case Study Approach by Cameron and Gani [3].
Figure 2-1 shows a conceptual perspective of the modelling system.

- Inageneral system (S), the system boundary is shown as the box, providing the limit
of the model consideration

- The states variables (x) indicate the state of the system at a point in time and space

- The parameters (p) are the variables associated with geometric, physical, and chemical
properties of the system

- The inputs (u) are the properties variables that can be chosen to affect the behaviour of
the system, they are usually known or controllable variable

- The outputs (y) are the internal properties variables that are usually linked to the states

- The disturbances (d) are the properties variables that those effects are uncontrollable
but sometimes measurable

Disturbances |d

Inputsu S Outputs Y

States X Parameters p

Figure 2-1: A conceptual modelling system perspective
The model development process, as shown in Figure 2-2, is an iterative procedure of eight
major tasks, as followed:
- Problem and model definition, specifying the necessity and the goal of the model.
- Model conceptualisation, defining clear boundaries and crucial state of the model.

- Model data requirement, identifying the data needed for model construction and
validation.

- Model construction, translating the verbal conceptualisation of the model into the
mathematical description.

- Model solution, generating a solution of the model using appropriate numerical
method(s). In this task, several issues relating to model construction task need to be
resolved prior to solution generation.
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- Model verification, checking the model implementation against the conceptual
description and debugging the error of coding.

- Model validation, checking if the model is a reasonable representation of the actual
system. If the validation is poor, conceptualisation and collected data need to be
reviewed. The principle is to start with the simplest “fir-for-purpose” model.

- Model deployment and maintenance, applying and documenting the model without
losing the information leading to significant rework.

The specific modelling framework, in chapter 3, is developed based on this generic framework
with the focus on biphasic reaction systems.

Model
Deployment and
Maintenance

Problem and Model
Definition

!

Model
Conceptualisation

|

Model Model
Data Requirement Validation
Model Model
Construction Verification

A

y

Model
Solution

[
Figure 2-2: Generic model development framework

The generic model structure for chemical and biochemical applications consists of:
1. Balance equations
2. Constitutive equations
3. Conditional equations

The balance equations are established within the system boundary, they are based on the law
of conservation, taken from the following forms:

0=f(xu,d) 2-1
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dx_ f(xu,d,t) 2-2
dt

In the above equations, equation 2-1 represents a set of algebraic equations (AEs) and steady-
state model behaviour; equation 2-2 represents a set of ordinary differential equations (ODES)
and lumped-dynamic model behaviour. x represents a vector of state variables, u represents a
vector of specified variables, d and t represent independent variables. The two-dimensional
PDE system is not considered in this work since the systems under interested have been
described by lumped-ODE models.

The constitutive equations are algebraic equations in a form:

0=6-9(T,P,n,B) 2-3

where, 6 is a constitutive variable, which may be a function of temperature (T), pressure (P),
composition (n), and properties model parameters (5). Thermodynamic models are the most
important part of constitutive equations in biphasic reaction systems models.

The conditional equations (or connection equations) are usually a set of algebraic equations,
represented as:

0=x-h(x,y,u,dt) 2-4
which can be either implicit or explicit depended on if they are functions of x or not.

These generic models are modified and extended for the modelling of biphasic reaction systems
in the next chapter. The balance, constitutive reaction kinetic, and conditional equations are
presented in section 3.1.2. Section 3.2 discusses and displayed constitutive thermodynamic
models options suitable for biphasic reaction systems.
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2.2 REVIEW OF THE APPLICATION

This section presents a review of applications of biphasic reaction systems. Section 2.2.1
presents a review of phase transfer catalyst (PTC) based systems while section 2.2.2 presents a
review of other systems which utilise the concept of the biphasic reaction system.

2.2.1 PTC-Based Systems

Phase transfer catalysis is a synthetic organic method and manufacturing process technology
that brings two substances located in different phases of a mixture by the use of small quantities
of an agent which transfers one reactant across the interface into the other phase [4,5]. The first
known commercial use of a PTC system was reported by Rueggeberg et al. [6], for the
production of benzyl benzoate from benzyl chloride and sodium benzoate catalysed with
diethyl- and triethylamines as PTC. Since then, the approach has been applied to various types
of organic synthesis opening novel reaction routes and allowing selection of faster and/or
cheaper catalysts. The focus of this work is the system that uses quaternary ammonium cations
as the transfer agent. The quaternary ammonium cation has the structure of R4N*, as shown in
Figure 2-3, where four short chain alkyl or aryl groups attach to the nitrogen atom which makes
it permanently charged. The electrolytic nature of the charged cation allows it to exist in the
aqueous phase, while the hydrocarbon part helps it penetrating into the organic phase.

Figure 2-3: Molecular structure of phase transfer catalysts (PTC)

The generic PTC reaction mechanism is shown in Figure 2-4, the biphasic PTC system contains
two completely immiscible liquid phases created by water and an organic compound. The PTC
transfers as an active species from one phase to the other in order to convert the reactant to the
desired product and then transferring as an inactive species back to be regenerated in the
aqueous phase. The desired reaction is to form the product RY from the reactant RX. The PTC
is identified as Q, which in the aqueous phase is a positively charged cation (Q*), coexisting
with anions (X" and Y). In the organic phase, the PTC is in a neutral form (active QY and
inactive QX). The reaction occurs in the organic phase with RX going to the desired RY while
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QY goes to QX. Then the inactive PTC (QX) transfers to the aqueous phase and ionises. The
added salt (M"Y") reforms the inactive PTC (Q*X) to transfer back to the organic phase,
forming a spent salt product (M*X"). The applications of PTC system are presented in sub-
sections below.

Organic Phase

Keg.org

RX + QY &« RY + OX

A A
PQY 3 PQX R

M*X + Q'Y < MY + O'X

KEq,Aq

Agueous Phase
Figure 2-4: Reaction mechanism of a generic PTC system

2.2.1.1 Active lon Transfer Systems

The biggest application area of the PTC system is the transferring of the active ions across the
interface for substitution reactions. Some important examples include halogenations and
cyanation, which are shown below. The models of the biphasic halogenation reaction,
chlorination of organobromine, are constructed in chapter 4, section 4.2.2; while the model-
based analysis and design of the processes are presented in chapter 5, section 5.2.

1. Halogenation

The halogenation reaction is the addition of one or more halogens to an organic compound. The
halogenated products are used in pharmaceutical, chemical, and agricultural industries. PTC-
induced halogenations in biphasic systems have been reported in several publications.

- Starks [4] uses methyltrioctylammonium (CHs(CsH17)sN™) to catalyse the reaction of
chlorooctane to bromooctane and iodooctane. The organic phase is formed by the
halooctane itself, the product yield reaches 95% after 1 hour.

- Dillow et al. [7] present the production of benzyl bromide (C;H;Br) from the reaction
between benzyl-chloride (CsH.Cl) and potassium bromide (KBr) catalysed by
tetraheptylammonium ((C;sH1s)4aN*) PTC. The reaction is carried out in a two-phase
mixture of supercritical carbon dioxide (SCCO>) and acetone at 50 and 75 °C and 200
bars. The reactions reach 50% conversion in 20-60 hours, with maximum conversion
around 65% in 100 hours.

- Landini et al. [8,9] report using tetraalkylammonium and phosphonium (RsN* and
RsP*) PTCs, which contain 12-16 carbon atoms, to catalyse the reaction of n-octyl
methanesulphonate (CgHi170SO,ME) with potassium chloride, bromide, and iodide

10



Literature Review

2.

(KCI, KBr, and KI) in water-chlorobenzene two-phase mixture.

Vander Zwan and Hartner [10] employ methyltrioctylammonium (CHs(CsHi7)sN*) for
catalysing the reaction of benzyl-chloride (C;H-Cl) with potassium fluoride (KF) in
the water-acetonitrile two-phase mixture. The reaction half-life is 42 hours, with
maximum conversion greater than 95% and yield above 90%.

Royer and Husson [11] use tetrabutylammonium ((C4Hs)4aN*) and crown ether to
catalyse the reaction of chloro-ketal (2-butyl-2-(2-chloroethyl)-1,3-dioxolane,
CyH17ClIO;) with potassium iodide in the water-toluene mixture. They achieve 74%
yield of the product (2-butyl-2-(2-iodoethyl)-1,3-dioxolane, CyH1710;), which is an
intermediate for the production of Gephyrotoxin compound.

Schreiner et al. [12] obtain 11-92% yields of complex halogenated products such as

Br
Bromoadamantane (C1oH1sBr, @ ) using tetrabutylammonium ((C4Hg)sN™)

as a catalyst in the water-fluorobenzene mixture.

Yufit and Zinovyev [13] also employ methyltrioctylammonium (CH3z(CsH17)sN™) to
catalyse the reactions of bromohexane (CsH13Br) with potassium chloride and n-octyl
methanesulphonate (CgH17OSO.ME) with potassium chloride, bromide, iodide, and
fluoride in the water-toluene biphasic mixture. They’ve observed first order behaviour
of the overall reaction rates, where iodide has the highest rate and fluoride is not
reactive.

Cyanide displacement

Cyanide displacement or cyanation process is the attachment or substitution of a cyanide group
(CN) on various substrates to produce nitrile compounds (a.k.a. cyano compounds). Nitriles are
mainly used in pharmaceutical industry, as more than 30 nitrile-containing medicines are
currently prescribed for a diverse variety of medicinal indications in 2010 [14]. Moreover, some
organic nitriles such as adiponitrile, an important precursor to the nylon polymer, are produced
on a large scale. PTC-induced cyanation processes in biphasic systems have been reported in
several publications.

Aside from halogenation, Starks and co-worker [4,15] also employ
methyltrioctylammonium (CHs(CsH17)sN*) to catalyse the production of nitriles from
secondary and tertiary alkyl halides, cyclohexyl, n-octylmethanesulfonate, and
halooctanes. The reactions give 85-90% vyield of cyanide products, with 95% conversion
reached within 4 hours.

Landini et al. [9] use tetraalkylammonium catalyse the reaction of n-octyl
methanesulfonate (CsH170SO2ME), in the water-chlorobenzene mixture. The reaction
follows first order kinetic with higher reaction rate compared to halogenations
processes.

Vander Zwan and Hartner [10] use methyltrioctylammonium (CH3(CgHi7)sN™) for
catalysing the reaction of benzyl-chloride (C;H-Cl) and bromohexane (CsH13Br) with
potassium cyanide (KCN) in the water-acetronitrile mixture. The reactions half-lives
are 2.20 and 0.98 hours. for benzyl-chloride and bromohexane reactions respectively.

Chandler et al. [16] employ tetraheptylammonium ((C7His)aN*) PTC to catalyse the

11
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reaction of benzyl chloride with potassium cyanide in two phases that created from
SCCO:; and the reactant itself. The reaction reaches 100% conversion after 10 hours,
with first order kinetic behaviour.

- Makosza and Fedorynski [17] report using triethylbenzylammonium (TEBA,
CsHsCH.(C2Hs)sN™) catalyse the acyl cyanide and cyanohydrin derivative, as shown in
Figure 2-5, in water-dichloromethane mixture with 74% and 92% conversion
respectively.

] 0 ol
(A) @—// +©/U\CI+KCNﬂ> : MOJ\©
Vi

Cl
AN (o)
8 @ c o e A,
(B) e o \ o N—<OJCH3

Figure 2-5: Makosza’s replacement reactions [17]:
(A) acyl cyanide production; (B) cyanohydrin production

3. Other displacements

Besides halogens and cyanide, PTC can also be used for displacements of other active ions or
groups such as nitrite (NOyY), cyanate (NCO"), hydroxide (OH") [4]; thiocyanate (SCN’), azide
(Ng) [9]; acetate (OAC) [10]; and sulphide (S*) [18].

2.2.1.2 Catalysed-ion Transfer Systems

Phase transfer catalyst can also be used to transfer the catalysed-ion across the liquid-liquid
interface from the aqueous phase to initialise the oxidation reaction in the organic phase. In
these reactions scenarios, the active PTCs are not spent; but constantly catalysing the reaction
between the organic compounds. Some important examples include benzoin condensation,
alkylations, and hydrolysis are reported below.

1. Benzoin condensation

Yadav and Kadam [19] propose using tetramethyl- and tetrabutylammonium ((CH3)sN* and
(C4He)sN™¥) PTCs as catalyst for the benzaldehyde condensation reaction to create benzoin. The
detailed reaction mechanism and the constructed reaction model are presented in chapter 4,
section 4.2.1. The model implementation is shown in chapter 5, section 5.1.

2. Alkylations

The alkylation is the reaction that combines two alkyl compounds. Conventionally, these
reactions require organic alkylating agents such as organometallics or carbenes.

The use of PTC systems for the alkylation reactions has been reported in several publications.
The PTC-induced alkylation help eliminating the use of expensive or highly unstable alkylating

12
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agents by transferring hydroxide ion (OH") from the aqueous phase to initiate the alkylation in
the organic phase.

- Makosza and Fedorynski [17] present the alkylations and dialkylations of benzyl
cyanide with primary alkyl halides, secondary alkyl halides, and dihaloalkanes
catalysed by tetraalkylammonium PTCs in a biphasic mixture of water-benzene. The
reactions, employed PTCs, and achieved conversion are shown in Figure 2-6.

TEBA
(a) IN\K/© o N, 84%
r  TBA
CH QR — oo
TBA
N

AN
TEBA
(d) N, foe e =N 71%
Br
éN
TEBA
(e) 1“L/© oSN 68%
o]

Figure 2-6: Makosza’s alkylations reactions [17]

(a) Alkylation of benzyl cyanide with primary alkylhalide
(b) Dialkylation of benzyl cyanide with secondary alkylhalide
(c) Alkylation of benzyl cyanide with cycloalkylhalide
(d) Alkylation of 2-phenylbutanenitrile with dihaloalkane
(e) Alkylation of benzyl cyanide with dihaloalkane
TBA: tetrabutylammonium ((CsHg)sN*)

TEBA: triethylbenzylammonium ((CsHs)CHa(C2Hs)sN™)

- De Zani and Colombo [20] employ tetrabutylammonium ((C4Hg)4aN*) PTC to catalyse
the reaction between 4-tert-butyl phenol (HOCesH4C(CHzs)s) and benzyl-bromide
(CeHsCH2Br) in a continuous plug-flow reactor containing water-dichloromethane
mixture as shown in Figure 2-7. They achieve 100% conversion with 1.25 mL-min™
flow rate of raw material and resident time 4 minutes.

13
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o. 6}

Solvent: DCM
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NaOH Q*
Solvent: H,0

Figure 2-7: De Zani’s alkylation reaction [20]

- Vanden Eynde and Mailleus [21] present the PTC-induced productions of aryl ethers.
The most notable results are shown in Figure 2-8, consist of (a) the production of 1,2-
dimethoxybenzene (CsH4(OCHa),) from the reaction between 1,2-benzenediol
(CeH4(OH);) and methyl-iodide (CHsl); (b) the production of 4-nitroanisole
(O2NCgH4OCHg3) from the reaction between 4-nitrophenol (O,NCsHsOH) and
iodomethane; and (c) the production of (hexyloxy)benzene (CsH130CgHs) from the
reaction between phenol and 1-bromopentane, which have 90%, 90%, and 95%
conversion respectively. The employed PTC is tetrabutylammonium ((CsHg)aN*), the
two liquid phases are created by immiscibility between water and the reactant itself.

@) i 2CH —on o
a + —
OH 3 O/

O,N O,N
® )+ ooHg A
OH o/
TBA
() @O” +  CgHBr —— @o

Figure 2-8: Vanden Eynde’s alkylation reactions [21]
- Meanwhile, Lygo and Andrews [22] use quaternary ammonium salts to catalyse the

production of imines compounds and Cassani et al. [23] also employ the quaternary
ammonium salt to catalyse the Mannich reaction.
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3. Hydrolysis

Aside from condensation and alkylations, PTC is also used to transfer the nucleus-seeking
agents for hydrolysis reaction across the interface.

Starks [4] report the use of quaternary ammonium salts for catalysing the hydrolysis of
long-chain esters to carboxylic acids in mixed esters-water systems and sulphonyl
chlorides to antibacterial sulphonamides drugs in the water-dodecane mixed biphasic
system.

Wang et al. [24] use tetrabutylammonium ((CsHg)aN™) and benzyltributylammonium
(CeHsCH2(CsHg)sN™) to initialise the hydrolysis of 4-methoxyphenylacetic acid butyl
ester (CH3OCgH4sCOOC4Hy), in the mixtures of water and 3 organic solvents
(chlorobenzene, n-hexane, and dibutyl ether), as shown in Figure 2-9. They achieve
maximum conversion around 99% in hexane, with tetrabutylammonium gives the
fastest overall reaction rate.

O
PTC o

Figure 2-9: Hydrolysis of 4-methoxyphenylacetic acid butyl ester [24]

2.2.1.3 Free-Radical Transfer Systems

Other than transferring the active- and catalysing ions, PTC can also be used to initiate free
radical reactions of long chain organic compounds.

Starks [4] present the use of quaternary ammonium salts to initialise the oxidations of
1-octene and 1-decene in benzene or toluene solvents and water mixtures. The
oxidising agent is potassium permanganate (KMnOy), the reaction is highly exothermic
and auto-catalytic after the initialisation. The reaction completes within 0.5 hours, with
91% yield of the carboxylic acids products.

Kaur et al. [25] use tetrabutylammonium ((CsHg)sN*) to initialise the polymerisation
of styrene, methyl methacrylate, and acrylonitrile in the water-benzene biphasic
mixture. Potassium persulfate (KPS) is used as an initiator; yields of homopolymers
products of polystyrene (PS), poly-methyl-methacrylate (PMMA), and poly-
acrylonitrile (PAN) are 23%, 8.5%, and 62% respectively.

2.2.2 Other Biphasic Reaction Systems

In addition to PTC-based reaction systems, chemicals, pharmaceuticals, and agro-bio products
have also been synthesised by biphasic reaction systems. Similar to the PTC systems, the
reactants and catalysts (including also biocatalysts and enzymes) will partition differently in
the liquid phases, allowing novel synthesis routes as well as higher selectivity, conversion, and
yield of desired products with lower amounts of side reactions. In addition, following reaction,
the reactants, catalyst, and products can often be found in different phases, making for easier
separation. However, without the involvement of the quaternary ammonium species.
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Subsections 2.2.2.1 to 2.2.2.3 present some applications of the biphasic reaction system in
chemical, biochemical, and pharmaceutical industries; most notable examples are epoxidation
of unsaturated fatty acid by hydrogen peroxide, production of furan derivatives from biomass,
and enhancement of the a-aminobutyric acid (AABA) production; which are selected for
modelling and analysing in chapters 4 and 5.

2.2.2.1 Chemical Industry

1. Epoxidations of unsaturated fatty acids

The production of epoxide compounds from unsaturated fatty acids is accomplished by
employing heterogeneous species to oxygen atom from oxygen donors (such as hydrogen
peroxide) in the aqueous phase to react with the unsaturated acids in the organic phase.

- Antonelli et al. [26], Khlebnikova et al. [27,28], and Santacesaria et al. [29] employ
tungsten-based complex catalysts to transfer the oxygen atom. Although the reactions
are carried out in mild condition (below 100 °C and 1 atm), the overall reaction rates
are slow and the epoxide products yields are dissatisfied. Moreover, the complex
catalysts are hardly predictable by any thermodynamic model, the opportunity for the
improved design of this reaction scenario relies purely on the experiment.

- Recently, Kockritz and Martin [30], Campanella et al. [31,32], Dinda et al. [33],
Santacesaria [34,35], and Sinadinovic-Fiser [36] propose an alternative scenario for the
epoxidation of fatty acid, including long-chain fatty acid, using carboxylic acids to
transfer the oxygen atom in peracid forms. This reaction scenario provides faster, or
equivalent, overall reaction rate and higher product yields at the same reaction
condition. Moreover, the modelling parameters are generally available. Therefore, it is
selected for modelling in section 4.2.3; the analysis and novel-optimal design based on
the constructed model are presented in section 5.3.

2. Production of carboxylic acids

Adipic, suberic, and benzoic acids are desirable products for large-scale industry [37-39]. The
production of these acids through direct oxidation is either resulted in moderate yield or
generate toxic by-products. Pai et al. [40] proposed the production of mono- and dicarboxylic
acids from cycloolefins and hydrogen peroxide, as shown in Figure 2-10. The product yield is
higher than the corresponded direct oxidation scenario; as well as, the reaction rate is faster;
moreover, the reaction does not generate undesirable toxic by-products.

0]
OH
+ 4H202 - é\"/OH + 4H20
@)

Figure 2-10: Dicarboxylic acid production from cyclo-olefin [40]
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3. Hydroformylation of higher olefins

The hydroformylation reaction is a reaction of 1-alkenes with carbon monoxide and hydrogen
in the presence of a catalyst [41]. Generally, the rhodium complex is employed to catalyse the
hydroformylation of short-chain olefins. However, due to the problems related to the separation
of the product from the catalyst, the hydroformylation of long-chain (> 6 carbon atoms) olefins
is not yet successfully commercialised [42,43]. To overcome the separation limitation, various
researches on novel solvents systems, novel complex catalysts, and novel operation procedures
were conducted.

T

e

e
Temperature

Sellin et al. [42] apply a biphasic mixture of ionic liquid (IL), 1-butyl-3-
methylimidazolium  hexafluorophosphate  ([BMIM]PFs), and SCCO, for
hydroformylation of 1-hexene (C¢Hi2). Although the conversion is lower than the
reaction in conventional toluene solvent (40% to 99%), with a similar selectivity of
aldehyde (83-84%); the loss of the complex rhodium catalyst is less than 1 ppm (less
than 0.6% of fed catalyst).

Nowothnick et al. [43] successfully apply nonionic surfactants, Marlophen NP 9 (see
Figure 2-11a), into biphasic hydroformylation of 1-octene and 1-dodecene. As shown
in Figure 2-11b, at first, the catalyst and raw material are soluble in the organic phase
at high temperature; then the temperature is lowered, the third phase is created, mixing
water, catalyst, and raw material together, and the reaction is taking place; after the
reaction time, the mixture is cooled to room temperature to give a two-phase system
where the catalyst ends up in the aqueous phase, separating from the product.

Catalyst in Oil

Reaction l’

Catalyst in Water

(a) (b)

Figure 2-11: Nowothnick’s hydroformylation [43];
(a) utilised surfactant; (b) reaction scheme

Obrecht et al. [44] also present similar hydroformylation operation where the catalysts
solubilities are controlled by pH and temperature. Figure 2-12 shows the operation
procedures and employed catalysts for (a) pH controlled hydroformylation and (b)
temperature controlled hydroformylation. In scenario (a), the catalyst is soluble in the
aqueous phase in acidic condition; the reaction is carried out in a neutral condition,
then the process is acidified to separate the catalyst from the product. In scenario (b),
the operation is similar to Nowothnick’s.
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Figure 2-12: Obrecht’s hydroformylation; (a) pH controlled; (b) temperature controlled [44]

4. Carbon dioxide absorption

Besides chemical synthesis, the biphasic reaction system is also applied to the absorption of
carbon dioxide. As global warming becomes an important issue, carbon capture is one of the
solutions for decreasing greenhouse gases emissions. Initially, the post-combustion carbon
capture process requires high energy consumption for the regeneration of the amine solvent.
Xu et al. [45] proposed the use of two phase reactive absorption. The mechanism of this process
is shown in Figure 2-13, at first, the CO- is absorbed into the mixture of butanediamine (BDA)
and water by reaction 2-5; and then diethylethanolamine (DEEA) is added into the system,
forming the upper phase where CO; is partitioned into; the lower phase, consist of BDA and
water, is then recycled for another absorption cycle.

. NH O
HzN/\/\/NHZ + CO, — N N W 23
O
DEEA
( DEEA
BDA

+
CO
+ — co, — 2
H,0 + BDA
H,0 +
- J ) H,0
Figure 2-13: Biphasic reactive absorption [45]
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2.2.2.2 Biochemical Industry

1. Furan derivatives production

The biphasic reaction system is employed to enhance the production yield and reduce reaction
time of the furan derivatives production process. Generally, the production is limited by the
unfavourable chemical equilibrium and the formation of undesired side-product; the addition
of solvents help to overcome these issues by extracting the desired product into the organic
phase. This process is selected for further studying, the detail description and constructed model
can be found in chapter 4, section 4.2.4; the model-based design and analysis is presented in
chapter 5, section 5.4.

Amiri et al. [46] present the production of 5-Hydroxymethylfurfural (HMF) and
furfural from rice straw using 2-propanol, 1-butanol, methyl isobutyl ketone (MIBK),
and acetone as extraction solvents. The reactions are carried out at 180 °C for 3 hours;
the achieved maximum conversion is 76% in acetone; production yields of HMF and
furfural are 60% and 80% respectively.

Gallo et al. [47] employ bio-based solvents (y-valerolactone (GVL), y-hexalactone
(GHL), y-octalactone (GOL), and y-undecalactone (GUL)) for the production of HMF
from monosaccharide sugars (glucose and fructose). They achieved 94% highest
conversion and 84% HMF highest selectivity of fructose with GVL organic solvent.

Gurbuz et al. [48] present the production of furfural and levulinic acid from corn stover
hemicellulose in biphasic reactors with alkylphenol solvents, the production scheme is
highlighted in Figure 2-14. The furfural production (on the left reactor) has 98%
conversion of xylose and furfural selectivity of 80%; while the levulinic acid
production (on the right reactor) can reach complete conversion with 70% selectivity.

Ordomsky et al. [49,50] design a biphasic rotating foam reactor for the production of
HMF in 1-butanol, 2-methyltetrahydrofuran (MTHF), and cyclohexane. However, the
outputs from their zeolite-based catalyst are not satisfying with furfural yield between
40-60% only.

Furfural Product Levulinic Product
A
H, T
Organic Phase Organic Phase Mo
Q HO Ho
X
o} \7 o \7 o
— = + 4
g ’ ;
HO o A HO. e}
HO o — Ho
N on  3H,0 QY oy, —
HO H = — +H,0
o
Xylose Furfural Furfuryl Alcohol
Aqueous Phase Aqueous Phase Levulinic Acid

Figure 2-14: Productions of furfural and levulinic acid from hemicellulose [48]
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2. Biodiesel

Transesterification of vegetable oils to fatty acid methyl esters (FAME) has been carried out in
biphasic systems. These systems offer higher production yield, higher purity product, faster
reaction, as well as prevent biocatalyst from deactivating.

- Dube et al. [51] use a two-phase membrane reactor for the production of FAME from
canola oil and methanol. The help removing unreacted canola oil from the FAME and
shifting the reaction equilibrium to the product side resulting in higher conversion and
faster reaction rate.

- Lozano et al. [52] employ the IL-SCCO> system for the production of biodiesel with
enzymatic catalyst biphasic reaction. Generally, the catalytic efficiency of the enzyme
is lowered because of its direct contact with methanol, as shown in Figure 2-15. This
approach is not only preventing the deactivation of the biocatalyst, but also enhancing
mass transfer of the reactive species toward the catalyst and reducing the separation
step after the reaction. They’ve achieved 79% product yield with 1-octadecyl-3-
methylimidazolium bis((trifluoromethyl)sulfonyl)imide ([C18mim][NTf2]) IL.

st.':CICJ2

Figure 2-15: Lozano’s transesterification in IL-SCCO; [52]

- Hongfaet al. [53] proposed a thermomorphic biphasic system of heptane and methanol
for the production of biodiesel, the reaction scheme is shown in Figure 2-16. This
reaction system gives 95-97% product yield and leaves virtually no undetectable level
of glycerol and free fatty acid.

Reagents Products
+ +
n-Heptane n-Heptane
Reaction
Catalyst Catalyst
+ +
Methanol Methanol

.\

Figure 2-16: Thermomorphic biphasic production of biodiesel [53]
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3. Bio-based polymerisation

Atom transfer radical polymerization of poly(methylmethacrylate-co-2-hydroxyethyl
methacrylate) P(MMA-co-HEMA) with poly(e-caprolactone) (PCL) is catalysed by ring-
opening enzyme [54], as shown in Figure 2-17. A biphasic system with SCCO: is used for
stabilisation of enzyme, the conversion of reactant is 50-70% with 50% yield of product.

)

o o
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Figure 2-17: Atom transfer radical polymerisation [54]

2.2.2.3 Pharmaceutical Industry

The biphasic reaction system is also applied to the productions of various active pharmaceutical
ingredients (API).

- Shin and Kim [55] apply biphasic water-hexane for the production of a-aminobutyric
acid (AABA) from the reaction between 2-oxobutyric acid (20A) and benzylamine
(BA). The biphasic approach increases the conversion of raw material from 40% to
95%; as well as reduces separation step by isolating benzaldehyde by-product. The
model of this reaction system is constructed later in chapter 4, section 4.2.5 and the
model-based analysis is presented in chapter 5, section 5.5.

- Gutman et al. [56] present the application of their biphasic continuous reactor for the
productions of (a) triazole precursor; (b) diphenhydramine; (c) metoprolol; (d)
imidazoles; and (e) indacaterol as shown in Figure 2-18.
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Figure 2-18: Biphasic production of active pharmaceutical ingredients [56]
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2.3 REVIEW OF THE AVAILABLE MODELS

As presented in the previous section, biphasic reaction system has been applied to a broad range
of production systems. Undoubtedly, there is a great demand for the mathematical modelling
of these systems. This section presents models of the biphasic reaction systems reported in
publications, especially for those system discussed in the previous section. Herein, section 2.3.1
presents reaction models of the system and section 2.3.2 presents phase equilibrium models of
the related chemical species.

2.3.1 Reaction Models

2.3.1.1 PTC-Related Reactions Models

Landini et al [9] use simple first order reaction rate law, as shown in equation 2-6, for describing
the halogenations and active ions (including cyanide) displacements reactions in the biphasic
water-chlorobenzene mixture. Vander Zwan and Hartner [10] also assume first order reaction
rate law for the calculations of processes half-lives of halogenations and acetate displacement
processes. Later Dillow et al. [7] modify Landini’s equation for their halogenations in SCCO--
acetone by adding the reversible term, as shown in equation 2-7.

r =k [S][QX] 2-6

r, =k [QX]([S]-[sT") 27
where, r; is the reaction rate of reaction j, k; is the first order rate constant of reaction j, [QX]

is the concentration of PTC, and [S] and [S]E are the concentration of the substrate at any
given time and equilibrium concentration of the substrate respectively.

Whereas, Yufit and Zinovyev [13] adopt the enzyme-promoted reaction rate, equation 2-8, for
calculating the amount of the halogenated products at any given time.

5 :kzkg[E]ot+kzz[E]O{l—exp[—(k2+k3)t]}

2-8
[P] k, +k, (k, +k, )’

where, [P] is the product concentration, [E], is the initial concentration of raw material, and
k, and k, are the adjustable rate constants.

Starks and Owens [15] use the lumped-phase kinetic-equilibrium equation for the cyanation of
simple halide molecules. Their equation is a simplified pseudo-first order reaction equation as

shown in equation 2-9.
P kK
In| —|=- t 2-9
{PO } [r +K }Q°

where, k is the first order rate constant, K is the equilibrium constant, Q, is the initial amount
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of PTC, r is the ratio between active and inactive ions, and P and P, are the amount of product
and the initial amount of product respectively.

Yadav and Kadam [19] have made a detailed analysis of benzoin condensation process with
the assumption that it is controlled by only one rate-determining step; therefore, the model
eventually turns out to be first order, as shown in equation 2-10.

7XX =kP,N,t 2-10

where, X is the conversion and N, is the amount of PTC.

Similarly, Wang et al. [24] also describe the hydrolysis of 4-methoxyphenylacetic acid butyl
ester (see Figure 2-9) by pseudo-first order reaction rate equation, as shown in equation

~In(1-X) =kt 2-11

Those reactions equations of the PTC-based systems have simple first order, or modified-first
order reaction rate equations. Although the model could match the measured data fairly well,
they have limited application toward the prediction and design of these complex PTC systems.
Moreover, none of the above-mentioned models is included predictive, or even correlative,
thermodynamic models into consideration.

Ng and co-workers [57] propose a design procedure for liquid-liquid phase transfer catalysis
(LLPTC) systems from the process system engineering perspective. The mathematical model
is developed for the stirred cell reactor while assuming ideal behaviour of the PTC phase
equilibriums, first order reaction rate, and well-mixed of the organic phase. The model analysis
is done through Damkohler number and ideal partition coefficients. The guidelines for
flowsheet selection, comparison of PTC, and solvent selection recommendation are presented.
Although this model is still far from widely applicable with PTC systems, it gives more
information on the effect of the solvent and PTC to the conversion, partition, and overall
reaction rate.

2.3.1.2 Other Biphasic reaction systems

1. Epoxidation

For the epoxidation process model, Gan et al. [58] assume one rate determining step and use
simple first order reaction rate equation to describe the production of epoxides from palm oil.
Similarly, Dinda et al. [33] also reduce the model to pseudo-first order equation, as shown in
equation 2-12.

In([HZOZ]O—[EP]):—k[RCOOH]OHIn[HZOZ]0 2-12
where, [ ] stand for the concentration and subscript 0 denotes the initial concentration.

On the other hand, Rangarajan et al. [59], Campanella et al. [31,32], and Sinadinovic-Fiser et
al. [36] use seven differential equations to describe the reactive species within the process.
While Santacesaria et al. [34] describe the system with four reaction kinetic equations and six
mass transfers equations for the heterogeneous species.
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Campanella and co-workers apply UNIFAC thermodynamic model for calculating the
partitions of acid and peracid but does not further apply their model for the novel design of the
system. On the other hand, Santacesaria group uses simple correlation for partitions of the
heterogeneous compounds.

2. Furan derivatives production

For the production of furan derivatives, only Weingarten et al. [60] present a simple first order
kinetic model for the production of furfural from xylose by microwave heating in single phase
(equations 2-13 and 2-14) and biphasic systems (equations 2-13, 2-15, and 2-16).

d[F]

dt

D) e =
A AR R 214

:kl[x:”:H+:|_k2[X][F]Aq|:H+:|_k3[F]Aq|:H+:|_k4[F]Aq +k5[F]Org 15

d[Floy

dt = k4[F]Aq 7k5[F]Org 2-16

where, [X] is the xylose concentration, [F] is the furfural concentration, [H*] is the acid
concentration, and subscripts Aq and Org denote the aqueous and organic phases respectively.

The model does not include any prediction of the heterogeneous species partition, but assumes

. - k
fixed value between the two transfer coefficients k—“ =7.1.

5
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2.3.2 Phase Equilibrium Models

The calculation of partition coefficient (P) is one of the most important features for further

application of the constructed model. The partition coefficient is defined as the ratio of the
concentrations of a chemical species in the two phases at equilibrium. The equation for
calculating partition coefficient is taken from the work of Piccolo et al. [61], as displayed in
equation 2-17.

p= 217

where, P, is the partition coefficient of the speciesi, »“ and y/ are the activity coefficients of

the species i in the respective phases a and S.

Unfortunately most biphasic reaction systems models do not include the partition coefficient
into consideration, or omits the calculation by assuming constant coefficient. As discussed in
the previous section, only Ng and co-workers [57] include the partition coefficient into
consideration. However, they have also assumed ideal behaviour, in order to avoid dealing with
complex activity coefficient model. Moreover, concerning the PTC system, there is virtually
no predictive model for the activity coefficient calculation available in an open literature.

This section collects and presents attempts to model the activity or partition coefficients of the
quaternary ammonium PTC. As well as, presents the model that can potentially be useful for
the prediction of the activity and partition coefficients of the PTC system.

2.3.2.1 Activity Coefficient Model of PTC system

Belveze et al. [62] use electrolyte extension of the non-random two liquid (eNRTL) for
correlating the activity coefficients of tetramethyl-, tetraethyl-, and tetrapropyl ammonium
PTCs. The model equations are the same as the model presented in chapter 3, section 3.2. They
achieve unacceptably high absolute average deviation at 6.2% for a PTC ion.

Fukumoto et al. [63] apply electrolyte extension of the variable range — statistical associating
fluid theory with (SAFT-VRE) model [64]. Although the result looks optically well fitted in
the figure, there is no quantitative report on the different between experimental and predictive
values.

Papaiconomou et al. [65] and Simonin et al. [66] succeed employing mean spherical
approximation model (MSA) for calculating the activity and osmotic coefficients of
tetramethyl-, tetraethyl-, and tetrapropyl (C:iN to CsN) ammonium PTCs. The absolute average
deviations are between 0.1% and 0.5%. However, they omitted the calculation of
tetrabutylammonium (CsN) PTC, which has most complex behaviour, from their publications.

2.3.2.2 Potential Activity Coefficient Models

Although isn’t applied directly to the system involved with PTC, the UNIFAC model has
successfully implemented for calculating the activity coefficient and equilibrium of the system
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containing ionic liquids, under the name of UNIFAC-IL. However, the model has been
approached differently from different research groups.

Originally, Lei and co-workers [67] consider every ionic liquid molecules as a group, each of
them needs structural parameters (Ri and Q, ) which are estimated roughly from equations 2-18
and 2-19.

R; =0.029281v,, 2-18
Qi:(Z_Z)Ri +2(1_Li) 2-19
z z

where, V, is the molar volume, z is the coordination number, and L, is the bulk factor.

Moreover, they also need interaction parameter (aij) between the new ionic liquid groups and

the original UNIFAC groups. This approach leads to the inefficient application of the group
contribution concept of the UNFAC model. Furthermore, their model also neglects the effect
of long range interaction between ions.

On the other hand, Santiago et al. [68] also apply UNIFAC for predicting liquid-liquid
equilibrium of ionic liquid in ternary systems. Although they also use original UNIFAC with
neglecting long range interactions, they considered cation and anion embodied in the ionic
liquid as separated groups. With this approach, there are more parameters required; however, a
wider range of applications is also feasible.
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3
THE MODELLING FRAMEWORK

When modelling the biphasic reaction systems, the objective of the constructed model is
diverse. For example, the model can be used for analysing the behaviour of chemical species
within one phase, determining the partition of heterogeneous species between two phases, or
predicting the effect of solvent to the partition of chemical species or reaction rate.

In order to efficiently and systematically set up a tailor-made model for various applications, a
flexible and reliable framework for modelling of the biphasic reaction system is needed.
Likewise, in order to determine the physico-chemical behaviour of involved chemical species
and solvents, the predictive and partially predictive thermodynamic models or the combinations
of several thermodynamic models are also required.

Section 3.1 describes the developed biphasic reaction systems modelling framework and the
generic equations. And section 3.2 presents the implemented and developed constitutive
thermodynamic models.

The output from this chapter is the biphasic reaction system modelling framework and the
options of constitutive thermodynamic models for constructing the combined rate-equilibrium
tailor-made model of the biphasic reaction systems. The framework and thermodynamic
models are implemented to specific systems in chapter 4.
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3.1 BIPHASIC REACTION SYSTEM MODELLING FRAMEWORK

In this section, the step-by-step framework for the modelling of the biphasic reaction system is
presented. Section 3.1.1 show the framework scaffold and section 3.1.2 presents the detail
decision-making step for each module in the framework and the corresponding generic
equations.

3.1.1 The Framework

The systematic biphasic modelling framework is developed based on model generation method
of Cameron and Gani [3]. The process modelling starts with defining the modelling objectives,
followed by model construction, model analysis and model solution according to a derived
numerical solution strategy. The model equations are classified in terms of balance equations,
constitutive equations and conditional equations.

Prior to biphasic model construction, information on the reactive system is collected. The
involved chemical species are classified into homogeneous species (they stay in only one
phase); and heterogeneous species (they distribute-partition into the two phases). Next, the
chemical species present are classified in terms of solvent, reactive (reactant and product) and
inert species. The dissociations of chemical species into ions are considered only for the
aqueous phase. Physico-chemical properties, such as, vapour pressure, density, viscosity, Gibbs
free energy of formation, heat of formation, standard melting and boiling temperature are
retrieved from a database or estimated by an appropriate group contribution method such as
Constantinou and Gani method [69].

Reactions are classified into those that are kinetic-controlled, those that are equilibrium-
controlled, and those that are mixed. The reaction location is also needed to be specified. If the
transfers of the heterogeneous chemical species between the phases are not spontaneous, mass
transfer effects are also considered. The balance equations are generated based on the reaction
system information and the reactor type (CSTR, batch, or fed-batch).

In this work, the constitutive and conditional equations are combined into modules for different
systems and/or modelling objectives. After a model consisting of equations from the three
modules has been generated, it is validated for compatibility with the available data before
further use in design and analysis of the biphasic reaction system. If the model fails the
validation test, the collected data is used to fine-tune the model parameters.

The final result is a problem-specific model generated through different combinations of the
equation from the three modules, as shown in Figure 3-1.

For each module, there are various decision-making steps for equation selection and model
generation which is described together with generic equations in the next section.
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Figure 3-1: Framework for modelling of biphasic reaction systems
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3.1.2 Generic Equations

For each module, the decision-making steps for selecting generic equations are derived and
displayed in this section. The intention is to develop a generic model that can be used for entire
biphasic reaction systems problems.

3.1.2.1 Module 1: physical equilibrium

Module 1 describes physical equilibrium and partition of heterogeneous chemical species
between two co-existing phases. The detailed step of this module is shown in Figure 3-2.

1. The solvents and heterogeneous species are decomposed into pairs of subsystems.
2. A proper thermodynamic model is selected for each subsystem.

3. The corresponding model parameters are needed for calculating activity coefficient of
the chemical species in the solvent.

// Module 1
Physical and

Chemical
Equilibrium

A

Decompose Solvents and Available
Heterogeneous Species to Model Parameters
Pairs of Sub-System

Y
Specify
Themodynamic .~ Check Model S
Model for > Parameter Available
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Experimental Data - -
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Chemical Equilibrium
\/\ Constant

Formulate Physical
Module 2 < and Chemical
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Figure 3-2: Detail steps of module 1 in the framework
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4.

a. When parameters have not been established, experimental data (for example
activity coefficient and solubilities) need to be measured for parameter
regression. The intention is to develop a model with parameters that can be
used for other systems.

Physical equilibrium model can then be formulated. In particular, the partition
coefficient as a function of activity coefficients is defined as the distribution of each
heterogeneous species between the two co-existing phases, as given by equation 3-1.

R=-t=1 31

where, P, is partition coefficient of species i; 5« and ,/ are activity coefficients of
species i in respective phases « and .

If the modelling objective is to analyse equilibrium or partition of heterogeneous
species only, there is no need for other two modules.

3.1.2.2 Module 2: reaction and transfer rate

Module 2 describes reaction rates of the reactive species and transfer rates of the heterogeneous
species. The detailed step of module 2 is shown in Figure 3-3.

1. Location of the reaction is considered whether the reaction occurs at the interface or in
the bulk phase.
2. The arbitrary third phase is established if the reaction occurs at the interface.
3. The reaction type is specified for the formation of rate model.
4. Experimental data, such as the measured amount or the concentration of the reactive
/ Mcgial::)e 2 Specify Define Arbitrary
Reaction Interface— Third Phase
(Transfer & .
. Location (Interface)
Reaction)
Bulk
A
- Experimental Rate Data : F
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Figure 3-3: Detail steps of module 2 in the framework
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species during reaction time is needed for kinetic parameters regression, while standard
Gibbs of formation is needed for equilibrium parameters. Mass transfer coefficients, if
need, can be estimated from the experimental data or the correlation between
Sherwood, Schmidt, and Reynold numbers (for example, the correlations reported by

reported by Kumar and Hartland [70]).

5. The generic reaction model is formulated based on the non-elementary reaction rate

law, as given by equation 3-2.

. H(Ciyi)gﬁ
Ry =k;S H(Cﬂ’i)ﬂu —'Ki

! Eq, ]

where, R; is the rate of reaction j; S is the effective area per volume for mass transfer;

C, is the concentration of species i; y; is the activity coefficient of species i; k; is the

forward rate coefficient of reaction j; Keq.

is the equilibrium constant of reaction j; and

g; and & are order of reaction of species i in reaction j for forward and backward

reaction respectively.

a. Inthe case of reaction rate (not transfer rate), S is equal to 1.

b. In the case of purely kinetic driven forward reactions, the equilibrium-

H(Ci?’i )ﬁ'T

reversible term | ———— | is omitted. The equation is transformed into

Eq, j

equation 3-2a.

R; = kJH(Ci}’i )EG

¢. Inthe case of fast equilibrium, or pseudo-equilibrium, controlled reactions, the

rate of reaction (Rj ) is set to zero, which transforming to equation 3-2b.

- H(Ciyi )gl]
OleI(Ci?’i)‘IJ _IKi

Eq,j

d. For the mass transfer of the heterogeneous species across phases, or to the
interface, mass transfer coefficient (k_) and partition coefficient (P) from

the module 1 are used as the forward rate of reaction and reaction equilibrium

respectively. Mole fractions (x;’) are used instead of the concentration (C{‘)

as shown in equation 3-2c.
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"

R, _kLs[xf —PJ 3-2

e. If the mass transfer limited is neglected, the transfer rate is set to 0. Equation
3-2c is truncated into equation 3-2d.

0=x"—— 3-2d

The chemical equilibrium constant (KEq,j) is related to the standard Gibbs energy of

formation by equation 3-3.

K —exp[—AG’J 3-3
Faj RT )

where AG; is the standard Gibbs free energy change for the reaction j, R and T are the
universal gas constant and temperature respectively.

The equations in this module are linked with the balance module through the extent of reaction
concept.

3.1.2.3 Module 3: balance and unit operation

Module 3 describes the mass balance of the reactive species and unit operation. The detailed
step of module 3 is shown in Figure 3-4.

1. The generic balance equations are to connect with rate equations by the extent of
reaction concept, as shown in equation 3-4.

dé.
%:ijj 3-4

where, fj is the extent of reaction j as a function of time and rate of reaction, and Vj
is the volume of the phase at which the reaction occurred.
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2. If dissociated species presented, equations 3-5 and 3-6 are used to initialise cation and
anion species.

NP :ZNii 3-5
k

0 0
N = Zk: Nig 3-6
where, N¢ is an initial molar amount of dissociable species with cation i and anion k;
N2 and NP are dissociated cationic and anionic species, respectively.

3. The reactor type (batch, fed-batch, or CSTR) is specified.

4. The generic balance equation is formulated from equation 3-7.
a _ NO 0 B
N* =N, +Zvij§j+|:it_|:it_Ni 3-7
J

where, N is the molar amount of species i in a phase; N? is the initial amount of i;

N/ is the amount of species i in the £ phase; Vj; is the stoichiometric number of the
species i in reaction j; F°and F, are the inlet and outlet flow of the species i
respectively.

a. For a batch reactor, both F, and F° are equal to 0.

b. For afed-batch reactor, F, is 0 while F°can be continuous or pulse function.
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3.2 CONSTITUTIVE THERMODYNAMIC MODELS

The key information for the improved and innovative design of a biphasic reaction process are
the partitions of heterogeneous species between the two co-existing phases (or to the interface),
as well as, the equilibrium of reaction in both phases, which require a reliable thermodynamic
model capable of describing the phase behaviours of all the species present in the system.

Equation-of-state (EOS) and activity coefficient (y) models are most commonly used to
describe equilibria behaviour such as phase compositions and partition coefficients [71-74]. In
this work, the models are constructed for the systems containing mainly liquid phases, the
activity coefficient models are more suitable for describing the systems. The non-random two
liquid (NRTL), its electrolyte extension (eNRTL) and the segment-based activity coefficient
(SAC) models are implemented for correlating and predicting the behaviours of the involved
species. Additionally, electrolyte extension of group contribution-based KT-UNIFAC model is
developed and initially applied to the alkali halide electrolyte solution [75], where some
representative alkali halide salts appear in the studied systems as a donor or receptor of the
active or inactive ions. Therefore, the e-KT-UNIFAC model is also extended to various systems
involving electrolyte and non-electrolyte chemical species.

Generally, biphasic reaction systems consist of 2 liquid phases, aqueous and organic. The
aqueous phase is commonly an electrolyte solution that contains ionised species. While, the
organic phase is a nonelectrolyte phase, with no dissociate species. Therefore, the biphasic
reaction system is decomposed into 3 subsystems (A — C):

Subsystem A (co-existing solvents): describes the mutual solubilities between two co-existing
solvents using NRTL, NRTL-SAC, UNIQUAC, or KT-UNIFAC models

Subsystem B (electrolyte solutions): describes the behaviour of dissociated chemical species in
electrolyte solution using e-NRTL, e-NRTL-SAC, or e-KT-UNIFAC models

Subsystem C (nonelectrolyte solutions): describes the behaviour of species in non-aqueous
solvent using NRTL, NRTL-SAC, or e-KT-UNIFAC models

Thermodynamic descriptions of subsystem A are well-established with existing models,
whereas subsystems B and C lack of the model parameters or the accuracy model or both.
Combinations of different appropriate thermodynamic models for subsystems B and C are
applied to calculate the partitions of heterogeneous species between aqueous — organic phases.
The behaviours of dissociated species in the aqueous phase of subsystem B are predicted using
the eNRTL, eNRTL-SAC, and e-KT-UNIFAC models with the newly fitted parameters
reported in section 4.1, while, the solubilities of the non-electrolyte species in various organic
solvents are determined using the NRTL, NRTL-SAC, and e-KT-UNIFAC models with the
newly fitted parameters as well. An overview of the models for the subsystem is given in Table
3-1 and sections 3.2.1-3.2.3 below present the implemented and developed constitutive
thermodynamic models and their equations.

Table 3-1: Overview of the constitutive thermodynamic models for predicting behaviours of
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chemical species in different subsystems

Subsystem Model Model Type
NRTL Correlative
NRTL-SAC Partially Predictive

A UNIQUAC Partially Predictive
KT-UNIFAC/e-KT-UNIFAC Predictive
eNRTL Correlative

B eNRTL-SAC Partially Predictive
e-KT-UNIFAC Predictive
NRTL Correlative

C NRTL-SAC Partially Predictive
e-KT-UNIFAC Predictive

3.2.1 NRTL Model and Its Electrolyte Extension

3.21.1 NRTL

Non-random two liquid model (NRTL) is a local composition based activity coefficient model
developed by Renon and Prausnitz in 1968 [76]. The model is widely used for behaviour and
equilibria calculation of binary and multicomponent systems. The NRTL model activity
coefficient expression is shown in equation 3-8.

ZXJGJI T %G ZXJGKJTKJ

_ 3 theat) K

Iny, = G + G Ty — 5
ZXJ Jl J ZXK K3 ZXK K3
J K K

where x, is the mole fraction of the chemical species I; z,, and G, are expressed as following

equations 3-9 to 3-11, with R and T are the universal gas constant and the temperature
respectively.

7, =2 3-9

RT
G, =exp(-a,7y) 3-10
a, =a, 3-11

For any binary pairs, the NRTL model has 3 adjustable parameters: the nonrandomness factor

(aJ|) and two interaction parameters (0!JI and a,, )
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3.2.1.2 eNRTL

Chen and his co-workers [77-80] extend NRTL model for describing electrolyte system
behaviour by accounting local interactions between species with NRTL expression and long-
range interactions with Pitzer—-Debye—Huickel (PDH) formula [81], as shown in equation 3-12.

Iny; =iy +1Iny P + AlnyPen 3-12

where the notation “*” denotes the unsymmetric convention, y;"* is the contribution of activity

coefficient from the local composition interactions, ;"""

is the contribution of activity
coefficient from the long-range interactions, and the Born term (Aln y,B"'") is the correction

term for the change of the reference state from the mixed-solvent to the aqueous solution.
The local composition unsymmetric convention activity coefficient is calculated as shown in
equation 3-13.

Iny™ =Iny’ —Iny?"* 3-13
where, 77" is the infinite-dilution activity coefficient of the ionic species I, calculated at
X, — 0 by equation 3-8.

The expressions for PDH and Born correction terms are shown in equations 3-14 and 3-15.

12
. 1000 27} 2212 —-21¥2
In ;o :—(M—SJ A{(p‘]ln(lwupli/z%w 3-14
2 2
AInyIBO'" — Qe i_i ilo-z 3-15
2k T\es & )T,

A, and 1 are calculated from equations 3-16 and 3-17.

Apzl 2”NAdS v Qe2 * 3-16
3( 1000 ek, T

1
|XZEZX|Z|2 3-17

where, /-\(0 is the Debye-Huckel parameter; 1, is the ionic strength; z, is the charge number

X

of species I; M is the molecular weight of solvent S; 0 is the closest approach parameter;
Q. is the electron charge; & is the dielectric constant of the solvent S; k, is the Boltzmann
constant; ¢, is the dielectric constant of water; r, is the Born radius of species I; N, is
Avogadro’s number; and d is the density of the solvent S.

Piccolo et al. [61] had used a combination of NRTL and eNRTL models for subsystems B and
C for calculating partition coefficient of heterogeneous species between co-existing aqueous-
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organic phases. The applicability of this combination is limited by the need of experimental
data for each pair of heterogeneous species-solvents. Although it is less useful in term of
predictability, the uncertainty of this combination is lower than other combinations, due to the
specific interaction parameter of each system.

The NRTL and the eNRTL combination are applied in the PTC case study I, benzoin
condensation in section 4.2.1, the model is a correlative model with limited prediction
capability for the design of the process.

3.2.2 Segment Activity Coefficient (SAC) Models

3.2.2.1 NRTL-SAC

The segment based NRTL model was originally developed for polymer solutions [82]. The
model adopts Flory-Huggins equation [83] to represent the configurational entropy of mixing

as a combinatorial term (;/,FH) and modifies NRTL expression for local composition

contribution as a residual term (;/,'”). The model has been applied for predicting the behaviour

and equilibrium of the non-ideal complex mixture systems containing pharmaceutical
compounds, aroma compounds, polymers, and ionic liquids [84-88].

The NRTL-SAC model decomposes molecules into three conceptual segments based on
molecular interactions in solutions. For each chemical species, their interactions are described
in term of the pairwise segment-segment interactions among hydrophobic segment (X), polar
segment (Y), and hydrophilic segment (Z). The interaction between hydrophilic and polar
segment can be positive and negative, therefore, the polar segment is divided into two types (Y-
and Y+). Binary interactions between segments are displayed in Table 3-2.

Table 3-2: NRTL binary interaction for conceptual segment of NRTL-SAC model

Segment 1 X X Y- Y+
Segment 2 Y+/Y- z z z
Ty, 1.643 6.547 -2.000 2.000
Ty 1.834 10.949 1.787 1.787
8, =8, 0.2 0.2 0.3 0.3

where, the interaction between Y- and Y+ polar segments is 0.

The NRTL-SAC activity coefficient equations are expressed as equation 3-18.

Iny, =Ny +Iny™ 3-18

The local composition part is calculated from the sum of segments interactions as displayed in
equation 3-19.

Inyl'C:Zrmyl[lnF';—lnF'rﬁ"J 3-19
m

The segment activity coefficients (l"'rﬁ and ' ) are calculated from equations 3-20 to 3-24.
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2 %GnTin ZX Gin T
InT® =4
m

il Tt — 3-20
IR S ¥ Ly T

. zj:XJ 1= jm lm X G ZXJ 1= jm’ Jm
InTy' = Tome 3-21
" ;Xk,lekm z zxk I ~km* " ;Xk‘l km*

ZXJrJJ
3-22
ZZXI il

fi

IS 3-23

G; = eXp(_aijTij) 3-24
where, the i, j, k, m, and m’ denote the segment based species; | and J denote the molecular
species; X; is the segment based mole fraction of segment j; x, is the mole fraction of the

molecule J; T;; is the number of the segment j contained in molecule J; &; and 7j; are taken
from Table 3-2.

The combinatorial (Flory-Huggins) part is calculated from equations 3-25 to 3-27.

Iny™ = InﬂﬁLlfr,Z:(ﬁ—J 3-25
X, j r
h=2n, 326
— rIXI
9 —42 rx, 3-27

where, r, is the total segment number of molecule | and ¢, is the segment mole fraction of
molecule I.

3.2.2.2 eNRTL-SAC

The NRTL-SAC model has been extended for describing electrolyte system based on the
generalised eNRTL model [89]. A new conceptual segment E, which would completely
dissociate to cationic segment (c) and anionic segment (a), is introduced. The binary segment
interactions for NRTL segments are taken from Table 3-2, while the new segment binary
interactions to the other are reported in Table 3-3.
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Table 3-3: NRTL binary interaction for the new conceptual segment of eNRTL-SAC model

Segment 1 X Y+/Y- Zz
Segment 2 E E E
Ty 15 12 8.885
T 5 -3 -4.549
8, =ay, 0.2 0.2 0.2

Following general eNRTL model, the eNRTL-SAC model equations are expressed as following
equations 3-28.

Iny; =Iny " +1Iny; P +iny™ + AlnypPorm 3-28

The local composition term (In yf*'C) is computed as the sum of individual segment
contributions as equation 3-29.

Inye Z JInTRe 4 InTL +r,, InTy" 3.29

With the unsymmetric local composition segment activity coefficients (F;'C,FZ"C,andFZ“)

express as follow.

INT° =InCE —InC" 3-30
INC,° =InT¥ —InT2"° 3-31
INT* =InTC¢ —InC" 3-32

The notation “«” denotes infinite dilution. The local composition segment activity coefficients
(F'nﬁ, F'CC. and F'ac) are calculated by the following equations 3-33 to 3-35.

| z X; GJm jm X G z X jm* lm
r, T
) z Xkam z Z Xk km* " Z Xkam‘
k k

ZXGJC IC x.G ZXJ Ja ja

XCGmc a —ma

T T
Z %G| ™ z X Gy z %G| ™ Z %G
X X

, ZX GJC ic zx GJm jm X ZX Gla ja
re = %Cen =t 3-34
¢ Zk: Xkac Z Z Xk km C Zk: Xk km Z Xkaa Zk: Xk ka

k
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ZX GJa ja ZX GJm jm X ZX GIC ic
C

le _ i

T —
: ;Xkeka zzxk km o ;Xk km ;Xkaa ;Xk ke

3-35

The infinite dilution local composition segment activity coefficients (Fﬁ"c, o', and F:"°) are

calculated by equations 3-33 to 3-35 with a mole fraction of water equal to 1.

While the long-range interaction contribution term (In 17 PDH) is also computed from the sum

of its segment contributions by the following equation 3-36.

* PDH * PDH * PDH * PDH
z (NP 4 InTUPP 4 InT 3.36

where, the unsymmetric long-range segment activity coefficients (F;'PDH , TP and F;'PD”)

are calculated from unsymmetric Pitzer—-Debye—Hiickel (PDH) formula on the segment basis,
as displayed in equations 3-37 and 3-38.

12 3/2

wpon o[ 1000) Al
Inl"m —Z(M 1+p|1/2 3-37

s X

12
] ) 192 _21%2
TP = inpron — | 1000 AW[Z'“(“/"XW)“Jz 3-38
M, P 1+l

The combinatorial (In yH ) term is calculated from equations 3-39.

Iny ™ = In[ZxJ J zxr 3.39

The Born correction term (Aln 7B°m) is calculated from the sum of segment contributions by

equation 3-40.

ANy =r AINTE™ +r, AlnT 2" 3-40
where
2
AlnTEm - 1 1 ilO*2 3-41
2k, T g &y )T
X (1 1 2
AINTEM =—<e | — 10 3-42
2k, T gs SW r,

where, the definitions of A,, I, Mg, p,Q,, &, &, Kg, and T, are the same as the definitions
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from the general eNRTL model in the previous section.

The implementation of SAC models for PTC systems is discussed in chapter 4, section 4.1.1.
The applications of SAC model for design and analysis of PTC system are demonstrated in
chapter 5, section 5.2 for the chlorination of organobromine process.

3.2.3 Electrolyte Extension of the KT-UNIFAC Model

e-KT-UNIFAC is a newly developed group contribution based thermodynamic model for the
correlation and prediction of thermodynamic properties of electrolyte and nonelectrolyte
solutions [75]. The model combines the predictive local composition models of the KT-
UNIFAC model [90] for the short range interactions between molecules; the second virial
coefficient type equation [91] for the special “middle range” interactions between ions pair for
describing highly non-ideal systems; and the Debye—Hiickel theory [92] for the long range
electrostatic interactions between charged ions.

The activity coefficient of species | is obtained from the sum of the three different contributions
and the Born correction term.

UNIFAC Vir

Iny, =Iny; +InpyY" +Iny Pt + Alnyem 3-43

3.2.3.1 The short range term

The activity coefficient of the short range term of the species | (In 7,UN'FA°) is taken from the

KT-UNIFAC model as a combination of combinatorial (;/IC) and residual (le) terms.

UNIFAC

Iny, =Iny7 +Inyy 3-44
The combinatorial and residual terms are expressed as shown in equations 3-45 and 3-46.

Iny®=1-J, +InJ, —5q, [1—JL'+|n‘|]_'J 3-45

s. 0. S.
Inyf=q,(1-InL, )Z[“’GjI In"J 3-46
i\ 1;

The quantities (J, L. G ¢9j, Siis and 77].) in these equations are defined in equations 3-47

i

to 3-52.
-
TS 3-47
J
Lo
TS, 3-48



The Modelling Framework

Gy =2 VmQn 3-49
o
6,=2%G, 3-50
S = 2.Cmm 3-51
7= 2% 3-52

And the pure component parameters I} and 0, are calculated from the sum of the group

structural parameters (Rk andQ,).
h= zvkl R, 3.53
k

q, = z"m Q 3-54
k

where, v,, is the number of the group k in chemical species I. The 7,; is calculated from

adjustable interaction parameters (amj) in KT-UNIFAC format, which is expressed by first-

order linear temperature dependent.

a;
Ty = EXP —? 3-55
By =81+, (T —TO) 3-56

3.2.3.2 The middle range term

The middle range second virial coefficient term (In 7V”) which accounts for only the binary

interaction between ions groups, is calculated by equations 3-57 and 3-58 for the original KT-
UNIFAC groups (m) and the ions groups (k) receptively.

Inyn' = ZmB " ZZVIH‘HZZX. [B,,+|a§”]

-M Zchma[B ﬂtlaf:I ]

3-57
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In;/V"f—Zx,Blk+ ZZX, i3 +ZmB
j

3-58
+*zz .M, blk+clk)
where
B, =by +¢; exp(—\ﬁ+0.125l) 3-59
0B 1
jk
=| ———=+0.125 |c, exp{—/I +0.125I 3-60

The middle range binary interaction parameters (bjk and Cjk) are expressed as first order
temperature dependent parameters.
by =by, +by, (T *To) 3-61

Cik = Cixa + G2 (T —To) 3-62

The activity coefficient of the chemical species | is described by a summation of the groups’
activity coefficients included in the species.

Vi Vi
In}/ r ZV” In}/ r 3-63

3.2.3.3 The long range term
The corresponding long range activity coefficient equations for the original KT-UNIFAC
groups (m) and the ions groups (k) are expressed as follow.

2A Md,

1 I
DH __ / _ — -
7" = ;3dm byl 1+by1, 2In(1+b Ix) o

2
|
Iy = — AL 3-65

1+bJ1

where, the Debye-Hiickel parameters (Aw and b) are calculated by equations 3-66 and 3-67.

d
A, =1.327757x10° */:;3/2 3-66
S
b = 6.359696 \/El/z 3-67
(&T)
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where, d, is the density of solvent, calculated with equations 3-68.

- > XM 3-68

The long range term (In ! ) of chemical species | is calculated from the summation of the

groups’ activity coefficients included in the species.
DH DH
Iny, :ZV“ In?’j 3-69
]

3.2.3.4 The Born correction term

The Born correction term (Aln ;/IB"'”) is expressed in the same manner as eNRTL and eNRTL-

SAC models for the ions groups (k).

2
AIn}/Born — Qe i_i llofz 3_70
k
2k, Tles & )N

Aln 7|Bom — ZvleIn}/;Bom 371
j
The implementation of the e-KT-UNIFAC models for PTC systems is discussed in chapter 4,
section 4.1.2. The applications of the e-KT-UNIFAC model for design and analysis of PTC
system (the chlorination of organobromine process), epoxidation process, and furan production
process are demonstrated in chapter 5.
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4
IMPLEMENTATION OF THE FRAMEWORK
AND THERMODYNAMIC MODELS

In this chapter, the biphasic reaction modelling framework and the thermodynamic models are
implemented for constructing tailor-made models for specific case studies.

The implementation of thermodynamic models for the system with the unavailable parameters
is shown in section 4.1. In section 4.2, the application of the developed framework has been
illustrated through 5 examples. The benzoin condensation process model in section 4.2.1 is an
early developed reactor model for the applied PTC systems, it combines with the correlative
thermodynamic models NRTL/eNRTL for correlating with measured data. The model for
chlorination of organobromine process in section 4.2.2 is another reactor model for PTC
systems, this model is combined with the partially predictive SAC models and the predictive e-
KT-UNIFAC model for design and analysis of the process. The epoxidation, furan derivatives
production, and a-amino acid production processes models in section 4.2.3 to 4.2.5 show the
capability of the framework to handle a wide range of systems and design targets. In section
4.3 the computational algorithm for solving mathematical models that contain both differential
and implicit algebraic equations is presented.

The output of this chapter is the mathematical models describing biphasic reaction systems.
The models are validated and applied to the design and analysis of the reaction system for the
optimal design and/or operation in the next chapter.
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4.1 |IMPLEMENTATION OF THERMODYNAMIC MODELS

While, the thermodynamic description of subsystem A is well established and doesn’t need
extra work; subsystems B and C lack a proper predictive thermodynamic model, model
parameters, as well as, measured data for fitting the model parameter especially for complex
cationic electrolytic systems, such as PTC systems.

Piccolo et al. [61] succeeded applying NRTL and eNRTL models for PTC systems; however,
the models are only correlative, thus having a limited range of application for the design and
analysis of the systems. In this section, the attempt to implement the constitutive
thermodynamic models for subsystems B and C are presented. The segment number parameters
of the semi-predictive SAC models and the interaction parameters of the predictive e-KT-
UNIFAC model are fitted to the measured data from the literature. The aim is to provide the
key information for calculating the partitions and the activities of the involved heterogeneous
species, particularly the PTC species, between the two co-existing phases.

4.1.1 Implementation of the SAC Models

The NRTL-SAC model has been successfully applied for calculation of solubilities of complex
molecules in organic solvents [84-88], while the eNRTL-SAC model has been applied for
activity coefficient calculations of various electrolytes [89,93,94]. As presented in the previous
chapter, the model describes a chemical species by conceptual segments, which have specific
interactions between themselves, and thus, it does not require interaction between a pair of
species, given the capability to predict the systems with replaceable known solvents and known
chemical species. However, it does still require experimental data to estimate the number of the
segment for each chemical species, after segments numbers of each species established, it can
be employed to any known solvents systems.

4.1.1.1 eNRTL-SAC with PTC in aqueous phase

In this work, the eNRTL-SAC model is applied for subsystem B. For simple cations and anion
species, the segment parameters are well established [89]; while there is no parameter available
complex PTC ions. In order to apply the eNRTL-SAC models for prediction, design and/or
analysis of the PTC systems, segment numbers of each PTC ions are needed. The measured
activity coefficients data by Lindenbaum, Boyd, and co-workers [95-97] and Wen et al. [98]
of tetraalkylammonium PTC that contain 4 to 12 carbon atoms are used for the segment
numbers parameters regression.

In total, there are 470 experimental data points, from 24 binary systems. The graphical
comparisons between model calculation and measured data of tetraalkylammonium bromide
and chloride are presented in Figure 4-1 and the comparison between model calculation and
measured data of all available data points is shown in Figure 4-2.
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Figure 4-1: Activity coefficients of tetraalkylammonium bromide and chloride PTC,
comparison between eNRTL-SAC model calculation and measured data
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Figure 4-2: Activity coefficients of tetraalkylammonium PTC, comparison between eNRTL-
SAC model calculation and measured data
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The regressed segment numbers parameters of tetraalkylammonium PTC is shown in Table
4-1, with the average absolute deviations (o) for each PTC systems as calculated by equation

' b

where, N is the number of the measured points, x° and xM= are the calculated value and the
measured value respectively.

Cal Mea
X

N

0'=100[

i=1 i

Both the graphical and the numerical comparisons show good agreement between measured
data and model calculations. The average absolute deviation of all system is only 0.53%, with
the maximum deviation among the PTC data is only 1.04%.

Table 4-1: Segments numbers for subsystem B of the PTC ions

PTC Segment Numbers
Cation Anion X Y- Y+ Z E °
Br 0 0 1.144 1.301 0.986  1.03E-02
cl 0 4.242 4.267 0 0.220 0.58
MesN I 0 0 1.519 0.018 1.049  2.14E-03
OH 0.099 3.391 1.831 0.018 1.015  6.34E-06
Ac 0.171 2.390 0.937 2.142 1.029  3.82E-05
Br 0 2.067 3.545 0 0.730 0.26
cl 0.626 3.744 0 0 0.162 1.04
Et:N I 0.166 0.131 1.549 0.018 1.091  5.00E-03
OH 0.422 3.260 0 0.018 0.963  3.52E-04
Ac 0 1.545 0.503 0.018 1.076  6.02E-04
Br 0.462 0.486 0.414 3.216 1.048  6.17E-03
cl 0 0.015 0 0 1.502 0.16
Pr:N I 0 0 2.773 0 1.137  4.10E-04
OH 0 1.366 0 3.896 1.108  1.57E-03
Ac 0.063 2.332 1.581 0.144 1.025  8.11E-06
BUN Br 0.077 0 1.770 0.529 0.794 0.72
cl 0 0 0.433 1.426 0.868 0.18
Br 0.107 0 2.066 0.077 0.883 0.39
CuHNO ) 0 0 1.680 0.294 0.938  2.19E-02
Br 0 0 1.232 0.921 1.020 2.44E-02
CsHuNO cl 0 0 0.699 0.480 1.088  9.09E-04
Br 0.015 0 2.228 0 0.919 0.19
BzMe:N cl 0 0 1.390 0 1010  7.80E-03
CeHuNOs  Br 0 0 1.431 0.662 0.985 3.77E-02
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4.1.1.2 NRTL-SAC with PTC in organic phase

In this work, the NRTL-SAC model is applied for subsystem C. The system under concerned
is also the PTC systems. The experimental data used for parameter regression are measured
solubilities of PTC collected from the works of Yu and Friedman [99], Frank and Clarke [100],
Abraham and co-workers [101-106], Talukdar and Kundu [107], and Lee and Huang [108].

In total, 63 binary systems, with 65 experimental points are collected. The graphical
comparison between model calculation and measured data highlighted in Figure 4-3, and the
regressed segment numbers for tetraalkylammonium PTC are given in Table 4-2.

1E+0 -
1E-2 | M

1E-4 < x

1E-6 - o

1E-8 - x

1E-10

1E-12 A

NRTL-SAC Modelled Solubility (g/100g)
b

1E'14 T T T T T T 1
1E-14 1E-12 1E-10 1E-8 1E-6 1E-4 1E-2 1E+0
Measured Solubility (g/100g)

Figure 4-3: Solubilities of tetraalkylammonium PTC, comparison between NRTL-SAC model
calculation and measured data

The parameters fitting results show some moderate deviations of iodide and bromide PTCs.
Though, the average absolute deviation is 5.21%, the maximum deviation of the
tetraethylammonium bromide PTC case elevates up to 8%.

Both of the SAC thermodynamic models are used for determining partition coefficients of PTCs
in the chlorination process case study for different design targets. The results are shown in
chapter 5, section 5.2.
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Table 4-2: Segments numbers for subsystem C of the PTC species
Segment Number

PTC X Y- Y+ z °

Me:NBr 0.074 0.003 0.106 0.057 0.31
MesNClI 2.908 3.863 0 2.787 0.38
Me:NI 0 0 0 2.506 6.61
ELNBr 0.924 1.344 0 117 0.81
EuNCI 1113 0.039 0 0.189 0.03
EtLNI 0 1.287 1.862 2.101 8.03
Pr.NBr 0.028 2.07 0 0.01 0.03
PrNI 0.496 2.088 0 0513 5.71
BusNBr 2.346 0 0 0.981 3.92
BusNCI 0.046 2.915 0 0.547 4.07
BusNI 0.074 0.003 0.106 0.057 0.12

4.1.2 Implementation of the e-KT-UNIFAC Model

In this work, the e-KT-UNIFAC model is adopted for subsystems B and C. The model is
adopted for calculating the partition of heterogeneous species in the chlorination (with involved

PTC systems), epoxidation, and furan production processes. Whereas, the volume (Rk) , surface

area (Qk), and interaction (amj,l' i 2 Dyjas Oy o5 Cyps @ ij,z) parameters, if available, are

obtained from the original KT-UNIFAC model [90] and the published parameter [75]. Within
the involved systems, parameters are lacking for only the PTC systems.

To implement the model for PTC systems, the cations part of PTC are considered as chains of
UNIFAC groups attached to a central ion group (N *) , as already shown in Figure 2-3, chapter

2. The UNIFAC chain groups have well-established parameters from the KT-UNIFAC model,
while the anions parameters are reported in the published paper. The only group that needs new

parameters is the N*group. The structural parameters (Rk and Qk) of the N* group can be
calculated by using ionic radii (er) report by Marcus [109], and the same standard segment

radius as other cations (rWS =1.0A) , with equations 4-2 to 4-5.

Vi == 7hy; 4-2
Ay =4ty 4-3
v,
R, =k .
=y 4-4
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— A .
Q=pr 4-5

where, VWJ- and ij are the van der Waals volume and surface area of the group respectively.

The same set of experimental data which use for regressing SAC models parameters in section
4.1.1 together with new data for asymmetric and isomer PTC reported by Blanco, G, and co-
worker [110-113] are used for regressing the interaction parameters between the N * group
and the others. In total, 763 data points altogether are used.

Due to the lack of measured data at various temperature, the parameters are fitted to the data at
25 °C only. All new calculated structural parameters and regressed interaction parameters are
reported in Table 4-3.

Table 4-3: e-KT-UNIFAC model parameters for PTC systems

Group R¢ Q
N* 0.2854 0.0920

) Interaction Parameters
m J amj 1 amj 2 bmj 1 ij 1
CH, N* 13274.342 -3782.346 - -
CH, F- 542.4272 8589.996 - -
CH, Cl™ -2079.152 -6336.760 - -
CH, Br- -671.308 -6435.327 - -
CH, 1~ 62650.253 -6870.798 - -
H,0 N* 123.054 1698.363 - -
N* F- 11619.598 5815.511 1.393 -15.927
N* Cl- 876.403 12505.214 1.138 -3.692
N* Br~ 2701.832 641.027 -0.517 12.739
N* |- -3906.310 -9249.773 -15.500 153.687

Figure 4-4 shows a comparison between model calculation and measured activity coefficient
of all available data points, average deviation is 1.07%. While Figure 4-5 shows a comparison
between model calculation and measured solubilities, average deviation is 1.48%.

Although, e-KT-UNIFAC gives a bit more deviation for activity coefficients prediction in the
aqueous phase (subsystem B) compare to the SAC models; it gives better solubilities
predictions of PTC in the organic phase (subsystems C). Moreover, because of the group
contribution approach used by e-KT-UNIFAC, it gives the possibility to generate new PTC
cations, by reconstructing the groups to other structure having similar properties.
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Figure 4-4: Activity coefficients of tetraalkylammonium PTC, comparison between e-KT-

UNIFAC model calculation and measured data
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Figure 4-5: Solubilities of tetraalkylammonium PTC, comparison between e-KT-UNIFAC

model calculation and measured data
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4.2 REACTOR MODELS

This section presents some versions of biphasic reaction models are constructed via the
modelling framework given in chapter 3. Process models are combined with thermodynamic
models (see section 3.2) to obtain the final system model capable of estimating the process
design-performance variable (product yield, amount of impurities, acceleration of reactions,
etc.).

Example cases of the problem-specific models of the biphasic reaction systems under different
reaction conditions and design targets are employed to illustrate that the assembled models have
wide range of predictive capability in terms of matching data from the measured systems and
extrapolations, particularly in the studies involving search of solvents and design of the catalyst
for better product yields, faster reaction rate, and easier separation. The cases include pseudo-
PTC and PTC system, epoxidation, furan production, and amino acid production.

4.2.1 PTC I, Benzoin Condensation

4.2.1.1 Process Introduction

Benzoin (2-hydroxy-1,2-diphenylethanone, C¢HsCH(OH)C(O)CsHs) is a hydroxyl ketone used
as a synthon for polymeric and pharmaceutical materials. Benzoin is produced by a
condensation reaction of benzaldehyde (C¢HsCHO) with a cyanide ion catalyst. In a PTC
system, the benzaldehyde is principally in the organic phase with sodium cyanide (Na*CN) in
the aqueous phase. The PTC is tetrabutylammonium bromide (TBAB) [19] with the reaction
mechanism given in Figure 4-6.

The reactor is of the batch type and the reactor operation starts in the aqueous phase with TBAB
and sodium cyanide reacting (1) to form tetrabutylammonium cyanide (TBACN, TBA*CN")
and the spent salt sodium bromide. The TBACN is transferred from the aqueous phase to the
organic phase (2) to react with benzaldehyde (3), generating a cyanohydrin intermediate, which
rearranges to nucleophilic cabanion. Another benzaldehyde molecule is then undergone a
nucleophilic addition reaction (4) with the cabanion species. Then the cyanide group is
eliminated (5), resulting in the benzoin product and a TBA*CN" compound which transfers to
the aqueous phase for another cycle. This system may be considered as pseudo phase transfer
catalyst, since both the active and inactive PTC forms are not consumed during the reaction.
Thus, the aqueous Na*CN™ and PTC are treated as inert species at constant concentration.

Due to the lack of available measured data and parameters of the predictive thermodynamic
model, the target of this case is to build a correlative combined partition-rate model for
determining the effect of changing the initial concentration of the involved compounds.
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Figure 4-6: Benzoin condensation process mechanism

4.2.1.2 Model Construction

The first step of the framework is gathering the system information. The classifications of
involved chemical species and reaction types are shown in Tables 4-4 and 4-5 respectively. The
essential physico-chemical properties are collected in Table 4-6. The reactor is a batch reactor
and it is also assumed that all reactions follow elementary rate law, with no mass transfer limit,
and concentration of TBAB and TBACN are constant throughout the reaction period.

The model is constructed based on the assumption and information gathered.
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Table 4-4: Classification of the involved chemical species in the benzoin condensation process
Chemical

. Heterogeneous Reactive Solvent Dissociation

Species

Water N (A) N Y N
Toluene N (O) N Y N
TBAB Y N N Y (A)
TBACN Y N N Y (A)
Na*CN- N (A) N N Y
Na*Br N (A) N N Y
Benzaldehyde N (O) Y N N
Intermediates N (O) Y N N
Benzoin N (O) Y N N

*N (A), homogeneous species, stay in aqueous phase
N (O), homogeneous species, stay in organic phase
Y (A), dissociated species, only in aqueous phase

Table 4-5: Classification of the involved reactions in the benzoin condensation process

Reactions* Kinetic-Controlled Equilibrium-Controlled Mass Transfer
1 A

2 1

3 0

4 (0]

5 0

6 1

*Reaction numbers are as shown in Figure 4-6
*A: Aqueous phase, O: Organic phase, I: Instantaneous, L: Limited (mass transfer)

Table 4-6: Physico-chemical properties of the involved species in the benzoin condensation
process

Chemical Mole_cular Density Gibbs _of Heat qf
Species Weight at25°C Formation Formation
(g-mol?) (kmol-m) (kJ-mol?) (kJ-mol?)
Water 18.01 55.34 -237.21 -285.83
Toluene 92.14 9.38 113.80 12.01
TBAB 322.37 202.67* -293.55*
TBACN 268.48 325.94* -176.77*
Na*'CN- 49.01 -76.4 -91.00
Na'Br 102.89 -349.30 -361.41
Benzaldehyde 106.12 9.81 6.53 -86.82
Benzoin 212.25 5.70* 27.92* -101.31*

*Estimated from group contribution method by Marrero and Gani [114]
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In module 1, the distributions between the aqueous () and the organic (8) phases of TBAB and
TBACN are defined as functions of the activity coefficients, as given below.

Prass = % 4-6
VreaB
Praacn = }/TBg Tar a1

TBACN

From module 2, the reaction in the aqueous phase is considered as an equilibrium-controlled
reaction.

Ca

a a a
Nagr ¥ Nagr CTeach PTaach

K

4-8

0= Cyacn ”Nacn Croas rens —
Eq.l

In the organic phase, the nucleophilic addition is the kinetic-controlled reaction; while the other
two reactions are the equilibrium-controlled reactions.

Ceav
0= CBVBCTﬁBACN }/'I{}BACN - Tgb = 4-9
Eq,3

R, = kACBCCab 4-10

C ¥ Cﬂ 7//1
0:C|7/| _ ~P/ P~TBACN/ TBACN

4-11
K

Eq,5

where, subscripts B, Cab, I, and P denote benzaldehyde, benzaldehyde-intermediate, benzoin-
intermediate, and benzoin respectively.

There are two immediate mass transfers across the phases of the PTC species.
_B
0= Xrgag — Prens X?BN Xgr— 4-12

—x/ a  ya
0= Xrgacn ~ Praacy XioarXon- 4-13

From the balance module, the batch reactor model does not have flow-in or flow-out terms. The
reaction only directly affects the amount of raw material (benzaldehyde) and product (benzoin),
therefore, the balance equations of affected species are derived as given in equations 4-14 to
4-16, while the amounts of other species are implicitly calculated by the equilibrium equations.

9% Ry 4-14
dt
Ny =NS—¢, 4-15
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N, =NJ+¢&, 4-16

The NRTL and eNRTL models are combined with the above process model for the benzoin
condensation process. Measured data are needed for regression of the kinetic parameter k.

The interaction parameters were taken from Piccolo et al. [61]. The results of the full model
calculations are given in section 5.1.

4.2.2 PTC II, Chlorination of Organobromine

4.2.2.1 Process Introduction

Organochloride is used as synthetic rubber in chemical industries [115,116], insecticide and its
intermediate in the agricultural industry [116,117], and intermediate for antibacterial in the
pharmaceutical industry [118]. It has been synthesised by the chlorination reaction between the
organobromine compound and sodium chloride catalysed by tetraalkylammonium PTC.

Figure 4-7 shows the PTC reaction mechanism of organobromine chlorination. The process
starts in the aqueous phase with the reaction between tetraalkylammonium bromide (Q*Br’) and
sodium chloride to generate the active PTC, tetraalkylammonium chloride (Q*CI’), that
transfers from the aqueous to the organic phase. This active PTC reacts with organobromine to
create organochloride and an inactive PTC that transfers back to aqueous phase for further
reaction.

There are multiple design targets based on the applications of the model. Therefore, multiple
types of models are constructed for accommodating different targets in the next section.

Organic Phase

KE
BuBr+ QCI < BuCl + QBr
k
PQCI i PQBr i

Na*Br+ Q*Cl- «— Na*Cl-+Q*Br

a
Keq

Aqueous Phase
Figure 4-7: Chlorination of organobromine reaction mechanism

4.2.2.2 Model Construction

Prior to model construction, the system information is gathered. The classifications of involved
chemical species are shown in Table 4-7. The reaction in the aqueous phase is an equilibrium-
controlled reaction, while the reaction in the organic phase is modelled based on different
design targets. The essential physico-chemical properties are collected in Table 4-8.

61



Generic Model-Based Tailor-Made Design and Analysis of Biphasic Reaction Systems

Table 4-7: Classification of the involved chemical species in the chlorination process
Chemical

. Heterogeneous Reactive Solvent Dissociation

Species

Water N (A) N Y N
Solvents N (O) N N

QBr Y Y N Y (A)
Qcl Y Y N Y (A)
Na*Br N (A) Y N Y
Na*Cl N (A) Y N Y
BuBr N (O) Y N N
BuCl N (0) Y N N

*See bottom 4-4 for the explanations

Table 4-8: Physico-chemical properties of the involved species in the chlorination process

Chemical Mole_cular Density Gibbs f)f Heat qf
Species Weight at25°C Formation Formation
(g-mol?) (kmol-m™) (kJ-mol?) (kJ-mol?)
Water 18.01 55.34 -237.21 -285.83
Na'Br 102.89 -349.30 -361.41
Na*Cl 58.44 -384.1 -411.12
BuBr 137.02 9.26 -17.40 -143.80
BuCl 92.57 9.52 -51.47 -189.30

Here, there are 2 heterogeneous chemical species, tetraalkylammonium bromide and
tetraalkylammonium chloride. Water and an organic compound are treated as solvents; in this
case 13 immiscible organic substances are studied to examine their differences in effectiveness
(toluene, benzene, dichloromethane, methyl tert-butyl ether, dichloroethane, bromobenzene,
chlorobenzene, chloroform, ethylacetate, methylcyclohexane, ethyl ether, cyclohexane, and
hexane). The reactive species are organobromine, the PTC, and the sodium salts, and complete
dissociation of sodium salts and tetrabutylammonium species is assumed in the aqueous phase.

Again, the process is a batch reactor without any mass transfer limit. The reaction in the organic
phase has been formulated with both kinetic control and equilibrium control, depending on the
design targets.

In module 1, the distribution between aqueous () and organic () phases of active and inactive
forms of PTC (QBr and QCI) are derived as functions of activity coefficients.

Yo Var
Pos: = 7 4-17
QBr
Yo
Py = 22 4-18
Yac

From module 2, there are two instantaneous mass transfers across the phases of the
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heterogeneous species.

0=xGr — PoarXg- X5, 4-19
0= XQCI QCI Q c| 4-20

The reaction in the aqueous phase is the equilibrium-controlled reaction.

0= XBr 7Br XQC|7/QC| KEq - ycr QBryQBr 4-21

The reaction in the organic phase is derived for describing the PTC system under different
operational scenarios, with three different assumptions that depend on specified process design
targets. The three sets of the model are equilibrium model, conversion model, and Kinetic
model.

1. Equilibrium model

This model set is constructed to estimate the final amount of each species in both aqueous and
organic phases, with the assumption that the organic phase reaction reaches the equilibrium

state. It needs one equation (4-22a) and one parameter, the equilibrium constant (Ké’q) for the
organic phase reaction. In this model set, the extent of reaction in the organic phase (éﬂ) isand

unknown variable, which is implicitly calculated.

0=Xg, /s BrXQCI7QCI KEq Bu-C17 BuCl QBr}/QBr 4-22a

2. Conversion model

This model is used when the conversion of limiting reactant is known. It is used to estimate the
amounts of each species partitioned within both phases at a given conversion. Similar to
equilibrium model, conversion model also requires one equation (4-22b) and one parameter,

the conversion (Cﬁ) . In this model set, the extent of reaction (55) is calculated directly from
the conversion.
B _h
&=C NBU o 4-22b
3. Kinetic model

This model is a time-dependent model for estimating the actual rate of reaction. The model is
used for designing a reaction system for improving the rate of reaction. It requires one rate
equation (4-22c) and the equation link between module 2 and 3 (4-22d). One parameter, the

rate of organic phase reaction (kﬂ)is needed. In this model set, the extent of reaction is

calculated from the differential equation, 4-22d, as a function of time.

R' = kﬁCBu—BngCI 4-22¢
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B
ddit _RAV/ 4-22d

From module 3, the batch reactor model (omitting inlet and outlet flow terms) is used. The
amounts of bromide and chloride ions are initialised by equations 4-23 and 4-24.

0 0 0
Ng, = Niagr + Nogr 4-23

0 0 0a
Ne =Ny +Nog 4-24

All reactive species change together, with equilibrium, conversion, or time depending on the
type of the active set of species. Therefore, there are 8 balance equations (4-25 to 4-32) for each
species type.

NG, =Ng +¢° 4-25

NG =Ng- -&* 4-26
NBﬁufBr = NgufBr _é:ﬂ 4-27
Né o =Ngy o +&” 4-28
N&ei = Noor = Ngg 4-29

Ngr = Nogr — Ngr 4-30

Naer = Ngar + Nogy =& +¢” 4-31
Nooi = Nogi + Nogy +&° =&/ 432

In total, there are 16 equations (17 in the case of the kinetic model). The equilibrium model
does not require any extra parameter for reactor model, while conversion and kinetic models
need one parameter. In section 5.2, the reactor models of the production of alkyl chloride in
this section are coupled with the SAC and e-KT-UNIFAC thermodynamic models for
estimations of the activity coefficients, to obtain a predictive capability and applicability toward
design and analysis of the system with different design targets.

4.2.3 Epoxidation of Unsaturated Long Chain Fatty Acid

4.2.3.1 Process Introduction

An epoxide is a cyclic ether with a three-atom ring. It is mainly used as a substitute for phthalate
plasticizer in PVC plastics and as a basis for surfactants and adhesives [35,58]. Epoxide
compounds are produced from the reaction between unsaturated vegetable oil and hydrogen-
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peroxide catalysed by short-chain carboxylic acids

As shown in Figure 4-8, the epoxidation process converts long-chain unsaturated fatty acids
(>C=C<) to epoxide compounds (EPOX) by reaction with hydrogen peroxide (H20-), catalysed
by either formic (HCOOH) or acetic (CH3COOH) acids. Initially, the reactor contains fatty acid
solubilized in an organic phase composed of only the fatty acid (self-solvated) or an added
organic solvent and water (H,O) and hydrogen peroxide (H2O2) in an aqueous phase. The
catalysing acid (RCOOH) is fed in, partitioning to the aqueous phase. The acid then reacts with
hydrogen peroxide to form a peracid (RCOOOQH) (3). The peracid transfers to the organic phase
(4) and reacts with the unsaturated fatty acid to produce the epoxide product (EPOX) and
reform the catalysing acid (1). The reformed acid transfers to the aqueous phase for additional
reaction (5). While this scheme is the main reaction, water that may also partition into the
organic phase (6) and react with the desired epoxide product and acid to create an unwanted
epoxy cleavage side product (2).

The design targets are to increase the production rate of the epoxide compounds and to inhibit
the formation of the cleavage.

Organic Phase Ebody tleivald
--A_2 (undesired)
EPOX '+ H,0O

~coon . Cleavage
Al
RCOOOH |+ >C=C<-— EPOX + RCOOH
I Lon(??chain f;'itty Ia)cids Epoxi(%e cpmd;;ound T
Py 5|

=

12
3
RCOOOH + H,0 H,0, + RCOOH

Aqgueous Phase

Figure 4-8: Epoxidation process reaction mechanism

4.2.3.2 Model Construction

In this work, the reactions of the unsaturated fatty acids in palm oil have been studied. Palm oil
characterization data have been reported by Edem [119], as given in Table 4-9. For
simplification, only the three largest acid species: saturated palmitic acid and unsaturated oleic
and linoleic acids are being considered the model construction and calculations. Both single-
phase aqueous systems with an organic phase of fatty acids and biphasic aqueous/organic
systems with added solvent are studied. The classifications of the involved chemical species
and the reaction types are shown in Tables 4-10 and 4-11 respectively. The essential physico-
chemical properties are collected in Table 4-12. The reactor is a batch reactor, the concentration
of water in the organic phase is assumed to be constant throughout the reaction period,
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calculated from the solute-free solubility of water in the organic phase. And all reactions follow
elementary rate law, with no mass transfer limit.

Table 4-9: Palm oil compositions and their respective molecular weight and reactive status

Fatty Acid % MW (g/mol)
Lauric 0.2 200.32
Myristic 11 228.38
Palmitic 44 256.43
Stearic 45 284.48
Oleic 39.2 282.47
Linoleic 10.1 280.45
Linolenic 0.4 278.44
Arachidic 0.1 312.54

Table 4-10: Classification of the involved chemical species in the epoxidation process
Chemical

. Heterogeneous Reactive Solvent Dissociation

Species

Water Y Y Y N
Solvents N (O) N Y N
RCOOH Y Y N N
RCOOOH Y Y N N
H20, N (A) Y N N
Palmitic N (O) N Y N
Oleic N (O) Y Y N
Linoleic N (O) Y Y N
Epoxide N (O) Y N N
Cleavage N (O) Y N N

*See bottom of 4-4 for the explanations

Table 4-11: Classification of the involved reactions in the epoxidation process
Reactions Kinetic-Controlled Equilibrium-Controlled Mass Transfer
Al (0]
A2 ]
A3 A
4 |
5 |
6 |
*Reaction numbers are as shown in 4-8
*See bottom of 4-5 for the explanations

66



Implementation of the Framework and Thermodynamic Models

Table 4-12: Physico-chemical properties of the involved species in the epoxidation process

Chemical Molef:ular Density Gibbs pf Heat qf
Species Weight at25°C Formation Formation
(g-molt) (kmol-m) (kJ-mol?) (kJ-mol ™)
Water 18.01 55.34 -237.21 -285.83
Formic 46.02 26.37 -362.40 -425.50
Performic 62.02 26.98* -462.32* -245.57*
Acetic 60.05 17.35 -389.00 -484.50
Peracetic 76.05 15.94 -262.00 -339.00
H,0, 34.01 42.42 -120.30 -188.11
Palmitic 256.42 3.42 -311.70 -894.00
Oleic 282.46 3.13 -261.10 -802.49
Linoleic 280.44 3.21 -168.20 -674.04
Epoxide (I)** 298.46 -232.67* -747.99*
Epoxide (11)** 296.44 -154.83* -633.58*
Cleavage(l)** 316.47 -527.34* -1084.37*
Cleavage(ll)** 314.46 -448.15* -970.64*

*Estimated from group contribution method by Marrero and Gani [114]
**Two of epoxide and cleavage compounds are generated from oleic and linoleic acids

In module 1, the physical equilibrium of the two heterogeneous species (acid and peracid) are
expressed by the following equations 4-33 and 4-34.

a
_ Vreoon
Prcoon = 7 4-33
RCOOH
j/(l
_ 7reoooH
Prcooon = B 4-34

RCOOOH

In the rate module, there are 2 kinetic driven reactions in the organic phase, an equilibrium-
controlled reaction in the aqueous phase, and 2 instantaneous mass transfers across the co-exist
phases. Rate equations are formulated as following equations

R/ =k! (CCCCF/:COOOH ) 4-35

Rzﬂ = kzﬁ (CEPOX CI§COOH C\AI/? ) 4-36

0= X}coon — Preoon Xacoon 4-37

0= XgCOOOH — Prcooon Xkcooon 4-38

0= ngo2 e :202 Xecoon ¥roooH — Kgq Xrcooon ¥ Reooon 4-39

where, the kinetic parameters (kf’ and kf ) are expressed as the temperature dependent
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parameters by Arrhenius’ equation.

Ealj

k;=Age fT

4-40

where, Aj is the pre-exponential factor of the reaction j, Ea‘j is the activation energy of the
reaction j, R is the universal gas constant, and T is the operating temperature.

In the last module of balance equations, there are 2 differential equations (4-41 and 4-42)
connecting the rate module to the balance module and 9 balance equations (4-43 to 4-51) for
the 7 reactive species and 2 heterogeneous species. Though water is considered as reactive
species, it is assumed that its concentration in the organic phase is constant throughout the
reaction period, and there is no need for the balance equation of it.

d /A
% =RV 4-41
% =RV’ 4-42
Nfbox = Ngeox +&/ = &7 4-43
Nfo, = Nio, =& 4-44
Nicoon = Ercoon - &° 4-45
N fcooon = rcooon +&° 4-46
NZcoon = Nicoon - Ercoon +&7 4-47
Ncooon = Nidooon - Sreooon — & 4-48
NZe = Ngie —Vod! 4-49
NZino = Nlino = Viinos! 4-50
N = Noieay +&7 4-51

Table 4-13 lists the equations and variables associated to the epoxidation reaction model. The
mathematical model has 2 ordinary differential equations (ODESs) and 15 algebraic equations
(AEs) containing 37 variables, out of which 2 are dependent differential variables, 15 are
unknown algebraic variables, 7 are constitutive variables (that are calculated through the e-KT-
UNIFAC model) and the remaining variables are specified - 4 reaction rate parameters; 2
system parameters for the composition of raw materials and 7 input specifications.
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Table 4-13: Epoxidation model analysis

Equations Eq. number
ODEs (2) 4-41 and 4-42
AEs (15) 4-33 to 4-40 and 4-43 to 4-51
Variables and Parameters
Initial condition (2) 1ﬁ'0 -0
Extents of reactions 20
, =0
Inpyt specification (7) ngox ! NSZOZ ! Ngle’ NIgCOOH J NI(?)COOOH !
Initial moles 0 0
NLino’ NCIeav
System parameter (2) Voie s Viino
Raw materials compositions
Reaction rate parameters (4) A1, A, Eat, Eap
CorI_St_ltUtlve mo_dEI parameters (7) 7reook 1 ylfCOOH + Yrcooon ’}/lfCOOOH v7v€ '
Activity coefficients
Yecr Vepox
Unknown variables (15)
- Partition coefficients (2) Prcoon » Prcooon
- Reaction rates (2) Rf , Rf
- i T
Moles and concentrations (11) NZox » N o, Nacoon Nicooon s N&e .

B a B a
NLino’ NCIeav' XRCOOH ’ XRCOOH ’ XRCOOOH ’

B
XrcoooH

4.2.4 Production of Furan Derivatives from Biomass

4.2.4.1 Process Introduction

Conversion of biomass resources to fuels and chemicals is becoming very important due to
greenhouse gas emission and limited resources of fossil fuels. Furan derivatives, such as 5-
hydroxymethylfurfural (HMF) and furfural, are platform chemicals for the production of diesel
substitute fuels and a variety of useful acids, aldehydes, alcohols, and amides [49,120-122].
Furfural and HMF can be produced from the dehydration of the Cs and Cg sugars found in
lignocellulosic wastes [46].

The literature reports the use of catalytic biphasic reacting systems to produce furan derivatives
from biomass [49,50,52,120-122], since the reaction pathways and catalysts used to convert
sugars to furan derivatives are similar to other such systems. Figure 4-9 shows a schematic of
the reactions and phases. The dehydration reactions converting fructose to HMF and xylose to
furfural occur in the aqueous phase (1, 2). Further, these products can also react in the aqueous
phase to create unwanted side products (3). Upon formation, both desired and side products
transfer to the organic phase (4, 5, 6). It has been found that the yield of desired furan derivatives
can vary from 0 to 90%, depending on the organic solvent, catalyst, operating technique, and
reaction conditions.
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The design targets are to increase the production rates of HMF and furfural products, to increase
the partitions of the products into the organic phase, to prevent the formation of the unwanted
species, and to decrease the amount of impurity partitioned into the organic phase.

Organic Phase AN Unwanted
Xylose Fructose HMF Furfura Species
p iry TT\ A A

8 4]
Fructose HMF + 3H,0

HMF
} Unwanted Species

Furfural

Aqueous Phase

Figure 4-9: Production of furan derivatives reaction mechanism

4.2.4.2 Model Construction

A mathematical model has been constructed for the production of furan derivatives from rice
straw in a biphasic reactor. The composition of rice straw has been reported by Amiri et al.
[46]; it consists of 20% xylose, 35% fructose, and 45% chemically inert materials (dry weight
%). The main reactions are apparently a combination of equilibrium- and kinetically-controlled
reactions, while the side reactions are only kinetic-driven, and all reactions take place only in
the aqueous phase. The reactants (fructose and xylose), products (HMF and furfural), and side
products (Unwanted Species) are identified as heterogeneous species. There are five reactive
species: fructose, xylose, HMF, furfural, and the lumped side products. For simplification, it is
assumed that the reactions (1) and (2) have the same reaction rate coefficients and that the side
reactions (3) from HMF and furfural to the unwanted species have a different reaction rate
coefficient. Cyclopentanone is assumed to be the only side product. There is mass transfer
limitation of HMF and furfural through the interface between the aqueous and organic phases;
it is assumed that the mass transfer coefficients of these species are identical, while mass
transfers of reactants and side product are instantaneous. The reactions classifications are
shown in Table 4-14, all reactions are taking place in the aqueous phase only. The
classifications of the chemical species and their physico-chemical properties are reported in
Tables 4-15 and 4-16 respectively.
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Table 4-14: Classification of the involved reactions in the furan derivatives production process

Reactions Kinetic-Controlled Equilibrium-Controlled Mass Transfer
Al A A

A2 A A

A3 A

4 L

5 L

6 |

7 |

8 |

*Reaction numbers are as shown in Figure 4-9
*See bottom of 4-5 for the explanations

Table 4-15: Classification of the involved chemical species in the furan derivatives production
process
Chemical
Species
Water N (A)
Solvents N (O)
Fructose
Xylose
HMF
Furfural
Cyclopentanone
*See bottom of 4-4 for the explanations

Heterogeneous Reactive Solvent Dissociation

Y N

<|<|< <<
<< << </zz
z2z2z2zZ2zZ<
Z2Z2Z2Z222

Table 4-16: Physico-chemical properties of the involved species in the furan derivatives
production process

Chemical Mole_cular Density Gibbs _of Heat qf
Species Weight at 25 °C Formation Formation
(g-mol?) (kmol-m-%) (kJ-mol?) (kJ-mol?)
Water 18.01 55.34 -237.21 -285.83
Fructose 342.30 -1548.00 -2226.10
Xylose 150.13 -722.50 -1051.00
HMF 126.11 14.75 -286.43* -533.50*
Furfural 96.08 12.01 -119.00 -201.60
Cyclopentanone 84.12 11.22 -103.20 -235.70

*Estimated from group contribution method by Marrero and Gani [114]

In module 1, physical equilibrium of the three heterogeneous species can be expressed by the
following equations 4-52 to 4-56.
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P = 7;1\/”: 4-52
7 hve
Py = 7—;’* 4-53
Vea
Py = 7% 4-54
Tus
PFruc = yFﬁruc 4-55
Fruc
Py =2 4-56

Xyl

where, FA denotes the furfural species, HMF denotes the 5-hydroxymethylfurfural, US denotes
the unwanted species, Fruc and Xyl denote the fructose and xylose sugars respectively.

In the rate module, reaction 1 and 2 are the mixed kinetic-equilibrium-controlled reactions.
Reaction 3 is the kinetic-driven reaction. There are 2 limited mass transfer rates across the
phases and 3 instantaneous mass transfer equations. 9 equations of module 2 are formulated as
shown below; equations 4-57 and 4-58 are the mixed kinetic-equilibrium-controlled equations,
equations 4-59 and 4-60 are the kinetic-controlled equations, equations 4-61 and 4-62 are the
limited mass transfer equations, and equations 4-63 to 4-65 are the instantaneous mass transfer
equations.

C
Rl = kl (CFrucyFruc - HII\2=7HMF] 4-57
Eql
C
R, =k, (Cxw Vxy - leyFAJ 4-58
Eq,2
Ry =K.Crime 4-59
Rs—z = kZCFA 4-60
B
R =k S [X”’ —XHMFJ 4-61
HMF LYA HMF P
HMF
B
R, =k S (X“ —XFA] 4-62
FA L¥A FA P
FA
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0= Xéruc - Xgruc PFruc 4-63
—_yP

0= XXyI - X;yl wa 4-64

0= ng —X3sRys 4-65

In the balance module, there are 6 equations (4-66 to 4-71) of the extent of reactions linking
the rate and the balance modules and 10 balance (4-72 to 4-81) equations for 5 reactive species
and 5 heterogeneous species.

dé
95 _pye 4-66
dt R
9% _gpy- 4-67
dt
d&. .
1R, 4-68
d g —. [23
2R, 4-69
dé «
S RV 4-70
d g a
thA =RV 4-71
NEwe =N Eruc — &~ Sene 4-72
N éiruc = gFruc 4-73
a 0
NXyI = NXyI - ‘fz - §Xyl 4-74
N fyl = ‘§><y| 4-75
N{ve = NE{‘I\‘ZF +& =81~ Shmr 4-76
N{we = NG + Save 4-77
NE = NZE + &, — &, —&ea 4-78
NgA = Ng}aﬂ + Sea 4-79
NGs = NS + &0+ & 5 — s 4-80
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NL?S =Sus 4-81

Table 4-17 lists the equations and variables associated to the furan derivatives production
reaction model. The mathematical model has 6 ODEs and 24 AEs containing 50 variables, out
of which 6 are dependent differential variables, 24 are unknown algebraic variables, and 10 are
constitutive variables calculated through the e-KT-UNIFAC model. The remaining 10 variables
are 7 input specification variables of the initial moles and 3 reaction rate parameters.

Table 4-17: Production of furan derivative model analysis

Equations Eqg. number
ODE (6) 4-66 to 4-71
AE (24) 4-52 to 4-65 and 4-72 to 4-81
Variables and Parameters
Initial condition (6) & =0
Extents of reactions
52 =
":371 =
égsfz =
Sie =0
I FA = 0
ifi i 0 a s \a s
input specification (7 NP NG N N NECNEC
Initial moles . ) ' ) J '
Nyg'
Reaction rate parameters (3) k k, k.

Constitutive model parameters (10)

. L. v ylfMF Yea 7£A Y5s 755
Activity coefficients ' ) ) ' ) )

a B a B
7Fruc,7Fruc, yXyI , }/Xyl

Unknown variables (24)

- Partition coefficients (5) Puwe Pea Ris Pec P

- Reactionand mass transferrates (6) R R, R,;, R,, Rys Rpa

- Moles and concentrations (10) NG x# x4 xP o xe N x;yl
FA

HMF , HMF , FA’ Fruc , Fruc ,

B P
X><yl , Xus’ ng
- Extents of equilibrium reactions and Eene fxw Eos
instantaneous transfer (3) ' '

4.2.5 Production of Alpha-Aminobutyric Acid

4.2.5.1 Process Introduction

a-aminobutyric acid (AABA) is an intermediate for Levetiracetam active pharmaceutical
ingredient (API) [123,124]. The production of AABA in the biphasic system is shown in Figure
4-10. The reaction (1) between a 2-oxobutyric acid (20A) and benzylamine (BA) takes place
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in the aqueous phase using w-aminotransferase as the catalyst, giving AABA as the main
product and benzaldehyde (BD) as a by-product. The reaction is a mixed kinetic-equilibrium
limited reaction with BD acts as product inhibitor of the enzyme and an organic solvent is added
to extract the by-product and increase the reaction efficiency.

The objective of this example is to analyse the reaction and find a solvent which improves the
performance of the reaction and intensifies the separation of the a-aminobutyric acid production
process.

Organic Phase ‘o

t t t t

v v v v

o ‘o NH,
©/\NH2 + Hsc\)kfo 'A_]; ©) + HQC\)\I/O
OH OH
(BA) (20A) (BD) (AABA)

Aqueous Phase

Figure 4-10: Production of a-aminobutyric acid in biphasic systems

4.2.5.2 Model construction

The model is developed for the production of AABA in the single and biphasic system as
reported by Shin and Kim [55]. Aside from the aqueous and organic solvents, the involved
species are heterogeneous and reactive species. There is only one mixed kinetic-equilibrium
controlled reaction, which is assumed to follow the elementary reaction rate law. Mass transfer
limited is neglected. The collected physico-chemical properties are displayed in Table 4-18.

Table 4-18: Physico-chemical properties of the involved species in the AABA production
process

Chemical Mole_cular Density Gibbs _of Heat qf
Species Weight at25°C Formation Formation
(g-mol?) (kmol-m) (kJ-mol?) (kJ-mol?t)
Water 18.01 55.34 -237.21 -285.83
AABA 103.12 -296.08* -441.10*
20A 102.09 12.81 -521.40 -682.60
Benzylamine 107.15 9.13 180.10 34.20
Benzaldehyde 106.12 9.81 6.53 -86.82

*Estimated from group contribution method by Marrero and Gani [114]

In module 1, the physical equilibriums of four heterogeneous species are expressed as follow.

75



Generic Model-Based Tailor-Made Design and Analysis of Biphasic Reaction Systems

Pasea = }//;;ABA 4-82

Poon =4 4-83
4-84

Pap =222 4-85
Vep

In module 2, there are 4 instantaneous mass transfers and one reaction equations.

0= XfABA — PaeaXasea 4-86
0= XzﬂOA — PooaXz0a 4-87
7

0= XéA — PaaXga 4-88
0= Xgl:: — PapXgp 4-89

« aca o _ CooVenChnea?n
R =k [CBA}/BACZOAJ/ZOA - WJ 4-90

Eq.l

In the last module, there is one extent of reaction equation and there are 8 balance equations for
4 heterogeneous species and 4 reactive species.

d
SRy 491
NZaga = N2iea + & — Eanea 4-92
Nzon = Naoa =& — &a0n 4-93
Nga = Ngx' =& — &ea 4-94
Ngo = Ng& +& —&op 4-95
NZaen = Sanen 4-96
Noa = &z0n 4-97
Nin = Sen 4-98
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N §D =Sep 4-99

Table 4-19 lists the equations and variables associated to the a-aminobutyric acid production
reaction model. The mathematical model has 1 ODEs and 17 AEs containing 31 variables, out
of which 1 are dependent differential variables, 17 are unknown algebraic variables, and 8 are
constitutive variables calculated through the e-KT-UNIFAC model. The remaining 5 variables
are 4 input specification variables of the initial moles and 1 reaction rate parameters.

Table 4-19: Production of a-aminobutyric acid model analysis

Equations Eq. number

ODE (1) 4-91

AE (17) 4-82 to 4-90 and 4-92 to 4-99
Variables and Parameters

Initial condition (1) & =0

Extents of reactions

Input specification (4) NO«  NZe  NO&, NO«
Initial moles

Reaction rate parameters (1) k,

Constitutive model parameters (8)
Activity coefficients

Vangas 7/£ABA1 Y01 7ZﬁOA’
Voas 7§A7 Vo0 750
Unknown variables (17)

- Partition coefficients (4)

PAABA’ PZOA’ PBA’ PBD
- Reaction and mass transfer rates R,
@)

- i B B
Moles and concentrations (8) Xiapar Xoarsar Xoonr Xbon s
Boya  yb
XgA’ XBA’ XBD’ XBD
- Extents of equilibrium reactions &,,.,, &oar Sanr San

and instantaneous transfer (4)

77



Generic Model-Based Tailor-Made Design and Analysis of Biphasic Reaction Systems

4.3 COMPUTATIONAL ALGORITHM

ICAS-MoT (Integrated Computer Aided System — Modelling Testbed)[125,126] software has
been used for constructing, analysing, and solving the mathematical model. The parameter
regression was done by minimizing the objective function, as shown in equation 4-100.

2
Obj = 3w [1_ YYi ] 4100

iexp

where Obj is the objective function, w; is the weight factor of the data point, Y; and i, are the
calculated and experimental values. Successive quadratic programming (SQP) method,
available within ICAS-MoT, has been used for the parameters regression. The backward
differential formula (BDF) method, also available in ICAS-MoT, has been used to solve the
process model equation set comprising of ordinary differential and algebraic equations.

The constructed models combine the differential-algebraic equations contain the implicit
algebraic equations within the differential equations. This section presents the algorithms
required to solve the biphasic reaction system models. Figure 4-11 shows the computational
algorithm for solving the differential algebraic equations of the biphasic reaction systems.

e Step 1: Specify known variables and parameters
e Step 2: Initialise dissociated species if presented
e Step 3: Initialise extent of reaction and time
e Step 4: Specify length of time needed to be calculated
0 Step 4.1: Solve equilibrium and balance equations implicitly
o0 Step 4.2: Solve different equations,
o0 Step 4.3: Adjust extent of reaction and time for the next time step
e Step 5: Check if the time is lower than the specified length of time
0 Yes: Redo step 4.1t0 4.3

o No: Terminate the calculation

For example, the epoxidation process model (equations 4-33 to 4-51) is solved following the
algorithm by:

1. Specifying the initial amount of the involved chemical species: epoxide, hydrogen-

peroxide, catalysed acid, peracid, oleic, linoleic, and cleavage (ngox NP o, » Nbdoor »

NE&oon + N&ie s N2y, and Ng,eav) and specifying the operating temperature (T).

2. There are no dissociated species, skip the step
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Setting extents of reactions (51’] VEP L E Encoon AN Exconon ) are all 0 at the zeroth time
step and initial time step ist=0
Specifying tenq as the length of time needed

a. Solving equations 4-33 and 4-34 for partition coefficients, then solving
equations 4-37 to 4-39 and 4-43 to 4-51 implicitly altogether for the pseudo-
equilibrium of the time step.

b. Solving differential equations 4-41 and 4-42 for new extents of reaction (&cal)

c. Adjustingtime t=t+At and £=¢_,

Continuing step 4a to 4c until t>t,,,
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Specify
Known Variables
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\ 4
Initialize
Dissociated Species
(If Presented)
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Extent and Time
£=0,t=0

No

A

t :_t At Solve Balance Equations Solve Equ_lllbrlum
€ =& Equations
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A 4

Solve Differential
Equations

v
C Results )

Figure 4-11: Algorithm for solving the models of the biphasic reaction systems
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5
MODEL-AIDED DESIGN AND ANALYSIS

In the previous chapter, the models for distinct biphasic reaction systems have been formulated.
The constructed models have to be validated. As well as, the rates related parameters have to
be regressed for further design and analysis of the systems.

This chapter dedicates to the parameters regressions and the models validations. Depending on
the design targets, the models are also employed for the analysis and/or design of the
corresponding systems.

In sections 5.1 and 5.2, primarily, the reactor models are validated. Then, the applications of
the pseudo-PTC and PTC systems models for the design and analysis based on the design
targets are presented. Moreover, the benefits of the newly implemented and developed
thermodynamic models are also demonstrated through these examples.

Sections 5.3 to 5.5 present the validation and application of the models for epoxide, furan
derivatives, and a-aminobutyric acid productions processes. These processes contain different
sets of chemical species, reaction pathways, and design targets. These sections justify the
usefulness of the framework, which is developed diverse cases of biphasic reaction systems.
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5.1 PTC I, BENZOIN CONDENSATION

In this section, the applications of the constructed models are described in detail. In section
5.1.1 the benzoin condensation model from section 4.2.1 is combined with the eNRTL models
to follow the benzoin condensation process with various initial conditions.

5.1.1 PTC with Correlative Thermodynamic Models

In this case study, a pseudo-PTC reaction model is combined with NRTL/eNRTL the
thermodynamic models for the prediction of benzoin condensation process behaviour. The
objective is to check the applicability of the NRTL and eNRTL models.

For the benzoin condensation process case study, there are 12 sets of measured data with
various initial conditions collected from literature [19]. One of the sets is selected for the

parameter regression for the rate of reaction (k4) from equation 4-10. The regressed value is
1.28x10* cm®/s-mol , Figure 5-1 shows an acceptable fitting between the measured conversion
of benzaldehyde and calculated value from the model.

The regressed parameter is used to determine the effect of the initial amounts of benzaldehyde,
salt, and PTC needed for the known rate of reaction. As shown in Figure 5-2 over wide ranges
of initial amounts of PTC, salt and reactant, the deviations of estimated conversion of
benzaldehyde are less than 10% from measured data. The data used and calculated values of
Figure 5-2 are given in Table S - | in the appendix.

Thus, the combination of NRTL and eNRTL are used to predict the PTC system behaviour with
regression of a minimum of available experimental data for the specific rate of each reaction.

512 Summary

This case has been developed to verify the thermodynamic framework of Piccolo et al. [61].
The comparison in Figure 5-2 with various initial condition confirm the applicability of it.

However, the implemented thermodynamic (NRTL/ eNRTL) models for activity and partition
coefficients calculation require measured data to regress the interaction parameters of active
and inactive PTCs in both aqueous and organic phases. Therefore, 4 sets of data with minimum
2 data points per set are required for one computable system.

Although this model gives most accurate calculation, it is not possible of getting improved
design without experimental work. Consequently, the partially predictive and predictive models
are implemented in the following cases for improving the predictability range of the framework.
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Figure 5-1: Conversion of benzaldehyde to benzoin, comparison between the measured data

and the calculated value from the model
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52 PTC I, CHLORINATION OF ORGANOBROMINE

There are 4 different design targets for the chlorination of butyl-bromide to butyl-chloride.
1. Maximising the organochloride production
2. Minimising the impurities
3. Accelerating the overall reaction rate
4. Optimising the fed-PTC amount
The reactor models are combined with SAC and e-KT-UNIFAC models to obtain a predictive

capability and applicability toward design and analysis of the system.

5.2.1 PTC with SAC Models

First, this example is used to check the applicability of the SAC model. Different equation sets
from chapter 4, section 4.2.2 are combined with the SAC models (NRTL-SAC and eNRTL-
SAC) and employed for the design of the reaction system with different specified process
design targets. All calculations use the same initial feed, operating condition, and reactor
volume, which are given in Table 5-1.

Table 5-1: Initial condition of organobromine chlorination process

Value
Temperature (K) 298.15
Initial mass of reactive species (m? — kg)
Butyl-Bromide 50
Na*Cl 100
Na*Br 0
QBr 2
QcCl 0
Initial mass of products, Butyl-Chloride 0
Solvents (Volume, dmd)
Water 1000
Solvent 1000

In next sub-sections, the selections of the models for different design targets are demonstrated.
The SAC models have a limitation in the predictability range, they can only be used with the
parameterised chemical species. The SAC-segment parameters PTC the solvent are abundantly
available in many open literatures [85,86,88]. On the other hand, the segment parameters of the
PTC species are inadequately available. The parameters have been regressed from the measured
data in chapter 4, section 4.1.1, and the tetraalkylammonium PTC systems with available
parameters are reported in Table 5-2.
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Table 5-2: The PTC systems with available parameters

PTC Aqueous Phase Organic Phase
Cation Anion (eNRTL-SAC) (NRTL-SAC)
Br Y Y*
CI Y Y*
(CH3)sN* I Y* Y
OH- Y
Ac Y*
Br Y Y*
CI Y Y*
((:2H5)4N+ I Y Y
OH" Y*
Ac Y”
Br Y Y*
Cr Y
(C3H7)4N+ I Y* Y
OH" Y*
Ac Y*
Br Y Y
(C4H9)4N+ Cl Y Y
I Y*
. Br Y
CuH7NO or v
CsHuNO* Elr i
CeHs(CHs)aN* Elr i
C3H21N05+ Br Y

“Low-quality parameters fitted from inadequate numbers of data points

5.2.1.1 Maximising Product

To maximise the amount of the product (CsHeCl) as the specified design target, equilibrium
equations set (equations 4-17 to 4-21, 4-22a, and 4-23 to 4-32) is used to predict the maximum
amount of the product in the reaction system.

The reactive systems with tetrabutylammonium ((C4Hs)sNBr) as PTC with 6 different solvents
are studied. The results of calculations are shown in Figure 5-3. Among the 6 solvents studied,
the reaction in toluene is found to give the highest conversion (73.4%) of the raw material,
which is more than 2.5 times higher than the least conversion (27.5%) obtained for reaction
with cyclohexane as solvent.
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Figure 5-3: Maximum possible conversion of the reaction system with tetrabutylammonium
PTC in different solvents

Reactions with hexane, chloroform, and toluene as organic solvents give almost similar
conversions (around 70%), while reaction with benzene and ethyl acetate yield less than 40%
conversion. However, before chloroform is also considered as an alternative, experimental
validation of its side effect to the reaction mechanism is necessary because its structure is close
to that of the product.

5.2.1.2 Minimising Impurities

The objective of this example is to minimise the impurity species that remains with the product.
The conversion equations set (equations 4-17 to 4-21, 4-22b, and 4-23 to 4-32) is used to
estimate the amount of the remaining impurities with the product in the organic phase at
different stages of the reaction. This is not only easing the separation step but also preventing
the loss of valuable PTC. The amount of the impurities that leave the reactor with the main
product varies with the type of solvents and PTCs used. Based on the results in the previous
section where reactions with hexane and toluene yielded similarly high conversions, 2 PTCs
(tetraethylammonium, (C,Hs)sN™ and tetrabutylammonium, (CsHg)sN™) and 2 solvents (hexane
and toluene) are selected for this study.

Reactions with tetraethylammonium ((C;Hs):N™) PTC, in both toluene and hexane give smaller
impurities than the reaction with tetrabutylammonium ((CsHs)aN*) PTC at almost every
conversion value. Moreover, as the reaction progresses, the amount of the impurities decrease.
Although at the initial state, the impurities in toluene are higher than in hexane, the drop in
impurities concentration is sharper with the advancement of the reaction, and gets lower at
conversions around 0.7 (see Figure 5-4).

On the other hand, with tetrabutylammonium PTC in toluene, the amount of the impurities is
almost as high as with tetraethylammonium. Here, as the reaction progresses, the impurities
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remain high and gradually increase as the reaction progresses. Therefore, for minimising
impurities as a design target, pairs of tetraethylammonium PTC with toluene or hexane as
solvents are recommended as better alternatives.

8,
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Figure 5-4: Impurities amount in organic phase at different conversion with two PTCs and
two solvents

5.2.1.3 Accelerating the Overall Reaction Rate

The speed of the reaction is also a key design issue in reactive systems. In this context, the
kinetic model equations set (equations 4-17 to 4-21, 4-22c-d, and 4-23 to 4-32) is used for the
estimation of system half-life, equilibrium time, and actual apparent rate of the reactions in the
reactive system.

With the same initial condition as in previous examples (see Table 5-1), 42 systems with pairs
formed by 14 solvents and 3 PTCs are calculated. The detailed results of these calculations are
given in the appendix (see Table S - I1).

While the activity coefficients of active PTC in organic phase (7&') increases, half-lives of

the system are also increasing. Similarly, the time that the system takes to reach equilibrium is
also directly related to the activity coefficient of the active PTC in the organic phase. The
equilibrium time is found to be around 2 orders of magnitude higher than half-life, meaning
that it takes almost 2 hours for the reaction to move from half conversion to equilibrium stage
(see Figure 5-5).

On the other hand, the apparent rate of reaction is inversely related to the activity coefficient of
the active PTC in the organic phase - it decreases as the activity coefficient of the active PTC
in the organic phase increases as shown in Figure 5-6.
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Figure 5-5: Relation between activity coefficient of active PTC organic phase (ygc,)

and the reaction half-life (tm) and equilibrium time (tE) calculated from the kinetic model
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The simulated results show that the fastest reaction to reach equilibrium is the reaction with
dichloromethane as a solvent and tetramethylammonium ((CHs)4aN*) as a PTC, while the
slowest reaction is around 8 order of magnitude slower, is the reaction with the pair of hexane
and tetramethylammonium as solvent and PTC, respectively. It is also worth mentioning that
both systems use tetramethylammonium as the PTC and by changing only the solvent, it is
possible to boost the rate of reaction by many orders of magnitude. Experimental verification
is suggested to validate this significant result of pairing the PTC with an appropriate solvent.

5.2.1.4 Optimising the Fed-PTC Amount

In order to avoid loss or overuse of the valuable tetraalkylammonium PTC, optimisation of the
fed amount of PTC is considered as one of the design targets. In the chlorination of
organobromine system, it is preferable to have the active form of tetraalkylammonium chloride
(QCI) in the organic phase.

To select the proper feed amount of the PTC, the kinetic model equation set is used. The rate is
calculated by varying the concentration of the fed PTC in the inactive form (Q*Br). The PTC

then partitions into 4 species (see Figure 4-7) of (1) active species in the aqueous phase (ch,)
, (2) active species in the organic phase (xgCI ) , (3) inactive species in the aqueous phase (XSB,)

, and (4) inactive species in the organic phases (ng,). Mole fraction of each species of PTC

are recorded, as shown in Figure 5-7.
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Figure 5-7: Relationship between amounts of PTC fed and the distribution of its
into each form in both phases calculated by the kinetic model

Below the optimum feed region (less than 9 molars of PTC fed), though the PTC is converted
to active species (QCI), it stays in the aqueous phase (xgc,) , causing slow organic phase
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reaction. At the optimum feed region (between 9 and 32 molar of fed PTC) of the fed PTC
concentration, the fed PTC is converted to the wanted active PTC species in the organic phase

(xé’CI ) , thereby allowing and accelerating the reaction. On the contrary, above optimum region,

the PTC accumulates as inactive species in the organic phase (xé’B,). The accumulation of the

inactive PTC species leads to an unfavourable shift of equilibrium toward reactant side, slowing
the rate of product creation, and losing of the valuable catalyst.

5.2.2 PTC with e-KT-UNIFAC

The combination of SAC thermodynamic model with different types of reactor models is
studied in section 5.2.1. The SACs combination, however, has limited predictive capability in
terms of selection of solvents. Although for systems with available data, accurate predictions
are possible, they do not allow the creation of novel PTC or solvents. They are therefore good
for verification purposes, while, the newly developed e-KT-UNFAC, which is based on the
group contribution method, is good for synthesis-design objectives.

With group contribution method, a new PTC-related group (N*) is defined, structural
parameters (R and Q) are calculated, and interaction parameters between old KT-UNIFAC
groups, ions groups, and the newly defined group are regressed from the experimental data of
PTCs that contain between 4 to 16 carbon atoms. Therefore, 98 distinct PTC cations with 4 to
16 carbon atoms attached are created, the detailed group configurations are given in the
appendix (see Table S - Ill). The e-KT-UNIFAC model has the capability to predict the
behaviour of the PTC in both aqueous and organic phases.

With the objective to maximise the product yield as the design target, the chlorination of
organobromine process is re-designed with the aid of combined equilibrium reactive model and
e-KT-UNIFAC thermodynamic model, to demonstrate the predictive capability of the model.
6 solvents, the same as the one used in section 5.2.1, are also studied here. In total, 588 pairs of
solvent-PTC reactive systems have been considered.

The detailed results of the calculated conversions of the raw material in the different reaction
systems are given in the appendix (Table S - IV). The calculated conversions range from 21%
to 99%, the pair with 12 carbon atoms in the PTC and hexane as the solvent. The maximum,
minimum and average conversions obtained with different atoms in PTC and hexane as the
solvent are shown in Figure 5-8. The maximum, minimum and average conversions for
different solvents and a fixed PTC are shown in Figure 5-9. The average conversions increase
with the number of attached carbon atoms from 4 to 12 atoms and then decrease from 12 to 16
atoms.

The highest conversion of 98.87% is achieved with hexane as the solvent and the configuration
number 4 of the 12 carbon atoms PTC. The PTC cation contains an ammonium (N*), group, 6
CHs groups, 5 CH: groups, and 1 C group. The lowest conversion of 20.95% comes from the
system that uses cyclohexane as the solvent and 16 carbon atoms PTC.

Also, comparing the calculated conversions with the e-KT-UNIFAC model with those reported
with the SAC model (in section 5.2.1.1), it is seen that the two models give very similar results,
indicating that both models cross verify each other (see Table 5-3).
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Figure 5-8: Maximum, minimum, and average conversion achieved from the reaction system
by different configuration of tetraakylammonium PTCs
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91



Generic Model-Based Tailor-Made Design and Analysis of Biphasic Reaction Systems

Table 5-3: Comparison of conversions calculated with the SAC and e-KT-UNIFAC models
Conversion calculated by

Solvent SAC models e-KT-UNIFAC model
Cyclohexane 27.52 27.51
Benzene 33.47 32.23
Ethyl Acetate 39.10 40.66
Hexane 72.65 71.85
Chloroform 73.33 71.41
Toluene 73.41 74.56

5.2.3 Summary

The implementations of partially predictive SAC models and the predictive e-KT-UNIFAC
model help broadening the range of applicability of the framework.

The SAC models implementation allow calculating of the overall reaction rate and the partitions
of heterogeneous chemical species in the known solvents. Prior to the design and analysis,
segment number parameters of involved PTCs need to be established. Then, the combined
reaction-partition models have been applied to calculate the maximum conversion, the amount
of impurities, the overall reaction rate, and the optimum fed-PTC amount of the reactions in
any known solvents. Moreover, this case also demonstrates the flexibility of the framework for
constructing different types of model to accommodate different design targets.

Nevertheless, this SAC implementation still lacks the potential to assemble a novel PTC ion.
Subsequently, the implementation of the predictive e-KT-UNIFAC model eliminates this
restriction. A better design of the system has been achieved through the combination of novel
PTC ion and known solvent. Although only 4 to 16 carbon atom of tetraalkyl ammonium PTCs
are feasible, the improvement of 20% conversion has been accomplished.

The improved and innovative designs have been obtained through different combination of
reaction and partition models. Although the designs should be confirm experimentally, the
extent of experiment is tremendously reduced.
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5.3 EPOXIDATION OF UNSATURATED LONG CHAIN FATTY AcCID

In this example, the epoxidation reaction model in section 4.2.3 is combined with e-KT-
UNIFAC thermodynamic models for the prediction of the epoxidation process behaviour. The
design targets of this example are to increase the rate of production of epoxide compounds and
inhibiting the side reactions.

5.3.1 Model Validation

In a report by Gan et al. [58] there were available 176 measured data points of the time-
dependent production of epoxide compounds from palm oil, using either formic or acetic acid
catalyst in the batch reactor. The reaction data were measured at 25 °C, 40 °C, 60 °C, and 80
°C. In one case, the organic phase was the palm oil (self-solvated), in another, the oil was
dissolved in added benzene. Thus, there are data for 16 reaction conditions in total. Though not
necessary, all the data has been used for regression; the partition coefficients are calculated
from the predicted activity coefficient from e-KT-UNIFAC model; the regressed kinetic
parameters are shown in Table 5-4.

Table 5-4: Regressed reaction parameters from experimental data [58]

Parameter Unit Value
A dm®-mol*.s? 108.157
A, dm®-molt.s? 152.632
E.. kJ-mol* 22.991
E.., kJ-mol? 38.428

The graphical comparisons between collected experimental data and model calculations are
shown in Figures 5-10 and 5-11. These parameters fitted all the data with average absolute
deviation of 0.61% for the formic acid catalyst and 1.31% for the acetic acid catalyst. Given
the uncertainties of the data, the comparisons in the figures show good agreement between
model prediction and measurement.
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Time (h.)
Solvent Self-Solvated Benzene
T(°C) 25 x40 60 -80 x25 x40 =60 -80

Figure 5-10: Production of epoxide compound, the comparison between measured data [58]
and model prediction, a reaction catalysed by formic acid
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Figure 5-11: Production of epoxide compound, the comparison between measured data [58]
and model prediction, a reaction catalysed by acetic acid
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5.3.2 Model Applications

To obtain the better design of the process, the formation of side product is limited by inhibiting
the partition of water or the catalysing acid into the organic phase. Whereas, the reaction rate
is accelerated by increasing the partition of peracid into the organic phase. Multiple design
targets can be achieved altogether by properly selecting or designing a novel solvent.

The mathematical model of section 4.2.3 with the regressed parameters of section 5.3.1 are
used to obtain a better system design by estimating the effects of changing solvent, temperature,
and initial concentration. In the present case, limitation of side-product formation can be
accomplished by manipulating the partition coefficients (Prcoon and Prcooon) and water

concentration in the organic phase (C{j) for inhibiting the partitioning of water and catalysing

acid into the organic phase. Also, the reaction rate can be increased with greater partitioning of
peracid into the organic phase. These concepts suggest that careful organic solvent selection
can significantly improve the effectiveness of this biphasic reacting system.

5.3.2.1 Solvents Selection

To examine the effect of changing the organic solvents, molecular structures of solvents with
desirable properties are generated, screened, and selected by ICAS-ProCAMD [126,127] using
group-contribution methods for the desired properties. The following solvent screening criteria
are used: (1) raw material and product must be highly soluble in the organic solvent; (2) the
solvent is effectively immiscible with water; (3) the solvent is liquid at the operating
temperature; (4) the solvent structure is acyclic, cyclic, or aromatic, with functional groups of
alkyl, aldehyde, ketone, ether, or ester. The screening results are given in Table 5-5. In total,
7167 solvents were generated from criterion (4). Of these, 3109 solvents passed the other
screening criteria, with information about 104 solvents existing in the software database.

The solubilities of water into the organic phase are used for ranking and selecting the solvents
for detailed calculation. The nine solvents with the lowest predicted solubility of water, as given
in Table 5-6 were chosen for detailed calculations.

Table 5-5: Result of epoxide process solvent screening

Acyclic Aromatic Cyclic Total
Generate 3519 545 3103 7167
Screened Out By
Boiling and Melting Point 697 98 458 1253
No Interaction Parameters 1438 101 1246 2785
Miscibility with Water 20 0 0 20
Results
Screened Solvents 1364 346 1399 3109
In Database 75 18 11 104
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Table 5-6: Selected solvent for detail calculation based on water solubility

Solvent Boiling Melting Predicted Water
Temperature (K)  Temperature (K) Solubility
METHYLHEXANE 367.49 154.54 7.85E-04
n-HEPTANE 379.07 175.55 7.87E-04
TRIMETHYLPENTANE 374.73 124.96 8.48E-04
DIMETHYLHEXANE 385.92 152.14 8.50E-04
METHYLHEPTANE 396.54 173.6 8.52E-04
n-OCTANE 406.63 191.33 8.54E-04
ETHYLHEXANAL 447.31 228.13 0.0116
Octanal 447.15 246 0.0116
Dl-sec-BUTYL-ETHER 394.2 173.15 0.0122
METHYLHEXANAL 415.15 230 0.0134

5.3.2.2 Detail Calculations

The biphasic reactor model is used to improve the design by analysing the solubility of water
and the partitioning of the catalysing acid and peracid into the organic phase. Since water and
the catalysing acid enhance the side reaction, their concentration should be minimized in the
organic phase. Further, since the peracid enhances the rate of the epoxide production, so its
concentration should be maximized in the organic phase.

Figure 5-12 shows the solubility of water (bars) and the partitioning of formic acid and
performic acid (square symbols) and acetic acid and peracetic acid (round symbols) into the
organic phases formed from various solvents. The predicted equilibrium mole fractions of water
in the selected solvents are very small (not registered in the figure); while those found in the
conventional solvent, benzene, is 0.0033 and in the palm oil, without additional solvent, is
0.012. Therefore, the side reaction should be lowered by choosing other solvents. On the other
hand, the partitioning of acid and peracid are barely affected by solvent change, though it is
worth noting that acetic acid and peracetic acid always have higher partitioning into the organic
phase than does formic acid and performic acid.

Detailed reaction calculations at 80 °C with acetic and formic acid catalysts are shown in
Figures 5-13 and 5-14 for all of the selected solvents together with benzene and the self-
solvated palm oil organic phases. Results for only one alkyl solvent are given because all others
appear to be identical.

The figures show that the apparent reaction rates are higher for the aldehyde solvents (octanal
and 2-methylhexanal) compared with benzene and the palm oil (self-solvated) organic phase,
but with alkyl solvents the rates are much slower. Further, rates with acetic acid catalyst are
always higher than those with formic acid in the same solvent. Notably, no side reaction was
found for the formic acid catalyst.
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Figure 5-12: Solubility of water and partitions of acid and peracid
into organic phase with different solvents
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Figure 5-13: Production of epoxide at 80 °C catalysed by formic acid
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Figure 5-14: Production of epoxide at 80 °C catalysed by acetic acid

Figure 5-15 shows the rates of epoxide formation in the solvents of Figures 5-13 and 5-14. The
aldehyde solvents (octanal and methylhexanal) have a higher rate of production with both
formic and acetic acid catalysts. Thus, reaction with methylhexanal solvent and acetic acid
catalyst goes 28% faster than with the conventional benzene solvent, and 10% faster than palm
oil (self-solvated) with no added organic solvent. An added benefit is that no side reaction
oceurs.

From this study, it can be concluded that aldehyde solvents, together with acetic acid, should
be considered as an outstanding operating choice for a maximum rate of epoxide production
and minimum amount of unwanted epoxide cleavage. The next step would be experimental
studies to determine the reliability of this modelling work
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Figure 5-15: Apparent rate of reaction in different solvent

5.3.3 Summary

This case demonstrates a broad range of the framework applicability. The epoxidation process
has reaction scheme similar to those of the PTC systems (see also Figure 4-6, 4-7, and 4-8),
with a completely different set of chemical species. Moreover, effect of the temperature is also
presented in the measured data.

The constructed model matches requires only 4 regressed temperature dependent parameters to
match with the data measured with the reaction in 2 different organic solvents, 2 different
heterogeneous species, and 16 reaction conditions.

The novel design, achieved through the model, reaches both design targets altogether. Not only
is the reaction rate is accelerated, but the amount of impurities and unwanted side products are
also minimised to trace amount.
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5.4 PRODUCTION OF FURAN DERIVATIVES FROM BIOMASS

In this example, the furan derivatives reaction model in section 4.2.4 is combined with e-KT-
UNIFAC thermodynamic models for the prediction of the process behaviour. The design targets
of this example are

1. Increasing the rates of production of HMF and furfural
2. Increasing the partition of the products into the organic phase
3. Preventing the formation of the unwanted side product

4. Preventing the partition of the unwanted side product into the organic phase

5.4.1 Model Validation

There are 56 measured data of time-dependent production for eight different reaction scenarios
in batch reactor reported by Ordomsky et al. [49]. These were measured at only a single
temperature, 298.15 K. The systems were pure water and biphasic mixtures containing water
and three different organic solvents: 2-Methyltetrahydrofuran (MTHF), cyclohexane, and n-
butanol. Again, all the data has been used in the regression, though that would not be necessary.
The parameters are given in Table 5-7. Graphical comparisons of data and model calculations
for raw material conversion and furan derivative production are shown in Figures 5-16 and
5-17.

The average absolute deviation of the calculated values for raw material conversion is 4.36%;
while the deviation for furan derivative production is 4.21%. Given the expected uncertainties
of the data, these results suggest the validity of the model with its assumptions and regressed
parameters. In particular, it seems that reaction rate constants and mass transfer coefficients can
be assumed equal with different organic solvents so that changing the solvent only affects
partitioning of heterogeneous species. This effect is taken into account by prediction, not
regression. The next section examines the effect of varying the solvent to develop more
effective processes

Table 5-7: Regressed reaction parameters for furan derivative production process from
experimental data [49]

Parameter Unit Value
Kk, 103t 3.23
Kk, 108t 46.70
k. m-s? 1.76
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Figure 5-16: The rate of raw material conversion in 4 different reaction scenarios, the
comparison between measured data [49] and model prediction
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Figure 5-17: The rate of furan production in 4 different reaction scenarios, the comparison
between measured data [49] and model prediction
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5.4.2 Model Application

To obtain the better design of the process, the partitions of the main products (HMF and
furfural) are essential. Not only they react and change into unwanted by-products, but they also
inhibit the main reactions by themselves. Therefore, the desirable solvent should take as much
HMF and furfural as possible, and at the same time, should not draw much by-products for the
easier separation process. Multiple design targets can be achieved altogether by properly
selecting or designing a novel solvent.

The model described in section 4.2.4 with the parameters established in section 5.4.1is used to
explore options for more effective reaction systems. Here, it is partitioning of HMF and furfural
products that principally affects generation of unwanted species, as well as the ultimate
production of desirable furan derivatives. Partitioning can be manipulated by changing the
added solvent.

5.4.2.1 Solvent Selection

Prior to solvent selection, heterogeneous species and the best conventional solvent (n-butanol)
are analysed for Hansen solubility parameters [128] using group contribution method based
through the ICAS-ProPred software [126]. The predicted Hansen solubility parameters are
shown in Table 5-8.

Table 5-8: Hansen solubility parameters of the analysed chemical species

Species Hansen D Hansen P Hansen H
HMF 19.84 11.77 13.06
Furfural 18.29 11 6.7
Cyclopentanone ' 13.55 _ 7.71 ' 5.23

Two approaches for solvent selection are considered using the Hansen solubility parameters of
Table 5-8. The sets of selection criteria are given in Table 5-9. One (1) finds solvents that have
solubility parameter values close to those of the target products (HMF and furfural), while the
other (I1) finds solvents with values close to that of n-butanol. The first focuses on enhanced
solubility of the products while the second recognizes from the measured data that reaction in
n-butanol yields the highest amount of furan. Both criteria have the general stipulations of (1)
the solvent is effectively immiscible with water, (2) the solvent is liquid at the operating
temperature, (3) the solvent has acyclic or cyclic structure, and (4) the solvent contains alkyl,
acid, alcohol, aldehyde, ketone, ether, or ester functional groups.
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Table 5-9: Sets of criteria for solvents selection for production of furan derivative process
Criteria set (I) Criteria set (1)
Common criteria

- The solvents are immiscible with water

- The solvents are liquid at the operating temperature

- The solvents are acyclic or cyclic compounds

- The solvents contain alkyls, acids, alcohols, aldehydes, ketones, ethers, or esters

functional groups

Hansen solubility parameter related specific criteria

- HansenD: 17-21 - Hansen D: 13-16
- Hansen P: 10-13 - Hansen P: 5-8
- Hansen H: 6-14 - Hansen H: 12-15

Table 5-10 lists the results from the screening step. A total of 8326 solvents met the general
criteria, while 18 solvents passed criteria | and 191 solvents passed criteria 1. Each set of
criteria had a single known (available in the solvents database) solvent that passed the screening
step, but all the rest are created by the molecular design method.

Three solvents (including that from experiment) from each criteria set are chosen, as shown in
Table 5-11, for detailed calculation (the solvents found in the database are those that have the
chemical name).

Table 5-10: Result of solvent screening for furan derivatives production process

_— ()] (1
Criteria Set Acyclic Cyclic Total Acyclic Cyclic Total
Generate 4497 3829 8326 4497 3829 8326
Screened Out By
Hansen SolPar 4477 3817 8294 4393 3663 8056
Miscibility with 12 2 14 a4 35 79
Water
Results
Screened Solvents 8 10 18 60 131 191
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Table 5-11: Selected solvent for the furan derivatives production detailed calculation

CriteriaSet # Chemical Formula MW  HansenD HansenP Hansen H

C7H1003 142.15 17.9 10.78 10.25
O
\
O
0 1 /
o=
CgH1003 154.16 17.81 10.88 9.35
O
0) 2 \
\O
o
CsHgO2 100.12 17.26 11.16 9.42
(I) 3 OWO
(Pentanedial)
C4H100 74.123 15.18 5.42 14.73
an 4 HO——CH,
CHs (tert-Butanol)
CsH140; 142.19 15.96 6.78 12.75
OH o
(1 5
CH,
C7H1,0, 128.17 15.94 8 14.41
CH,
(1 6

0
Ho/ﬁ\)\/

5.4.2.2 Miscibility Calculation

Since the selected solvents are mainly novel solvents, the phase splitting between the solvents
and water are confirmed before applying for the detail calculation. ICAS simulation [126] has

been applied for the miscibility calculations of all solvents.

Figures 5-18a and 5-18b display the predicted liquid-liquid equilibriums (LLE) between novel
solvents 1-6 and water, the KT-UNIFAC thermodynamic model has been used for these
calculations. Every selected solvents is immiscible with water at the operating temperature

(298.15K) and above.
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Figure 5-18a: LLE predictions between solvents (1), (2), (3) and water
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Figure 5-18b: LLE predictions between solvents (4), (5), (6) and water
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5.4.2.3 Detail Calculation

The biphasic reactor model is used to improve the design by analysing the partitioning of the
products (HMF and furfural) and waste into the organic phase. The favourable solvent should
accumulate as much of the products (HMF and furfural) in the organic phase as possible.
Further, waste (e.g., cyclopentanone) should be left in the aqueous phase for easiest separation.

Figure 5-19 displays the partitioning of products and waste (cyclopentanone) as calculated with
the e-KT-UNIFAC model. Solvents 1-3, which are screened by criteria (1), have a higher
partition of both products than the other solvents. On the other hand, solvents 4-6, screened by
criteria (I1), have lower or similar product partitioning to the conventional organic solvent (n-
butanol), as expected. However, among all solvents, the partition of cyclopentanone is lowest
in n-butanol.

16 = HMF Partition = Furfural Partition Cyclopentanone Partition

Partition of Species (Pi)
[ee]

& & & N v ™ > “ ©
X

o Solvent

Figure 5-19: Partition of products (HMF and furfural) and waste (cyclopentanone)
between the organic and aqueous phase in different solvents

The detailed calculations reveal the effect of different partitioning on the rate of production.
Figures 5-20 and 5-21 show the time dependence of the total product amount and production
amount in the organic phase. The production rate in n-butanol, used as the reference case, is the
dashed line, while the coloured solid lines show calculations for selected solvents. The rates of
production and amounts in the organic phase with solvents 1-3, screened by the criteria I, are
higher than that of the reference. The solvents from screening criteria 1l have mixed results;
reaction with solvent 5 has a higher rate, solvent 6 has the same rate, and solvent 4 has a lower
rate than with n-butanol.
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Figure 5-20: Rate of the overall products generation.

Product in Organic Phase (Mole)

3.5E-3

3.0E-3

2.5E-3

2.0E-3

5.0E-4

0.0E+0

==

Reference Solvent #
---Butanol | —1|—2[ 3| —4]—5|—6

.o

0 50 100 150 200 250 300 350
Time (min)

400

Figure 5-21: Rate of the products partitioned into the organic phase

Figure 5-22 displays the rates of production and waste generation together. The reactions with
the three solvents from criteria | give higher rates of product generation and lower rates of waste
creation when compared to reactions in the n-butanol reference case. Solvent 2 gives the highest
rate of production, as well as the lowest rate of waste generation. Solvent 5 has less
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enhancement of production rate and higher waste generation rate. In contrast, reactions with
solvents 4 and 6 deliver poor results, with the rates of production and waste generation being
similar to those with the reference solvent. Although the rate of waste generation can be
lowered, it remains a problem. As shown in Figure 5-23, the minimum amount of waste in the
organic phase over a period of 7 hours remains, at the minimum case with solvent 3, 3.5 times
higher than the amount of the main product. Moreover, the amount of waste ends up in the
organic phase could be as high as 7.1 times more than the amount of the main product with the
reaction in solvent 4.
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Figure 5-22: Rate of products and waste generation in different solvents

The detailed calculations indicate that product partitioning has slightly more impact on the
overall rates of production and waste generation than does partitioning of waste species.
However, because waste in the organic phase must be separated from the products after
reaction, both partitionings should be carefully considered when designing a biphasic reactor
system.

Although the calculation results show that there are improvements on the production rates of
the main products (HMF and furfural) and the products also partition well into the organic
phase, as well as, the formation of waste species is diminished; the results are still far from
convincing, the effect of manipulation of the partition coefficients through solvents substitution
is minimal, the partition of the unwanted side product is still higher than the products, and the
rate of waste generation is still higher than the rate of product transfer to the organic phase.

A lot of work on both modelling and experimental sides is still required. Moreover, a
methodology for solvents selection is still a challenge. However, this result confirms that the
furan derivatives production process can be improved and all of the four design targets can be
met through rationally selecting an optimal solvent and process condition.
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Figure 5-23: Maximum amount of products and waste generation during the reaction period

5.4.3 Summary

The application of biphasic reaction system to the production of furan is mainly for separation
purpose. Therefore, the reaction scheme is completely different from the previous cases.
Moreover, the mass transfer limit has an important role toward the production and separation.

This case involves with the reactions of bio-based compounds and enzyme in biphasic system.
The framework is proven again to guide the construction of the model for this biochemical-
biphasic reaction system that requires minimum experimental data for accurate prediction.
Although the improvements are not immense; the proposed novel design has increased rate of
production and product partition, as well as, inhibit the production of side product.
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5.5 PRODUCTION OF ALPHA-AMINOBUTYRIC ACID

In this example, the a-aminobutyric acid production reaction model in section 4.2.5 is combined
with e-KT-UNIFAC thermodynamic models for the prediction of the process behaviour. The
design targets are to analyse the reaction and to improve the reactor performance through simple
partitions analysis.

5.5.1 Model Validation

There are 16 measured data points in 2 data set of the time-dependent conversion rate of the 2-
oxobutyric acid (20A) to the a-aminobutyric acid in the single aqueous phase and the biphasic
water-hexane systems, the data are reported by Shin and Kim [55].

The kinetic parameter (kl) is regressed for both reaction scenarios, the value of the regressed

parameter is 3.18-10° cm®-kmol™-min, the graphical comparison between the measured data
and model prediction is shown in Figure 5-24, the absolute average deviation for the reaction
in single phase is 1.49% and in the biphasic system is 2.22%.
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Figure 5-24: Comparison between model prediction biphasic and single phase production of
a-aminobutyric acid and experimental data [55]

5.5.2 Model Application

To improve the rate of production, enhance the conversion, and reduce the separation steps, the
partition coefficients of each species in the difference solvents are analysed as shown in Table
5-12 and Figure 5-25. The long chain hydrocarbon solvents (heptane, octane, and isooctane)
are selected for the analysis since they share similar molecular structures and should not affect
the reaction and/or the established separation process.
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Table 5-12: Partition coefficient of the involved species in the long chain hydrocarbon solvents

Partition [}/Iﬁj Benzylamine 20A AABA Benzaldehyde
Vi

Hexane 0.986 8.33E-06 4.50E-06 8.06E+03
Heptane 1.178 5.41E-06 3.56E-06 8.33E+03
Isooctane 3.096 8.33E-06 6.85E-06 1.59E+04
Octane 2.959 3.73E-04 1.19E-04 1.30E+04

Partition of AABA

Partition of Benzaldehyde 1.19E-04

1,59E+04
1.30E+04
8.06E+03 8.33E+03
Hexane Heptane Isooctane Octane

Figure 5-25: The partition coefficients of the involved species in hydrocarbon solvents

The desirable solvent should fetch the reaction inhibitor (benzaldehyde) in order to increase the
overall reaction rate, as well as shift the equilibrium in favour to the product (AABA) creation.
Whereas, the partition of AABA should be small in order to preserve it in the aqueous phase.

However, analysing the partition coefficients above, no concrete design decision can be made.
The highest partition of benzaldehyde is acquired in isooctane, where the partition of AABA is
also getting larger causing that loss of desirable product. On the other hand, the lowest partition
of AABA is acquired in heptane, where the partition of benzaldehyde is also moderate.

Therefore, the detailed calculation is performed, the results are displayed in Table 5-13.
Concerning the half-lives of the reaction and overall reaction rates, the reaction in isooctane
offers highest reaction rate, following by the reaction in octane. Reactions in both octane and
isooctane yield 97% conversion. However, the loss of the product is higher in octane, which
resulting in lower amount of product at the end of the reaction. Nevertheless, it appears that
branched-carbon group has a decent effect toward the partition coefficient of benzaldehyde. A
shorter branched-hydrocarbon solvent should also be examined for a better solvent for the
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production of the a-aminobutyric acid process further.

Table 5-13: Predicted reaction information carried out in different solvents

Overall Maximum Maximum
Solvents Half-Life (hr.)  Reaction Rate )
4 Conversion Product (upmol)
(umol-h™)

Hexane 0.425 0.980 0.950 46.075
Heptane 0.475 0.977 0.947 45.930
Isooctane 0.302 1.380 0.970 46.075
Octane 0.311 1.340 0.970 33.950

The results of this example are used in an sustainable integrated systematic framework [129]
which combines the reaction pathway identification, the reaction analysis (this work), and the
process intensification together for the intensified design of the pharmaceutical process.

55.3 Summary

In this case, biphasic system is mainly implemented for its simultaneous reaction-separation
scheme. It is proven that the framework can be used for modelling of the production of
pharmaceutical compound in biphasic system. The constructed model are matched with the
experimental data in single- and biphasic systems requiring only one reaction kinetic parameter.

The detailed calculations give the insight on the system. Since the conventional organic solvent
(hexane) is already well performed, changing solvent gives only a slightly improvement over
the reaction rate. However, it also indicates a possible improvement by applying branched-
shorter chain hydrocarbon as organic solvent.
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6
CONCLUSION

In short, the challenges in the modelling of biphasic reaction systems have been overcome with
the developed framework together with the derived generic model. Following the framework,
robust models of different processes have been developed and validated. The process models,
together with their corresponding constitutive thermodynamic models, have been successfully
employed for the improved and innovative design of the processes.

In this chapter, the summary of the achievements of this PhD project is presented in section 6.1
and the remaining challenges for future consideration are discussed in section 6.2.
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6.1 ACHIEVEMENTS

The primary achievement of this work lies in the development of the modelling framework and
the generic biphasic reaction process model. The modelling challenges listed in chapter 1 have
been overcome.

1. Multiple modelling objectives can be achieved by assembling the model from different
combinations of equations. Each combination can be applied for one or more modelling
objectives depending on the scenario.

2. The list of required properties of the involved chemical species is given. All properties
are either collected from available published data or estimated through group
contribution method.

3. The equations for different reactor configurations (batch, fed-batch, and CSTR) are
provided through the formation of different balance equations.

4. The formation of the reactions equations, depending on the location and the reaction-
controlled mechanisms is provided. Including also the formation of mass transfer
equations across the interface.

5. The distributions of chemical species between the phases can be correlated, partially-
predicted, or predicted through different thermodynamic models and their combination.

6. The data requirement is reduced. Only kinetic-related parameters require experimental
data. Novel solutions can be acquired through the proper use of the model.

The framework provides a broad range of application for chemical, biochemical, and
pharmaceutical reactions systems. Five illustrative examples have been studied.

1. Correlated model has been developed for pseudo-PTC system. This early developed
model can be used to correlate model with experimental data and estimate the effect of
changing initial amount of involved compounds.

2. The partially predictive thermodynamic models have been implemented with the
reactor models for PTC system with multiple design targets. The models can predict
the effect of changing organic solvent toward the production, impurities amount, and
reaction rate. As well as, the optimum fed amount of PTC can also be estimated.
Moreover, the implementation of the predictive e-KT-UNIFAC allows designing of the
novel PTC ions, which further improves the prediction range and enhances the result.

3. The temperature dependent is included into the formulation of the reaction model in
epoxidation case. The process contains entirely different set of involved chemical
species, with similar reaction scheme to the PTC cases. The model has been applied
for finding a better design of the process. Ten substituted organic solvents have been
analysed. The proposed solvent provides 28% faster reaction rate and eliminates the
formation of the unwanted side product compare to the conventional practice.

4. The framework has been employed for modelling of the bio-based furan production
process. The constructed model has been satisfactorily matched with the raw material
conversion and production rates. Substituted solvents have been screened through two
different criteria sets, six solvents have been selected for detail calculations. The
possibility to improve rate of production and prevent side reaction is presented.
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5. The production of a-aminobutyric acid has been analysed with the constructed
biphasic reaction model. The model has been successfully applied for both reaction in
single- and biphasic systems of this pharmaceutical compound production. A slight
improvement of the reaction rate can be achieved through changing of the solvent. The
result also presents a possibility for future study on the promising branched
hydrocarbon solvents, which enhance the production rate of the amino acid.

Therefore, all of the three project objectives have been accomplished.

1. The modelling framework for biphasic reaction systems has been developed.

2. The framework allows the construction of problem-specific models for different
scenarios, containing a diverse set of reactions, chemicals, and conditions.

3. The reactor models have been implemented with both correlative and predictive
constitutive thermodynamic models. The assembled models provide a wide range of
predictive capability for interpolation and extrapolation of systems with a minimum of
rate-dependent measured data. These features make the framework particularly suitable
for studies involving searches for solvents giving better product yields, faster reaction
rates, and easier separations.

At this stage, the very useful results can be obtained for many biphasic reacting systems through
this modelling framework. However, there are some challenges need to be further addressed in
the future work. The remaining challenges are discussed in the next section.
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6.2 REMAINING CHALLENGES

Although the modelling and the model application of biphasic reaction systems have progressed
considerably with this work, there still are numbers of the area need further attention and
development.

6.2.1 Interfacial Area

In this project, reactor structure is neglected, it is discreetly assumed that the reactor
configuration remains unchanged. However, reactor configuration always changes from
experimental scale to industrial scale; resulting in the change of size and shape of the interfacial
area between the two liquids phases.

The simple correlation between the agitation speed and interfacial can be applied to overcome
this problem. Nevertheless, most of those correlations are limited to one reactor configuration
and are not much useful than what have already practised. On the other hand, the development
of the multidimensional model that include formation and elimination of the interface should
give a better insight of the system. However, this approach would inevitably increase the model
complexity, sometimes without any apparent benefit. The AE steady-state model would
transform into location-dependent ODE model. Likewise, the time-dependent ODE model
would also propagate into multidimensional partial differential equations (PDE) model.

Therefore, prior to committing any effort on extending the model with simple correlation or
multidimensional approach; the modeller should extensively estimate the magnitude of the
interfacial effect toward the objective of the model.

6.2.2 Plug Flow Reactor

Three types of the reactor (batch, fed-batch, and CSTR) can be modelled by the framework.
However, the model for the continuous plug flow reactor type cannot be formulated with this
framework without the modified balance equations.

The plug flow reactor is omitted from this study for two reasons. First, there is no information
on the formation of biphasic within this type of reactor. There is only one report by De Zani
and co-workers [20], as discussed in chapter 2, which apply plug flow micro-reactor for
alkylation process. Undoubtedly, the formation of biphasic in the industrial-scale plug flow
reactor would be totally different from the formation of biphasic in a micro-reactor. Moreover,
the balance equation of plug flow reactor is based on the length, or the resident time (t), not the
time (t). Therefore, the balance equation for batch reactor could be modified to match those of
the plug flow reactor.

This issue could be solved together with the interfacial area issue, by employing detail
multidimensional model that can accurately predict the formation of biphasic in different
reactor configurations.

6.2.3 Complex Heat Transfer

Although the framework has been applied successfully with temperature dependent system
(epoxidation case, sections 4.2.3 and 5.3), the implemented model only considers lumped and
well-controlled temperature dependent system.
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On the other hand, the highly endo- or exothermic systems are more complicated; the change
in temperature in one phase, effect the partition and behaviour in the others. Moreover, it is also
possible that the rates of heat generation or consumption and heat transfer across the interface
are unequal; resulting in the formation of a temperature gradient across the reactor.

Although this issue should not concern most of the well-controlled industrial process, it is
appealing academically.

6.2.4 Extension of e-KT-UNIFAC Model

Constitutive thermodynamic models play an important role for calculating the distribution of
involved chemical species. In general, the e-KT-UNIFAC can handle a wide range of chemical
compounds; however, it still lacks parameters for complex electrolyte system, for example,
tetraalkylammonium PTC.

In this project, the prediction range of e-KT-UNIFAC has been extended to cover 4-16 carbon
atoms PTC, which contain only hydrocarbon chains. Whereas, there are numerous useful PTCs
that consist of other organic groups in their chains; as well as, PTC that contain potassium
central atom instead of nitrogen.

The extension of e-KT-UNIFAC for multiple PTCs should be carried out together with the
extension of the model for ionic liquid systems; since both IL and PTC systems share a
similarity, the number of experimental data points and the validity of the model should increase.

6.2.5 Multiphase Systems

As examined in chapter 2, Nowothnick and co-worker [43] achieve an economically feasible
process by applying surfactant-induced three phases system for hydroformylation process.

These multiple-phases systems could potentially open more reaction pathways for organic
synthesis. However, the complexity of these systems also rises exponentially. The behaviours
of involved chemical species need to be predictable in multiple phases, especially the behaviour
of the additional surfactant that is hardly predictable.

The extension of e-KT-UNIFAC could also include the prediction of the non-ionic and ionic
surfactants, as a fundamental step toward multiphase systems modelling.

“A theory has only the alternative of being right or wrong.
A model has a third possibility: it may be right, but irrelevant.”
Manfred Eigen [130]
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NOMENCLATURE

Superscripts

0

+ -

a

B
Cal

Exp
Subscripts
ik

i

=

U Q

T O O

Initial value

Cation, anion

In & phase, usually aqueous
In g phase, usually organic

Calculated value from model

Experimental value

Species

Reaction

Interaction parameter between group i and k
Concentration of species |

Order of reaction of species i in reaction j
Extent of reaction j

Molar flow of species i

Equilibrium of reaction

Apparent rate of reaction

Rate coefficient of reaction j

Mass of species i

Salt Cation

Molar amount of species

Mean absolute deviation

Partition coefficient of species

Surface area parameter of UNIFAC group
Principal PTC Constituent
Volume parameter of UNIFAC group

Standard segment radius
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AABA
CSTR

IL
NRTL
eNRTL
PTC
SAC
SCCO;
TBA
UNIFAC
UNIQUAC

Principal Reactant Constituent
Rate of reaction j

Time

Half-life of the reaction
Equilibrium time of the reaction
Reactor volume

Stoichiometric number of species i in reaction j

Mole fraction of species i
Reactive Constituent, PTC Anion
Product Constituent, PTC Anion

Activity coefficient of species i

a-Amino butyric acid

Continuous stirred tank reactor

lonic Liquid

Non-random two-liquid activity coefficient model
Electrolyte NRTL activity coefficient model

Phase transfer catalyst

Segment activity coefficient model

Super critical carbon dioxide

Tetrabutylammonium

UNIQUAC functional-group activity coefficient model

Universal quasichemical activity coefficient model
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APPENDIX

Table S - I: Comparison between measured rate of conversion and model calculation of benzoin
condensation process

Measured Set . Measured Modelled
Time . .
Conversion Conversion
1 0.00 0.00 0.00
5.00 0.06 0.07
15.00 0.15 0.19
20.00 0.21 0.24
25.00 0.28 0.28
35.00 0.38 0.35
60.00 0.60 0.47
120.00 0.65 0.63
2 0.00 0.00 0.00
5.00 0.07 0.06
15.00 0.12 0.16
20.00 0.18 0.21
25.00 0.22 0.24
35.00 0.30 0.31
60.00 0.50 0.43
120.00 0.62 0.58
3 0.00 0.00 0.00
5.00 0.02 0.05
15.00 0.10 0.14
20.00 0.15 0.17
25.00 0.18 0.20
35.00 0.22 0.26
60.00 0.38 0.37
120.00 0.45 0.53
4 0.00 0.00 0.00
5.00 0.09 0.09
10.00 0.14 0.17
25.00 0.28 0.33
30.00 0.36 0.37
60.00 0.51 0.53
120.00 0.60 0.68
5 0.00 0.00 0.00
5.00 0.09 0.06
10.00 0.16 0.12
25.00 0.27 0.24
30.00 0.35 0.28
60.00 0.48 0.43

120.00 0.58 0.58
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Measured Set . Measured Modelled
Time . .
Conversion Conversion
6 0.00 0.00 0.00
5.00 0.10 0.10
10.00 0.15 0.15
25.00 0.29 0.28
30.00 0.36 0.35
60.00 0.48 0.48
120.00 0.60 0.60
7 0.00 0.00 0.00
5.00 0.09 0.10
10.00 0.18 0.18
25.00 0.27 0.26
30.00 0.34 0.35
45 0.42 0.41
60.00 0.50 0.50
120.00 0.58 0.57
8 0.00 0.00 0.00
5.00 0.15 0.15
10.00 0.17 0.17
25.00 0.26 0.27
30.00 0.41 0.41
60.00 0.62 0.60
120.00 0.70 0.69
9 0.00 0.00 0.00
5.00 0.10 0.10
10.00 0.21 0.21
25.00 0.27 0.27
30.00 0.36 0.35
60.00 0.63 0.62
120.00 0.68 0.69
10 0.00 0.00 0.00
5.00 0.07 0.07
10.00 0.20 0.19
25.00 0.27 0.26
30.00 0.41 0.41
60.00 0.62 0.62
120.00 0.74 0.72
11 0.00 0.00 0.00
5.00 0.14 0.14
10.00 0.15 0.15
25.00 0.28 0.28
30.00 0.40 0.39
60.00 0.57 0.58
120.00 0.74 0.73
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Measured Set . Measured Modelled
Time . .
Conversion Conversion
12 0.00 0.00 0.00
5.00 0.09 0.09
10.00 0.24 0.25
25.00 0.26 0.26
30.00 0.35 0.34
60.00 0.63 0.61
120.00 0.68 0.69
Table S - II: Apparent rate of reaction, reaction half-life, equilibrium time, and activity

coefficients of PTC from kinetic model

t
Solvent PTC kApp %_ e . ¥ or 7£Br Yoo 7£C|
(min) (min)
(C1)aN 148E-3 4.68E+2 155E+4 551E+1 6.81E-1 5.38E+1 7.11E+3
Benzene (C2)4aN  9.10E-2 7.62E+0 2.53E+2 5.18E+1 2.00E+2 5.53E+1l 1.43E+0
(Cs)aN 190E-2 3.65E+1 1.21E+3 552E+1 252E+0 5.18E+1 2.95E+2
(C1)4N 5.79E-4 1.20E+3 3.98E+4 5.47E+1 6.15E-1 5.35E+1 1.57E+4

Egﬁ;;ze (C2uN  579E-2 120E+1 398E+2 5.14E+1 238E+2 5.50E+1 143E+0
(CuN  117E-2 592E+1 197E+3 9.23E+0 280E+0 5.15E+1 4.28E+2
(C:N  373E-3 186E+2 6.17E+3 550E+L 402E-1 5.35E+1 3.13E+3
bc:r:gerge (C2uN  127E-1 547E+0 182E+2 5.17E+1 103E+2 551E+1 160E+0
(Cs)aN 3.26E-2 213E+1 7.06E+2 5.47E+1 3.16E+0 5.17E+1 1.36E+2
(C):N  118E-1 589E+0 1O6E+2 5AOE+L 937E-1 552E+L 240E+1
fmh'omfo (CoiN  342E-1 202E+0 6.72E+1 531E+1 3.69E+1 555E+1 9.19E-1
(CuN  188E-3 368E+2 122E+4 549E+1 441E-1 551E+1 564E+1
(C:N  116E-8 597E+7 1OBE+9 4.72E+L O07E-1 5.35E+1 B8.68E+8
fg’nﬂ(’he (CoN  477E-1 145E+0 482E+1 530E+1 194E+4 548E+1 1.71E+0

(Cs)sN  5.01E-6 1.38E+5 4.59E+6 525E+1 1.26E+1 5.38E+1 9.98E+4
1,1- (C1)aN 4.49E-2 154E+1 O5.13E+2 550E+1 5.23E-1 542E+1 243E+2
Dichloro  (Cz)sN 195E-1 3.56E+0 1.18E+2 5.26E+1 3.92E+1 5.55E+1 2.96E+0
-ethane  (C,)4N  1.03E-1 6.71E+0 223E+2 540E+1 7.68E+0 5.37E+1 1.47E+l
1,2- (C1)aN 7.44E-5 931E+3 3.09E+5 548E+1 3.31E-1 5.42E+1 1.27E+5
Dichloro  (C,)sN 5.53E-2 1.25E+1 4.16E+2 517E+1 3.04E+2 555E+1 1.61E+0
-ethane (Ca)aN 193E-2 3.59E+1 1.19E+3 5.54E+1 8.32E+0 5.19E+1 3.15E+2
Dichloro  (C1)sN 9.77E-1 7.09E-1 2.36E+1 5.55E+1 6.43E-1 2.89E-3 2.10E-7
- (C2)aN 2.29E-2 3.03E+1 1.01E+3 4.95E+1 1.64E-2 5.58E+1 1.48E+0
methane  (C,)4N 4.96E-1 1.40E+0 4.64E+1 229E+6 3.43E-1 6.71E-1 2.63E-4

(Cy)aN 498E-1 1.39E+0 4.63E+1 537E+1 8.27E-1 558E+1 5.89E-1

Ettf:]grl (C2):N 590E-1 1.17E+0 3.90E+1 5.42E+1 8.34E+0 549E+1 8.35E-1
(Cs)aN 199E-2 3.48E+1 1.16E+3 546E+1 1.85E-1 540E+1 2.07E+1
(C1)aN 3.96E-1 1.75E+0 5.82E+1 5.39E+1 5.99E-1 552E+1 1.16E+0
E(fgtyalte (C2)aN 441E-1 157E+0 5.23E+1 5.39E+1 6.04E+0 5.50E+1 1.87E+0

(Cs)aN 9.12E-2 7.60E+0 2.52E+2 5.43E+1 1.06E+0 5.40E+1 5.46E+0
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Solvent PTC kAPP t%_ e . VSBr 7(§Br 7(§CI Vgu
(min) (min)
(C1)aN 199E-9 349E+8 11.6E+9 5.31E+1 8.33E-1 5.35E+1 2.46E+9
Hexane  (C)sN 440E-1 1.58E+0 5.24E+1 5.26E+1 2.63E+4 5.43E+1 1.80E+0
(Ca)aN 2.26E-6 3.06E+5 1.02E+7 5.18E+1 1.68E+1 5.35E+1 1.36E+5
Methyl (C1)aN 1.05E-6 6.58E+5 2.18E+7 5.35E+1 5.58E-1 5.35E+1 5.21E+6
cyclohex (Cz)sN 6.38E-2 1.09E+1 3.61E+2 5.07E+1 1.93E+3 2.34E+1 1.51E+0
ane (C4)aN 7.46E-4 9.29E+2 3.09E+4 5.44E+1 7.65E+0 5.11E+1 4.85E+3
(C1)4N 5.81E-1 1.19E+0 3.96E+1 5.35E+1 6.66E-1 551E+1 2.11E-1
MTBE (C2)aN 471E-1 147E+0 4.89E+1 5.36E+1 3.57E+0 5.46E+1 7.70E-1
(Cs)aN 9.26E-4 7.49E+2 2.49E+4 5.44E+1 9.63E-2 5.45E+1 2.47E+1
(C1)aN 1.83E-3 3.79E+2 1.26E+4 5.20E+1 6.66E-1 5.34E+1 4.81E+3
Toluene  (C2)aN 8.78E-2 7.89E+0 2.62E+2 5.15E+1 1.69E+2 5.50E+1 1.46E+0
(Ca)aN 2.04E-2 3.40E+1 1.13E+3 5.48E+1 255E+0 5.15E+1 2.28E+2
Table S - 111I: Configuration of PTC, between C4 to C16
Carbon Groups
s_ltirgber of Configuration N* CH; CH, CH c
C4 1 1 4
C5 1 1 4 1
1 1 4 2
c6 2 1 5 1
1 1 4 3
Cc7 2 1 5 1 1
3 1 6 1
1 1 4 4
2 1 5 2 1
c8 3 1 6 2
4 1 6 1 1
1 1 4 5
2 1 5 3 1
9 3 1 6 1 2
4 1 6 2 1
5 1 7 1 1
1 1 4 6
2 1 5 4 1
3 1 6 2 2
C10 4 1 6 3 1
5 1 7 3
6 1 7 1 1 1
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Groups

Carbon

CHs CH: CH

N+

Configuration

Number of
PTC

Ci1

C12

10

C13

10
11

10

Ci14

10
11
12
13

10
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Carbon Groups

s_ltirgber of Configuration N* CH; CH, CH c
14 1 10 1 3
1 1 4 11
2 1 5 9 1
3 1 6 7 2
4 1 6 8 1
5 1 7 5 3
6 1 7 6 1 1
7 1 8 3 4

C15 8 1 8 4 2 1
9 1 8 5 2
10 1 9 1 5
11 1 9 2 3 1
12 1 9 3 1 2
13 1 10 1 2 2
14 1 10 2 3
15 1 11 1 3
1 1 4 12
2 1 5 10 1
3 1 6 8 2
4 1 6 9 1
5 1 7 6 3
6 1 7 7 1 1
7 1 8 4 4
8 1 8 5 2 1

C16 9 1 8 6 2
10 1 9 2 5
11 1 9 3 3 1
12 1 9 4 1 2
13 1 10 6
14 1 10 1 4 1
15 1 10 2 2 2
16 1 10 3 3
17 1 11 3 2
18 1 11 1 1 3

Table S - IV: Conversion of organobromine with different PTC, in different solvents

Conversion
PTC_Form Cyclohexane Benzene Ethyl Hexane Chloroform Toluene
Acetate
C4 1 27.52 21.27 36.89 62.97 58.95 62.03
C51 30.54 25.74 37.35 63.16 48.32 56.00
C6_ 1 27.13 43.53 48.96 77.54 66.37 73.08
C6 2 2254 49.05 42.83 72.32 56.25 69.54
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Conversion
PTC_Form Cyclohexane Benzene Ethyl Hexane Chloroform Toluene
Acetate
Ccr_1 23.55 33.41 41.79 67.83 58.56 70.62
C7_2 26.25 42.76 48.69 76.41 72.48 66.82
C7_3 34.45 27.27 40.67 70.68 62.71 67.75
c8 1 29.44 42.97 49.66 76.80 54.83 67.32
C8 2 28.69 29.84 45.08 73.04 52.67 63.16
C8_3 36.42 50.68 47.83 82.22 63.06 79.92
C8 4 41.07 30.56 52.47 83.28 60.16 84.00
Cco1 32.57 29.37 51.77 79.47 77.86 78.54
C9 2 33.08 29.09 49.08 79.04 62.76 72.29
C9.3 35.27 48.63 46.26 74.60 64.29 67.85
Co 4 28.97 29.10 45.28 80.51 70.88 72.21
C9 5 26.11 31.78 52.88 80.47 61.66 69.74
C10_1 42,91 51.24 55.14 87.46 74.18 78.94
C10_2 37.21 48.41 53.32 88.00 72.06 75.34
C10_3 37.89 55.98 53.02 81.64 61.72 73.06
C10_4 34.31 47.66 55.48 83.07 77.79 84.50
C10_5 42.30 60.23 48.11 84.31 63.24 76.77
C10_6 34.48 50.31 48.25 78.50 64.32 78.95
Cli11 32.37 46.48 55.03 88.21 76.22 85.69
Cl1 2 37.84 35.61 53.88 89.68 74.44 93.69
Cl13 31.16 38.91 58.86 90.79 85.32 91.26
Cl1 4 47.15 31.52 55.04 93.09 83.50 92.72
Cl1 5 41.79 3047 52.85 86.95 66.11 73.08
Cl1 6 41.64 37.21 58.00 92.08 83.75 80.99
Cl1 7 44.72 49.30 59.12 91.42 88.08 75.42
Cl1 8 46.86 53.02 61.35 93.32 82.63 82.56
Ciz_1 39.06 32.97 59.26 97.78 82.61 97.38
C12 2 39.43 60.74 59.61 96.71 82.51 96.44
C12_3 3111 35.82 56.06 97.36 90.97 97.05
Cl2 4 45.25 39.18 57.77 98.87 74.60 85.77
Ci2 5 42.30 56.77 61.17 96.70 76.14 90.84
Cl2 6 44.87 57.93 59.48 97.04 79.64 87.43
Ci2 7 34.96 42.04 58.82 97.36 87.38 97.81
Cl12 8 37.33 66.28 58.38 95.35 88.99 94.17
C12 9 47.89 36.58 64.29 96.79 75.88 81.35
C12 10 30.42 63.15 62.45 95.09 71.99 95.91
C13_1 37.80 54.40 47,51 79.38 62.38 76.50
C13_2 34.88 25,59 51.37 81.57 69.91 83.93
C13 3 40.29 36.24 4457 78.87 74.68 67.39
Cl13 4 35.47 28,53 49.07 83.64 61.75 70.72
C13 5 34.92 43.28 51.03 79.33 64.72 76.24
C13_6 28.34 28.39 50.85 79.56 63.91 78.10
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Conversion
PTC_Form Cyclohexane Benzene Ethyl Hexane Chloroform Toluene
Acetate
C13 7 28.96 52.17 44.46 78.79 73.39 67.70
C13 9 25.14 54.78 45.61 79.85 67.09 68.25
C13 9 26.97 45.99 50.28 80.24 71.22 67.80
C13_10 29.76 52.06 50.87 78.99 65.74 73.58
C13 11 31.97 33.03 48.62 78.86 62.65 69.90
Cl4 1 26.71 24.48 47.07 79.79 59.05 80.03
Cl4 2 36.30 46.51 49.43 83.31 62.27 73.77
Cl4 3 40.69 57.11 50.75 79.49 64.50 71.82
Cl4 4 24.50 51.07 45.04 78.71 69.23 72.74
Cl4 5 28.08 49.73 51.80 79.26 67.15 67.03
Cl4_6 34.33 37.13 52.08 78.41 72.73 69.33
Cl4 7 34.13 51.55 52.23 83.79 60.29 68.97
C14_8 24.69 42.92 44.80 81.03 63.57 72.35
Cl14 9 32.42 56.63 52.54 80.20 65.45 77.56
C14_10 27.24 42.32 52.43 88.50 66.61 71.23
Cla 11 43.15 60.84 53.41 85.32 63.17 72.18
C14_12 37.67 56.51 48.49 78.97 63.04 67.97
C14_13 33.42 33.55 51.30 83.09 61.24 68.44
Cl14_14 3151 45.64 47.87 82.67 59.63 72.56
Ci51 33.22 39.60 43.73 72.23 54.84 66.73
C15 2 25.73 2755 46.32 71.74 62.54 72.30
C153 33.27 47.37 40.30 68.12 61.67 59.28
Ci15_4 28.87 41.26 39.39 69.27 57.15 66.55
C15.5 35.39 31.28 45.35 79.11 69.90 65.97
C15_ 6 28.06 38.32 40.59 70.06 57.03 65.33
Ci5 7 28.45 38.49 41.50 70.60 51.29 66.53
C15_8 30.95 30.75 40.26 70.19 57.89 59.23
C159 34.58 27.86 41.20 70.08 51.37 66.01
C15_10 36.06 34.34 44.10 76.92 71.18 67.92
C15_11 26.93 40.67 46.54 75.37 62.76 77.72
C15_12 32.14 37.83 39.46 69.97 60.36 70.45
C15 13 24.10 44.65 46.73 78.48 60.28 68.16
C15_14 2271 41.61 45.00 73.92 54.84 70.32
C15_15 35.79 26.70 43.28 74.46 66.73 70.36
Cle_1 2751 32.23 40.66 71.85 71.41 74.56
Cl16 2 24.90 54.12 52.26 76.93 71.15 67.30
C16_3 29.39 33.43 50.63 76.15 63.74 68.97
Cl6_4 28.77 26.07 42.80 64.96 63.17 58.47
C16_5 27.34 38.63 45.98 72.95 62.66 64.55
C16_6 36.92 49.56 44.39 77.20 72.12 77.14
Cle_7 29.05 35.54 43.28 69.72 51.79 64.41
C16_8 28.14 39.25 40.27 68.24 55.58 59.86
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Conversion
PTC_Form Cyclohexane Benzene Ethyl Hexane Chloroform Toluene
Acetate
C16_9 34.63 3222 47.09 78.91 66.29 70.00
C16_10 36.45 56.40 52.86 80.13 76.84 67.38
C16_11 39.94 40.76 52.27 77.97 58.30 76.84
C16_12 33.75 27.14 46.71 72.95 69.71 69.72
C16_13 22.62 40.54 44.53 67.94 55.55 65.45
C16_14 20.95 26.37 40.65 66.22 57.45 65.13
C16_15 23.17 45.83 38.22 68.03 50.77 55.24
C16_16 28.35 29.41 41.38 65.30 55.12 65.58
C16_17 28.74 40.18 48.02 70.94 70.32 61.50
C16_18 31.47 3249 44.07 71.70 63.92 71.83
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