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ABSTRACT
Membrane separation processes offer a promising alternative to energy-intensive
separation processes such as distillation and solvent extraction. NF and RO are
among the most investigated membrane processes with a potential use in the
chemical industry. Carbon-carbon coupling reactions feature in the top ten most
used reactions in the chemical industry. These reactions often use homogeneous
palladium, nickel and other precious catalysts which are often difficult to separate
from reaction products. This leads to potential product contamination and loss of
active catalysts. This not only poses a threat to the environment but is also costly
to the chemical industry.
The purpose of this study was to investigate the efficiency of the recovery of the
metal catalysts by selected membrane processes. Four commercial polymeric
NF and RO membranes (NF90, NF270, BW30 and XLE) were selected for the
study. Palladium catalysts commonly used in Heck and Suzuki coupling reactions
were selected. These are Pd(OAc)2, Pd(OAc)2(PPh3)2, PdCl2 and Pd(PPh3)2Cl2.
A range of organic solvents were also selected for the study. All the membranes
were characterized for pure water permeability, pure solvent permeability,
swelling, surface morphology and chemical structure.
The chemical and catalytic properties of the catalysts were determined. Catalytic
activity was investigated by performing coupling reactions. These catalysts
generally performed well in the Heck coupling reaction with sufficient yields
realized. The catalysts showed poor activities in the Suzuki and Sonogashira
coupling reactions. These coupling reaction systems were affected by rapid
palladium black formation.
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Catalyst retention studies showed the influence of membrane-solute interactions
such

as

steric

hindrance

and

size

exclusion.

The

larger

catalyst,

Pd(OAc)2(PPh3)2 was rejected better by all the membranes irrespective of the
solvent used. The smaller catalyst, Pd(OAc)2 was the most poorly rejected
catalyst. This catalyst showed signs of instability in the selected solvents. An
interesting finding from this study is that of higher rejections in water compared to
other solvents for a particular catalyst. In this regard, the influence of solventsolute effects was evident. Generally, higher rejections were observed in
solvents with higher polarity. This has been explained by the concept of
solvation. It has been shown that solvents with different polarity solvate solutes
differently, therefore leading to a different effective solute diameter in each
solvent.
Catalyst separation using NF90 membrane was attempted for the Heck coupling
reaction system. The reaction-separation procedure was repeated for two
filtration cycles with rapid activity decline evident. This was regarded as very poor
showing of the catalyst separation efficiency of the membrane. Other authors in
similar studies using SRNF membranes have reported reaction-separation
processes of up to seven cycles. This observation shows the inferiority of
polymeric membranes in organic solvent applications such as catalyst
separation.
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CHAPTER 1- OVERVIEW

This chapter introduces the concept of catalysis. A brief description of different
catalyst systems is given. Membrane technology is also introduced. A brief
history of membrane development in South Africa is given. The objectives and
scope of the study are outlined.
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1.1

INTRODUCTION

Catalysis is one of the fundamental areas of research that has resulted in
industrially applicable processes. Research in specialized fields like FischerTropsch synthesis [1,2] and olefin metathesis [3] has resulted in technological
advances and new business opportunities for the chemical industry. Sasol, Shell
and Exxon Mobil are some of the companies that have benefited from the
technology of catalysis [4]. Cornils & Herrmann estimated that in 2003, 85% of
industrially performed chemical processes were performed using catalysts [5].
Armor [6] has recently stated that catalytic processes have increased to over
90%.
Interest in the control of chemical reactions began as early as in the 19th century
[7]. In this era, the emergence of chemistry as a rational science was evident. A
lot of research activity in the field of chemical reactions, led to observations that
were not readily understood, such as of accelerated reactions as a result of one
substance coming into contact with other reacting substances. This phenomenon
was termed catalysis, as declared by Greek pioneer researcher Berzelius [8].
The substance causing this unknown phenomenon was termed catalyst.
1.1.1 Catalysis
1.1.1.1 Development of Catalysts
A definition of a catalyst from undergraduate chemistry textbooks has been a
substance that speeds up the rate of a chemical reaction without being
consumed in the process [9]. Atkins and de Paula elaborate that catalysts
increase the rate by reducing the activation energy of the reaction [10].
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Schrauzer [11 ] summarizes the principal functions of catalysts as:
(1) increasing reaction rates by their ability to relax restrictions imposed by
quantum mechanical selection rules of spin and angular momentum.
(2) bringing reactants together in energetically and sterically favorable
fashion (proximity effect)
(3) introducing efficient alternative reaction pathways by virtue of specific
interactions with the substrate.
The definitions by all the authors [9,10,11] are generally accepted, and find
common ground in the concept that catalysts decrease the activation energy of
the reaction. Patterson and Pearce [8] have highlighted an important point that
has been ignored or taken lightly. They state that the definitions may be
sufficient; however observations in practice show that catalysts do undergo some
kind of change during catalysis. Therefore it should be noted that in this case
fundamental definitions differ significantly from practical observations.
1.1.1.2 Types of catalyst systems
Catalysts are generally divided into two classes i.e. heterogeneous catalysts and
homogeneous catalysts. Biological catalysts (enzymes) are now being added as
a third class [12]. In heterogeneous catalysis, the catalyst is insoluble or is
immobilized in the medium in which the reaction is taking place. Reactions of
gaseous or liquid reagents occur at the surface of heterogeneous catalyst. In
heterogeneous catalysts, which are usually made of a variety of elements
deposited on a support, there is multitude of different active sites available for
reaction. This sometimes poses a risk of lower conversions due to the active
sites being [14].
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In homogeneous catalysis, the catalyst is usually soluble in the reaction medium,
and there is generally one type of active site [13,14]. Specialized homogeneous
catalyst systems are continuously being developed. These catalyst systems
consist of functionalized ligands which facilitate reactions under mild conditions
[15]. Examples include the Wilkinson [16] and Jacobsen [17] catalyst systems
shown below in Figure 1. 1.
The Wilkinson catalyst, chlorotris(triphenylphosphine)rhodium(I), is a rhodium
complex used in the asymmetric hydrogenation of double bonds in the presence
of chiral phosphine ligands [18]. The Jacobsen catalyst, (R,R)-N,N’-bis3,5-di-tertbutylsalicylidene-1,2-cyclohexane-diaminomanganese(III)

chloride,

is

a

manganese- and sometimes cobalt-salen complex used in the epoxidation of
olefins [19].

H
P

N

RhCl

N
Mn

tBu

O

Cl

tBu

3

R,R

Wilkinson catalyst
Figure 1. 1:

H

tBu

O
tBu

Jacobsen catalyst

Typical homogeneous catalysts

From the industrial point of view, heterogeneous systems have great practical
advantages over homogeneous systems, because they can be easily separated
from the reaction mixture. Attempts have been made to obtain the same
functionality of a heterogeneous catalyst in homogeneous catalysts by
immobilizing the catalysts or by using large polymer-bound systems to aid ease
of separation [20,21].
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Separation in chemical industrial operations is mainly aimed at obtaining lower
product contamination by catalysts, therefore ignoring the separation of the
catalysts in their active form. Due to the expensive nature of the catalyst
systems, operating costs escalate as a result of catalyst loss and recovery.
Catalyst recovery processes require additional separation units such as
distillation columns, extraction and adsorption systems [22].
Some of the principal differences between homogeneous and heterogeneous
catalysts are listed in Table 1. 1. From the Table, it is clear that although the
applicability of homogenous catalysts is limited, they are still preferred in certain
operations owing to their high selectivity and activity.

Table 1. 1:

Comparison of homogeneous and heterogeneous catalysis
Homogeneous catalyst

Heterogeneous catalyst

Structure/ Stoichiometry

Defined

Undefined

Thermal stability

Low

High

Selectivity

High

Lower

Activity Loss

Irreversible reaction with
products

Sintering of metal
crystallites

Applicability

Limited

Wide

Catalyst recycling

Possible

Easy

Cost of catalyst losses

High

Lower

Catalyst Properties

Effectiveness

Catalyst separation
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1.2

MEMBRANE TECHNOLOGY

1.2.1 Definition of a membrane
A basic definition of a membrane has been given by Noble and Terry as a semipermeable barrier between two phases [23]. This barrier can restrict the
movement of molecules flowing across, in a specific manner. The barrier can be
a solid, liquid or even a gas. Separation is achieved as a result of the semipermeable nature of the membrane. A definition given by the IUPAC states that a
membrane is a structure through which mass transfer takes place under a variety
of driving forces [24]. A common ground between the two definitions mentioned
above is that for separation to take place, some sort of selectivity is required.
The membrane has the ability to separate one component more readily than
another component. This is because of differences in physical and/or chemical
properties between the membrane and the permeating component. Transport
through the membrane takes place as a result of a driving force acting on the
feed. Driving forces can be gradients in pressure; concentration; electrical
potential or temperature [25].
In a membrane separation process, a feed consisting of a mixture of two or more
components is separated into a retentate - that part of the feed that does not
pass through the membrane, i.e. is retained, and a permeate – that part of the
permeate that does pass through the membrane [26]. Membrane separation
processes can be run in a cross-flow and dead end modules as illustrated in
Figure 1. 2 and Figure 1. 3.
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Feed flow

Membrane surface

Concentrate
flow

Permeate flow

Figure 1. 2:

Schematic representation of the cross-flow module

In the cross-flow module, the flow of the feed stream is parallel to the membrane,
while the permeate flows through the membrane. The retentate may also be
recycled back into the module in a continuous flow mode. In the dead end
module however, the feed flows perpendicular to the membrane. The only outlet
is through the membrane.
Feed flow

Membrane surface

Permeate flow

Figure 1. 3:

Schematic representation of the dead-end module

1.2.2 Characteristics of a membrane
Different types of membranes have been prepared and distinguished by the type
of material from which the membrane is prepared from. They can either be
organic or inorganic. Organic membranes are manufactured from polymers such
as polyamides, polyimides and polyacrylonitriles, while inorganic membranes are
constructed from ceramics, porous carbon, glass, alumina and sintered metal
[27,28].
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Membranes can also be classified into isotropic and anisotropic types. Isotropic
membranes are uniform in composition and physical nature across the crosssection of the membrane. These types of membranes are illustrated in Figure 1.
4. Isotropic membranes can be divided into various sub-categories, namely
microporous and non-porous. [23].
Isotropic porous membrane

Figure 1. 4:

Dense non-porous membrane

Isotropic membranes

Anisotropic membranes are non-uniform across the membrane cross-section and
they typically consist of layers [29]. Anisotropic porous membranes are also
known as Loeb-Sourirajan membranes [30]. There are two types of anisotropic
membranes; phase-separation and thin-film composite membranes as illustrated
in Figure 1. 5. Phase-separation membranes are homogeneous in chemical
composition but not in structure.
Anisotropic porous membrane

Figure 1. 5:

Thin-film composite membrane

Anisotropic membranes
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On the other hand thin-film composite membranes are both chemically and
structurally heterogeneous. These membranes often consist of a highly porous
substrate coated with a dense film of a different polymer [30].

1.2.3 Membrane Processes
Membrane processes can be classified based on the pore size and range in
which they separate. Microfiltration (MF), ultrafiltration (UF), nanofitration (NF)
and reverse osmosis (RO) have been progressively used for water treatment in
order to remove suspended solids and reduce the content of organic and
inorganic matters [31]. The pore size range of the different membrane processes
are illustrated in Figure 1. 6. It can be seen from the figure that MF separates fine
particles in the micron range. UF separates from the micron range down to
macromolecular range. NF separates in the macromolecular range, while RO
separates down to the ionic range.

Conventional
filtration

Microfiltration

Ultrafiltration

Nanofiltration
Reverse
osmosis
10-10

10-9

10-8

10 -7

10 -6

10 -5

10 -4

10 -3

10 -2

Pore size (m)
Ionic range

Figure 1. 6:

Macromolecular
range

Micron
range

Fine particle
range

Coarse
particle range

Filtration spectrum showing membrane processes
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1.2.4 Reverse Osmosis and Nanofiltration.
NF falls between UF and RO as illustrated above. Its separation characteristics
are based on the sieve effect, but most commercial NF membranes are charged
[32]. So ion rejection by NF membranes results from the combination of
electrostatic and steric interactions associated with charge shielding, Donnan
exclusion and the degree of hydration [33].

1.2.5 Membrane Technology in South Africa
The earliest interest in membrane technology in South Africa, according to
Offringa [34], began in 1953 with the development of electrodyalisis (ED)
systems and their membranes, at the Council for Scientific and Industrial
Research (CSIR). This research laid the foundation for a better understanding of
the thermodynamic and physical processes involved in ED. Initial research on
polymeric membranes started in 1973 at the Institute for Polymer Science (IPS),
in the University of Stellenbosch. This institution has become one of the
strongest research hubs in membrane technology in South Africa.
In recognition of the future potential benefits of membrane and desalination
technologies, the Water Research Commission (WRC) investment in this field of
research has been relatively high. In the 2008/09 financial year, the WRC
invested R88,7 million in projects that focused on water resources and water
utilization [35]. WRC was successful in establishing viable research and
development capabilities. These capabilities include multidisciplinary capacity
building which resulted from multi-institutional co-operation during research
execution. Institutions such as Stellenbosch University and Durban Institute of
Technology are some of the institutes involved in such partnerships [36].
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Jacobs et al. [37] published a paper in the field of polymer and membrane
preparation. In their work funded by the WRC, they modified hydrophobic
polysulphone membranes with poly(ethylene-oxide) to add some hydrophilic
character to the membranes. The modified membranes showed smaller pore
sizes and slightly higher rejection of PEG solutions. The study contributed to a
broader knowledge and expertise in the area of membrane modification and
preparation, where the stability of the membrane is important.
In a recent development, a South African company called VWS Envig (Pty) Ltd
[38], was awarded contracts to supply water treatment plants for the production
of potable water for the communities of Cannon Rocks and Boknes near Port
Elizabeth. The company has also been awarded the contract to refurbish an
existing RO plant in the Bushmans River Mouth near Port Elizabeth. The
completed plant will produce 1800 m3 per day, and is said to be the largest
desalination plant in South Africa [39].
However, the size of the desalination plants in South Africa are nowhere near the
scale of desalination plants in operation, in planning or under construction in
Europe, North America, Australia, China and India [40]. The World Wildlife Fund
[41] has expressed concern over the application of desalination technology as
away to solve the world’s water shortages. In a report published in 2007, WWF
states that potential impacts of desalination include brine build-up, green house
gas emissions and destruction of prized coastal areas [42].
The organization is not the first to cast a shadow of doubt over desalination
technology. In 2006, a US-based organization, the Pacific Institute also published
a report criticizing the indiscriminate construction of large desalination plants
without proper investigations into the potential economic and environmental costs
[40].
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1.3

OBJECTIVE OF RESEARCH

Carbon-carbon coupling reactions feature in the top ten most used reactions in
the chemical industry as stated by Pink et al. [43]. These types of reactions often
use homogeneous palladium, nickel and other precious catalysts. These
catalysts are often difficult to separate from reaction products, this leads to
potential product contamination and loss of active catalysts. This not only poses
a threat to the environment but is also costly to the chemical industry. The
purpose of this study is to investigate the efficiency of the recovery of the metal
catalysts by selected membrane processes.
The main objectives of the study are:

 Characterization of selected reverse osmosis (RO) and nanofiltration (NF)
membranes.

 To study the rejection of selected transition-metal catalysts by RO and NF
membranes.

 To perform coupling reactions using the selected transition-metal catalysts.
 To validate the concept of catalyst recovery by separating the catalyst from
the reaction mixture.

1.4

SCOPE OF THE STUDY

Four commercial polymeric NF and RO membranes (NF90, NF270, BW30 and
XLE) were selected for the study. These membranes are commonly used in
wastewater treatment and other applications [44]. Known palladium catalysts
used in Heck and Suzuki coupling reactions were selected. These are Pd(OAc)2,
Pd(OAc)2(PPh3)2, PdCl2 and Pd(PPh3)2Cl2. A selection of solvents was also
selected for the study. The rejection and separation of the catalysts by the
polymeric membranes in the different solvents were studied.
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The dissertation contains five chapters that address the research objectives. In
this chapter, the concept of catalysis is introduced. A brief description of the
different catalyst systems is given. This chapter also introduces membrane
technology. A brief history of membrane development in South Africa is given.
A detailed literature review on transition-metal chemistry and their application as
homogeneous catalysts is given in Chapter 2. A review is also given on
theoretical concepts and models which govern transport in membrane
separation.
The experimental and analytical part of the research is explained in Chapter 3.
Methodology on characterization of the membranes by SEM, AFM, pure water
permeability and neutral solutes rejection is discussed. Background and
methodology on the selected homogenous catalysis reaction system is also
given in this chapter.
Results obtained from experimental work are given in Chapter 4. This chapter
discusses findings in detail. Discussions are aimed at addressing objectives set
out in the problem statement. Chapter 5 gives concluding remarks and
recommendations based on the conclusions drawn.
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CHAPTER 2 – LITERATURE SURVEY

This chapter gives a brief literature survey on transition-metal chemistry. The
application of these metals as catalysts is explored in Section 2.2. In this case,
design of catalysts and ligands is discussed. An introduction into carbon-carbon
coupling reactions is given in this section. A review on theoretical concepts and
models which govern transport in membrane processes is outlined in Section 2.3.
The application of membrane processes in homogeneous catalysis is discussed
in Section 2.4.
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2.1

TRANSITION-METAL CHEMISTRY

2.1.1 General Description
Transition-metals are elements which occupy Groups 3 to 12 in the Periodic
Table. Gerloch and Constable have explained that the term “transition” comes
from the position of the elements in the periodic table. These are found in
between metallic elements and non-metals [1]. The transition elements are also
called transition-metals due to their typical metallic properties [2].
One of the most important characteristic of transition-metals is the electron
placement in the d and f orbitals [3].The elements occupy a place in the Periodic
Table where the d-orbitals are being filled. Purcell and Kotz have attributed the
use of these metals in coordination chemistry and organometallic chemistry to
their partially filled shells.

2.1.2 Organometallic Chemistry
Most of the chemistry of transition-metals deals with the formation of
organometallic compounds. According to Elschenrboich and Salzer [4], an
organometallic compound is defined as a compound with some degree of polar
bonding Mδ+ - Cδ- between the metal-carbon atoms. They elaborate that the
organometallic compounds of the d-block transition-metals can be classified
according to the ligand type. These ligand types are discussed in detail in the
following sections. In view of this definition, is important to understand the
structure and bonding of the transition-metal organometallic compounds [5].
Therefore some aspects of organometallic chemistry are briefly discussed in the
sections below.

23

2.1.2.1 Types of Ligands
The importance of ligands has been highlighted in the definition of organometallic
compounds. In this section, the various classifications of ligands will be
highlighted. Hegedus [6] has conveniently classified ligands into (1) formal
anions, (2) formal neutrals and (3) formal cations. Ligands can also be classified
based on the number of atoms that bond to the metal [7]. Ligands which bond to
the metal with one atom are called monodentate, those which bond to metal by
two atoms are called bidentate and those which bond to the metal by three or
more atoms are called polydentate [8].
The significance of this classification is shown in homogeneous catalysis where
bidentate

ligands

such

as

bis-(diphenylphosphinoethane)

catalyze

enantioselective reactions more effectively than monodenantate ligands such as
triphenylphosphine [9]. Examples of bidentate ligands commonly used in
homogeneous catalysis are illustrated in Figure 2. 1 below.

NH2

H 2N

N

Ethylenediamine (en)

Bipyridyl (bipy)

O
CH3

O

O

O

O-

C
O-

Acetate (OAc)

Figure 2. 1:

N

Oxalate (ox)

Ligands commonly used in homogeneous catalysis
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Another classification of ligands that is of importance in homogeneous catalysis
is based on the nature of bonding interaction of the ligands with metals. In this
classification, ligands can either be hard or soft based on their polarizability [10].
Hard ligands have low polarizability. These tend to form complexes with metals
at high oxidation states such as Fe3+, Ti4+ and Pt4+. Examples are NH3, H2O, N,
O and F-. Soft ligands have high polarizability. These tend to form complexes
with metals at low oxidation states such as Fe2+, Pd0 and Pt0. Examples are
PPh3, Br-, I-, Cl- and CO.

2.1.2.2 Effective Atomic Number – 18 Electron Rule
To account for bonding, Sidgwick [11] developed a rule that summarizes
structure and coordination properties of organometallic compounds. The rule,
termed the effective atomic number (EAN) states that thermodynamically stable
transition-metal organometallic compounds are formed when the sum of the
metal d-electrons plus the electrons from the donor ligands equals 18 [12,13].
An exception to the EAN rule is encountered in metals with d8- and d10- electron
configurations. Shriver and Atkins [14] have cited steric and electronic effects as
some of the reasons for the observed stability of the d8- and d10 complexes.
These are said to cause insufficient crowding of ligands around the metal to obey
the 18 electron rule. It is important to note that the EAN determines the maximum
allowable number of ligands for any transition-metal in any oxidation state
[15,16].

2.1.2.3 Stability of Organometallic Compounds

The stability of organometallic compounds is influenced by metal-ligand
interactions and the type and number of ligands involved in bonding, among
other factors [17]. Parameters such as the ligand field stabilization energy (LFSE)
have been developed to explain stability in metal-ligand interactions [18].
25

Porterfield [19] describes the LFSE as the energy by which particular d-electronic
transition is stabilized by the splitting of metal d-orbitals by a ligand [20]. Pontikis

et al. [21] have studied the stability and electronic structure of octahedral
complexes using density functional theory (DFT) calculations. Their results
indicated that the distortion energetics of the octahedral complexes are
dominated by electrostatic and steric interactions. This is in opposition to intrinsic
covalent effects associated with the electronic structure of the metal. This is in
agreement with the explanation by Lever et al. [17] regarding the stability of
organometallic complexes.

2.1.3 Fundamental Reactions of Organometallic Complexes
There are few fundamental reactions of organometallic complexes which
demonstrate how these complexes either promote or catalyze reactions. These
reactions are usually expressed in a form of a catalytic cycle. In this section the
individual reactions are discussed in some detail.

2.1.3.1 Oxidative Addition
Oxidative addition involves the reaction of a molecule such as H2 with a lowvalent coordinatively unsaturated metal complex. This occurs under bond
cleavage forming two bonds [20]. The metal increases its formal oxidation state
by two units. The coordination number of the metal centre also increases by two
as illustrated in Figure 2. 2. Dedieu [22] has shown, using Pt and Pd systems
that the oxidative addition product has some covalent character, when the metal
moves from M0 to M2+ oxidation state.

H

Ph3P
OC

Figure 2. 2:

Cl
Ir

Ph3P
+

H2

PPh3

OC

H
Ir
Cl

Oxidative addition reaction
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PPh3

2.1.3.2 Reductive Elimination
Reductive elimination is a reaction where the coordination number of the central
metal decreases at the same time as its formal oxidation state decreases [12].
Figure 2. 3 shows an example of reductive elimination of CH3I group from an
iridium complex. Furuya et al. [23] have recently studied the mechanism of a
palladium-catalyzed fluorination. They showed that reductive elimination is the
mechanism by which the C–F bond is removed from the palladium complex. The
elimination occurs via the aryl-Pd(IV)-fluoride complex which is stabilized by
pyridyl-sulfonamide ancillary ligands.
CH3
Ph3P
OC

Ph3P

Cl
Ir

OC

PPh3

Cl
Ir

+

CH3I

PPh3

I

Figure 2. 3:

Reductive Elimination reaction

2.1.3.3 Ligand Substitution
It is believed that substitution reactions of square planar complexes almost
always proceed via an associative mechanism. This involves an intermediate
which contains both the leaving ligand and entering ligand [24]. It is assumed that
the entering ligand approaches the complex from the one side of the plane over
the ligand to be displaced. The leaving ligand moves down as the entering ligand
approaches. At this point the intermediate has a trigonal bipyramidal
configuration as illustrated in Figure 2. 4 [25].

Pt

Y
X

X

Pt

Pt

Y

Figure 2. 4:

Ligand-substitution reaction
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Y

+

X

2.1.3.4 Migratory Insertion Reaction
Insertion reactions are addition reactions in which the central metal does not
change its oxidation state. These reactions involve breaking a metal-carbon bond
and formation of a carbon-carbon bond. In addition, a bond is formed between
the metal and the incoming ligand. The ligand is usually a Lewis base such as
CO [26]. The mechanism is shown in Figure 2. 5. It has been shown that
migratory insertion is the one of the mechanisms by which metal-alkyl bonds are
formed in the copolymerization of CO and olefins catalyzed by transition-metal
complexes [27].

H3C

CH3
OC

Mn

OC

CO
CO

O

CO

C
Mn

OC

CO

O

CO
CO

C

OC

CO

CO
Figure 2. 5:

CO

H3C

Mn

CO

CO

Migratory insertion reaction

2.1.3.5 β-Elimination (β-Hydrogen elimination)

β-Hydrogen elimination is actually the reverse reaction of insertion. In this

reaction a β-hydrogen of an alkyl group migrates to the metal atom [28]. βelimination requires a coordinatively unsaturated metal complex since it results in
an increase in the coordination number of central metal. Reductive elimination
and β-elimination are competitive reactions [29]. The mechanism is illustrated in
Figure 2. 6.
H2C
LnM

H2C

CH2
H

CH2

β - elimination

LnM

LnM
H

Figure 2. 6:

β-hydrogen elimination reaction
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2.2

HOMOGENEOUS CATALYSIS

2.2.1 Palladium and Nickel Catalyzed Reactions

Coupling reactions catalyzed by organometallic complexes are some of the most
powerful tools for synthesis of aromatic and heteroaromatic compounds [30,31].
Some of the reactions are Heck, Suzuki-Miyaura, Sonogashira, Stille, Negishi,
Kumada and Buchwald-Hartwig coupling [32]. The reactions are used extensively
in synthesis due to the availability of starting materials and simplicity of operation
[33]. Each reaction is discussed briefly in the following sections.

2.2.1.1 Heck Reaction

The Heck reaction involves coupling of an alkene with an aryl or alkyl halide to
form a vinylarene or diene as illustrated in Figure 2. 7 [34]. In the Heck reaction,
the catalyst can be added directly. The catalyst can also be produced in-situ by
reduction of palladium salts in the presence of suitable ligands [35]. The Heck
reaction is the most studied reaction among the coupling reactions [36].

CH2
X
+

Cat , base
solvent

X= I, Br, Cl

Figure 2. 7 :

Heck Coupling Reaction
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2.2.1.2 Suzuki-Miyaura Reaction

The Suzuki-Miyaura reaction involves coupling of aryl halides with aryl boronic
acids to form biaryls [37]. Boronic compounds are usually stable and insensitive
to air and water. These compounds can also be easily handled in a variety of
solvents apart from those commonly used on cross-coupling reactions [38]. A
representative Suzuki coupling reaction is illustrated in Figure 2. 8 below.

B(OH)2

X

+

Cat, base
solvent

X=I, Br, Cl

Figure 2. 8:

Suzuki Coupling Reaction

2.2.1.3 Sonogashira Reaction
The Sonogashira reaction involves coupling of terminal alkynes with aryl and
vinyl halides to yield alkynylarenes in the presence of a palladium catalyst and a
copper co-catalyst [39]. The reaction was independently reported by Heck,
Cassar and Sonogashira groups in 1975 [40]. The reaction is illustrated in Figure
2. 9.

CH

X
+

Cat, base
Cu(I) salt

X=I, Br, Cl

Figure 2. 9:

Sonogashira Coupling Reaction
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2.2.1.4 Negishi Reaction
The Negishi coupling reaction involves the coupling of aryl halides with arylzinc
halides or benzylic zinc halides in the presence of a palladium or nickel catalyst,
to form unsymmetrical biarys and biaryl methanes as illustrated in Figure 2. 10
[41]. Negishi et al. [42] have emphasized the importance of the right selection of
ligands, co-catalysts, solvents and other additives in the Negishi coupling
reaction. In their paper, they illustrated a range of optimum conditions for the
reaction.

Zn

Cl

Br
Cat, base

+

solvent
R2

R1

Figure 2. 10:

R1

R2

Negishi Coupling Reaction

2.2.1.5 Stille Reaction
The Stille reaction is the palladium catalyzed coupling of organo-stannanes with
vinyl or aryl halides to form 1,3-dienes as illustrated in Figure 2. 11 [43,44]. The
reaction is tolerant to a large range of functional groups, and hence the reaction
has been extensively used in the synthesis of natural products and in biological
research [45,46]. There are concerns however, regarding the toxicity of tin
compounds residues in the final product of Stille reactions [35].

SnBu3
+

H2C

_
Pd cat

X

X=I, Br, Cl
Figure 2. 11 : Stille Coupling Reaction
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CH2

2.2.2 Developments in Heck, Suzuki and Sonogashira Coupling Reactions
2.2.2.1 Ligand Design

Phosphines are the most commonly used ligands [47]. The wide use of
phosphines can be attributed to their properties. These ligands can be easily
designed to carry functional groups or other substituents that can change the
properties of the catalyst [48].
An example is given by Pinault and Bruce [49]. They highlight in their paper, the
use

of

water-soluble

ligands

based

on

functionalized-phosphines.

The

phosphines contain polar groups such as sulfonates and carboxylates which aid
catalysis in aqueous medium. Typical sulfonated phosphines used by Pinault and
Bruce are illustrated in Figure 2. 12.

NaO3S

P

P
SO3Na

SO3Na
NaO3S

Figure 2. 12:

Sulfonated-phosphines [adapted from Pinault and Bruce 49]
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A disadvantage of polar functionalized-phosphines is that they are usually
sensitive to air and are prone to oxidation. This limits their ability to stabilize the
catalyst in reaction [50]. In view of this, research has been focused on the
development of catalysts and ligands which can enable catalysis under mild
conditions [51]. From the industrial point of view, cost control is important.
Consequently a variety of ligandless palladium systems, air-stable ligands and
phosphine-free ligands have been developed [52], examples are N-Heterocyclic
and P-Heterocyclic. Nitrogen-based ligands are briefly discussed below.
Hsu et al. [53] have reported high yields in the bipyridine-modulated oxidative
Heck reaction of arylboronic acids and olefins. In their work, they used 4,4’dimethyl 2,2’-bipyridine and Pd(OAc)2 as ligand and precursor respectively.
Huang et al. [54] have used a water-soluble and air-stable palladium(II)cationic
2,2’-bipyridyl system in the Heck coupling of aryliodides and alkenes. The
catalyst system was prepared by combination of Pd(NH3)2Cl2 and the cationic
bipyridyl compound shown in Figure 2. 13.
Br- Me3N+

N+Me3Br-

N

N

Figure 2. 13:

Cationic bipyridyl ligand [adapted from Huang et al. 54]

Diebolt et al. [55] reported yields greater than 95% in the palladium-catalyzed
Suzuki coupling of aryl chlorides and phenylboronic acids. They used a palladium
complex of the type [PdCl2(NHC){P(OR)3}], with the N-heterocyclic carbene N,N’bis(2,6-diisopropylphenyl)imidazol-2-ylidene. Wang et al. [56] used a similar
rationale. In their Suzuki coupling study, they used a tetraimidazolium salt based
on a porphyrin to prepare the N-heterocyclic carbene ligand illustrated in Figure
2. 14. Their results showed that the catalytic activity depends on the structure of
the porphyrin core and the NHC.
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H
N
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N
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H
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O

O

N
+

N
+

Figure 2. 14:

N

NHC-porphyrin ligand system [adapted from Wang et al. 56]

The efficiency of NHC has also been shown in the Sonogashira reaction. Ray et

al. [57] reported effective coupling of aryl iodides with substituted acetylenes in
air and mixed solvent. They used two NHC-based catalysts, trans-[{1-benzyl-3(3,3-dimethyl-2-oxobutyl)imidazol-2-ylidene}2PdBr2] and cis-[{1-benzyl-3-(N-tertbutylacetamido)imidazol-2-ylidene}2PdCl2]. Ray et al. claim that their catalyst
system showed superior activity than the PEPPSI (pyridine enhanced precatalyst
preparation, stabilization and initiation) -based catalyst developed by Kantchev et

al. [58] as illustrated in Figure 2. 15.
R1

R1
N
R2
R1

Cl

N
Pd

R2

Cl
R1

N
Cl

Figure 2. 15:

PEPPSI-based catalyst system [developed by Kantchev et al.
58]
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2.2.2.2 Catalyst Design
While much research has been focused on the development of ligands, efforts
have also been made in the development of catalysts for Heck, Suzuki and
Sonogashira reactions [59]. Palladium catalysts have been preferred over other
metals such as nickel and iron. One reason for the preference stated by Slagt et

al. [60], is the lower homocoupling observed with the use of palladium catalysts.
It has been observed that under similar reaction conditions, nickel catalysts lead
to more homocoupling than their palladium counterparts [41]. Palladium catalysts
and precursors commonly used in coupling reactions are illustrated in Figure 2.
16 below. Palladium(II) chloride and palladium(II) acetate have been commonly
used as both catalyst and precursor to other catalysts [61].

(PdCl2)n

Cl

Cl
Pd

Cl

Pd
Cl

RCN
PdCl2(RCN)2

Figure 2. 16:

Cl

Cl

n

LiCl
Li2PdCl4

PPh3
PdCl2(PPh3)2

Commonly used palladium catalysts and precursors

2.2.2.3 Solvent Selection
The correct selection of the solvent to be used in a C-C coupling reaction is
essential. Gani et al. [62] have summarized the role of solvents in chemical
reactions. Some of the roles include dissolution of solid reactants, heat transfer
and phase transfer. Organic solvents such as
dichloromethane

(DCM),

chloroform,

tetrahydrofuran (THF),

N,N-dimethylformamide

(DMF),

1,2-

dimethoxyethane (DME) and acetonitrile (MeCN) are the most frequently used in
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C-C coupling reactions [63]. These solvents however, have been the center of
attention lately due to their hazardous effects on to the environment [64,65,66]. In
view of this, alternative solvents have been investigated for use in C-C coupling
reactions [67].
PEG, which is a low molecular-weight polymer, has been of interest as a solvent
for coupling reactions [68]. The polymer illustrated in Figure 2. 17, has
advantages over conventional organic solvents, in that it can bring a
heterogeneous character into the homogeneous reaction system [69]. PEG is
also water-soluble, which further emphasizes the potential use in C-C coupling
reactions. Corma et al. [70,71] used a PEG as a support and solvent in the Heck,
Suzuki and Sonogashira reactions. The group reported yields greater than 95%
in all reactions with PEG as solvent and scaffold. Although a significant amount
homocoupling products were also observed. They concluded that PEG was a
better solvent due to the observed yields and good stability.

HO

OH

O
n

Figure 2. 17:

General structure of PEG

Ionic liquids (ILs) are also some of alternative solvents currently investigated.
Ionic liquids are actually poorly coordinated salts which are liquid at temperatures
below 100oC [72]. Advantages of ILs over conventional solvents include nonflammability, non-volatility, high solvation and thermal stability. Singh et al. [73]
have reported the application of functionalized ILs in the Heck coupling. The
IL/catalyst system consisting of [bmim][OAc]/PdCl2(CH3CN)2 showed significant
efficiency without loss activity even after eleven-times of reuse.
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Water is the greenest alternative solvent that is currently of interest [69]. This
solvent is non-toxic, non-flammable and inexpensive [74]. Water also possesses
other attractive properties. These include a large dielectric constant, high heat
capacity and high boiling point [75]. The application of water in organic reactions
however, is limited by the low solubility of organic molecules in water [76].
With the current drive towards “green chemistry”, research efforts show
promising developments in aqueous organic reactions [77]. Studies of Heck,
Suzuki and Sonogashira reactions in water are briefly discussed below. Said et

al. [78] have compared Heck coupling in water and DMF. In their study, they
obtained low yields of ~40 % when using water alone as compared to ~90%
when using DMF. A combination of water-DMF showed no difference. The use of
a phase-transfer reagent, Aliquat-336, resulted in yields of >95%.
These findings are in agreement with the review by Liu and Xiao in which they
showed the need for phase-transfer reagents in aqueous Heck reaction [67]. It
can be concluded that Heck coupling in water has limited applicability due to this
need for auxiliary reagents. The Suzuki coupling reaction has been reported in
aqueous medium, with the help of water-soluble ligands. Fleckenstein and Plenio
[79] have reported efficient coupling of N-heterocyclic chlorides and Nheterocyclic boronic acids in aqueous medium. The duo reported yields >99%
from using a sulfonated ligand in water.
Aqueous Sonogashira reaction is the most promising of the three reactions.
Studies have reported excellent yields in water with or without copper as
cocatalyst. Liang et al. [80] have reported yields >95% in the copper-free
Sonogashira coupling in water under aerobic conditions. The studies also
highlight the need for increased research efforts in aqueous organic reaction.
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2.3

MEMBRANE PROCESSES

The use of membrane in non-aqueous media has drawn a lot of attention in
recent years [81]. An emerging field particularly in pressure-driven processes is
organic solvent nanofiltration (OSN) [82]. Lab-scale and commercial scale
applications of OSN membranes have been reported [83,84]. In the development
and application of membrane process, characterization of membranes and
modelling are essential steps [85]. Modelling is important because it can lead to a
better understanding of transport mechanism involved in membrane process [86].

2.3.1 Transport in Membranes
Transport mechanisms through NF membranes are not yet clarified. A lot of
debate is ongoing as to which transport models should be used to describe
certain membrane processes [87]. Current theoretical models for mass transfer
through NF membranes are based on diffusion, adsorption, ion exchange, ion
coupling and concentration polarization [88].
Gibbins et al. refer to two main theoretical models describing the membrane
transport mechanism as (i) Pore-flow and (ii) solution-diffusion [89]. These will be
discussed briefly. The derivation of these models is however beyond the scope of
this work.

38

2.3.1.1 Pore-Flow Model
In the pore-flow model, it is assumed that transport occurs by pressure-driven
convective flow through the membrane pores. Separation of the different
components is achieved by size exclusion [90]. The pore-flow model is
characterized by the relation of the reflection coefficient σ to the rejection R by a
function η’ as shown in Equation 2.1. η’ is described as the ratio of solute radius

rs and pore radius rp.

σ = 1−

cp
cr

= 1−

2( 1 − R )
= f ( η' )
2−R

Equation 2.1

where cp – concentration of permeate

cf – concentration of feed
η’ = rs/rp which is the ratio of solute and pore radii
The relationship between the reflection coefficient σ and the rejection R is derived
from the Spiegler-Kedem equation and is expressed by Equation 2.2 [91].

R = 1−

cp
cm

=

σ (1 − F )
(1 − σF )

Equation 2.2

Where

 1−σ 
F = exp −
Jv 
P



Equation 2.3

In the Spiegler-Kedem equation, the rejection R is given as a function of flux J
and solute permeability P. σ and P can be determined experimentally, R as a
function of J. Generally the convective solute transport takes place when σ is
equal to 100%. This condition is applicable to dense membranes with no pores
available for convective transport. Transport in RO membranes can be described
using this model [88].
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2.3.1.2 Steric Hindrance Pore Model
The pore-flow model was modified by Nakao and Kimura, by eliminating the wall
correction factors, and successfully proposed the Steric Hindrance pore (SHP)
model [92]. For uncharged solutes, where convective transport of a solute
through the membrane is not influenced by electrostatic interaction, the
separation is achieved through size effects. In light of this, the SHP model can be
used to calculate the pore radius and the pore ratio of membrane porosity to
thickness [93]. The SHP can be described by Equations 2.4 and Equation 2.5
below.

σ = 1 − H F SF

HF = 1+

A 
PS = H D S D DS  K 
 ∆x 

16 2
η'
9

HD = 1

Equation 2.4

Equation 2.5

HF is the wall-correction parameter that represents the effects of the pore wall. AK
is the membrane porosity, and ∆x is the membrane thickness [81]. SF and SD are
steric hindrance factors for permeation flow and diffusion respectively. These
factors are expressed by Equations 2.6 and 2.7 respectively.

[

S F = (1 − η' ) 2 − (1 − η' )
2

2

]

S D = (1 − η' )

2

Equation 2.6

Equation 2.7

During transport, dissolved components encounter certain steric hindrance and
interactions with the pore wall. A molecule smaller than the diameter of the
membrane pore is partially retained due to these effects. A solute with the same
size as the diameter is completely retained [94].
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2.3.1.3 Solution Diffusion Model
A transport model that is often used to describe transport in organophillic
nanofiltration is the solution-diffusion model, as reviewed by Wiljmans and Baker
[95]. In the model it is assumed that each permeation component dissolves in the
membrane phase, followed by diffusion through the membrane as a result of
concentration gradient [96]. The general form of the solution-diffusion model is
expressed by Equation 2.8 below:

J i = − Li , M

δ ln ai , M

δµ i
δP
= − Li , M  RT
+ Vi M
δz
δz
δz






Equation 2.8

where Li is the proportionality factor, µi the chemical potential of component i, ai,M
the activity of component i, Vi the molar volume of component i, z is the
coordinate over the membrane (z = 0 for the feed, permeate z = δM = thickness of
the membrane in (m)) [97].

2.3.1.4 Solution diffusion with Imperfections Model
In organophillic NF, it has often been observed that transport through the swollen
membrane cannot be described solely by diffusive flow [98]. Mason and
Lonsdale [99] extended the solution-diffusion model by taking into account the
viscous transport that also takes place through imperfections in the membrane.
An extra term for the viscous flow was added to the solution-diffusion model as
expressed by Equation 2.9.

ci ,M Di ,M Vi
Ji =

RTδ M

(∆P − ∆π ) +

41

ci ,M B0

ηδ M

∆P

Equation 2.9

In the equation η is the viscosity of the mixture permeating through the
membrane in (Pa s) and B0 is the specific permeability of the membrane in (m2).

2.3.2 Membrane Characterization
A consistent and reliable method of measuring separation performance of
membranes is essential and allows end users to make an informed selection
[100]. Membrane characterization parameters may be described as either
performance related or morphology related. Performance-related parameters
describe membrane functionality such as flux and rejection. Morphological
parameters which include physical and chemical parameters describe the
structure of the membrane [101].

2.3.2.1 Membrane Molecular Weight Cut Off (MWCO)
Molecular weight cut-off is described as the molecular weight for which 90%
rejection of the solute is achieved by the membrane [102]. The MWCO concept is
based on the observation that molecules generally get larger as their masses
increase. As molecules get larger, sieving effects due to steric hindrance
increase and a larger molecule is rejected by the membrane more than the
smaller molecule. MWCO may also be related to diffusion since larger molecules
diffuse more slowly than smaller molecules [103].
Hilal et al. [104] have highlighted that MWCO determination depends on
experimental conditions such as the nature of the feed solution and the type of
membrane module. They showed this by using a mixture of polyethyleneglycols
(PEG) with different molecular weights. Their results also showed that some
membranes have larger and smaller pores respectively, than specified by the
manufacturer.
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2.3.2.2 Porosity

Porosity has been regarded as another useful parameter to describe separation
in membranes. Porosity is usually expressed as pore density, PSD or effective
number of pores in the membrane’s upper active layer [105]. Bowen and Welfoot
[106] have theoretically investigated the effects of log-normal pore size
distribution on the rejection of uncharged solutes and NaCl. They showed that
theoretical log-normal function is not suitable for NF membranes, due to the large
pore size tail of the distribution dominating the rejection and flux. Their results
also showed that interpretation based on uncharged solutes data alone cannot
give useful quantitative information about the membrane pore size distributions.
But when used in conjunction with other surface characterization techniques,
show good agreement of pore size distribution.
Košutič et al. [107] investigated the porosity of NF and RO membranes by
permeation of uncharged compact organic molecules. In order to ascertain the
influence of the porous structure of the membrane skin on the retention
mechanism of different solutes, the PSD’s were determined at almost 690 kPa.
Their results showed distinction between the PSD of NF and RO membranes.
The RO membranes showed a wide PSD and bimodal distribution with maxima
at 0.52 nm and 0.80 nm. The PSD of NF membranes showed maxima at larger
pore sizes, the first one between 0.95 nm and 1.10 nm and the second maximum
around 1.55 nm. This clearly shows the presence of larger surface pores.
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2.3.2.3 Surface Morphology

Studies

have shown that surface morphology and structure influence

permeability, rejection and colloidal fouling behavior of NF and RO membranes
[108]. Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM)
have been used to provide direct characterization of the membrane pore size
distribution [103]. AFM has been used more often than SEM, because AFM
measurements can be performed at atmospheric pressure and no pre-treatment
is required prior to analysis [109].
Boussu et al. [110] studied the surface roughness and hydrophobicity of NF
membranes using different modes of AFM. Measurements were performed in
both non-contact and tapping modes respectively. Although the roughness
values are different for non-contact AFM and tapping mode AFM, Boussu et al.
found no difference between the two modes in ranking the NF membranes with
respect to their surface roughness.

2.4

MEMBRANE TECHNOLOGY IN HOMOGENEOUS CATALYSIS

The separation and recycling of homogeneous catalysts used in organic
synthesis is often essential in order to perform economically and environmentally
acceptable processes. In this area of homogeneous catalyst separation and
recycling, much attention has been on catalyst immobilization, development of
enlarged catalysts, interphase chemistry and phase tagging for biphasic catalysis
or ionic liquids [111,112,113].
However these are less attractive due to the need for additional steps required to
obtain these modified catalysts, which display properties that may be different
from their homogeneous analogues [114]. A more promising approach is the use
of pressure-driven membrane processes.
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Interest in the application of membrane technology in homogeneous catalysis
started as early as in 1976, at the Du Pont de Nemours Company. Grosser et al.
[115], used polyimide RO membranes to separate soluble transition-metal
complexes from reaction mixtures. They reported 60-99% rejection of
RhCl(PPh3)3 from adiponitrile solutions, obtained by hydrogenation of 1.4dicyanobutene. They also observed separation of RuCl3 catalyst used in the
hydrodimerization of acrylonitrile.
The potential of RO was further studied by Ilinich et al. in 1993 at the Boreskov
Institute of Catalysis. They applied RO in separation of soluble iron-containing
phosphotungstenate catalyst used in the detoxication of NO and H2S. They found
the retention of NO3 – product decreased with the concentration of the heteropoly
tungsten catalyst reaching negative values, whereas the retention of catalyst was
99% [116].
Following the development of suitable membranes for non-aqueous applications,
the use of ultra- and nanofiltration techniques became the center of attention in
the late 2001. Nair et al. [117,118] used a semi-continuous NF-coupled Heck
system as a way to improve productivity of a homogeneous catalyst. The tested
Heck-catalyst was Pd(OAc)2(PPh3)2 with P(o-tolyl)3 as a stabilizing agent, in the
reaction of styrene and iodobenzene to form trans-stilbene The study utilized
composite solvent-resistant

NF (SRNF) membranes, MPF-50 and MPF-60

produced by Koch. Their results showed up to 97% rejection of palladium
catalyst in different solvents, and allowed subsequent catalyst recycle and reuse.
The prospective of SRNF was evident in 2002, with a number of papers
published in the area of homogeneous catalyst-separation [111, 112, 117, 119].
Most of these studies used SRNF membranes that include the commonly used
MPF range from KOCH, STARMEM range from W.R. Grace and the Desal-5
from Osmonics.
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Scarpello et al. [112] used the membranes to separate three commonly used
homogeneous catalysts (the Jacobsen catalyst, Wilkinson catalyst and PdBINAP) and obtained up to 95% rejection with good solvent fluxes in the majority
of systems tested. Datta et al. [113] used a dense PDMS-PAN SRNF membrane
to separate a phosphinated-polymer supported palladium catalyst from Suzuki
and Heck coupling reaction products. The polymer enlarged catalyst was
prepared from (1-Ad)2P- substituted poly(methylstyrene), a suitable palladium
source such as Pd(PhCN)2Cl2, Pd(OAc)2 or Pd(dba)2, and a base. The
membrane showed quantitative retention of the catalyst of up to 99%.
Furthermore the catalyst was reused up to nine times and showed constant
yields of coupling products and constant turnover frequencies.
Other types of membranes have also been investigated for the separation of
homogeneous catalysts. Gallego et al. [119] have used a zeolite membrane,
synthesized from commercial γ-Al2O3 tubular ceramic membrane supports, to
separate the palladium catalyst [Pd(µ-Cl)(Ph2P-(CH2)4-PPh2)](CF3SO3)2 from
reaction products. Their target system was the Diels-Alder reaction of acroleine
and cyclopentadiene to yield 5-norbornene-2-carboxylaldehyde. The zeolite
membrane showed close to 100% retention of the palladium catalysts.
Chowdhury et al. [114] reported a recovery of a polyoxometallate oxidation
catalyst from an aqueous and organic media by using a mesoporous γ-Al2O3
membrane. The group recycled a water-soluble Na12[WZn3(ZnW 9O34)2] catalyst
and obtained up to 97% retention. A toluene-soluble catalyst [MeN(nC8H17)3)]12[WZn3(ZnW 9O34)2], was also recovered with quantitative retentions of
up to 99.9%. XPS depth-profiling measurements on the alumina membranes
showed the catalyst does not enter the pores of the membrane substantially even
after repeated nanofiltration measurements.
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Aerts et al. [120] applied SRNF in the recycling of cobalt Jacobsen catalyst used
in the hydrolytic kinetic resolution (HKR) of epoxides. This research group used
the commercially available SRNF membranes such as the MPF range and the
Desal range. They also used a ceramic membrane supplied by VITO. Their
target system was the Co-Jacobsen catalyzed HKR of 1,2-epoxyhexane and
styrene oxide. The filtration experiments were carried out in diethyl ether,
isopropyl alcohol and under solvent-free conditions. Average retentions of up to
93% were obtained with the commercial membranes.
Ferreira et al. [121] used the STARMEM 120 SRNF membrane in the separation
of an osmium catalyst from the Sharpless asymmetric dihydroxylation reaction.
The catalyst system consisted of the K2OsO2(OH)4 salt and the chiral ligand
(DHQD)2PHAL. Their results highlighted the efficiency of the nanofiltration
membrane in separating the catalyst system. They observed 30% loss of the
osmium catalyst through the permeate stream, which subsequently points out
product contamination. They concluded that the loss may be attributed to the
existence of free osmium species in the mixture which lead to lower rejections of
the osmium complex.
In recent developments, van der Gryp et al. [122] from the North-West University
have used STARMEM series of OSN membranes in the separation of five
Grubbs-type catalysts from a metathesis reaction system. They used the
metathesis reaction of 1-octene to 7-tetradecene and ethane as a model
reaction. They reported that STARMEM 228 was the best membrane giving
catalysts rejections of up to 99% therefore confirming catalyst separation from
the mixture.
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CHAPTER 3 – EXPERIMENTAL AND
ANALYTICAL PROCEDURE

In this chapter experimental and analytical methodology is discussed in detail. In
Section 3.1, the membranes used in the study are identified. The chemicals and
reagents used in membrane characterization are listed. The membrane unit used
for filtration is described in Section 3.2. Analytical instrumentation used is
outlined in the Section 3.3. Membrane characterization experiments and
techniques are described in Section 3.4. Coupling reactions are dealt with in
Section 3.5. Catalyst retention and reuse experiments are described in Section
3.6.
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3.1 MATERIALS
3.1.1 Chemicals and Reagents
Chemicals and reagents used in the study were obtained commercially. These
were of highest purity. All solvents were used as received. The chemicals are
listed in Table 3. 1.

Table 3. 1:

Chemicals and reagents used in the study

Chemical

Supplier

Formula

Grade

D-Glucose

Sigma-Aldrich

C6H12O6

AR 98%

Sucrose

Sigma-Aldrich

C12H22O11

AR 98%

Methanol

Sigma-Aldrich

CH4O

Chromasolv 99,9%

Ethanol

Merck

C2H6O

LiChrosolv 99,8%

2-Propanol

Merck

C3H6O

LiChrosolv 99,8%

Acetonitrile

Sigma-Aldrich

C2H3N

Chromasolv 99,9%

Ethyl acetate

Merck

C4H8O2

LiChrosolv 99,8%

Dichloromethane

Merck

CH2Cl2

LiChrosolv 99,9%

Tetrahydrofuran

Merck

C4H8O

LiChrosolv 99,7%

Toluene

Merck

C7H10

LiChrosolv 99,9%

n-Hexane

Merck

C6H14

LiChrosolv 99,9%

Iodobenzene

Sigma-Aldrich

C6H5I

Reagent Plus 98%

Bromobenzene

Sigma-Aldrich

C6H5Br

Reagent Plus 98%

Sodium carbonate

Sigma-Aldrich

Na2CO3

AR 98%

Triethylamine

Sigma-Aldrich

C6H15N

Reagent Plus 99,5%

Pyrrolidine

Sigma-Aldrich

C4H7NO

Reagent Plus 98%

Phenylboronic acid

Sigma-Aldrich

C6H5B(OH)2

Reagent Plus 95%

Phenylacetylene

Sigma-Aldrich

C8H6

Reagent Plus 98%

Styrene

Sigma-Aldrich

C8H8

Reagent Plus >99%

2,2’-Bipyridyl

Merck

C10H8N2

Reagent Plus >99%

Triphenylphosphine

Sigma-Aldrich

C18H15P

AR >=95%

Trans-stilbene

Sigma-Aldrich

C14H12

Reagent Plus 99,5%
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3.1.2 Catalysts
Transition-metal catalysts [Pd(OAc)2, Pd(PPh3)2Cl2 and PdCl2 ] were obtained
commercially from Sigma-Aldrich. Pd(OAc)2(PPh3)2 was prepared using the
method described by Seayad et al. [1]. The molecular weight and structure of the
catalysts are two parameters that are important in this study. The catalysts and
their molecular weights are listed in Table 3. 2 below. The chemical
configurations of the catalysts are illustrated in Figure 3. 1.

Table 3. 2:

Catalysts used in the study
Catalyst

MW

Palladium(II)chloride

177.1 g.mol-1

Palladium(II) acetate

-1

224.5 g.mol

Pd(OAc)2

Dichlorobis(triphenylphosphine)palladium(II)

701.9 g.mol-1

Pd(PPh3)Cl2

Diacetatobis(triphenylphosphine)palladium(II)

Formula

-1

749.0 g.mol

PdCl2

Pd

Pd(OAc)2(PPh3)2

Pd(OAc)2

O

O
Cl

PdCl2

Cl

H3C

Pd(OAc)2(PPh3)2

C O

Pd

O

C

CH3

Pd(PPh3)Cl2

H3C

C O
O

Cl
P

Pd

P

P

O
C
H3C

Figure 3. 1:

Pd
Cl

O

Structures of the catalysts used in the study
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3.1.3 Membranes

Four commercially available NF/RO membranes were used for this study (NF90,
NF270, BW30 and XLE). The membranes were all supplied by Dow/FilmTec
(Minneapolis, MN, USA) and are all thin-film composite membranes [2]. NF270 is
made from polypiperazine and benzenetricarbonyl trichloride. NF90, BW30 and
XLE are also made from benzenetricarbonyl trichloride as a starting material, but
1,3-phenylene amide is used instead of polypiperazine to complete interfacial
polymerization [3]. The specifications of the membranes obtained from the
supplier are given in Table 3. 3 below.
Table 3. 3:

Membrane characteristics as specified by the supplier [2]

Membrane
Membrane Type
Molecular weight cutoff (Da)
Permeate flow at std
conditions (l.h-1)
Maximum operating
pressure (bar)
pH range

NF90

NF270

BW30

XLE

Aromatic PA

Aliphatic/
Aromatic PA

Aromatic PA

Aromatic
PA

150

200

N/A

N/A

83-1620

134-2300

120-1660

52-2040

41

41

41

41

3-10

3-10

2-11

2-11

3.2 EXPERIMENTAL SETUP

A bench scale stainless steel dead-end module with a capacity of 1.2 litres was
used. The unit is illustrated in Figure 3. 2. It was operated at pressures of up to
25 bar using nitrogen as a driving force. The unit was fitted with a Teflon-coated
magnetic stirrer supported on the upper lid by a steel rod. Stirring was required to
homogenize the sample and to minimize the effects of concentration polarization
[4]. Disc samples of the different membranes with a diameter of 9 cm and an
effective area of 0.0064 m2 were cut and placed on a porous support disc.
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The hold-up volume underneath the porous support disc was ~1 ml. Permeate
was collected from a Teflon tube into a measuring cylinder. Filtration
measurements were performed by loading feed solutions with a volume ranging
from 250 ml to 600 ml at room temperature. The first 20 ml of permeate collected
was discarded. Thereafter a certain volume of permeate was collected at a
specified time.

Figure 3. 2:

Dead-end unit used for filtration
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3.3 ANALYTICAL INSTRUMENTATION

All analytical instruments used in the study are discussed in this section. Most of
the instruments were used in-house, and a few were outsourced externally.
3.3.1 Gas Chromatography (GC)

The concentration of 2-propanol in the feed and permeate obtained during
membrane characterization were determined by gas chromatography (GC). GC
was also used to determine conversions in C-C coupling reactions. A PerkinElmer Clarus 500 GC was used. The instrument is fitted with the Elite-5 packed
column (5% Diphenyl/95% Dimethyl Polysiloxane) with 30 m x 0.32 mm x 0.25
dimensions. The instrument is also fitted with an FID and a TCD detector.
Nitrogen was used as carrier gas. Air and hydrogen were used as auxiliary
gases. 1 µl samples were injected as they were, with no pre-treatment
performed.
3.3.2 Ultraviolet-Visible Spectrometry (UV-VIS)

A Perkin-Elmer Lambda 25 UV-VIS Spectrophotometer was used to determine
the concentrations of D-glucose, sucrose, Pd(OAc), PdCl2, Pd(PPh3)2Cl2 and
Pd(OAc)2(PPh3)2 in the feed and permeate. The instrument is equipped with two
radiation sources, a deuterium lamp and a tungsten halogen lamp. These two
sources are essential in order to cover the whole range of wavelengths in the UV
and visible regions. The instrument also has a monochromator which is a
concave grating with 1053 lines/mm in the center. The monochromator serves to
produce a narrow beam of radiation, therefore improving resolution of spectra.
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3.3.3 Scanning Electron Microscopy (SEM)

A Carl Zeiss ULTRA 55 FEGSEM was outsourced from Sasol Technology R&D
for characterization of the morphology of the polymeric membranes. The state-ofthe-art instrument has a field emission electron source which enables high
resolution imaging. The instrument is fitted with an array of detectors which
include an in-lens secondary electron (SE) detector and an Everhardt-Thornley
SE. Imaging of the surface and cross-section was performed at acceleration
voltages of 3 and 5 kV using the Everhardt-Thornley SE detector. The sample
was set at working distance of 8 mm.
3.3.4 Atomic Force Microscopy (AFM)

A Park Scientific AFM instrument was outsourced from Witwatersrand University
for surface roughness determination and imaging. Roughness has been
observed to influence the flux and rejection behaviour of nanofiltration
membranes [5]. Imaging was performed using contact mode in air at room
temperature. Roughness measurements were performed over an area of 50 µm
x 50 µm. Roughness was expressed as root mean square (RMS) roughness,
which is defined as the square root of the mean value of the squares of the
distance of the points from the image mean value [6].
3.3.5 Fourier-Transform Infrared Spectroscopy (FTIR)

Characterization of the chemical structure of the polymer was done using
Fourier-transform Infrared spectroscopy (FTIR). FTIR gives information on the
specific chemistry and orientation of the structure of the functional groups
present in the membrane active layer [7]. A Perkin-Elmer Spectrum 400
Spectrophotomer fitted with a universal ATR sampler was used. The instrument
is fitted with a universal sampler crystal that allows direct analysis of samples
without pre-treatment.
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3.4 METHODOLOGY

In this study, the membranes were characterized for pure water permeability,
pure solvent permeability, swelling tendency and surface morphology by means
of SEM and AFM. Uncharged solute rejection measurements and chemical
structure determination were also performed. The catalysts were characterized
by FTIR.
3.4.1 Pure-Water Permeability

Pure water permeability reflects the porous nature of a membrane. By measuring
the membrane’s dependence on pressure, it is possible to characterize the
porosity of the membrane’s active layer [8]. Membrane samples were immersed
in ultra pure deionized water for 24 hour as a preconditioning procedure. Pure
water permeability measurements were then performed at pressures of 5, 10, 15
and 20 bar respectively, while keeping the time constant. Pure water permeability
was calculated using the Kedem-Katchalsky equation, described in Equation 3.1
[9]:

J w = Aw ⋅ (∆P − σ∆π )

Equation 3.1

Jw is the pure water flux, Aw is the pure water permeability, ∆P is the pressure

difference, σ is the reflection coefficient and ∆π is the osmotic pressure
difference. In the case where the feed and retentate both contain pure water, the
osmotic pressure difference across the membrane becomes zero, therefore
Equation 3.1 reduces to Equation 3.2:

J w = Aw ⋅ ∆P

Equation 3. 2
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3.4.2 Membrane-Solvent Compatibility

Membrane appearance after soaking in organic solvents for a period of time can
give a preliminary insight into the membrane stability in the solvents [10]. Flat
sheet membrane samples were cut into discs with a diameter of 9 cm. Each
membrane was immersed in methanol, ethanol, 1-propanol, 2-propanol,
acetonitrile, ethylacetate, dichlomethane, tetrahydrofuran and toluene for 24
hours to check for stability. Stability was determined by visual inspection of the
membrane surface and general appearance after contact with solvent. Suitable
solvents were selected based on their compatibility with the membranes. These
solvents were used in pure-solvent permeability studies and coupling reactions
3.4.3 Pure Solvent Permeability

Membrane samples were cut into discs with a diameter of 9 cm and immersed in
ultra pure water for 24 hours. The preconditioned samples were then immersed
for 2 hours in the solvent prior to filtration measurements. The volume of the feed
solution ranged from 500 to 800 ml. During solvent permeation, the measuring
cylinder used for permeate collection was covered to minimize solvent loss due
to evaporation. Solvent flux was calculated by Equation 3.3:

J=

V
At

Equation 3.3

where J is the solvent flux, V is the volume of solvent permeated, A is the
effective membrane area and t is the permeation time.
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3.4.4 Swelling Experiments

The interaction of the solvents with the membrane physical structure was further
investigated by measuring the swelling tendency of the membranes. Membranes
were cut and dried at room temperature in an open dish. Each dried membrane
was weighed and immersed in the selected solvents. After equilibrium time of
approximately 30 minutes, the membrane was removed from the solvent and
quickly dried with a soft tissue to remove the solvent from the external surface
before weighing. Swelling of the membrane was calculated by Equation 3.4 [11]:

Q=

1 W wet − Wdry
ρs
Wdry

Equation 3. 4

In the equation, Q is the swelling, Wwet is the mass of wet membrane, Wdry is the
mass of dry membrane and ρs the density of the solvent.
3.4.5 Uncharged Solutes Rejection

Uncharged solutes were used to determine the molecular weight cut-off (MWCO)
of the membranes. 2-Propanol, D-glucose and sucrose were chosen for this
investigation. Feed solutions of 0.1 vol% for the alcohols and 0.1 wt% for the
sugars were prepared. 800 ml of each feed solution was charged into the deadend unit for filtration at 10 and 20 bar pressure. A summary of instrument settings
for alcohol analysis is given in.
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Table 3. 4:

Instrument settings for GC analysis of the alcohol
305oC

Injector temperature

Heating rate

60oC
(hold for 5 min)
10oC/min to 220oC

Carrier gas

Nitrogen

Oven initial temperature

Detector

FID
300oC

Detector temperature

The concentrations of the sugars in the feed and permeate were determined by
the Anthrone method [12], at a wavelength λ = 630 nm. Rejection of the solutes
was calculated using Equation 3.5:



R = 1 −



C permeate 
 × 100%
C feed 

Equation 3.5

Cpermeate is the concentration of the permeate and Cfeed is the concentration of the

feed. The Stokes radius rs (nm) of the solutes were calculated by the following
expression [13]:

log rS = −1.485 + 0.461(log M W )

Equation 3.6

Mw is the molecular weight. The Stokes radius can be used to relate rejection to

the membrane porosity. A plot of rejection vs stokes radius gives an indication of
molecular weight-cut off.
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3.4.6 Scanning Electron Microscopy (SEM)

Membrane samples were placed in liquid nitrogen for few hours, and cut to
dimensions of ~5 mm x 5 mm. The samples were dried in an oven set at 40oC for
4 hours. The dried samples were mounted on aluminium stubs covered with
double-sided carbon tape. The samples were coated with a thin layer of
palladium-gold using a sputter coater. The coating prevents specimen-charging
inside the microscope. Coating also protects samples from beam-damage. After
coating, the membranes were loaded into the microscope for analysis.
3.4.7 Atomic Force Microscopy (AFM)

Membranes were cut into pieces with dimensions of ~8 mm x 8 mm. The
samples were mounted on a stainless steel disc covered with double-sided
carbon tape. No other preparative procedure was performed on the membranes.
AFM allows analysis of samples at room temperature and pressure. Samples can
be analysed directly either dry or in liquid [5].
3.4.8 Fourier Transform Infrared (FTIR)

The membranes were dried prior to analysis. The dried samples were pressed
tightly against the crystal plate. 256 scans were obtained from 650 to 4000 cm-1
at 2 cm-1 resolution for each membrane sample. For wet samples such as
reaction mixtures, a drop was placed on the crystal using a micropipette. The
crystal was then pressed tightly until a spectrum was observed.
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3.5 CATALYST PREPARATION AND CHARACTERIZATION
3.5.1 Preparation and Characterization by FTIR

Pd(OAc)2(PPh3)2 was prepared by mixing (0.2604 g, 1.16 mmol) Pd(OAc)2 and
(0.6164 g, 2.35 mmol) PPh3 in toluene with vigorous shaking. n-Hexane was
added and the precipitate was filtered, and washed with n-hexane. The
precipitate was dried under vacuum filtration. Pd(OAc)2(PPh3)2, Pd(OAc)2,
Pd(PPh3)Cl2 and PdCl2 were characterized by FTIR. 256 scans were obtained
from 650 to 4000 cm-1 at 2 cm-1 resolution for each catalyst sample.
3.5.2 Carbon-carbon coupling reactions

C-C coupling reactions were performed to evaluate the catalysts performance.
Catalytic reactions that were considered are Heck, Suzuki-Miyaura and
Sonogashira coupling reactions. A summary of instrument settings for GC
analysis of coupling products is given in Table 3. 5.
Table 3. 5:

Instrument settings for GC analysis of coupling products
305oC

Injector temperature

120oC
(hold for 5 min)
10oC/min to 220oC
(hold for 5 min)
Nitrogen

Oven initial temperature
Heating rate
Carrier gas
Detector

FID
300oC

Detector temperature
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3.5.2.1

Heck Coupling Reaction

A 100 ml two-necked round-bottom flask fitted with a reflux condenser, stirrer and
thermometer was charged with the aryl halide (24.0 mmol), styrene (20.20
mmol), base (20.80 mmol) and water (5.5%). To the resultant mixture, the
catalyst (0.0004 eq) and ligand (0.0016 eq) were added. The solution was made
up to 27 ml with the solvent. The mixture was heated in an oil bath set at 80oC for
6-8 hours. Initial and final samples were taken for GC analysis using a needle
and 1 ml syringe.
3.5.2.2

Suzuki Coupling Reaction

A 100 ml two-necked round bottom flask fitted with a reflux condenser, stirrer and
thermometer was charged with the aryl halide (20.0 mmol), the aryl boronic acid
(23 mmol) and n-propanol (25 ml).The mixture was gently stirred for 15 to 20
minutes. To the resultant solution, the catalyst (0.005 eql), ligand (0.016 eq),
base (10 ml) and water (5 ml) were added. The solution was heated under reflux
in an oil bath set at 80oC until the no further change in conversions was observed
(~ 2 hours). Initial and final samples were taken for GC analysis using a needle
and 1 ml syringe.
3.5.2.3

Sonogashira Coupling Reaction

A 100 ml two-necked round bottom flask fitted with a reflux condenser, stirrer and
thermometer was charged with the aryl halide (20 mmol), phenylacetylene (25
mmol), base (40 mmol), palladium catalyst (0.005 eq) and ligand (0.016 eq) in
water (20ml). The flask was heated in an oil bath at 70oC for 6-8 hours. After
vigorous stirring, the reaction mixture darkened in colour. Initial and final samples
were taken for GC analysis using a needle and 1 ml syringe.
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3.6 CATALYST RETENTION MEASUREMENTS

In this phase of study, solvent-solute and membrane-solute interactions were of
importance. The interaction and influence of the solvents on catalyst rejection
was investigated. The catalyst rejection behaviour was initially determined in a
single-component solution, where only the catalyst was present in solution as
illustrated in Figure 3. 3. In this way, only the effect of the solvent on rejection
can be determined.

Solvent

Catalyst

Figure 3. 3:

Graphic representation of a catalyst single-component

solution

Solutions of each palladium catalyst were prepared with concentration of 0.5
mmol. The feed solution was then charged into the dead-end unit for filtration at
10 and 20 bar. After 20 – 25 ml of permeate was collected, filtration was stopped.
The retentate was sampled for UV-VIS analysis. The rejection of the palladium
catalysts were calculated using Equation 3.4.
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3.7 CATALYST SEPARATION AND REUSE

In the last phase of the study, the rejection of the catalysts in a real reaction
mixture was investigated. The hypothesis was that sufficient catalyst rejection will
enable separation of the catalyst from the mixture. Solute-solute interactions
come into play once again. The influence of other reaction components such as
the ligand and reactants on catalyst rejection was of importance. In this multicomponent solution illustrated in Figure 3. 4, the catalyst rejection behaviour was
expected to be different from that of the single- and binary-component solutions.

Solvent
Catalyst
Base
Ligand

Post-coupling
product

Figure 3. 4:

Graphic representation of a coupling reaction mixture

The Heck coupling reaction was selected for attempted catalyst separation. The
rationale followed by Nair et al. [14] was used. The reaction was performed as
described in Section 3.5.2 and was allowed to proceed for 4 to 6 hours. At this
point the reaction was stopped and cooled to room temperature. The cooled
solution was immediately charged into the dead-end unit for filtration.
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A feed sample was taken for UV-VIS analysis prior to filtration. After which
filtration was performed at 10 bar until ~70% of the volume had permeated. The
retentate was also sampled for UV-VIS analysis. The rejection of the catalyst by
the membrane was then calculated using Equation 3.4. This concentrated
retentate solution was then transferred back to the reaction flask. Fresh reactants
and solvent were topped up. A second reaction was initiated and followed for 4
hours.
The same filtration protocol was performed and the retentate was used to initiate
a third reaction. The third reaction was followed until no further change in
conversions could be observed. This procedure was repeated two times per
membrane in order to get an overall concept of the efficiency of catalyst
separation. A summarized flow scheme for the catalyst separation and reuse
procedure is illustrated in Figure 3. 5.

Mixture is charged
into membrane unit
Coupling
reaction

Retentate—
Catalyst-rich

Figure 3. 5:

Permeate —
product-rich

Schematic of catalyst separation and reuse procedure
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CHAPTER 4 – RESULTS AND
DISCUSSION

This chapter deals with results obtained in membrane characterization, catalyst
characterization and rejection measurements. The results are discussed, with the
aim of highlighting observations on membrane-solvent, solute-solvent and
membrane-solute interactions respectively. These interactions are important as
they influence the rejection and flux properties of the polymeric membranes. The
rejection behaviour of the transition-metal catalysts is also discussed in detail. At
this point, the applicability of membranes in separating the catalyst from a real
reaction mixture is probed, with the aim of reusing the catalyst.
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4.1 MEMBRANE CHARACTERIZATION

Results obtained from membrane characterization techniques are unpacked in
this section. The results showcase the most suitable membranes for later
application in catalyst rejection and reuse.
4.1.1 Pure Water Permeability

Pure water permeability was investigated using two methods. These are KedemKatchalsky model for irreversible thermodynamics [1] and the Košutić method [2].
The rationale for the approach is to show the robustness of the pure water
permeability method. The Kedem-Katchalsky model is expressed in Equation
4.1:

J w = Aw (∆P − σ∆π )

Equation 4.1

where Jw is the water flux, Aw is the membrane permeability, ∆P is the pressure
difference, σ is the reflection coefficient and ∆π is the osmotic pressure
difference. In the case where only pure water is present, the osmotic pressure
difference becomes zero, therefore Equation 4.1 reduces to Equation 4.2:

J w = Aw ⋅ ∆P

Equation 4.2

Pure water permeability Aw is obtained from a slope of Jw vs. ∆P shown in Figure
4. 1. Values of Aw, obtained from the Kedem-Katchalsky model, are listed in
Table 4. 1.
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Kedem-Katchalsky model
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Figure 4. 1:

Relationship of water flux and pressure (Kedem-Katchalsky
approach)

The approach by Košutić et al. [2] expresses pure water permeability by Equation
4.3:

Jw
= Aw ⋅ e −α∆P
∆P

Equation 4.3

This equation can be expressed in logarithmic form as shown in Equation 4.4:

J 
ln w  = ln Aw − α∆P
 ∆P 

Equation 4.4

where Aw is the pure water permeability that depends on the membrane pore
radius, membrane tortuosity, water viscosity and the active layer thickness, and α
represents the measure of the susceptibility of the membrane active layer
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structure under pressure. Porosity of the membranes can be related to the water
permeability by Darcy’s law as described in Equation 4.5 [3]:

Aw =

rp

2

Equation 4.5

8η ∆ x

where rP is the effective membrane pore radius, η is the viscosity and ∆x is the
effective membrane thickness. Therefore, values of Aw can be used to estimate
membrane porosity [4].
Table 4. 1:

Pure

water

permeability

values

(Kedem-Katchalsky

approach)
Membrane

Aw
(l.m-2.h-1.bar-1)

NF90

3.8

NF270

8.9

BW30

2.1

XLE

2.4

Results from the Kedem-Katchalsky approach show a linear relationship between
water flux and applied pressure.

The water flux through all the membranes

shows an increase with increasing pressure. NF270 has the highest fluxes. The
fluxes can be expressed in a decreasing order as NF270 > NF90 > XLE > BW30.
Values of Aw, obtained from the slope of the Kedem-Katchalsky approach, show
that NF270 has the largest pure water permeability followed by NF90, XLE and
BW30 in the same order as mentioned previously.
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It is interesting to note that the pure water permeability value of NF270 is twice
that of NF90, and more than four-times that of XLE and BW30. It is consequently,
expected that the pore sizes will follow the same trend. According to Equation
4.3, the effective membrane pore radius will increase proportionally with pure
water permeability. This is in line with observations in literature where NF90 is
classified as a “tight” membrane while NF270 is classified as “loose” in terms of
pores [5, 6].
It can also be noted from the results that BW30 and XLE are similar in terms of
pore sizes. Nghiem and Coleman [7] have proposed that BW30 has no pores at
all. It can be presumed that XLE has the same non-porous structure owing to the
similar pure water permeability as BW30. This is in line with the membranes
classification by the supplier. These are classified as low pressure RO
membranes (LPRO) [8]. NF90 has pure water permeability which lies between
that of NF270 and the RO membranes.
The results from the linear regression method by Košutić et al. are given in
Figure 4. 2. The results give emphasis to the relationship between the membrane
active layer and pressure as indicated by α. The value of α for NF90 shows that
the membrane has pore sizes in between those of RO and NF. NF90 has α value
of 34 x 10-4 and NF270 of 8 x10-4. These values point to differences in the
membrane active layer structure, and subsequent separation performance. The
values of α for BW30 and XLE indicate that these membranes have the
narrowest pores with α value above 100 x 10-4. The large values of α are in
agreement with the non-porous nature proposed by Nghiem and Coleman [7].
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Košutić et al.
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Figure 4. 2:

Relationship of water flux and pressure (Košutić approach)

The steep slope of the graphs relates to the structure of the pores of the
membranes [2]. The steeper slope corresponds to a less porous membrane
structure. The values of Aw from this method agree well with those from the
Kedem-Katchalsky method. The Košutić method however, shows extra sensitivity
to changes in membrane active layer structure. This is evident in the values for
BW30 and XLE. The difference in the pore sizes is much more pronounced.
From the Košutić approach, the membranes can be placed in the following order
concerning their pore sizes: NF270 > NF90 > XLE > BW30. Pure water
permeability coefficients (Aw) of the membranes obtained from the Košutić
method confirm the observed trend of porosity.
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Table 4. 2:

Pure water permeability values (Košutić Approach)

Membrane

ln Aw

α
10-4

Aw
(l.m-2.h-1.bar-1)

NF90

1.42

34

4.14

NF270

2.18

8

8.85

BW30

1.12

112

3.06

XLE

0.99

105

2.59

The linear dependence of the pure water flux Jw on pressure points to an
unchangeable membrane porosity, and therefore an unchangeable membrane
active layer. If the pure water permeability of a membrane is not constant, it
indicates changes in the membrane’s porous structure.
4.1.2 Membrane-Solvent Compatibility

The interaction of polymeric membranes with organic solvents has been
observed to be significantly different from that with aqueous media [9]. For this
reason it was necessary to initially determine the effect of the solvents on the
physical integrity of the membranes. Certain solvents are known to cause
changes in polymer morphology at a molecular level [10]. These solvents
influence the structure and therefore lead to changes in physical polymer
appearance. The visual observations on the membranes exposed to selected
solvents are given below in Table 4. 3.
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Table 4. 3:

Observations of membrane compatibility with organic
solvents.

Solvent
Methanol

Ethanol
1-Propanol
2-Propanol
Acetonitrile
Ethyl acetate
Dichloromethane
Tetrahydrofuran
Toluene

NF90

NF270

BW30

XLE

Remained flat

Remained flat

Remained flat

Remained flat

Remained flat

Remained flat

Remained flat

Remained flat

Remained flat

Remained flat

Remained flat

Remained flat

Remained flat

Remained flat

Remained flat

Remained flat

Minor swelling

Minor swelling

Excessive
swelling

Minor swelling

Curled
immediately

Curled
immediately

Curled
immediately

Curled
immediately

Curled,
translucent

Curled,
translucent

Curled,
translucent

Curled,
translucent

Curled,
translucent

Curled,
translucent

Curled,
translucent

Curled,
translucent

Curled,
translucent

Curled,
translucent

Curled,
translucent

Curled,
translucent

The membranes showed stability in most of the solvents tested. Alcohols gave
the best results with all the membranes remaining stable and retaining their
structure and appearance. Acetonitrile caused some swelling and blistering of the
top layer of most membranes, with significant swelling and blistering observed in
BW30. However, the overall structures of the membranes were not altered
significantly. Ethylacetate also caused some curling in all the membranes.
Although the overall structure of each membrane remained intact. All the
membranes

showed

signs

of

chemical

attack,

in

dichloromethane,

tetrahydrofuran and toluene. The membranes immediately curled and became
translucent on contact with the solvents.
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After 24 hours separate entities, which are thought to be the active layer and the
support, were observed floating on the solvent. The solvent had clearly damaged
and completely changed the membrane structures. This was the case with all the
membranes. The results show that non-polar aprotic and polar aprotic solvents
are generally non-compatible with polymeric membranes [11].
Our results agree with Yang at al. [12] observations. They observed that
membranes designed for aqueous systems lose their structural integrity when
exposed to harsh organic solvents. It was therefore decided that compatible
solvents should be used. Therefore methanol, ethanol, 1-propanol, 2-propanol
and acetonitrile were used in subsequent phases of the study. The physical
properties of the solvents are given in Table 4. 4. Water is included in the table
as it was also used as a solvent in catalytic reactions.
Table 4. 4:

Physical properties of selected solvents

Solvent
Methanol
Ethanol
2-Propanol
Acetonitrile
Water

MW
(g.mol-1)

Viscosity @
25oC
(cP)

Hansen
parameter[13]
(MPa1/2)

Polarity
parameter[14]

32.04

0.54

29.60

0.76

46.07

1.10

26.50

0.65

60.10

2.04

23.60

0.54

41.05

0.37

24.40

0.46

18.02

1.00

47.80

1.00

ETN

4.1.3 Pure Solvent Permeability

Steady state fluxes were determined to evaluate the relationship of solvent flux,
pressure, molecular weight and viscosity of the solvent. Solvent flux can be
described by the Hagen-Poisseuille equation for viscous flow illustrated in
Equation 4.6 [15]:
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 εr 2
J S = 
 8 ∆xτ

 ∆P 


η



Equation 4.6

where, JS is the solvent flux, ε is the porosity, r is the average pore radius, ∆P is
the pressure difference, η is the viscosity, ∆x is the effective membrane thickness
and τ is the tortuosity factor. The Hagen-Poisseuille equation shows the
relationship between flux, pressure and viscosity. According to the equation an
increase in pressure will result in a corresponding increase in flux. The solvent
fluxes were therefore plotted against pressure to confirm this relationship. The
plots are given in Figure 4. 3 to Figure 4. 6
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Figure 4. 3:

Plots of methanol flux in NF90, NF270, BW30 and XLE
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Figure 4. 4:

Plots of ethanol flux in NF90, NF270, BW30 and XLE
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Figure 4. 5:

Plots of 2-propanol flux in NF90, NF270, BW30 and XLE
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Figure 4. 6:

Plots of acetonitrile flux in NF90, NF270, BW30 and XLE

The results show a good correlation with Equation 4.6. All the solvents showed
steady constant fluxes which increase with increasing pressure. Looking closer at
the membrane behaviour in each solvent, it can be seen that NF270 generally
shows higher fluxes followed by NF90, BW30 and XLE respectively.
The trend is readily constant in the homologous series of alcohols. A strange
behaviour is observed in acetonitrile, where NF90 shows significantly higher
fluxes than NF270, BW30 and XLE respectively. The high acetonitrile fluxes in
NF90 may result from minor swelling of the active layer observed during filtration.
Minor swelling may also have led to the smaller fluxes in NF270. The effect of
swelling is on flux discussed in detail in Section 4.1.4.
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For the homologous series of alcohols, methanol shows the highest fluxes in all
the membranes. Methanol is followed by ethanol and lastly 2-propanol. Methanol
fluxes range from 20 to 100 l.m-2.h-1 at 10 bar. The fluxes range from 40 to 150
l.m-2.h-1 at 20 bar. Ethanol fluxes range from 5 to 20 l.m-2.h-1 at 10 bar and 10 to
35 l.m-2.h-1 at 20 bar. 2-Propanol fluxes are the lowest ranging from 0.5 to 6 l.m2

.h-1 and 1 to 10 l.m-2.h-1 at 10 and 20 bar respectively.

From these observations, it can be seen that there are some properties of the
solvents that influence their permeability. Equation 4.6 highlights that solvent
transport in nanofiltration membranes is influenced by viscous flow. This is
evident from the plot of solvent flux against viscosity illustrated in Figure 4. 7.
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Figure 4. 7:

Relationship between solvent flux and viscosity at 25oC
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The results show an increase in solvent flux with decreasing viscosity of solvents.
All the membranes show similar behaviour which correlate with the HagenPoisseuille model. The results show that solvent with low viscosity will flow
through the membrane with ease more than that with high viscosity. The
resistance to flow will therefore lead to lower fluxes in the membranes.
Jonsson and Boesen added additional parameters to the Hagen-Poisseuille
model [16]. These parameters describe the frictional component of transport of
solutes through nanofiltration membranes. In the model, described by Equation
4.7, the molecular weight M is included as an additional parameter describing
frictional component of transport, Xsm is the friction factor between the solvent
molecules and the membrane pore wall and C is the concentration.




 ∆P
εr 
1

J=
r 2 X sm C  τ∆x
8η 
 1 + 8η M 


2

Equation 4.7

However it is the resistance-in-series model developed by Machado et al. that
best describes our observations [17]. The model is described by Equation 4.8.

J=

∆P
φ' [∆γ + f 1 µ ] + f 2 µ

Equation 4.8

The model describes permeation of the solvent through composite polymeric
membranes. In Equation 4.8, f1 and f2 are constants characterizing the individual
mass transfer coefficients and pore radii. φ is the solvent parameter, ∆γ is the
surface energy difference between the membrane and solvent. It has been
reported that permeation through the membrane pores will only occur when the
applied pressure overcomes the surface energy difference [15].
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Figure 4. 8:

Relationship between solvent flux and molecular weight

Noordman and Wesselingh [18] have explained that viscous flow of a component
through narrow pores is a function of the relative size of the component.
Therefore from Equation 4.8, it can be expected that the surface energy
difference ∆γ will be large for a component with a larger molecular weight than for
a component with smaller molecular weight. Consequently, the flux will decrease
with increasing surface energy difference. The plots illustrated in Figure 4. 8
agree well with the above proposition. For the homologous series of alcohols, the
flux of 2-propanol in all the membranes is the lowest. This is in line with its larger
molecular weight and size.
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The membranes show a similar trend to that observed in pure water permeability
studies. NF270 shows a sharp decrease in solvent flux with increasing molecular
weight and viscosity. This membrane is followed by NF90, XLE and BW30. The
behaviour of XLE and BW30 is not clear in terms of solvent fluxes. XLE was
shown to be more porous than BW30 in pure water permeability studies. BW30
shows higher fluxes than XLE for pure organic solvents. This discrepancy in
solvent fluxes may be explained by swelling behaviour of the membranes when
in contact with organic solvents.
4.1.4 Swelling Experiments

Section 4.1.2 and 4.1.3 have highlighted the influence of membrane-solvent
interactions. These interactions are especially important in nanofiltration of
organic solvents [19]. Solvent effects may include swelling of the polymeric
material upon contact with the solvent. Swelling has been observed to have a
negative effect on the separation performance and lifetime of the polymeric
membrane material [20].
Tarleton et al. [21] observed that the degree of swelling has a more prominent
effect on flux than viscosity of the mixture. Silva et al. [22] ruled out swelling as
an explanation for higher flux of ethyl acetate compared to toluene in STARMEM
122 and MPF50 membranes. This was due to the equivalent swelling behaviour
observed in both solvents.
The authors however acknowledged that solvent effects may lead to porestructure changes such as swelling of the polymer matrix. In our study, the
swelling behaviour of the membranes in acetonitrile, 2-propanol and water was
investigated. These three solvents are the main solvents used in coupling
reactions and catalyst retention studies. Swelling which is defined as the volume
of liquid absorbed by the membranes, was calculated using Equation 3.4,
described in Section 3.4.4.
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Q=

1 Wwet − Wdry
ρs
Wdry

Equation 3. 4

In the equation, Q is the swelling, Wwet is the mass of wet membrane, Wdry is the
mass of dry membrane and ρs the density of the solvent. The swelling results are
listed in Table 4. 5. The results show that the selected membranes swell more in
the organic solvent than in water. Swelling is more pronounced in 2-propanol,
followed by acetonitrile and lastly water. The trend is similar in all the
membranes. The results are in accord with observations by Zhao and Yuan [23].
They also observed higher degree of swelling in water compared to ethanol and
methanol. The results however show disagreement to observations by Geens et
al. [24]. The authors observed higher swelling in water, compared to organic

solvents.
Table 4. 5:

Results of swelling measurements
Swelling
(cm-3.g)

Solvent

NF90

NF270

BW30

XLE

Water

0.23

0.41

0.38

0.31

Acetonitrile

0.43

0.60

0.58

0.51

2-Propanol

0.50

0.72

0.68

0.63

It was important to rationalize our observations of higher swelling in organic
solvents compared to water. To begin with, the relationship between swelling and
molecular weight of the solvent was investigated. The plots are illustrated in
Figure 4. 9.
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Figure 4. 9:

Relationship between membrane swelling and molecular
weight

The results show that for the selected solvents, membrane swelling increases
linearly with increasing molecular weight. The results show that swelling is more
pronounced in 2-propanol, which is the solvent with a larger molecular weight.
Looking at the membranes, it can be seen that NF270 shows higher swelling in
all the solvents. NF270 is followed by BW30, XLE and lastly NF90.
In light of the observations above, the influence of swelling on solvent flux was
investigated. The results illustrated in Figure 4. 10 show flux decline with
increasing swelling degree. NF270 shows the steepest flux decline. A strange
observation from the results is that of NF90. The membrane also shows a rather
steep flux decline despite low swelling degree when compared to NF270, BW30
and XLE. A steady flux decline with increasing swelling was observed for BW30
and XLE .
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It is clear from the results that swelling has a negative effect on the flux
behaviour of the membranes. The effect can be attributed to changes in the
polymer matrix, as already mentioned by other authors [22,23,24]. Freger et al.
[25] explained that swelling leads to disruption of cross-linking and formation of
new hydrophobic and hydrophilic functional groups in the membrane structure.
This change in cross-linking has been observed for NF membranes [26] as
illustrated in Figure 4. 11. The cross-linking chains expand during swelling
therefore increasing the size of the pores. This results in a decrease in flux of
components through the membrane.

Swelling

Figure 4. 11:

Schematic representation of pore-reduction swelling in NF
membranes
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The opposite has also been cited as a possible mechanism of swelling in NF
membranes [26]. In this process, the polymer chains shrink therefore increasing
the size of the pores. This leads to an increase in solvent fluxes, and a reduction
in rejection of solutes of interest. Our results agree with the first process, pointing
to decreased pore sizes with swelling.
Miller-Chou and Koenig [27] have based the differences in dissolution behaviour
to mass and momentum transport in the swelling polymer matrix. They concluded
that the nature of the polymer and differences in rigidity are the main parameters
that determine polymer swelling behaviour. For the membranes studied here, it is
clear that there are similarities in structure and dissolution behaviour. It also clear
that the solvents selected in the study have an effect on the membranes. These
membrane-solvent interactions however do not alter the membrane structures
drastically. For catalyst separation to be effective, the membrane-solvent
interactions should not be detrimental. It was therefore concluded that the
solvents selected are fit for later use in catalyst retention and separation studies.
4.1.5 Uncharged Solute Rejection Measurements

The molecular weight cut-off (MWCO) of the membranes was determined by
retention measurements of uncharged solutes. The properties of the solutes are
listed in Table 4. 6. MWCO is defined as the molecular weight at which 90%
rejection is obtained by the membrane [28]. The MWCO values were obtained by
interpolating to the molecular weight corresponding to 90% rejection in the graph
of solute rejection against molecular weight [29]. The graphs are illustrated in
Figure 4. 12.
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Figure 4. 12:

Uncharged solutes retention curves showing interpolated
MWCO.

The estimated MWCO values from the curves are 140 Da (NF90), 220 Da
(NF270), 125 Da (BW30) and 105 Da (XLE). It can be seen from the results that
NF270 has the highest MWCO. The trend in terms of the MWCO is: NF270 >
NF90 > BW30 > XLE. The results highlight the influence of membrane-solute
interactions. It can be seen from the results that the larger solute is rejected more
than the smaller one. According to the steric hindrance pore model, the larger
solute will experience more frictional resistance during diffusive and convective
transport through the membrane more than the smaller solute.

Table 4. 6:

Properties of uncharged solutes used for MWCO
determination

Solute

MW
(g.mol-1)

Stokes radius
(nm)

2-Propanol

60

0.22

Glucose

180

0.36

Sucrose

342

0.48

107

4.1.6 Morphological Investigation by Scanning Electron Microscopy (SEM)
The morphology of the membranes was investigated by SEM analysis. SEM
allowed for investigation of the surface morphology and microstructure of the
polymeric membranes. The images of the surface of the membranes showed the
texture and appearance of the membranes. The images point to an
inhomogeneous surface covering in the membranes. The images of NF90
illustrate the rough texture of the membrane with some porous and nodular
features. NF90, BW30 and XLE have the same type of appearance and texture
NF270 is the exception, with a somewhat smooth surface and texture. NF90 and
XLE are the most similar membranes in terms of roughness of the surface.

Figure 4. 13:

SEM micrographs showing the top view of the membranes
(Clockwise from the left: NF90, NF270, XLE and BW30)
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The images of the microstructure of the membranes show that they consist of
three characteristic layers. These are labelled as (i) top barrier layer, (ii) porous
polysulfone layer and (iii) non-woven polyester support layer [30]. A
representative image of the cross-sectional view of the membranes is illustrated
in Figure 4. 14. Each layer has a definite function. The top layer serves as a
separation barrier, separating components based on the MWCO [31]. The
polysulfone layer acts as a support layer designed to withstand high pressures
during filtration. The non-woven support adds structural support to the whole
composite membrane. This layer is tailored to generate a hard, smooth and
compact surface [32].

(i)
(ii)

(iii)

Figure 4. 14:

SEM micrograph showing the cross-sectional view of XLE

membrane.
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The importance of the microstructure of NF membranes has been demonstrated
by the development of transport models such as the resistance-in-series model
by Machado et al. [17]. The research group developed the model based on a
resistances encountered in a three-layered composite membrane. An alternative
description of Equation 4.8 is illustrated in Equation 4.9.

J=

∆P
RT

=

∆P
0
S

R + Rµ1 + Rµ2

Equation 4. 9

In the equation, RS0 is the surface resistance encountered at the pore entrance,
Rµ1 is the viscous resistance during flow through the NF active layer and Rµ2 is

the viscous resistance through the support layer. It is clear from Equation 4.9 that
each layer has a different interaction with solutes and solvents.

4.1.7 Topography and Surface Roughness Investigation by Atomic Force
Microscopy (AFM)
The topography of the surface of the membranes was determined by AFM. The
AFM images confirmed SEM observations. A representative AFM image of the
surface of the membrane is illustrated in Figure 4. 15. All the membranes show a
similar appearance which corresponds to SEM observations. The image clearly
shows characteristic “hills” and “valleys” associated with the rough texture of the
membranes. These “hills” correspond to protrusions on the surface. “Valleys”
correspond to surface depressions.
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Figure 4. 15:

AFM image showing the surface detail of the membrane

The texture of the membranes was further characterized by roughness
measurements over an area of 50 µm x 50 µm. Roughness of a membrane has
an effect on permeability and fouling behaviour of the membrane [33]. The
results listed in Table 4.6 show that XLE is the roughest membrane.
XLE is followed by NF90, BW30 and NF270. It should be noted however, that
RMS roughness measurements depend on the selected scan area and the mode
of AFM used for measurement [34]. The values reported in Table 4. 7 may
therefore differ from those in literature. Hence the purpose of these roughness
results is to show differences in the surface texture of the different membranes.
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Table 4. 7:

Results of AFM roughness measurements

Membrane
NF90

Roughness
(nm)
124.99

NF270

11.40

BW30

95.52

XLE

135.60

In view of the observations by Boussu et al. [33] on the effect of roughness on
permeability, it was necessary to investigate this relationship for our selected
membranes. The roughness results were plotted against pure water permeability
results. Pure water permeability (PWP) results were chosen because they are
characteristic of each active layer. The results illustrated in Figure 4. 16 show
that higher roughness values correspond to lower water permeability. It can be
seen from the plots that NF270 with lower RMS roughness has significantly
larger pure water permeability. It can also be seen that NF90 and XLE have
similar roughness. This is a confirmation of SEM observations. The results
clearly show the effect of roughness on porosity.
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Roughness can also be associated with fouling tendency of a membrane. Tang
et al. [35] have observed that membranes with lower roughness experience lower

flux decline compared to rougher membranes. The observed flux decline in
rougher membranes has been attributed to fouling occurring preferentially in the
“hills” and “valleys” in the surface of the membrane. Therefore the rougher the
membrane, the more significant is the fouling and flux decline.

4.1.8 Membrane Chemical Structure Investigation by Fourier Transform –
Infra Red Spectroscopy (FTIR)
The discussion in Section 4.1.6 and 4.1.7 has underlined some important
aspects on physical structure and properties of the membranes. In this section,
the chemical structure of the membranes is probed. According to the patent by
Cadotte, Dow FilmTec membranes are prepared by interfacial polymerization
[36].
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This polymerization process is based on the combination of 1,3-phenylene
diamine and triacid chloride of benzene. The resulting membrane is usually
referred to as fully aromatic [7]. In the case where piperazine is used instead of
1,3-phenylene diamine, the resulting membrane is referred to as semi-aromatic
[37]. The FTIR spectra of the membranes used in this study are illustrated in
Figure 4. 17. The results show that NF90, BW30 and XLE fit the characteristics
of fully aromatic polyamides. NF270 has characteristics of semi-aromatic
polyamides.

Figure 4. 17:

FTIR spectra showing the chemical structure of the
membranes
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The fully aromatic membranes show a common band at ~1663 cm-1. This band
can be assigned to C=O stretching. The band is referred to as amide band I for
aromatic polyamides. The membranes also share common bands at 1543 cm-1.
This band is assigned to in-plane N-H bending and C-N stretching. The band is
also known as amide band II and is characteristic of aromatic polyamides [38]. It
can be seen from the results that amide band I and II are missing from the
spectrum of NF270. This is an indication of a semi-aromatic structure.
All the membranes however do share common bands. These are observed in
polyamides in general. The band at 1585 cm-1 can be assigned to C=C bond
stretching in aromatic rings. The strong band at ~1238 cm-1 present in all the
membranes spectra can be assigned to C-O stretching. This band points to the
presence of carboxylic acid. It has been mentioned that the presence of these
carboxylic acids leads to a chemically resistant and robust polymer. The FTIR
results show that NF90, BW30 and XLE are similar in terms of chemical
structure. NF270 is somewhat different due to the aliphatic influence in its
chemicals structure.
Overall, the results confirm the presence of different functional groups in the
polymeric membranes. The presence of functional groups in the active layer
determines the physico-chemical properties of the membrane. Coronell et al. [39]
have stated that the type and concentration of functional groups present in the
membrane active layer affects membrane-solute and membrane-solvent
interactions. In turn, membrane performance such as permeability and rejection
is influenced. In the membranes studied, it is clear that differences in chemical
structure have an impact on the membrane performance.
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4.2

CATALYST CHARACTERIZATION

Palladium complexes have been shown to be highly active as catalysts for
carbon-carbon coupling reactions [40]. These catalysts are usually based on
palladium(II) and palladium(0) compounds. The catalysts can be generated in
situ or prepared by simple precursors as already outlined in Section 2.2.2.2. In
light of this, it was of importance to characterize the catalysts [Pd(OAc)2,
Pd(OAc)2(PPh3)2, Pd(PPh3)2Cl2 and PdCl2] used in our study.

4.2.1 Catalyst chemical structure investigation by Fourier Transform – Infra
Red Spectroscopy (FTIR)
The chemical structures of the catalysts were determined by FTIR spectroscopy.
FTIR allows for a closer investigation of the fine chemical structure of each
catalyst. The structure of Pd(OAc)2 has been the subject of interest. It has been
shown that the behaviour and structure of the complex changes in solution [41].
Bakhmutov et al. [42] have shown that the compound can exist as a trimer in a
solution of glacial acetic acid. The trimer species are said to decompose to form
the catalytically active dimer species.
The spectrum of Pd(OAc)2 is illustrated in Figure 4. 18. The spectrum shows
bands at 1596 and 1419 cm-1. The bands correspond to the asymmetric COO
stretching characteristic of the bridging acetate in the dimer species. The band at
1350 cm-1 corresponds to the symmetric stretching of the acetate group. The
bands at 1045 and 949 cm-1 were assigned to C–CH3 stretching. The spectrum
shows characteristics of trimer species [43].
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Figure 4. 18:

FTIR spectra showing the chemical structure of Pd(OAc)2

The spectrum of Pd(PPh3)2Cl2 illustrated in Figure 4. 19 shows a band at 3051
cm-1. This band corresponds to C–H stretch for an sp2 carbon. The bands at
1598 and 1480 cm-1 correspond to aromatic C=C bond stretch. The band at 743
cm-1 points to an out-of-plane C–H bending, while those at 1098 and 1028 point
to in-plane C–H bending.
The spectrum of Pd(OAc)2(PPh3)2 is illustrated in Figure 4. 20. The spectrum
shows the characteristic asymmetric stretching band of the COO group at 1598
cm-1 overlapping with the aromatic C=C stretching band. The second C=C
stretching band can be seen at 1482 cm-1. The symmetric stretching band can be
seen at 1353 cm-1. The bands at 1095 and 952 cm-1, similar to those seen in
Pd(OAc)2 point to C–CH3 stretching. The spectrum confirms the presence of
acetate and phosphine species in the structure.
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Figure 4. 19:

FTIR spectra showing the chemical structure of Pd(PPh3)2Cl2

Figure 4. 20:

FTIR

spectra

showing

Pd(OAc)2(PPh3)2
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4.2.2 Carbon-carbon Coupling Reactions
Coupling reactions were performed in order to ascertain the performance of the
catalysts in the selected solvents. The reaction conditions were initially optimised
by screening a number of solvents and bases for the reactions. The Heck, Suzuki
and Sonogashira coupling reactions were considered.
4.2.2.1

Heck Coupling Reaction

The coupling reaction of iodobenzene and styrene was studied in a range of
solvents. The solvents considered were acetonitrile, 1-propanol, 2-propanol and
water. No reaction was observed in the presence of water and 2-propanol
irrespective of the catalyst-ligand combination. The solutions remained colourless
even after 8 hours. Some reaction took place in the presence of 1-propanol,
although rapid precipitation of palladium as Pd(0) black occurred. The best
solvent was acetonitrile with satisfactory yields realized.
Ligands were also screened to investigate their effect on conversion. In this case,
PPh3 gave better yields than bipyridyl (bipy). In general Pd(OAc)2 and PPh3 were
the best catalyst/ligand combination (Entry 1). This system showed the highest
yields at catalyst loadings of 0.1 mol%. The second catalyst-ligand combination,
Pd(PPh3)2Cl2 and PPh3 afforded the second highest yields (Entry 3). The
combination of Pd(OAc)2(PPh3)2 and PPh3 gave moderate yields (Entry 2). A
summary of the reaction results is given in Table 4. 8. It was therefore decided
that Pd(OAc)2-PPh3 and Pd(PPh3)2Cl2-PPh3 would be used in the attempted
catalyst separation study.
.
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Table 4. 8:

Results of Heck coupling reaction

I

Pd catalyst

+

Entry

base, solvent 80o

Catalyst

Base

Ligand

Solvent

Yield

1

Pd(OAc)2

Et3N

PPh3

Acetonitrile

97%

2

Pd(OAc)2(PPh3)2

Et3N

PPh3

Acetonitrile

50%

3

Pd(PPh3)2Cl2

Et3N

PPh3

Acetonitrile

87%

4

Pd(OAc)2(PPh3)2

Et3N

Bipy

Acetonitrile

61%

5

Pd(PPh3)2Cl2

Et3N

Bipy

Acetonitrile

42%

4.2.2.2

Suzuki Coupling Reaction

The coupling reaction of iodobenzene and phenylboronic acid was studied in
different solvents, bases and catalysts. Two ligands, bipyridyl and PPh3 were
also compared. Generally, low to moderate yields were obtained with all the
catalysts. The solvents screened were 2-propanol, 1-propanol and water. No
reaction occurred in the presence of water irrespective of the catalyst used.
Some reaction occurred in 1-propanol, although not as satisfactory as in 2propanol. 2-propanol was therefore selected as the most suitable solvent.
The bases screened were Na2CO3, pyrrolidine and triethylamine (Et3N). Na2CO3
afforded acceptable yields. However, a salt precipitate was observed with the
use of this base. Triethylamine gave the better yields without forming any
precipitate. This base was chosen as the most suitable base. In the ligand
comparison study, bipyridyl gave better yields compared to PPh3. Pd(PPh3)2Cl2
afforded fair yields irrespective of the ligand used (Entry 3 and 5). Pd(OAc)2 and
Pd(OAc)2(PPh3)2 gave poor yields with rapid palladium black formation (Entry 1
and 2). The summarized reaction results are given in Table 4. 9. Due to the low
yields, it was deemed pointless to go forward with catalyst separation study in the
Suzuki coupling reaction.
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Table 4. 9:

Results of Suzuki coupling reaction

Br

B(OH)2
+

Pd catalyst
base, solvent 80o

Entry

Catalyst

Base

Ligand

Solvent

Yield

1

Pd(OAc)2

Et3N

PPh3

2-Propanol

20%

2

Pd(OAc)2(PPh3)2

Et3N

PPh3

2-Propanol

16%

3

Pd(PPh3)2Cl2

Et3N

PPh3

2-Propanol

30%

4

Pd(OAc)2(PPh3)2

Et3N

Bipy

2-Propanol

31%

5

Pd(PPh3)2Cl2

Et3N

Bipy

2-Propanol

40%

4.2.2.3

Sonogashira Coupling Reaction (Copper-free)

The coupling of bromobenzene and phenylacetylene was studied in water as
solvent and in the absence of copper. This solvent was purposefully chosen to
determine the efficiency of coupling reactions in aqueous media. Two bases
were screened for the reaction. These were pyrrolidine and triethylamine. Both
gave good yields. However pyrrolidine afforded the highest yields of the two
bases. Pyrrolidine was selected as the most suitable base. PdCl2 gave the most
decent yields, followed closely by Pd(PPh3)2Cl2. No reaction was observed with
the use of Pd(OAc)2 and Pd(OAc)2(PPh3)2. The reaction solutions of these
catalysts remained colourless after 8 hours. Summarized reaction results are
given in Table 4. 10.
The results confirmed that Sonogashira coupling can be performed in aqueous
media, in spite of the low to moderate yields obtained in this study. The catalyst
separation attempt was also aborted for the Sonogashira coupling reaction due
to these low yields
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Table 4. 10:

Results of Sonogashira coupling reaction

I

Pd catalyst
base, solvent 70o

+

Entry

Catalyst

Base

Ligand

Solvent

Yield

1

PdCl2

Pyrrolidine

PPh3

H2O

47%

2

Pd(OAc)2

Pyrrolidine

PPh3

H2O

No reaction

3

Pd(OAc)2(PPh3)2

Pyrrolidine

PPh3

H2O

No reaction

4

Pd(PPh3)2Cl2

Pyrrolidine

PPh3

H2O

42%

4.3 CATALYST RETENTION MEASUREMENTS
In preceding chapters, the emphasis was on membrane-solvent interactions. In
this part of the study membrane-solute and solvent-solute interactions are placed
under the spotlight. The effect of these interactions on catalyst retention is
discussed. The discussions are centred on the solvent used. Acetonitrile, 2propanol and water were used in the retention measurements. These solvents
were selected based on their performance in Heck, Suzuki and Sonogashira
coupling reactions respectively. In the second part of this section, solute-solute
interactions come into play. In this part, catalyst retention in the presence of other
species was studied in view of catalyst separation.

4.3.1 Retention Measurements in Acetonitrile
The results of catalyst retention in acetonitrile performed at 10 and 20 bar are
illustrated in Figure 4. 21 and Figure 4. 22 respectively. The results show very
low retention of Pd(OAc)2 in all the membranes irrespective of the pressure.
NF90 showed the highest retention of 40%. XLE showed the second highest
retention of 36%. BW30 showed a mere 13% retention while NF270 was the
worst with less than 10% of the catalyst retained. The trend with respect to the
rejection of Pd(OAc)2 is: NF90 > XLE > BW30 > NF270.
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Rejection in Acetonitrile @ 10 bar
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Figure 4. 21:
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Catalyst retention results in acetonitrile at 10 bar at room
temperature

The membranes showed similar retention of Pd(PPh3)2Cl2 in acetonitrile. NF90
once again showed the highest retention of 48%. XLE showed retention of 38%.
BW30 showed an improved retention of 30%. NF270 also showed an increased
retention of 12%. The increase in retention is however still insignificant with much
of the catalyst still permeating through the membranes. The trend with respect to
the rejection of Pd(PPh3)2Cl2 is: NF90 > XLE > BW30 > NF270.
The membranes showed an improved retention behaviour of Pd(OAc)2(PPh3)2.
NF90 showed retention of more than 50%, while XLE also showed a fair
retention of 44%. NF270 showed the most improvement with retention of 38%.
BW30 gave the lowest retention of 33%. The rejection trend changed slightly and
is as follows: NF90 > XLE > NF270 > BW30. Overall the membranes showed a
greater retention of Pd(OAc)2(PPh3)2 than Pd(PPh3)2Cl2 and Pd(OAc)2. The
overall rejection trend at 10 bar with respect to the catalysts is: Pd(OAc)2(PPh3)2
> Pd(PPh3)2Cl2 > Pd(OAc)2.
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Rejection in Acetonitrile @ 20 bar
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Catalyst retention results in acetonitrile at 20 bar at room
temperature

The retention measurements at 20 bar illustrated in Figure 4. 22 show lower
retention of the catalysts compared to measurements at 10 bar. In this instance,
XLE showed the highest Pd(OAc)2 retention of 38%. NF90 showed retention of
28%. This observation point towards a 30% decrease in the retention when
compared to measurements at 10 bar. BW30 and NF270 showed a similar
retention which is less than 10%. The retention in BW30 also showed a 45%
decrease when compared to measurements at 10 bar. The trend relating to
Pd(OAc)2 retention at 20 bar is: XLE > NF90 > BW30, NF270.
The retention of Pd(PPh3)2Cl2 in acetonitrile at 20 bar was also lower in all the
membranes when compared to 10 bar measurements. NF90 showed the highest
retention of 32%. A strange observation was that of BW30. The membrane
showed a retention of 24% which is higher than that in XLE. The latter showed
retention of 15%. There is almost 33% difference in the retention between the
two membranes.
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This may relate back to characterization results in which the two membranes
showed interchanging characteristics. NF270 showed the lowest retention of 8%.
The retention of Pd(OAc)2(PPh3)2 in all the membranes at 20 bar showed a
significant reduction when compared to measurements at 10 bar. XLE showed
retention of 40%. NF90 showed retention of 38%. NF270 and BW30 showed
retentions of 24% and 10% respectively. BW30 showed the most drastic
reduction in retention when compared to measurements at 10 bar. This may
indicate a significant change in polymer properties due to solvent and pressure
effects. The trend relating to Pd(OAc)2(PPh3) retention at 20 bar is : XLE > NF90
> NF270 > BW30.

4.3.2 Retention Measurements in 2-Propanol
The results of catalyst retention in 2-propanol at 10 bar are illustrated in Figure 4.
23. The membranes showed slightly higher retentions compared to those in
acetonitrile. NF90 showed the highest Pd(OAc)2 retention of 74%. XLE showed
retention of 44%. NF270 and BW30 showed poor retentions of 9% and 4%
respectively. Pd(OAc)2 rejection trend at this point is: NF90 > XLE > NF270 >
BW30.
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Rejection in 2-Propanol @ 10 bar
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Catalyst retention results in 2-propanol at 10 bar at room
temperature

The most obvious observation from the results is the retention of Pd(PPh3)2Cl2. It
can be seen that the catalysts was well retained by all membranes. NF90, BW30
and XLE showed retentions of >99%. NF270 showed retention of 86% which is
still fairly high when compared to retention measurements in acetonitrile.
The retention of Pd(OAc)2(PPh3)2 in 2-propanol at 10 bar did not differ
significantly from that in acetonitrile. XLE showed the highest retention with 50%
of the catalyst retained.

NF90 showed retention of 40%. BW30 and NF270

showed retentions of 38% and 34% respectively. The trend associated with
Pd(OAc)2(PPh3)2 is: XLE > NF90 > BW30 > NF270. Overall, the results at 10 bar
show a different trend with respect to catalyst retention when compared to those
in acetonitrile. The trend observed is: Pd(PPh3)2Cl2 > Pd(OAc)2(PPh3)2 >
Pd(OAc)2. Results of retention results performed at 20 bar are illustrated in
Figure 4. 24.
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Rejection in 2-Propanol @ 20 bar
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Catalyst retention results in 2-propanol at 20 bar at room
temperature

The results show a decrease in catalyst retention. XLE showed the highest
retention with 38% of Pd(OAc)2 retained. NF90 showed retention of 33%. This in
an indication of a 55% reduction in retention, compared to 10 bar measurements.
NF270 and BW30 showed very poor retentions of 8% and 6% respectively. The
rejection trend at this point is: XLE > NF90 > NF270 > BW30.
The retention of Pd(PPh3)2Cl2 at 20 bar did not change much. Most of the
membranes showed very good retention of the catalyst. NF90, BW30 and XLE
showed retentions up to >99%. NF270 showed a retention of 78%. The results
therefore indicate that pressure does not significantly influence retention in 2propanol.
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Pd(OAc)2(PPh3)2 retention in all the membranes at 20 bar showed a significant
decrease. NF90 showed a 50% decrease in retention. XLE showed a 44%
decrease. BW30 did not change much with 38% of the catalyst retained. NF270
also showed a 47% decrease in retention. This clearly shows the effect of
pressure on catalyst retention.
All our results show a decrease in retention with increasing pressure. This is in
contrary to observations by Scarpello et al. [44]. The group observed increased
retentions with increasing pressure. It should be kept in mind however, that they
used solvent-resistant polyimide and polysiloxane membranes. Therefore their
chemical properties will differ from the polyamide membranes used in our study.
Consequently, membrane performances such as flux and rejection will also differ.

4.3.3 Retention Measurements in Water
Retention measurements of Pd(OAc)2 and PdCl2 were performed in water. This
was done in order to determine the separation of the catalysts from aqueous
media. Therefore the low solubility of Pd(OAc)2 in water should be kept in mind.
PdCl2 was dissolved in a small amount of HCl before dilution with distilled water.
Total dissolution of the complex was achieved. Retention results are illustrated in
Figure 4. 25 and Figure 4. 26. The retention measurements performed at 10 bar
are illustrated in Figure 4. 25.
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Rejection in Water @ 10 bar
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Catalyst retention results in water at 10 bar at room
temperature

The results show good retention of Pd(OAc)2 in all membranes. NF90 showed
the highest retention of 84%. BW30 showed a comparable retention of 81%. XLE
and NF270 showed a reasonable retention of 66% and 50% respectively. The
trend observed with respect to Pd(OAc)2 retention in water, is different from that
observed in retention measurements where organic solvents were used. In the
former, the trend is NF90 > BW30 > XLE > NF270.
All the membranes showed very good retention of PdCl2. NF90, BW30 and XLE
showed retentions of up to >99%. NF270 also showed a notable retention of
92%. These retention results are similar to those of Pd(PPh3)2Cl2 in 2-propanol.
The results may be strange if one looks at the sizes of the solutes alone. PdCl2
has a smaller MW than Pd(OAc)2. It was expected that PdCl2 would be poorly
retained than Pd(OAc)2. But this was not the case. The results therefore highlight
that other transport mechanisms have to be taken into consideration when
addressing retention data.
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Rejection in Water @ 20 bar
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Catalyst retention results in water at 20 bar at room
temperature

The results of retention measurements at 20 bar are illustrated in Figure 4. 26.
The results show that 70% of Pd(OAc)2 was retained in NF90. XLE showed an
increase in retention compared to measurements at 10 bar, with 69% retention
achieved. BW30 showed a 31% reduction in the retention compared to 10 bar
measurements. The membrane showed retention of 56%. NF270 realized a
slight increase in retention with 53% retention. The rejection trend at this point is:
NF90 > XLE > BW30 > NF270. Overall, the membranes showed the highest
catalyst retention in water compared to retention in organic solvents.
The catalyst retention results in acetonitrile, 2-propanol and water show the
influence of solvent-solute interactions. Solvents differ in the way they interact
with solutes. The concept of solvation has been shown to be of importance in
addressing solvent-solute interactions. Solvation has been defined as the
phenomenon in which each dissolved molecule or ion is surrounded by a shell of
solvent molecules [45].
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Reichardt [46] has explained that solvation increases with increasing polarity of
the solvent. Our results show that catalyst retention generally increases with
increasing polarity of solvent as listed in Table 4.4. It can be assumed then, that
better solvation of the solute leads to increased retention. This is line with
observations by Geens et al. [47]. They observed higher retentions in methanol
than in ethanol. They based their results on solvation properties of the two
solvents.
Membrane-solute interactions are also of importance. Looking at the overall
retention results, it can be seen that solute size and steric hindrance effects
come into play. The larger catalyst was rejected better on average irrespective of
the solvent. This observation points towards membrane-solute interactions in
which parameters such as surface resistance and mass transfer resistance have
influence. The larger catalyst will experience more of these effects than the
smaller catalysts.

4.4 CATALYST SEPARATION AND REUSE
The concept of catalyst separation was investigated for a real post-reaction
mixture. The Heck coupling reaction was selected for this part of the study. In an
earlier study, it was observed that the product was not retained significantly.
Retention of 3% in NF90 at 10 bar was realized. This observation was good
enough to proceed. The separation of two catalysts [Pd(OAc)2 and Pd(PPh3)2Cl2]
by NF90 at 10 bar was studied.
The reaction results of Pd(OAc)2 from reaction mixture Run 18, and Pd(PPh3)2Cl2
from Run 26 are listed in Table 4. 11. The coupling reaction – recycle procedure
was run for two cycles for each catalyst. The retention results of Pd(OAc)2 are
illustrated in Figure 4. 27.
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Table 4. 11:

Results of Heck catalyst reaction – recycle procedure

I

Pd catalyst

+
Run

base, solvent 80o
Catalyst

Base

Ligand

Solvent

Yield

18

Pd(OAc)2

Et3N

PPh3

Acetonitrile

97%

18b

Pd(OAc)2

Et3N

Bipy

Acetonitrile

49%

18c

Pd(OAc)2

Et3N

Bipy

Acetonitrile

No reaction

26

Pd(PPh3)2Cl2

Et3N

PPh3

Acetonitrile

87%

26b

Pd(PPh3)2Cl2

Et3N

PPh3

Acetonitrile

6%

26c

Pd(PPh3)2Cl2

Et3N

PPh3

Acetonitrile

No reaction

The reaction, Run 18 reached near complete conversion in 4 hours. The first
filtration cycle yielded 52% retention of the catalyst. This was a reasonable
retention of the catalyst. The second reaction, Run 18b which was initiated using
the retentate from Run 18, fresh reactants and solvent reached moderate
conversions in 8 hours, with 49% yields realized. The system was clearly
showing some decline in catalytic activity. The second filtration cycle resulted in a
mere 10% catalyst retention. The retentate from this cycle was used to initiate
reaction Run 18c. No reaction was noticeable even after 8 hours. The lack of
reaction could be linked to the low catalyst concentration, and the subsequent
loss of catalyst activity resulting from catalyst decomposition.
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Figure 4. 27:

Pd(OAc)2 retention and recycle results in acetonitrile at 10
bar at room temperature

The reaction, Run 26 performed with Pd(PPh3)2Cl2 reached reasonable
conversions after 4 hours, with 87% yields obtained. The first filtration cycle
resulted in 58% retention of the catalyst as illustrated in Figure 4. 28 . The
retentate from this cycle was used to initiate reaction Run 26b with fresh
reactants and solvent. This reaction was plagued by palladium black formation.
An insignificant reaction yield of 6% was realized after 8 hours. For totality, the
second filtration cycle was performed. This cycle yielded 36% catalyst retention.
It is not clear whether the precipitated palladium black had influenced catalyst
retention. The retentate from this cycle clearly contained deactivated catalyst.
This was evident in reaction Run 26c which did not show any conversion after 8
hours. It was decided that the catalyst had totally lost activity.

133

Pd(PPh3)2Cl2 separation
100
90

Rejection (%)

80
70
60
50
40
30
20
10
0

Run 26

Run 26b
Heck reaction

Figure 4. 28:

Pd(PPh3)2Cl2 retention and recycle results in acetonitrile at
10 bar at room temperature

These results highlight that catalyst decomposition has to be taken into account
to address losses during nanofiltration of transition-metal catalysts. It has been
shown that catalysts are reduced from Pd(II) to Pd(0) during Heck reaction [41].
This palladium(0) complex is prone to deactivation into palladium black entities
[48]. The exact mechanism of deactivation is beyond the scope of this study.
It should be kept in mind that our system was not isolated, and therefore
deactivation due to oxidation was imminent. The results however show that
catalyst recycling is possible. This procedure appears to be a trade off between
reduced reaction rates and catalyst loss. Our system did not show robustness.
Only two nanofiltration cycles were possible. This is somewhat unreasonable
when compared to other author’s reports of up to ten filtration cycles [49,50]. Our
observations show that many factors have to be taken into account when
considering such a catalyst-recycle process.
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CHAPTER 5 – CONCLUSIONS AND
RECOMMENDATIONS

This chapter summarizes findings from the study. Important points from
membrane and catalyst characterization studies are highlighted. A summary of
catalyst retention studies is also given. Conclusions reached as a result of the
findings are also discussed.
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5.1 SUMMARY
Membrane separation processes offer a promising alternative to energy-intensive
separation processes such as distillation and solvent extraction. NF and RO are
among the most investigated membrane processes with a potential use in the
chemical industry [1].
In this study, the aim was to determine the potential application of these
membrane processes in the separation and recovery of transition-metal catalyst
systems from reaction mixtures. The main goal was achieved through a series of
structured activities which include a literature study, membrane and catalyst
characterization, catalyst retention and recovery. These activities make up this
dissertation and are summarized below.
 In the first chapter, an introduction into the concept of catalysis was given.

Different catalyst systems were identified. Their strengths and weaknesses
concerning industrial application were discussed. An introduction into
membrane technology was also given. In this case, a brief description of
membrane processes was given.
 Chapter 2 elaborated on the foundation laid out in the first chapter. Theory of

transition-metals was discussed in view of highlighting their application in
homogeneous catalysis. Catalyst design and development was discussed. A
background on carbon-carbon coupling reactions was also given. In the
second part, fundamental studies on transport mechanisms governing
nanofiltration processes were identified.
 The experimental approach was outlined in Chapter 3. All analytical

instrumentation used was given. The methodology involved in membrane and
catalyst characterization was also discussed.
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 The polymeric membranes were thoroughly characterized for physical and

chemical properties. The behaviour of the membranes in the selected organic
solvents was highlighted. The morphology of the membranes was studied.
Overall, NF90 was considered as the preferred membrane. This membrane
showed characteristics that were of interest for achieving the objectives set out
for the study. This membrane showed stability in the selected organic
solvents.
 Catalyst retention studies showed the influence of membrane-solute

interactions such as steric hindrance and size exclusion. The larger catalyst,
Pd(OAc)2(PPh3)2 was rejected better by all the membranes irrespective of the
solvent used. The smaller catalyst, Pd(OAc)2 was the most poorly rejected
catalyst.
 Catalyst separation using NF90 membrane was attempted for the Heck

coupling reaction system. The reaction-separation procedure was repeated for
two filtration cycles with rapid activity decline evident. This is very poor when
compared to reports in literature [2,3,4]of up to seven reaction-filtration cycles.

5.2 CONCLUDING REMARKS
This study has revealed that polymeric membranes show low efficiency in
separating transition-metal catalysts from solution and reaction mixtures. It has
been shown that membranes designed for aqueous applications perform poorly
in organic solvents. The study has given insight that catalyst-separation is
influenced by the following factors:
 Membrane-solvent interactions, such as swelling, solvent polarity and

membrane hydrophobicity or hydrophillicity.
 Solute-solvent interactions, such as solvation and solubility. These interactions

influence the stability of the catalysts in the solvents.
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 Membrane-solute interactions which include size exclusion, surface resistance

and mass transfer resistance.
It can be concluded that for such a catalyst separation system to be effective, the
issues discussed above should be addressed in detail. These issues are
currently not fully understood and provide exciting challenges for further
research. In the meantime, these issues are major limitations for industrial
application of the membrane-catalyst separation protocol.

5.3 RECOMMENDATIONS
 Research into solvent resistant membranes such as polyimides could be

advantageous for catalyst separation in organic solvents. Other types of NF
membranes such as chitosan, cellulose and inorganic membranes may be
applicable.
 The application of ionic liquids in carbon-carbon coupling reactions may also

offer green alternatives to harsh organic solvents. Investigation into catalyst
separation in these liquids by membrane technology may be worthwhile.
 A suitable isolation system is required for the experimental setup used for

coupling reactions. Isolation is necessary to prevent oxidation of the catalysts
used and subsequent palladium black formation. Systems such as nitrogen,
argon or Schlenck isolation techniques may be sufficient
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