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Abstract

In the course of the development of new sustainable industrial chemical processes the exploitation
of switchable solvent systems is increasingly investigated in various fields. The application of highly
efficient catalysts and safer solvents is mandatory to make a step towards a greener chemistry, as
well as to find innovative ways to reduce waste from chemical reactions. Consequently, the use of
water as solvent for chemical processes is a very promising approach. The focus of this thesis is the
kinetic study of rhodium-catalysed hydroformylation of long-chain alkenes in aqueous multiphase
systems (microemulsion systems, surfactant-free multiphase emulsions, and Pickering emulsions)
and the investigation of the applicability of these systems in a mixer-settler process. Based on the
example of the hydroformylation of 1-dodecene in a microemulsion system, a step-by-step approach
is presented on how to investigate these complex multiphase systems and to transfer the results of
lab-scale experiments into a continuously operated process in miniplant scale. In addition, the
hydroformylation of 1-dodecene is also investigated in surfactant-free multiphase emulsions and
Pickering emulsions in a more fundamental approach. The goal for these two multiphase systems is

to prove their applicability as reaction systems for organic transition metal-catalysed chemistry.

The hydroformylation of 1-dodecene was successfully performed in all three investigated
microemulsion systems with very high selectivity towards the desired linear product (n:iso selectivity
of 98:2). In microemulsion systems, the catalyst recycling after the reaction could be easily
conducted by simple phase separation, maintaining the activity and very high selectivity. In a second
step, the results from the lab experiments were successfully transferred into miniplant scale. A 200 h
long campaign in continuous operation could be performed, showing similar product yield and
selectivity as on the lab-scale. In addition, a stable steady state operation was achieved, showing an

efficient phase separation and recycling of surfactant and catalyst.

Furthermore, the influence of phase behaviour and the selected non-ionic surfactant on the
hydroformylation reaction in microemulsion systems has been investigated. The results revealed that
the applied surfactant can have a strong impact on the performance of the catalytic reaction, in
particular on the reaction rate. Based on a proposed mechanism and the gained experimental data
an adapted kinetic model has been derived, including the unique influences of the regarded
multiphase system on the reaction (in particular the surfactant concentration and ligand to metal

ratio).



Zusammenfassung

Im Zuge der Entwicklung neuer, nachhaltiger chemischer Prozesse im industriellen Mal3stab wird in
verschiedensten Bereichen der Einsatz von schaltbaren Ldsungsmittelsystemen zunehmend
untersucht. Die Verwendung von hocheffizienten Katalysatoren und sicheren Lésungsmitteln, sowie
innovative Losungen um den entstehenden Abfall zu verringern, sind zwingend notwendig fiir einen
Schritt in Richtung einer griineren Chemie. Der Einsatz von Wasser als Losungsmittel ist daher ein
sehr vielversprechender Ansatz. Der Fokus der hier vorliegenden Arbeit ist die kinetische
Untersuchung der Rhodium-katalysierten Hydroformylierung von langkettigen Alkenen in wassrigen
Mehrphasensystemen (Mikroemulsionssysteme, tensidfreie mehrphasige Emulsionen, und Pickering
Emulsionen) und deren Einsatzfahigkeit in einem Mixer-Settler Prozess. Anhand des Beispiels der
Hydroformylierung von 1-Dodecen in Mikroemulsionssystemen wird schrittweise ein Ansatz
prasentiert, wie diese komplexen Mehrphasensysteme untersucht und die Resultate der
Laborexperimente auf eine kontinuierlich betriebene Miniplant Ubertragen werden kdnnen. Des
Weiteren wurde die gleiche Reaktion in tensidfreien mehrphasigen Emulsionen und Pickering
Emulsionen grundlegend untersucht, um deren Einsatzfahigkeit als Reaktionsmedien fiir die

organische, ibergangsmetallkatalysierte Chemie zu tberpriifen.

Die Hydroformylierung von 1-Dodecen konnte in allen drei Systemen erfolgreich durchgefiihrt
werden und zeigte eine sehr hohe Selektivitdt zum gewdinschten linearen Produkt (n:iso Selektivitat
von 98:2). In Mikroemulsionssystemen konnte der Katalysator nach der Reaktion durch eine einfache
Phasentrennung zuriickgewonnen und ohne Verlust in seiner Aktivitdt und Selektivitdit mehrfach
wiederverwendet werden. Die Ubertragung der Ergebnisse vom Labor- in den MiniplantmaRstab
verlief ebenfalls erfolgreich. Der Prozess in der Miniplant konnte in einer 200 h langen Kampagne
kontinuierlich und stabil betrieben werden. Die Ergebnisse bestatigen die Vorhersagen der
Laborresultate und belegen aulerdem ein effizientes Recycling von Tensid und Katalysator durch

Phasentrennung.

Des Weiteren wurde der Einfluss des Phasenverhaltens und des gewdhlten nicht-ionischen Tensids
auf die Hydroformylierung in Mikroemulsionssystemen untersucht. Hierbei konnte ein mitunter
starker Einfluss des Tensids auf den Ablauf der katalytischen Reaktion gefunden werden. Basierend
auf einem vorgeschlagenen Reaktionsmechanismus und den gesammelten experimentellen Daten
wurde anschlieBend ein angepasstes kinetisches Modell entwickelt, welches die besonderen
Einflisse dieser Mehrphasensysteme auf die Reaktion mit berticksichtigt (insbesondere die Einflisse

der Tensidkonzentration und des Ligand:Metall-Verhaltnisses).
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Introduction

1 Introduction

1.1 Motivation

The goal of sustainable and green chemistry is to find innovative ways to reduce waste, conserve
energy, and to generate chemical products with less hazardous syntheses. According to the 12
principles of green chemistry, developed by Anastas and Warner !, the use of renewable feedstocks
and the application of highly efficient catalysts and safer solvents is mandatory to make a step
towards a greener chemistry. Consequently, this leads the design of new and efficient chemical
processes. Water is the solvent preferred by Nature for biochemical processes and it is
environmentally benign. However, it is only a feasible solvent for organic chemicals that have polar
groups, such as alcohols 2. To widen the scope of substrates and enable the transfer of the already
established organic transition metal-catalysed chemistry into the medium water, micellar catalysis

IM

can provide the crucial “solution” 3. Often it is sufficient to employ a suitable surfactant or a micelle
producing agent to solubilize the reactants and to enable the reaction. So-called microemulsion
systems are a special type of aqueous, surfactant-modified multiphase systems. These systems
provide a temperature-induced switchability in their phase behaviour that offers many interesting

options for chemical processes with industrial relevance in aqueous media.

The hydroformylation reaction is one of the most important homogeneously catalysed reactions
practiced on the industrial scale. The production of aldehydes from short-chain alkenes (e.g.
propylene or butylene) exceeds nowadays 12 million metric tons per year *°. Aldehydes are valuable
intermediates and used in the production of a wide range of products such as detergents,
plasticizers, flavours or surfactants. In general, a product mixture is obtained from the
hydroformylation reaction since the formyl group can be formed at both C atoms of the double

bound (Figure 1).

0) H
0]
X + com, v, /\)k +
R H
R
linear aldehyde branched aldehyde
(n) (iso)

Figure 1 Schematic reaction path of hydroformylation.
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Since the discovery of the hydroformylation reaction by Otto Roelen in 1938 ¢, the chemical
processes to produce aldehydes from alkenes underwent many development steps. The current state
of the art in industry is the implementation of the reaction in an aqueous two-phase system with
highly active rhodium catalysts consisting of water-soluble ligands, which was developed and
established at Ruhrchemie in 1982 7. The major drawback of this process is the limitation to short-
chain alkenes (C < 5), due to the poor solubility of long-chain alkenes in the aqueous phase.
Therefore, long-chain alkenes (C > 5) are today still converted by cobalt- or rhodium-catalysed
processes in homogeneous phase, requiring complex and expensive product separation and catalyst
recycling, especially in the case of rhodium. Thus, a novel and “greener” process concept based on
surfactant-modified multiphase systems has been investigated over the last 8 years within the

Collaborative Research Centre SFB/TRR 63 (InPROMPT).

1.2 Research scope and outline of this work

The focus of this thesis is the kinetic study of rhodium-catalysed hydroformylation of long-chain
alkenes in aqueous multiphase systems (microemulsion systems, surfactant-free multiphase
emulsions, and Pickering emulsions) and the investigation of the applicability of these systems in a
mixer-settler process. Based on the example of the hydroformylation of 1-dodecene in a
microemulsion system, a step-by-step approach is presented on how to investigate these complex
multiphase systems and to transfer the results of lab-scale experiments into a continuously operated
process in miniplant scale. In addition to this case study for microemulsion systems, the
hydroformylation of 1-dodecene is also investigated in surfactant-free multiphase systems and
Pickering emulsions in a more fundamental approach. The goal for these two multiphase systems is

to prove their applicability as reaction systems for organic transition metal-catalysed chemistry.

With the objective to enable a continuous process for the rhodium-catalysed hydroformylation of

long-chain alkenes in agueous multiphase systems, this work is based on two main axes:

1. Chemical engineering aspects; e.g. investigation on the phase behaviour of the reaction
systems, distribution of the components in the different phases, reaction kinetics, influence
of the additives on the reaction

2. Process engineering aspects; e.g. phase separation behaviour under process conditions,

design of a multiphase settler, operation of the continuous process.
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This thesis is based on 10 full-text peer-reviewed articles from contributions in scientific journals,
which deal with the different aspects of the process development for the hydroformylation of long-
chain alkenes in aqueous multiphase systems. Figure 1.1 displays the structure of this thesis and
illustrated the connection of the different aspects from the articles in a unified framework. The topics

of each article are briefly summarized in the following (chronologic order):

Paper 1 deals with the transfer of results of lab-scale hydroformylation experiments in

microemulsion systems into a continuously operated process in miniplant scale. At first, the reaction
parameters have been optimized to give high turnover frequencies and high selectivity to the desired
linear aldehyde. In a second step, the hydroformylation was operated continuously in a miniplant for

a total of 130 h, including phase separation and catalyst recycling.

Paper 2 presents a guideline for the multiphase settler design for a mixer-settler process in

surfactant-modified multiphase systems. In addition, the guideline is applied in a case study for
microemulsion systems in a hydroformylation miniplant. The systematic analysis of the most relevant
parameters for phase separation of these systems resulted in the design of a highly flexible, modular

settler for the separation of up to three liquid phases.

Paper 3 deals with the distribution of homogeneous catalyst systems in surfactant-modified

multiphase systems. For that purpose, the equilibrium distribution of four representative ligands in
different surfactant-containing systems was investigated and the dependency of their distribution in

the different phases of these systems was discussed.

Paper 4 is divided in two parts. At first, the influence of different parameters/factors on the

distribution of catalyst complexes in microemulsion systems is analyzed. In the second part, the
derived information is then used for the optimal design of a mixer-settler process for the
hydroformylation of long-chain alkenes. Hereby, special attention is given to the separation step with

the aim to reduce catalyst leaching into the product streams.

Paper 5 reports of the first applications of aqueous surfactant-free multiphase emulsions as

reaction media for homogeneously catalysed reactions (hydroformylation and Suzuki coupling). The
formulated multiphase systems were investigated with respect to reaction engineering and catalyst
recycling to evaluate their application potential for new chemical processes based on switchable

solvents.
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Paper 6 presents the results of the first application of halloysites stabilized Pickering emulsions for

hydroformylation of long-chain alkenes. The formulated emulsions were investigated and
characterized by spectroscopic methods. Then the reaction was performed in one selected (o/w)

Pickering emulsion system to give a proof of concept.

Paper 7 reports of the proof of concept for rhodium-catalysed hydroformylation in microemulsion

systems carried out during a 200 h miniplant operation. The challenges of the miniplant operation
(e.g. foaming, phase separation) are discussed and methods to overcome them are presented. In

addition, the results of the miniplant operation are discussed in detail.

Paper 8 is a short communication concerning the application of microemulsion systems as

switchable reaction media. The influence of temperature and the selected surfactant on the reaction
kinetics in these systems is discussed. The results from lab-scaled experiments are also compared to
the results of a long-term steady state continuous operation of the hydroformylation process in the

miniplant.

Paper 9 deals with the influence of non-ionic surfactants during catalysis in microemulsion

systems. On the example of rhodium-catalysed hydroformylation the impact of phase behaviour,
surfactant structure and hydrophilicity of the applied surfactant has been investigated

experimentally and discussed in detail.

Paper 10 presents the results of kinetic experiments on rhodium-catalysed hydroformylation in

microemulsion systems. The influence of different parameters on the rate of the reaction has been
investigated. The results were then used in order to formulate an adapted kinetic model for the

reaction in these reaction media.
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Theoretical background

2 Theoretical background

This chapter summarizes the important aspects of this work from a theoretical point of view. Further

issues are clarified and referenced in the discussion part in chapter 4, once it is necessary.

2.1 Chemical engineering aspects

Chemical reactions proceed with the highest rates when all the reactants are dissolved in the same
phase and thus no mass transport limitation occurs. However, this ideal situation is often hindered
by poor miscibility or different aggregate states of the reactants. For that reason, many examples for
two- or three phase reaction systems (with reactants in gaseous, liquid and solid state) can be found
in industrial applications. Since mass transfer is a key factor for this type of reactions, the size of the
interfacial area between the reactants and the phases they are dissolved in becomes a very
important parameter. An increase of the interfacial area usually leads to a better mass transfer
between the phases and also gives the reaction more space to proceed, which all in all results in a
higher reaction rate. In case of reactions performed by homogeneously dissolved catalysts,
additionally the separation of product and catalyst after the reaction becomes a major task. For this
purpose aqueous two-phase systems have been established in industry, providing efficient
consecutive reaction and separation steps during the process. The most common examples for these
processes are the Ruhrchemie-Rhéne-Poulenc process for the hydroformylation of propylene and
butylene 7, the shell higher olefin process (SHOP) for the production of higher olefins &, or the Wacker
process for the fabrication of acetaldehyde °. Since the homogeneous catalyst is dissolved in an
aqueous phase in all three processes, it can be easily separated from the organic phase that contains
remaining reactants and the product after the reaction. However, the concentrations of the
reactants in the catalyst containing phase have to be sufficiently high in order to achieve high
reaction rates. In case of the three mentioned examples the solubility of the substrates (short-chain
alkenes) is good enough to enable the reaction, but often enough this is not applicable for other
conventional two-phase systems. To overcome the disadvantage of limited substrate solubility in the
catalyst phase, several additives are available that allow to tune the properties of reaction media or
make them switchable. Ideally, a reaction medium should be homogenous during the reaction and
afterwards switchable to a two-phase system for the product isolation step. So-called switchable
solvents, meaning liquids that can be reversibly switched from one state to another, thus have a
great potential for process intensification. Well-known examples for switchable solvent systems in
literature are supercritical media based on CO, °, thermomorphic multicomponent systems %,

switchable-polarity solvents 2, or microemulsions systems (MES) 3. A case study on the application
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of MES as switchable solvents for rhodium-catalysed hydroformylation of long-chain alkenes in a

continuously operated chemical process was the main goal of this work.

2.1.1 Surfactant-modified multiphase systems

Aqueous solutions can be applied as reaction media for organic transition metal-catalysed chemistry
by the use of surfactants as phase agents. Micellar solutions enhance the solubility and mass transfer
of organic non-polar reactants in the polar aqueous phase and thus enable reactions under mild

conditions 4~

18, However, the recovery of the catalyst from micellar solutions after the reaction is not
easily done and requires the application of filtration techniques, for example, ultrafiltration. With the
so-called micellar enhanced ultrafiltration (MEUF) technique, an active catalyst that is embedded in
the micelles can be recycled within the retentate and reused for the reaction, if a micelle rejecting

membrane is applied %,

A more versatile approach to combine reaction and catalyst recycling in surfactant-modified
multiphase systems is the application of microemulsion systems (MES) as switchable solvents.
Microemulsion systems are ternary mixtures consisting of an organic component, water and a
surfactant. Usually, non-ionic surfactants of the type CiEjare chosen in this context to formulate the
MES (see Figure 2). In CE;, i is the number of hydrocarbon groups of the surfactant’s hydrophobic

part, and j is the number of ethoxylate groups of its hydrophilic part.

oM

Figure 2. Typical structure of an aliphatic non-ionic surfactant of type Ci;.

According to Winsor, microemulsions are thermodynamically stable and can be of different phase
behaviour dependent on the composition and temperature of the system. They can be either a one-
phase system (Winsor IV) or part of a multiphase system (Winsor |, Il, Ill) in which the microemulsion
can be one of three different types: water-in-oil (w/0), oil-in-water (o/w), or bicontinuous 2%, The
different Winsor systems are schematically illustrated in the fish-type diagram in Figure 3. The
important composition parameters to characterize the MES are the weight fractions of oil (a) and
surfactant (y) (Equation 1), which are calculated from the mass m of the corresponding component:
Myi mSurf

Q@ = — Y=
My + My, o My + My, 0 + Msyry

(M
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The left-hand diagram in Figure 3 shows the temperature dependant phase behaviour of
microemulsion systems, where the phase boundaries resemble the shape of a fish. The sequence of
the phases as a function of temperature, the so-called phase inversion, is a result of a gradual change
in the surfactant’s solubility. Typically, non-ionic surfactants are mainly soluble in water at low
temperatures, whereas they become better soluble in an organic component at higher
temperatures. This means that the characteristics of non-ionic surfactant can be switched between
hydrophilic and hydrophobic by temperature changes. The sequence of phases in the fish-type
diagram is described in detail in the following: Starting from surfactant concentrations in the mixture
that exceed the critical micelle concentration (cmc), the two phases (organic and water phase) and
the macroscopic interfaces are saturated with the surfactant. As a result, the surfactant molecules
are forced to form microscopic oil/water interfaces — microemulsions. At low temperatures, these
microemulsions consist of oil-bearing micelles in a continuous water phase (2, o/w microemulsion).

Due to the changing solubility of the surfactant, at higher temperatures water-bearing inverse

micelles are formed in a continuous organic phase (2, w/o microemulsions). Both microemulsions
coexist with a pure organic or agueous excess phase, forming the biphasic Winsor systems | and Il. At
intermediate temperatures exists a three-phase system (Winsor Ill) where a surfactant-rich
microemulsion phase is formed in the middle of two excess phases, because the surfactant is almost
equally soluble in both solvents at that point. Furthermore, a one-phase system (Winsor 1V) can be

obtained at high surfactant concentrations.

hydrophobicity
of oil,

hydrophilicity of

surfactant

Temperature —s

salt, lipophilicity
of surfactant

Surfactant concentration = Surfactant concentration ==

Figure 3. Left: Fish-type phase diagram of a microemulsion system for varying surfactant
concentration (y) at a constant oil/water ratio (a). Right: Qualitative effect of different additives on
the phase behaviour of microemulsion systems with non-ionic surfactants.
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The phase diagram is an important tool for process development, since the reaction and separation
steps are based on it. In general, each Winsor system can be applied as a reaction system for a
catalytic reaction. However, for the subsequent separation step the three-phase area is the most
viable phase state since the MES needs here the shortest time to separate completely 3. With that in
mind, it has to be considered that the phase behaviour of MES strongly depends on the composition
of the reaction mixture. The right-hand diagram in Figure 3 schematically illustrates the shift of the
phase behaviour as a function of increasing oil hydrophobicity, salinity, and changing hydrophilicity
of the non-ionic surfactant. For example, concentration changes of reactants and products during the
course of a chemical reaction are constantly influencing the phase behaviour of the MES. This has a
major impact on the application of microemulsion systems in a chemical process with a continuously
conducted phase separation, since the changes in phase behaviour have to be constantly tracked and
the temperature for phase separation has to be adjusted accordingly in order to maintain the three-
phase area. The consequences of this issue on process development are further discussed in section

2.2.

2.1.2 Kinetics of rhodium-catalysed hydroformylation

Despite the fact that the hydroformylation reaction has already been performed for more than 60
years in industry, there exists still a great interest in the detailed investigation of the reaction
mechanism. The basis for the generally accepted reaction mechanism was developed by Heck and
Breslow during their research on cobalt-catalysed hydroformylation 272> and was found to be valid

for the hydroformylation with modified rhodium catalysts in its elementary steps by Wilkinson et al.

26,27

NaO3S Ph, H

" |

FJQh—CO

NaO3S

Figure 4. Structure of the hydrophilic Rhodium-Sulfoxantphos catalyst.

Based on this fundamental mechanism, Figure 5 shows the dissociative mechanism of the rhodium-
catalysed hydroformylation in agqueous media using a bidentate diphosphine (sulfoxantphos) as
ligand (see Figure 4). It is assumed, that in a first step the precursor Rh(CO),(acac) reacts with
sulfoxantphos in the presence of CO and H, to give principally species (1a) 28, which is in equilibrium

to the non-selective unmodified Rh-tetracarbonyl complex (1b) 2 and the catalytically inactive Rh-
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dimer (1c) 3%3! under reaction conditions. The catalytic cycle of hydroformylation starts with the
dissociation of one CO from species (1a) to give the 16-valence electron rhodium hydride complex
(2). The alkene can coordinate to species (2) forming the m-complex (3) followed by insertion into the
Rh-H bond to form the alkyl species (4). In this step the orientation of the ligand at the rhodium
centre dictates the regioselectivity of the reaction, since the insertion of the alkene determines
whether a linear or a branched aldehyde will be formed. The cycle continues by addition of CO
forming the coordinatively saturated alkylrhodium(l) complex (5) and proceeds with the migratory
insertion of CO into the Rh-alkyl bond to form the acyl complex (6a). At this stage a high excess of CO
can lead to the formally uncompetitive inhibition of reaction by formation of the catalytically inactive
acyl species (6b) that is in equilibrium with (6a) 32 and has been detected by NMR and in situ IR

33—

techniques 3373, Finally, addition of H, to species (7) and reductive elimination of the aldehyde closes

the cycle and reforms the species (2).

It is today widely accepted, that the rate determining step (RDS) of the hydroformylation reaction
can be of two different types: (I) the coordination/insertion of the olefin double bond to species (2)
leading to the formation of the alkyl species (4) and (l1) the oxidative addition of hydrogen to the acyl
complex (6a). Dependent on the ligand type and on the steric interaction between ligand and

substrate the RDS can differ for the same catalyst and thus makes a general prediction very difficult

36,37

10
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Figure 5. Mechanism of ligand modified hydroformylation with a bidentate diphosphine ligand (path
to linear aldehyde) based on the mechanism by Wilkinson et al. 2°.

11



Theoretical background

2.2 Process engineering aspects

Process design for homogeneous catalysis in microemulsion systems enables the development of
new chemical processes with high reaction rates and efficient catalyst recycling. The switchability of
these multiphase systems offers many interesting options for combined mixer-settler applications in

3839 35 sub-

chemical processes with industrial relevance, like Suzuki and Heck coupling reactions
steps in the total synthesis of complex organic molecules (e.g. total synthesis of Boscalid® %°). The
basic concept for the application of MES as switchable solvents for chemical processes in aqueous
media is illustrated in Figure 6: For a given chemical reaction, a stable microemulsion system
(including all the reactants and the catalyst) has to be formulated in a first step to enable the
reaction under optimal conditions. The catalyst recycling and product isolation can then be
performed in a subsequent, temperature-induced phase separation step. Although the three-phase
area is the most viable phase state for this step due to the short time for phase separation 3,
generally the biphasic Winsor systems | and Il (see Figure 3) could be also applied for this task. Which
state of the MES is finally used for the reaction or a combined reaction and separation process,
strongly depends on the applied reactants and products and their solubility in the different phases.
For instance, the three-phase area offers the interesting possibility to separate a hydrophobic

product (upper phase) from the catalyst/surfactant (middle phase) and also from hydrophilic side-

products, e.g. salts (bottom phase).

As mentioned earlier in section 2.1.1, the phase behaviour of microemulsion systems is a function of
temperature and their composition. The challenging aspect of operating a process with these
systems is the shifting of the ideal separation region to different temperatures due to concentration
changes. This can be caused by consumption of the reactants, product formation, changing oil-to-

water ratio, or changing surfactant concentration.

Phase Separation
Olefin, k

Temperature Change ‘/

Water, Surfactant, Organic Phase with

Reactants, Product
Catalyst / \

havil Yt

cat A

Gs

Easy Catalyst
Recycling

Figure 6. Basic concept for the application of microemulsion systems as switchable solvents for
chemical processes in aqueous media.
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g

CO, H2

Surfactant ; \
@ Product

Recyle stream
(aqueous catalyst solution)

Phase separation

Figure 7. Process concept for the hydroformylation of long-chain alkenes in microemulsion systems;
basic operation units and main gas/liquid streams.

Hence, an important requirement for the preparation of operating a continuous process with
microemulsion systems is a detailed mapping of the phase behaviour, including all the components
of the reaction system. The information received from this mapping is needed to determine a
suitable operating area for the process: In order to operate the process continuously and to obtain a
considerable product phase, the phase separation must be operated within a certain temperature
window. Since this temperature window can be rather narrow for certain applications, especially if
an operation in the three-phase area is intended, particular requirements are imposed to the
temperature control and design of the separation unit. In addition, online concentration
measurements of the mixture inside the separation unit are necessary for the operator of the

process to adjust the optimal temperature for phase separation.

Figure 7 shows the general scheme of the process concept for the rhodium-catalysed
hydroformylation of long-chain alkenes in microemulsion systems. The reaction is performed in a
continuously operated reactor with a constant feed of reactants. The reaction mixture is
subsequently led to a settler, in which the phase separation takes place, continuously. Here, the
organic product-containing phase is removed and forwarded to downstream processes, whereas the
surfactant and aqueous catalyst solution are recycled to the reactor. To achieve an economical viable
process, it is of utmost importance that the catalyst loss into the organic phase stays at a minimum.
Thus the backbone of this concept is the correct execution of the phase separation step during the
entire operation time. On the basis of the here presented process concept for microemulsion
systems, a fully automated miniplant was designed and build at Technische Universitit Berlin 4242,
The miniplant setup is schematically depicted in Figure 8. It consists of three main sections: a feed

section holding containers for the applied substances, a main reaction section holding the reactor

(1.5 L volume), and a recycle section holding a decanter (0.5 L volume). The decanter has three drains
13
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to enable a reliable separation of the product-containing organic phase from the surfactant and
catalyst-rich middle phase (depicted as “Mix”) and the lower aqueous phase. Each drain is connected
to a separate pump, so that each of the phases can be recycled with different flow rates. To adjust
the phase separation of the microemulsion system during the operation of the process, the
temperature of the settler can be regulated independent from the reactor. This increases the
flexibility of the process and allows for the adjustment of optimal reaction and separation conditions
under any circumstances. A more detailed description of the miniplant and its single units is given in

PAPER 7.

Feed section
Alkene &

Reactor
ap
[ |y
N
Catalyst
Decanter
Surfactant Water

Mix
Oil

OO0

Recycl '
ecycle Section Product Tank

Figure 8. Schematic setup of the mini-plant system for the continuous hydroformylation of 1-
dodecene in microemulsion systems; build at the Technische Universitat Berlin.
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3 Methods and materials

3.1 Preparation of catalyst solution

For the preparation of the catalyst solution, usually 12.9 mg (0.05 mmol, 1 equiv) of the precursor
acetylacetonato)dicarbonylrhodium(l) [Rh(acac)(CO)2] and 156.7 mg (0.20 mmol, 4 equiv) of the
ligand 2,7-Bissulfonate-4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (SulfoXantphos, SX) were
evacuated three times in a Schlenk tube and flushed with argon. The solvent (5 g degassed water,
HPLC grade) was added through a septum. Then the catalyst solution was stirred over night at room

temperature to ensure the formation of the catalyst complex.

3.2 Investigation of phase behaviour and catalyst distribution

Investigations on the phase behaviour of the microemulsion systems were performed by using small
glass reactors (50 mL volume) with a heating jacket (see Figure 9). The lid of such a reactor offers
connections for sampling, for vacuum establishment, and argon inertisation. The microemulsion
systems were formulated from 1-dodecene/water/non-ionic surfactant. The applied non-ionic
surfactant was usually from the Marlipal 24 series with varying degree of ethoxylation (EOQ), from
Marlipal 24/50 (average EO = 5) to Marlipal 24/90 (average EO = 9). In addition, every mixture
consisted of the catalyst complex and 1 wt-% sodium sulfate. The oil-to-water ratio (a) and the
surfactant concentration (y) were varied. For each sample the different amounts of oil, water,
sodium sulfate, and the particular surfactant were weighted into the reactor and evacuated and

flushed with argon for at least three times. Then the catalyst solution was injected with a syringe.

Figure 9. Examples for the phase behaviour investigation: Catalyst distribution obtained for the
three-phase area of the MES with Marlipal 24/70 + Rh/Xantphos catalyst (left) and Marlophen NP7 +
Rh/SulfoXantphos catalyst (right). (PAPER 4)

15
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The phase behaviour was usually investigated from 50 °C to 90 °C in 2 °C steps. The microemulsions
were stirred during the heating periods by a magnetic stirrer. After the desired temperature was
reached, the stirrer was stopped and the phase separation was observed. If necessary, samples of
the different phases were taken with a syringe to determine the catalyst (rhodium) concentration in

each.

3.3 Determination of the rhodium concentration

The rhodium concentration in the different phases of the microemulsion systems was determined by
inductively coupled plasma optical emission spectrometry (ICP-OES) using Varian ICP-OES 715 ES
instrument. Usually, only the aqueous phase and the middle phase of the different three-phase
systems were analyzed. Therefore, 2 mL of the water or 1 mL of the middle phase were added to an
ICP tube and treated with freshly prepared aqua regia. Afterwards, the samples were diluted with
degassed water and the rhodium concentration was measured at a wavelength of 369 nm. A

calibration of the setup was performed with rhodium standard solutions (1, 5, 20, 50, and 150 mg/L).

3.4 Hydroformylation experiments

The hydroformylation reactions were performed in a 100 mL stainless steel high-pressure vessel from
Premex Reactor AG, equipped with a gas dispersion stirrer and mounted in an oil thermostat from
Huber (K12-NR). The reactor setup is illustrated in Figure 10. A mass flow controller (3) and a
pressure transmitter (4) in the gas feed line allow for isobaric reaction conditions. In addition,
connections for sampling (6) and inertisation of the reaction mixture (7) are implemented. The
typical reaction conditions for the hydroformylation were 2-40 bar pressure of syngas, an internal
reactor temperature of 65-120 °C, and a stirring speed of 1200 rpm, using a gas dispersion stirrer.
The reaction mixture usually consisted of 120 mmol (20 g) 1-dodecene, water (HPLC grade, a = 0.5),
1.0 wt-% sodium sulfate, non-ionic surfactant (Marlipal 24 series), and catalyst solution. The ratio of

rhodium/ligand/alkene was 1/4/2500 in every experiment.

The reaction procedure was performed as described in the following. At first the reactor was filled
with the desired amounts of alkene, water, sodium sulfate, and surfactant. Then the catalyst solution
was transferred by a syringe to the reactor. The reactor was closed and evacuated and purged with
nitrogen for at least three times. The stirrer was started at a rate of 500 rpm and the reactor was
heated up to the desired temperature. After reaching the temperature the stirring was slowed down

(200-300 rpm) and the reactor was pressurized with syngas. Then the reaction was started by

16
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increasing the stirring speed again to 1200 rpm. For the evaluation of reaction progress, samples
were withdrawn at several time intervals (after 0, 1, 2, 3, and 4 hours) via a sampling valve and
analyzed by gas chromatography (GC). To ensure homogeneous liquid sampling, the stirring speed
was not changed, while the samples were taken from the reactor. In addition, consumption of syngas

during the experiments has been recorded via the mass flow controller.

G N kA
WG S
L ] 3 1 Syngas container H

2 Pressure reduction valve
3 Mass flow controller

4 Pressure transmitter

5 a/b Pressure indicator
(gas reservoir/reactor)

6 Sample valve

7 Three-two-way valve
(inerting)

8 Pressure relief valve

C
Exhaust

co 9 Gas exhaust
: D 10 Autoclave with gas-
B 2

dispersion stirrer B
11 Thermostated oil bath

Inert gas

(nitrogen) Vacuum

a Technische Universitat Simplified Flow sheet A
Berlin

Departerment of
Chenmistry

Hydroformylation Reactor Setup

Date:05.02.2016
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Figure 10. Setup of the hydroformylation reactor.

3.5 Gas chromatography and data evaluation

Reaction progress and selectivity of hydroformylation reactions were analyzed by gas
chromatography on a Shimadzu model GC-2010, equipped with a RTX-5MS capillary column (30 m
length, 0.25 mmID, 0.25 um film thickness), a flame ionization detection analyzer, and nitrogen as
carrier gas. The temperature ramp of the applied GC method is shown in Table 1. A calibration of the

setup was performed with the single substances in high-purity.

17
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Table 1. Temperature ramp of the GC method.

Level Heating rate Starting Final Holding time
[°C/min] temperature [°C] | temperature [°C] [min]
0 - 100 - 7
1 10 100 145 2
2 5 145 207 -
3 50 207 330 30

The important parameters (conversion X, yield Y, selectivity S, and TOF) for the evaluation of
experimental data were calculated as shown in Equation 2-5, where n is the amount of substance,

1-dodecene is the substrate and 1-tridecanal is the product.

Ni=o0,substrate — Nt,Substrate
X(t) = ?)
Nt=0,substrate
nt,Product
Y(t) = ——— 3)
nt=0,Substrate
. Nprod
S(n:iso) = _froduct )
niso—Aldehydes
_ N¢=0,substrate YAld(t)
TOF,4 = 1 (5)
Ncat
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4 Results and discussion

Based on the example of the hydroformylation of 1-dodecene in a microemulsion system, a step-by-
step approach is presented in the following on how to investigate these complex multiphase systems
as reaction media and on how to transfer the results of lab-scale experiments into a continuously
operated process in miniplant scale. Due to the preliminary studies of Rost ** and Hamerla ** on the
hydroformylation of 1-dodecene in microemulsion systems, the experimental selection of the non-
ionic surfactant for the reaction and the formulation of a basic kinetic model is not discussed in detail
in this work. However, since these are important aspects for reaction engineering and process
design, it will be part of the discussions on the influence of surfactants on reactions in microemulsion

systems in section 4.4 and the formulation of a more detailed kinetic model in section 4.5.

4.1 Design of process

Microemulsions can be applied as smart switchable solvents for a homogeneously catalysed reaction.
Regarding the economical feasibility of a chemical process in these media, the quantitative recycling
of the applied catalyst is one critical aspect. Thus, in order to exploit the characteristics of
microemulsion systems for chemical processes in agueous media, information about the distribution
of the catalyst complex in each of the single phases is of utmost importance. In a second step, the
derived information can then be used for the design of a process that simultaneously meets the

constraints for the reaction step and for the recycling step of the catalyst.

4.1.1 Catalyst distribution in microemulsion systems

The influence of different parameters/factors on the distribution of catalyst complexes in
microemulsion systems has been analysed, e.g. type of ligand, temperature (phase behaviour),
structure of surfactant, and chain length of surfactant (PAPER 3+4). For the quantitative recycling of
the catalyst complex, it is essential to estimate or manipulate the interactions between the catalyst
complex and the surfactant. Figure 11 illustrates the experimental results for the distribution of the
rhodium catalyst in the 1-dodecene/water/non-ionic surfactant microemulsion system with different
surfactants/amphiphiles and ligands. If one compares the results for short-chain amphiphiles like C4E;
and long-chained aliphatic surfactants, it becomes evident that the change in chain-length only
influences the distribution of the Rhodium-SulfoXantphos (Rh-SX) catalyst in both the water-
containing phases. This change in distribution is mainly due to the different polarity of the single
phases of the corresponding (micro)emulsion systems. Since an amphiphile like C4E; is rather non-

polar, the amphiphile-rich middle phase is too non-polar to dissolve much of the hydrophilic catalyst
19
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(only 33.7% of the overall catalyst amount). The drastic increase of the rhodium content in the
middle phase with one additional ethoxylate group on the amphiphile (C4E,, 82.5% catalyst in middle
phase) confirms this assumption. For the long-chain surfactants nearly all of the rhodium catalyst is
located in the middle phase. Apparently, the Rh-SX catalyst follows the surfactant into this phase due
to its own surface active properties. It could be demonstrated by surface tension measurements that
these properties belong to the water-soluble ligand SulfoXantphos (PAPER 3). Since the middle phase
of a three-phase microemulsion system offers a very high interfacial area, the catalyst complex is
mainly located in this phase as well and acts there as a small ionic surfactant at the interface. A
change of the ethoxylation degree (EO) of the non-ionic surfactant thus does not lead to a further
increase of catalyst concentration in the middle phase, since the EO does not significantly change the
interfacial area in this phase at a constant surfactant concentration in the system. The rhodium
amount in the organic phase was found to be in the order of 0.1 ppm for all investigated systems. A
similar result was also found for the oil-in-water microemulsion (Winsor | system) using Marlipal
24/70, where over 99.99% of the catalyst was located in the aqueous microemulsion phase. On the
contrary, in the water-in-oil microemulsion (Winsor IlI) the Rh-SX catalyst was equally distributed

between both co-existing phases (PAPER 4).
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Figure 11. Distribution of the rhodium catalyst between the co-existing phases of the
1-dodecene/water/non-ionic  surfactant microemulsion system: (1)  With different
surfactants/amphiphiles (a = 0.5, y = 0.08 (y = 0.2 for C4E; and C4E3) for Rh-SX, n(Rh(acac)(CO),) = 0.05
mmol, n(SX) = 5 equiv; (2) With different ligands (a = 0.5, y = 0.08 (Marlipal 24/70)), n(Rh(acac)(CO),)
= 0.05 mmol, n(bidentate) = 5 equiv, n(monodentate = 10 equiv). (PAPER 4)
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The type of ligand has also a strong influence on the catalyst distribution in the microemulsion
system (see Figure 11, (2)). It is obvious that the hydrophobicity of the ligand is crucial for the
distribution. The water-soluble ligands TPPTS and SulfoXantphos lead to high concentrations of the
catalyst complex in the middle phase and nearly no traces of catalyst in the organic phase. In
comparison, the complexes bearing the hydrophobic ligands TPP and Xantphos (as well as the
unmodified rhodium catalyst) are mainly located in the organic phase. Considering these results,
changing the hydrophobicity of the applied ligand can be an important tool to adjust the catalyst
distribution in the microemulsion system with respect to an optimal catalyst recycling, without

changing the actual catalyst.

4.1.2 Process constraints and general concept

The task was to design a process with reliable catalyst recycling and minimized catalyst leaching into
the product streams (zero leaching at best). With the information at hand regarding the catalyst
distribution (Figure 11, Rh-SX), the polarity of the product n-tridecanal and possible side-products
(always organic components), and the applied surfactant (Marlipal 24 series), the two following
options were available for the phase separation step: Separation in a biphasic (Winsor 1) system or in
a three-phase (Winsor Ill) system. Besides catalyst leaching and long-term stability, another
important issue in terms of optimal operation conditions and equipment sizing (costs) is that of the
phase separation dynamics. Figure 12 exemplary shows the separation time of a microemulsion
system as a function of temperature and phase behaviour. Obviously, the system needs the shortest
time for separation in Winsor lll state (between 1-2 min at best), which is a general characteristic of

microemulsion systems. This information is of high importance for the design of process, because it
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Figure 12. Temperature-dependent phase separation time of a microemulsion system consisting of
1-dodecene/water/Marlipal(24/70) (a = 0.5, y = 0.08, 1 wt-% Na,SOs, n(Rh(acac)(CO),) = 0.05 mmol,
n(SulfoXantphos) = 5 equiv). (PAPER 4)
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means that the operation unit for the phase separation can be built smaller or the through-put can
be increased. Thus the Winsor Il state can usually be considered as the most beneficial state for the
separation step from an economic point of view, if all the mentioned constraints regarding the

distribution of catalyst, reactants and products are met as well.
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Figure 13. General mixer-settler setup for the separation of a microemulsion system with up to three
liquid phases. (PAPER 4)

Based on the process constraints, a general process concept for the investigated hydroformylation
reaction is depicted in Figure 13. The setup consists of two main operation units: a mixer (reactor)
and a settler. The reactants 1-dodecene and syngas, the Rhodium-SulfoXantphos catalyst and the
surfactant are constantly fed into the reactor where the hydroformylation is performed. Afterwards
the reaction mixture is heated up or cooled down to the desired temperature for phase separation
(Winsor Il state) in the settler. Since the reaction product 1-tridecanal is mainly dissolved in the
organic phase, the goals of the separation step are (1) to obtain a catalyst-free organic phase and (2)
the recycling of the catalyst, water, and surfactant within the mixed phase and the water phase. If
the phase separation is conducted optimally, it is possible to recycle all of the applied catalyst and
surfactant in the process. In this case, only the substrate 1-dodecene has to be replenished in the
same amount as organic phase is extracted from the settler during a continuous operation. As
mentioned in section 2.2, the challenging aspect of operating a process with microemulsion systems
is the shifting of the ideal separation region to different temperatures. Thus, in order to enable a
continuously operated phase separation a detailed mapping of the phase behaviour and separation

time has been performed, including all the components of the reaction system.
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4.2 Phase separation analysis for multiphase settler design

The phase behaviour of the investigated microemulsion system consisting of 1-dodecece, water, and
the technical grade surfactant Marlipal 24/70 has been recorded in several steps according to
systematic guideline in PAPER 2. Figure 14 shows the fish-type diagram that was received from a
prescreening in basic lab-scale experiments (described in section 3.2). It is of importance that the
investigation of the phase behaviour is done with all the components of the reaction system,
including the Rhodium-SulfoXantphos catalyst and sodium sulfate. The presence of these “additives”
in the mixture leads to a considerable shift of the phase boundaries (~ 5 K) to lower temperatures in
comparison to the simple microemulsion system of 1-dodecene, water and non-ionic surfactant. The
use of sodium sulfate in the mixture is of high importance for a feasible phase separation and will be
explained in the following section. For the investigated mixture, a surfactant concentration of 6-10
wt-% (y = 0.06 — 0.10) and operating temperatures of 65-85 °C mark the three-phase area which
allows for an optimal phase separation under process conditions. Furthermore, it was found that the
o value should be in range of 0.4 to 0.6 because (1) a too low oil-to-water ratio leads to a small
organic phase and thus increases the difficulty to remove it in the settler, (2) for a < 0.3 foaming can
be observed, and (3) for a > 0.6 the switchability of the microemulsion system decreases since the

three-phase area becomes smaller.
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Figure 14. Phase diagram of 1-dodecene/water/Marlipal(24/70) (a = 0.5, 1 wt-% NaySO,,
n(Rh(acac)(C0O),) = 0.05 mmol, n(SulfoXantphos) = 4 equiv). (PAPER 9)
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4.2.1 Phase separation dynamics

In a temperature and pressure controlled glass reactor with a gas dispersion stirrer, the dynamics of
phase separation of the reaction mixture have been investigated for different stirring speeds and
pressures of argon and syngas (for experimental setup and results see PAPER 2) under process
conditions. The change of the stirring speed from 700 to 1500 rounds per minute (rpm) showed no
influence on phase separation dynamics. The pressure on the other hand did. The relative phase
height of the organic phase after 20 min of separation differed by roughly 5% for argon pressures
between 1 to 10 bar, with 1 bar resulting in the fastest separation and 10 bar in the slowest.
However, the most decisive factor for the separation turned out to be the switch from argon to

syngas (see Figure 15).
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Figure 15. Relative height of organic (product) phase over separation time under process conditions.
All experiments were performed at 85°C and 10 bar pressure of argon (for A+B) or 10 bar pressure of
syngas (C+D). MES was formulated from 1-dodecene, water, and Marlipal 24/70 («« =05, v =
0.08). Additionally, 0.05 mmol [Rh(acac)(CO):] and 0.2 mmol SulfoXantphos were added for B, C, and
D. (PAPER 9)

It becomes apparent that the activation of the catalyst with syngas inhibits the separation of the
microemulsion system drastically. The time for complete phase separation of the system increased
from 18 min for the pure MES (Figure 15, A) to around 25 min after the addition of the catalyst (B)
and in the end to over several hours after the addition of 10 bar syngas (C). Moreover, it has to be

noted that a complete phase separation of the mixture under these conditions could not be
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observed. The surface activity of the catalyst complex has been observed before during parameter
studies in lab scale (see discussion in section 4.1.1 and PAPER 1+3). However, such a strong impact of
the catalyst on the phase separation was not expected and has not been reported before in literature
for other microemulsion systems. On the other hand, it explains the observations from the first
continuous operation of the hydroformylation process (integrated reaction and separation) on
miniplant scale, where almost no phase separation of the reaction mixture could be achieved
(PAPER 1). To overcome this undesirable effect, the microemulsion system has been modified by the
addition of 1.0 wt-% sodium sulfate. Since the catalyst complex acts as a small ionic surfactant, the
adjustment of the ionic strength in the aqueous part of the reaction mixture mostly suppresses the
emulsion-stabilizing ability of the catalyst by electrostatic screening. As a result, the addition of the
electrolyte significantly improves the phase separation dynamics of the mixture to a separation time
of about 8 min (see Figure 15, D). Subsequent to these findings, the effect of sodium sulfate on the
reactivity and stability of the catalyst during hydroformylation has been investigated. As reported in
PAPER 9, the stability of the catalyst remains unchanged with only a small decrease in reactivity
compared to a reaction system without the additional electrolyte. This decrease can be explained
with an increasing destabilization of the microemulsion system with higher amount of sodium
sulfate, which leads to larger emulsion droplets and consequently to a smaller interface for reaction.
Another explanation could be a decreased solubility of syngas in the microemulsion system with

increasing concentration of sodium sulfate.

4.2.2 Full mapping of phase separation

Based on the results of the investigation on phase behaviour and separation dynamics of the applied
microemulsion system, a full mapping of the phase behaviour was performed and presented in
PAPER 2. Therefore, the lower and upper temperature boundaries of the three-phase area have
been detected for mixtures with different concentrations of surfactant, organic educt, and product
that lie in range of the expected process values. Figure 16 illustrates the results of the mapping: By
using linear and quadratic functions the influence of the variables on the phase behaviour was
modelled, generating a multidimensional region in which the operator is allowed to operate the
process. It is apparent that due to the small temperature window of 4 K, the online tracking of the
composition of the mixture entering the settler during the process is of high importance. Fast
analysis methods like online Raman or Infrared spectrometry are the most feasible for this task,
however they are not easy to implement into a process. Offline GC-measurements on the other hand
are also feasible and much easier to handle, on condition that the process runs slow enough to allow

for analysis times of 30 min or more (which is often required for microemulsion systems).
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Figure 16. Phase boundaries of the 1-dodecene/water/Marlipal(24/70) microemulsion system (with
1 wt-% Na,S0., n(Rh(acac)(CO);) = 0.05 mmol, n(SulfoXantphos) = 4 equiv). Left: For varying fractions
of a and y at a constant degree of conversion (X = 0.0%). Right: For varying X and y at a constant oil-
to-water ration (a = 0.5). (PAPER 2)

4.2.3 Design of multiphase settler

With the information gained from the systematic analysis of the phase behaviour of the reaction
system, a modular, multiphase settler was developed (PAPER 2). The settler can be operated at up to
120 °C and up to 20 bar. The material is stainless steel of type EN steel no. k.h.s. DIN 1.4571, the
sealings consist of PTFE and the gauge glasses are made of borosilicate. As already mentioned,
particular requirements are imposed to the temperature control and design of the separation unit
due to the narrow temperature window for the optimal phase separation in the Winsor Il state.
Therefore several Pt100 measurement devices are installed along the length of the settler and each
segment of the settler is connected to a thermostat. Thus, the desired temperature can be controlled

and observed in each segment separately. Figure 17 shows the final settler setup for the investigated

hydroformylation process.

Figure 17. Picture of the modular, multiphase settler developed for the hydroformylation process:
One module containing two mirror-inverted sight glasses (middle) and two modules with cylindrical
glasses for the observation of the phase separation during the process. (PAPER 2)
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4.3 From lab to miniplant

To enable the continuous process in the miniplant, a systematic optimization of the reaction
parameters was performed in lab-scale semibatch experiments. Based on the preliminary studies of

t # and Hamerla * on the rhodium-catalysed hydroformylation of 1-dodecene in microemulsion

Ros
systems, and considering the results from the phase separation experiments discussed in section 4.2
in this work, the reaction system consisted of the following components: 120 mmol 1-dodecene,
20 g water (a = 0.5), Marlipal 24/70 as surfactant, 1 wt-% sodium sulfate, 0.05 mmol Rh(acac)(CO),,

and 0.2 mmol SulfoXantphos.

4.3.1 Parameter studies

The following parameters had to be assigned for the continuous process: temperature, syngas
pressure, and surfactant concentration. In PAPER 1 the experimental results for pressure and
temperature variation are presented, which originate from the preliminary work of Hamerla #*. It was
found that the reaction can already be performed at very low syngas pressures with a minimum
pressure of 3 bar. An increase in pressure does not lead to a significant increase in reaction rate.
After 4 hours reaction time at 3 bar syngas the observed yield of aldehyde was 16%, whereas for 30
bar syngas 19.3% product could be found. Based on the experimental results and considering safety
and economy of the overall process in the miniplant, an operating pressure of 15 bar syngas was
finally chosen. The variation of reaction temperature showed, that an increase in temperature
generally leads to an increase in the reaction rate of the hydroformylation. The best reaction results
could be observed for a temperature of 95 °C: an aldehyde yield of 31.3% and a high n:iso selectivity
of 98:2 were obtained after 4 hours reaction time. The investigation on the effect of temperature
was then further extended with respect to the catalyst activity (PAPER 8). It was found that the
reaction rate increases exponentially, indicating a simple Arrhenius behaviour. As illustrated in Figure
18, the TOF of the catalyst could be raised from 50 h'* at 68 °C to 380 h! at 110 °C with a constantly
high n:iso selectivity of 99:1 and 98:2. An activation energy of 59 kl/mol could be calculated for the
reaction. However, an increase of the reaction temperature beyond 100 °C turned out to be not
beneficial for the process due to decreased long-term stability of the catalyst and increasing rate of
side-reaction, e.g. hydrogenation and isomerisation. As consequence, a reaction temperature of
95 °C was chosen for the process. At last, the surfactant concentration was set to 8 wt-% (y = 0.08)
and underwent no further optimization because it was more or less dictated by the process
constraints for the phase separation in the settler. Since the concentration of surfactant cannot be
changed between reactor outlet and settler inlet during the operation of the process, it can only be
varied between 6 and 10 wt-% in general to ensure a feasible phase separation (see Figure 14). In
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conclusion, a surfactant concentration of 8 wt-% was the best choice for the continuous process
because it offers the most stable operation point regarding the robustness of the phase separation

against possible fluctuations in concentration.
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Figure 18. Effect of temperature on hydroformylation reaction. Test conditions: 0.05 mmol
Rh(acac)(C0O),;, 0.2 mmol SulfoXantphos, 120 mmol 1-dodecene, water (a =0.5), y = 0.08 (Marlipal
24/70), 1 wt-% Na,S0s, Vk = 50 mL, p = 15 bar, stirring speed = 1200 rpm, tr = 4 h. Statistic deviation
of results: £3 %. (PAPER 8)

4.3.2 Miniplant operation

The proof of concept for the continuously operated rhodium-catalysed hydroformylation of long-
chain alkenes in microemulsion systems was performed within a technical miniplant system. Several
long-term miniplant operations were performed in order to test the feasibility of the reaction system
and the stability of the process. The results can be found in PAPER 1, PAPER 7, and PAPER 8,
respectively. Figure 19 shows the trajectories for the conversion of 1-dodecene and vyield of
tridecanal from a miniplant campaign with over 100 hours in continuous operation. After feeding and
starting up the plant, hydroformylation was successfully initiated (operation hour 12). The plant was
operated in full recycle-mode from then on to quickly increase the yield of product. At operation
hour 35, the continuous operation was started with the introduction of fresh substrate and
extraction of the maintained organic phase from the settler. The product yield stabilized at a value of
39% (n:iso = 99:1) which could be sustained during steady-state operation for more than 50 hours.
Most notably, the reaction results are in good agreement to the findings from lab-scale experiments.
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The continuous phase separation was successfully accomplished, leading to a nearly pure organic
phase (substrate and product content of 99.8%) and very low rhodium leaching into the product-
containing phase (lower than 0.1 ppm). The remaining 0.2% content of the organic phase was mainly
surfactant; since a technical grade surfactant was applied for the process, a large number of
surfactants with different chain-length are always present in the mixture. The shorter chained
surfactants (ethoxylation degrees of 4 and 5) are more lipophilic and thus can be dissolved in the
organic phase at the applied separation temperature in the settler. Due to this “surfactant leaching”
into the product phase, the introduction of fresh surfactant to the reactor becomes necessary during
the process operation. In case of a purer product phase would be required for a certain application, a
purification of the product phase, e.g. by organophilic nanofiltration, could be a feasible approach.
All aspects considered, the miniplant operation proved the applicability of microemulsion systems as
switchable reaction media in a chemical process. In PAPER 7 the results of a more than 200 hour long
miniplant campaign are presented. The aim of this campaign was to adjust a stable continuous
operation, change the working point, and investigate the effect of disturbances on the process. The
successful performance of the process under these different conditions proved again the feasibility

of the process concept and also the stability of the overall process.
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Figure 19. Miniplant operation results. Conversion of 1-dodecene and yield of tridecanal over the
operation time. Reaction residence time indicates equivalent time of a batch experiment. Operation
conditions: 0.04 mol% Rh(acac)(CO),, 0.2 mol% SulfoXantphos, a=0.5, y = 0.08 (Marlipal 24/70),
1 wt-% NaySO4, T=95 °C, p = 15 bar(g). (PAPER 8)
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4.4 Influence of non-ionic surfactants on catalysis in microemulsion systems

The switchability of microemulsion systems offers many interesting options for chemical processes in
aqueous media with industrial relevance. However, these complex multiphase systems require a
profound knowledge of the influence of a variety of system parameters regarding reaction and
separation, as already partly discussed in the previous sections of this thesis. In particular, the
applied surfactant can have a strong impact on the results of a catalytic reaction. A systematic
investigation on the influence of non-ionic surfactants on catalytic reactions in microemulsions
systems is presented in PAPER 9 on the example of the rhodium-catalysed hydroformylation. An
important finding to understand the role of surfactant during catalysis was that the phase behaviour
of microemulsion systems has no major impact on the catalytic reaction. As illustrated in Figure 18,
the reaction rate follows the increase of temperature with no abrupt alteration that would indicate a
major change of mass transfer conditions for the reaction. Consequently, it is likely to assume that
the hydroformylation of long-chain alkenes in microemulsion systems is a kinetically controlled two-
phase reaction. Since the applied Rhodium-Sulfoxantphos catalyst is surface active and thus mainly
located at the oil-water interface, the reaction should take place at the interface as well (see Figure
20). With that, the role of the surfactant for the catalytic reaction is of utmost importance. In its
function as emulsifier it determines the stability of the microemulsions system and the local
concentrations of the reactants at the oil-water interface. In addition, it also provides the interfacial
area for the reaction. Since the surfactant and catalyst are in immediate vicinity to each other at the
interface, electronic interactions between them are possible that might hinder the catalytic reaction.
However, these interactions are not very predictable because they depend on the chemical structure
of both the surfactant and the catalyst complex. Thus the selection of an appropriate surfactant type

(e.g. aliphatic, aromatic, or ionic) for a certain reaction can only be based on experimental results.

| Organic Phase |

Product Alkene < Product Alkene
® ®
Oil-Water
Catalyst Catalyst Interface
® ®

| Aqueous Phase |

Figure 20. Schematic illustration of two-phase catalysis in microemulsion systems on the example of
the hydroformylation reaction. (PAPER 9)
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4.4.1 Degree of ethoxylation

While the selection of a surfactant type (anionic, cationic, non-ionic) for a chemical reaction is mainly
based on the compatibility of the surfactant with the reaction system, the optimal ethoxylation
degree (EO) of the surfactant is determined by the temperature of the process. In general, a higher
EO number results in a higher temperature required for the surfactant to work efficiently as
emulsifier. As a result, long chained surfactants work better at higher temperatures than short
chained surfactants and vice versa. A good indicator for the working range of a specific surfactant is
the position of the fish body of the resulting microemulsion system in the phase diagram. The effect
of the EO on the rate of a reaction has been elaborately discussed in PAPER 9 and is reflected in

Table 2 on the example of the rhodium-catalysed hydroformylation of 1-dodecene.

Table 2. Experimental results for the hydroformylation of 1-dodecene with different surfactants at
constant temperature 2. (PAPER 9)

ho. surfactant conversion yield (linear n:iso
1-dodecene [%] | aldehyde) [%] selectivity
1 Marlipal 24/50 28 25 99:1
2 Marlipal 24/60 25 24 98:2
3 Marlipal 24/70 34 29 98:2
4 Marlipal 24/80 38 33 98:2
5 Marlipal 24/90 43 38 98:2
6 Marlophen NP5 ® 4 4 99:1
7 Marlophen NP6 ° 8 6 99:1
8 Marlophen NP7 ® 10 9 98:2
9 Marlophen NP9 ® 15 13 98:2

2Reaction conditions [1-5]: 0.04 mol-% Rh(acac)(CO),, 0.16 mol-% SulfoXantphos, 120 mmol 1-
dodecene, water (a =0.5), y = 0.08, 1 wt-% Na;S04, Vg = 50 mL, T =95 °C, p = 15 bar, stirring speed =
1200 rpm, tr = 4 h. Statistic deviation of results: 3 %.

PReaction conditions [6-9]: 0.05 mol-% Rh(acac)(CO),, 0.25 mol-% SulfoXantphos, 180 mmol 1-
dodecene, water (a =0.88), y = 0.10, Vg = 50 mL, T = 110 °C, p = 40 bar, stirring speed = 1000 rpm, tg
= 4 h. *Data extracted from .

Based on the experimental data depicted in Table 2 it is evident that the surfactant with the highest
EO, Marlipal 24/90, is clearly superior at the selected reaction temperature of 95 °C. In addition, a
linear increase of the conversion of 1-dodecene with an increasing EO is indicated. However, this
trend can be reversed if the reaction temperature is decreased: Already at 80 °C the reaction
performs best with Marlipal 24/50 and worst with Marlipal 24/90, underlining the precise tunability
of microemulsion systems for a certain application by the selection of the surfactant. As expected,

this characteristic is reflected for the surfactants from the Marlophen NP series. The noticeable
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inferior reaction performance for these surfactants is most probably due to their different chemical
structure. The aromatic ring of the surfactant interacts with the catalyst complex and hinders the
catalytic reaction considerably . With that in mind, these results are also a good example of a poor

surfactant selection for the investigated reaction, as discussed in the previous section.

4.4.2 Effect of surfactant concentration

Considering the biphasic character of microemulsion systems at low surfactant concentrations, an
increase of the surfactant concentration generally means a larger interfacial area for a reaction and
thus a higher potential reaction rate. Figure 21 shows the dependency of the reaction rate on the
surfactant concentration for the rhodium-catalysed hydroformylation. At first, the reaction does not
occur if no surfactant is added to the mixture. Beyond that, the reaction rate clearly increases with
the surfactant concentration. The product yield after 4 hours reaction time increased from roughly
4% with 1 wt-% surfactant in the mixture to 53% with 30 wt-% surfactant. However, in case of the
investigated reaction the increase in reaction rate cannot be solely addressed to the larger interfacial
area. Since the catalyst complex is surface active, it should be mainly located at the oil-water

interface even at low surfactant concentrations. Thus, this finding could be explained by a change in
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Figure 21. Effect of surfactant concentration on the reaction rate of hydroformylation. Test
conditions: 0.05 mmol Rh(acac)(CO),;, 0.2 mmol SulfoXantphos, 120 mmol 1-dodecene, water
(a0 =0.5), Marlipal 24/70, 1 wt-% Na,SO4, Vr =50 mL, T = 95 °C, p = 15 bar, stirring speed = 1200 rpm.
Initial rates were calculated from syngas consumption. Statistic deviation of results: +15 %. (PAPER 9)
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the local catalyst concentration at the oil-water interface. If the interfacial area of the reaction
system (which corresponds to the volume of the emulsion phase) is increased, the catalyst becomes
more diluted at the interface within the emulsion phase. In consequence, the local catalyst
concentration in the emulsion phase should decrease. This affects the pre-equilibrium of the catalyst
complex (see Figure 5) and thus the reactivity in hydroformylation. A decrease of the local catalyst
concentration should lead to a higher amount of active monomeric species and thus to a higher

reaction rate.

4.5 Reaction kinetics of hydroformylation

In order to achieve a precise kinetic model to describe the rhodium-catalysed hydroformylation in
microemulsion systems in a continuous process, a detailed kinetic study of the reaction has been
performed and presented in PAPER 10. One of the important questions in this work was to find and
understand the important parameters for the hydroformylation reaction kinetics in microemulsion
systems that are different from the kinetics in homogeneous media. However, an important
requirement to clearly isolate the effect of the reaction parameters on kinetics in these complex
multiphase systems had been to initially gain a profound knowledge about the role of surfactants
during the catalytic reaction (see section 4.4 and PAPER 9). To study the kinetics of the reaction, the
effects of 1-dodecene concentration, catalyst concentration, ligand:Rh ratio, and syngas pressure on
the initial rate of hydroformylation have been investigated. The investigation was performed under
the following standard conditions: 2.4 mol/L (120 mmol) 1-dodecene, 20 g water (a=0.5), 3.5 g
Marlipal 24/70 (y = 0.08), 1 wt-% Na,S04, 1.0 x 10 mol/L (0.05 mmol) catalyst and SulfoXantphos:Rh

ratio = 4:1 (P:Rh ratio = 8:1), temperature of 95 °C, and syngas pressure of 15 bar.

For the concentration of 1-dodecene, the reaction rate was found to increase linearly indicating a
first order dependence. Due to the surface activity of the applied Rhodium-SulfoXantphos catalyst,
the hydroformylation takes mainly place at the oil-water interface in the microemulsion system.
Since 1-dodecene is not a strongly coordinating olefin, higher concentrations at the interface are
necessary to generate more of the olefin coordinated Rhodium complex (Figure 5, species 3) and
thus will lead to an enhancement in reaction rate. The effect of syngas pressure has been
investigated in range of 1 to 40 bar while the other reaction parameters were kept constant.
A complex dependency of the reaction rate on the pressure was found, as illustrated in Figure 22.
This reaction behaviour is very characteristic for hydroformylation reaction and mainly due to the
increase of the partial pressure of CO. The reaction is generally driven by the concentrations of CO
and H, in the reaction mixture, but also inhibited by side reactions leading to the formation of

inactive dicarbonyl rhodium species with increasing CO partial pressure (Figure 5, species 6b). As a
33



Results and discussion

consequence, the apparent reaction order of CO changes with the partial pressure: Is starts at a
positive value at low CO concentrations in solution, passes zero, and then has a negative value for
higher CO concentrations. The effect of the H, partial pressure on the hydroformylation reaction is

usually of positive order and can be of zero order at higher pressures.
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Figure 22. Effect of syngas pressure on the rate of hydroformylation. Test conditions: 0.05 mmol
Rh(acac)(CO),;, 0.2 mmol SulfoXantphos, 120 mmol 1-dodecene, water (a=0.5), Marlipal 24/70
(y=0.08), 1 wt-% NaxSO4, Vr = 50 mL, T = 95 °C, stirring speed = 1200 rpm. Initial rates were
calculated from syngas consumption. Statistic deviation of results: +15 %. (PAPER 10)

4.5.1 Catalyst concentration

The effect of catalyst concentration on the rate of hydroformylation has been investigated at two
different temperatures and, in general, an increase of the rate with increasing catalyst concentration
could be found (see Figure 23). However, at low catalyst concentrations the increase of the rate was
found to be significantly higher than at high concentrations, which indicates that not all Rh atoms are
working as catalyst at the same TOF dependent on the catalyst loading in the reaction mixture. Most
probably this reaction behaviour is due to the two pre-equilibria of the active Rhodium-
SulfoXantphos complex (Figure 5, species 1a) with the corresponding dimeric Rh species (1c) and the
unmodified Rh species (1b). At low catalyst concentrations the formation of the unmodified species
could be enhanced due to the relatively low concentration of ligand compared to the concentration
of CO in solution. At high catalyst concentrations the formation of the dimeric species should be

increased, leading to a partial deactivation of the applied catalyst complex. Interestingly, this finding
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fits very well to the experimental results from Figure 21 where the effect of surfactant concentration
on the reaction rate has been illustrated. It is evident, that in case of the investigated reaction both
experiments (the change of catalyst concentration and of surfactant concentration) showed the
same impact on the reactivity of the catalyst. In conclusions, this confirms the proposition from
section 4.4 that the hydroformylation reaction in microemulsion systems takes mainly place at the
oil-water interface. As a result, the local concentrations of the reactants and the catalyst are of high

importance for the rate and selectivity of the reaction.
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Figure 23. Effect of catalyst concentration on the rate of hydroformylation. Test conditions:
SulfoXantphos:Rhodium ratio = 4:1 (P:Rh ratio = 8:1), 120 mmol 1-dodecene, water (a = 0.5), Marlipal
24/70 (y = 0.08), 1 wt-% NayS04, Vk = 50 mL, p = 15 bar, stirring speed = 1200 rpm. Initial rates were
calculated from syngas consumption. Statistic deviation of results: +15 %. (PAPER 10)

4.5.2 Formulation of an adapted kinetic model

To receive a model description for the rhodium-catalysed hydroformylation of 1-dodecene in
microemulsion systems including the unique influences of the regarded multiphase system on the
reaction, a parameter estimation using according dynamic experimental data has been performed
(PAPER 10). The applied kinetic model (eq. 6) is based on the works of Kiedorf et al. *® who originally
derived the model from hydroformylation experiments in homogeneous thermomorphic solvent
systems using a Rhodium-BiPhePhos catalyst. In order to adapt this basic model to the
hydroformylation in microemulsion systems, a rate-based correction factor has been implemented

which accounts for the effect of the surfactant concentration on the reaction rate (eq. 7). As it
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appears from the kinetic experiments depicted in Figure 21, this factor is very crucial to express the
special influence of the surfactant and the local catalyst concentration at the oil-water interface on
the activity and selectivity of the catalyst. As a result, the modified kinetic model is able to describe
the variation of temperature, pressure, and (in some degree) the surfactant concentration and
ligand:metal ratio (see Table 3). Unfortunately, an even better description of the reaction kinetics
including the effect of the catalyst pre-equilibria on the reaction was not possible using this
approach, because the exact concentration of active catalyst during a hydroformylation experiment
remains unknown and can only be estimated. Thus the parameter estimation is not able to predict
more accurate the equilibrium constants for the pre-equilibria. However, regardless the slight
impreciseness of the model it is still of high value for the better comprehension of the reaction
progress during a process. In particular, with the herein investigated mixer-settler process in mind it
allows for an implementation of the recycle streams into the kinetic model and therefore offers the

possibility to easier find optimal operating conditions.

[Rh(CO),H]
Rateyyfo = [CO]
1 + Keq'cat,a ) [CO] + Keq,cat,b ' [HZ]
—E, 1 1
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1+ Ko nyso - lalkene] + Ky, yyfo - [CO][alkene] + K iy g0 - [CO][Hz][alkene]
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Rate”yyro = —ealig *Rateyyfo R
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Table 3. Comparison of the estimation results for the basic kinetic model (eq. 6) and the adapted
model (eq. 7). The relative deviation between model and experimental data for each component in
the regarded set of experiments is depicted. Additionally, the estimated parameters are listed

for the adapted model. (PAPER 10)

M 12 .7
Model 1 (eq. 6) o.de. (eq. 7)
Component Variation of T Variation of T, p, [SX],
P [Surfactant]
1-dodecene 1.63% 4.52%
iso-dodecene | 0.48% 2.73%
iso-aldehyde <0.01% 0.54%
dodecane 0.18% 0.21%
tridecanal 1.43% 1.42%

Hydroformylation

k¢ = 7.895-103

Hyfo,a

Eppiyfoa = 120844 —

neTh9 — 0,002

Hyfo,a

k¢ = 4.885-107

Hyfo,b

Eg Hyfop = 59000

néhio  — 0,854

Hyfo,b

k¢ = 6.650-1075

Hyfo,b

Ey Hyfo,p = 59000

ntd = 0999

Hyfo,c

K,

a

L3
Jear - min - mol?
]
mol
L3

YJear - min - mol?

J

mol

L3

J

mol

L

Hyfo = 48161073 —

mol

L
— 1072 —
Kynyro = 1826107 —

. L
Kc,Hyfo =5.908-10 E

Jear - min mol?

Hydrogenation
2

ref,xx __
Kiyda = 46486 Jear - Min - mol

]
Expyaa = 102260 ——

g, = 0.002

2
k'S = 3568 10

Hyd.b Jeat * Min - mol
_ J
Eg hyap = 76105 ol
eqlLig _
nglhis = 0.999

L
Kanya =3311 —

L
Kb,Hyd = 0.368 @

K, pyq = 2.916 - 10* —

Catalyst Equilibrium
L
Keq,cat,a = 8505.973 ﬁ

Keq,cat,b =1

Isomerization

ke = 4878104

Iso

gcatmin
_ J
Eaiso = 136891 ——
eqLig _
ngy i, = 3.668
J

AGpso = 1099.999 ——

L
Kqis0 = 132.859 —

_3 L
Kb,lso =8.134-10 %

37



Results and discussion

4.6 Catalytic reaction in surfactant-free multiphase emulsions

So-called surfactant-free multiphase emulsions (further denoted as SFME) are switchable solvent
systems that provide the possibility to create new chemical processes in aqueous media. Same as for
microemulsion systems, processes with SFMEs are based on temperature-induced phase transition.
However, they offer the advantage of an easily handled and removable additive instead of usually
highly viscous and high-boiling long-chain surfactants. Since this is a rather new technology, first
experimental attempts had the goal to gain more knowledge about the application of these
multiphase systems as reaction media. Therefore, the systems were tested for two catalytic
reactions, namely the rhodium-catalysed hydroformylation of 1-dodecene and the Suzuki coupling
reaction of 1-chloro-2-nitrobenzen and 4-chlorobenzeneboronic acid. The applied reaction systems
consisted of organic component (reactant and solvent), aqueous catalyst solution, and diethylene
glycol butyl ether (denoted as C4E2). All the experimental results are reported in PAPER 5, in the

following only the results for the hydroformylation will be discussed exemplarily.

The phase behaviour of SFMEs is slightly different from the one of microemulsion systems, since only
two different states can be observed: a biphasic oil-in-water emulsion at low amphiphile
concentrations and/or temperatures, and a three-phase area at high temperatures featuring multiple
emulsions, where the middle phase is dispersed inside the dispersed aqueous phase. Interestingly,
the phase behaviour of the applied SFME has no effect on the reaction rate of the hydroformylation,
which is similar to the findings for microemulsion systems (see section 4.4). A simple Arrhenius
approach is sufficient to describe the temperature dependency of the reaction, yielding in a
calculated activation energy of 53.9 kl/mol for the hydroformylation compared to the 59 kJ/mol that
were calculated for microemulsion systems. The effect of amphiphile concentration on the other
hand was found to be more complex. In general, an increased amount of C4E2 in the mixture (and by
that a larger emulsion phase) benefits the reaction. However, for concentrations above y = 0.2
catalyst decomposition was observed after several hours of experiment. A possible explanation for
this could be that the equilibrium of the Rhodium-SulfoXantphos complex gets misaligned if the
amount of C4E2 reaches a certain level. The short-chain amphiphile replaces SulfoXantphos as ligand,
resulting in a very instable complex which in consequence should lead to a facilitated oxidation of
rhodium by dissolved oxygen or the formation of hardly soluble rhodium clusters. This behaviour
could be diminished by an increase of the ligand:metal ratio from 4:1 to 10:1, but not completely

avoided.

The applicability of SFMEs as switchable solvents for the rhodium-catalysed hydroformylation of
long-chain alkenes was finally tested in a number of consecutive recycling experiments. The

experimental results are depicted in Figure 24. The applied catalyst could be successfully recycled for
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four times and the hydroformylation reaction performed in a total of five runs with high selectivity
toward the desired linear aldehyde. Furthermore, the results also show a considerable decrease in
activity of the catalyst over the number of experiments which could be due to catalyst
decomposition. Evidence on the quantitative amount of remaining active catalyst after the each run
would require the implementation of extensive in situ measurement techniques which have not been
applied yet, but would be an interesting option for future experiments. However, all aspects
considered the experimental results gave a proof of concept for the application of SFMEs as

switchable reaction media in homogeneous catalysis.
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Figure 24. Recycling experiment for hydroformylation of 1-dodecene in SFME. Test conditions:
0.05 mmol Rh(acac)(CO),, 0.5 mmol SulfoXantphos, 80 mmol 1-dodecene, water (o =0.4), C4E2
(y=0.2), VR =50mL, T =95 °C, p = 15 bar, stirring speed = 1200 rpm, tz = 4 h. Statistic deviation of
results: +3 %. (PAPER 5)

4.7 Pickering Emulsions

Emulsions may be formulated not only by the addition of an amphiphile or surfactant, but also by
nano- and microparticles that accumulate at the droplets’ interface and stabilize them against
coalescence in non-miscible liquids. These so-called Pickering emulsions %’ are able to stabilize oil-in-
water emulsions and thus could be a useful tool for homogeneously catalysed reactions in aqueous
media. They can be formulated by particles of silica, latex, or even natural clay nanotubes with
different hydrophobicity which determines the stability of the resulting emulsion. In PAPER 6, the
impact of halloysites stabilized Pickering emulsions on the rhodium-catalysed hydroformylation of 1-

dodecene are reported for the first time. The experimental results of a long-term reaction are
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illustrated in Figure 25. The hydroformylation was successfully performed, yielding in 36% tridecanal
after 24 h reaction time with a very high n:iso selectivity of 99:1. Side-products from hydrogenation
or isomerisation reaction were found in only small amounts (roughly 1% each). However, the
reaction rate was found to be rather slow with a TOF of 15-20 h?, which is only 1/10 of the value of a
comparable experiment in microemulsion systems. These results indicate that there still might be a
great optimization potential for Pickering emulsions as reaction media. A large benefit of Pickering
emulsions is the easy separation of the organic product and water-soluble catalyst after the reaction
by the use of membrane filtration techniques. The emulsion can be concentrated to more than 90%
without breakthrough of the organic phase, meaning the oil droplets remain stable during filtration.
In conclusion, Pickering emulsions may unfold a very high process efficiency in future applications,
however, more investigation on the effect of their composition on the reactivity and a number of
successful recycling experiments are required first for the final proof of concept and further

evaluation.
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Figure 25. Hydroformylation of 1-dodecene in Pickering emulsions. Test conditions: 0.10 mmol
Rh(acac)(C0O),, 0.40 mmol SulfoXantphos, 48 mmol (8 g) 1-dodecene, 24 g water , 0.16 g (0.50 wt-%)
of pristine halloysites (750 + 200 nm), Vg = 35 mL, T = 95 °C, p = 15 bar, stirring speed = 1200 rpm,
tr = 24 h. Statistic deviation of results: +3 %. (PAPER 6)
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5 Conclusions and outlook

The application of aqueous multiphase systems as reaction media for homogenous catalysis offers
many interesting options for the development of new “green” chemical processes. Regarding the
already numerous examples for transition metal catalysis in surfactant based reaction media it seems
to be only a question of time until the first industrial application in these systems becomes reality. In
fact, Gallou and co-workers from Novartis Pharma AG reported very recently of a new
straightforward and highly advantageous process for the production of an active pharmaceutical

ingredient by the use of a nonionic surfactant as emulsifier “,

However, regarding the
implementation of transition metal catalysed reactions in microemulsion systems it is apparent that
they require a profound knowledge of the influence of a variety of system parameters regarding
reaction and separation. The impact of the applied surfactant on the outcome of a reaction can be
rather strong and thus has to be taken into consideration during the development of a process. Thus
the selection of an appropriate surfactant for a process is a very crucial task and should already be
done at an early stage of the development. To answer the question, whether the application of a
surfactant for the realization of a new process is useful or not, it might be a feasible approach to
initially perform a small number of test reactions with different types of surfactants (e.g. non-ionic,
anionic, cationic). The result of these primal experiments could then be very beneficial for the further
development and enhancement of the chemical processes in surfactant-based media. All aspects
considered in this thesis point out the good applicability of microemulsion systems as switchable

reaction media in homogeneous catalysis and their high optimization potential for any given

application by the selection of a proper surfactant.
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ABSTRACT: We investigate aqueous multiphase systems for catalytic gas/liquid reactions, namely, the rhodium-catalyzed
hydroformylation of the long-chain olefin 1-dodecene. The multiphase system was formulated from 1-dodecene, water, and a
nonionic surfactant, which increases the solubility between the two nonmiscible liquid phases. On the basis of these systems, we
present in this paper a transfer of lab experiments (semibatch) to a successful operation of a miniplant in continuous mode.
Under optimized conditions, the reaction showed turnover frequencies of ~200 h™' and high selectivity of 98:2 to the desired
linear aldehyde. The miniplant was operated continuously for a total of 130 h. The control of the phase separation and catalyst
recycling for product isolation for a long time period appeared to be challenging. Nevertheless, the separation was kept stable for
over 24 h. The organic components in the product phase amounted to desired values between 95 and 99 wt %. The desired

99.99% of the catalyst remained in the aqueous catalyst phase.

1. INTRODUCTION

The hydroformylation reaction is one of the most important
homogeneously catalyzed reactions practiced on the industrial
scale, with the production of oxo-products exceeding 10 million
metric tons per year. The reaction itself was originally
discovered by Otto Roelen in 1938 at Ruhrchemie."” In this
reaction, unsaturated hydrocarbons react with a mixture of
carbon monoxide and hydrogen (syngas) under high pressure
and at high temperatures, catalyzed by transition-metal catalysts
(predominantly cobalt-based catalysts), to linear and branched
aldehydes (Figure 1).

o Os_ _H
R X + COH, catalyst /\)k + I
R H
R

linear aldehyde branched aldehyde
(n) (iso0)

Figure 1. Hydroformylation reaction.

In general, the linear aldehydes are the favored products
because they are important intermediates for the synthesis of
alcohols, carbonic acids, and amines; furthermore, they have a
better biodegradability. In recent years, a great effort has been
made to improve the selectivity of the reaction toward the
linear aldehydes by preparing transition-metal catalyst com-
plexes with a variety of ligands. In 1968, the so-called
“Wilkinson”-catalyst was described by Evans et al’ It is a
rhodium-based catalyst with monodentate phosphine ligands
and gives selectivity of the linear aldehyde up to 75—80%. The
use of rhodium as a noble-metal catalyst increases the activity of
the hydroformylation reaction in comparison to the use of

-4 ACS Publications  © 2015 American Chemical Society

cobalt-based catalysts, which are the standard catalyst for the
hydroformylation of long-chain olefins in industrial applications
so far. This has led to the development of new process concepts
that on the one hand require a lower energy input* and on the
other hand are focused on catalyst recycling and prevention of
catalyst leaching, because of the much higher price of rhodium
compared to cobalt. The design of bidentate ligands, such as
chelating diphosphines or diphosphites, led to a further
improvement of the selectivity in hydroformylation reaction.
In addition to the improvement of the selectivity, a new
reaction concept was developed and established at Ruhrchemie
in 1984,°> where the hydroformylation reaction was performed
in a two-phase system with highly active rhodium catalysts
consisting of water-soluble ligands. Although this concept offers
the possibility of running the hydroformylation process with
low catalyst deactivation and leaching, its major drawback is the
limitation to short-chain olefins (C < §), due to the poor
solubility of long-chain olefins in the aqueous phase. On an
industrial scale, long-chain olefins (C > S) are still converted by
cobalt- or rhodium-catalyzed processes in homogeneous phase
with complex and expensive product separation and catalyst
recycling, especially in the case of rhodium.

Therefore, a novel process concept based on surfactant-
modified multiphase systems is currently investigated in the
Collaborative Research Centre SFB/TRR 63 (InPROMPT),
with the goal to investigate and utilize the advantages of
biphasic catalysis using highly selective bidentate ligands for the
hydroformylation of long-chain olefins (C > 10). The potential
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of the concept will be shown by a transfer of the reaction from
the lab-scale to a miniplant. As previously shown by Hamerla et
al,® the rhodium-catalyzed hydroformylation of 1-dodecene in
a microemulsion system formed from 1-dodecene/water/
Marlophen NP9 results in good activities (turnover frequency
(TOF) > 300 h™") and very good selectivity ((n/iso) = 98:2,
ratio of linear to branched aldehydes) by the use of the
bidentate ligand SulfoXantPhos. On the basis of this promising
results, a fully automated miniplant was designed and built at
Technische Universitit Berlin, which was described by Rost et
al.” and Miiller et al.® In this contribution we will present the
results from the first successful run of a continuously operated
miniplant with a microemulsion system. The aim of this
miniplant run was to validate the lab-scale results for
conversion and selectivity from semibatch experiments and to
investigate unpredictable effects, such as effectiveness, stability,
and loss of catalyst; accumulation of byproducts; the influence
of the recycle stream on the reaction; and the controllability of
the reaction in general. The miniplant was operated
continuously for a total of 130 h. In preparation of the
miniplant operation, additional semibatch lab-scale experiments
have been performed to optimize the reaction system, which
will be presented in this contribution as well.

2. BACKGROUND INFORMATION

2.1. State of the Art. Several examples of successful
application of micellar reaction media can be found in the
literature. Various media containing normal or inverse micelles
are described. Fell and Papadogianakis demonstrated the
applicability of a water-soluble catalyst complex formed by
Rh,(CO);, and surface-active sulfobetaine-derived phosphine
ligands for the hydroformylation of tetradec-1-ene.” The
hydroformylation of various olefins (C¢—C,¢) in reverse
micellar systems was presented by Van Vyve and Renken in
1991."° In 2002, Haumann et al.'' described the hydro-
formylation of 1-dodecene in microemulsions with the
monodentate water-soluble ligand tris(3-sulfophenyl)-phos-
phine trisodiumsalt (TPPTS). All contributions showed that
no conversion of long-chain olefins was detected without
addition of surfactant, but fast reaction rates are obtained when
surfactants are used to formulate a multiphase system.
However, Schwarze et al.'> recently have shown that the
selection of an appropriate surfactant for a reaction is crucial
and has to be done carefully. In using surfactant systems as part
of an integrated reaction and separation process, the surfactant
will have a huge impact on the phase behavior of the mixture
and the distribution of catalyst and reactants between the
aqueous and organic phase. Reaction kinetics as well as the
dynamics of the separation process show a strong dependency
on the surfactant concentration and the structure of the
involved phases."’ Beside surfactant based media, several other
promising approaches on hydroformylation of long-chain
olefins in emulsions are being investigated currently, for
example, the application of supramolecular emulsifiers by
Potier and Vanbesién et al."*™'® or latices by Kunna et al.'”

2.2. Surfactant-Based Multiphase Systems. Two-phase
systems containing an aqueous and an oil phase can be
modified by the addition of nonionic surfactants to form
multiphase systems. These multiphase systems offer the
possibility of increasing the interfacial area between the oil
and aqueous phase by lowering the interfacial tension. It also
enables an easy phase separation and catalyst recovery in a
single step by temperature-induced phase transition after the

reaction. Addition of nonionic surfactants with balance
solubility in both phases causes the formation of micro-
emulsions. Important parameters to characterize a micro-
emulsion are the weight fractions of oil (@) and surfactant (y)
(egs 1 and 2, respectively), which are calculated with the mass
m of the corresponding component:

m .
a= oil
My + My,o (1)
— Mgurf
Moy + My,o + Meyy (2)

The so-called “Kahlweit’s fish”-diagram illustrates the phase
behavior of microemulsion systems and can be drawn as a
vertical section through the Gibb’s phase prism of a ternary
mixture of water, oil, and nonionic surfactant at a constant a

. T . . 18
(see Figure 2) yielding in a pseudobinary phase diagram.

Temperature =

Surfactant concentration =

Figure 2. Schematic presentation of a Kahlweit’s fish diagram for a
ternary mixture of oil, water, and nonionic surfactant at constant ratio
of oil to water with normal (bottom) and inverse (top) micelles.
Adapted with permission from ref 13. Copyright 2011 Wiley-VCH
Verlag GmbH & Co. KGaA.

In Figure 2, four different phase states can be observed,
which are dependent on the temperature and the surfactant
concentration (y). The latter has to be higher than the
minimum concentration to form micelles, the critical micelle
concentration (cmc). Micelles are nanoscale aggregates of
surfactant monomers, which are able to act as microreactors by
transferring a component (catalyst, educt) into the opponent
phase. A detailed description of the complex phase behavior of
microemulsion systems that is illustrated in the fish-diagram
can be found in the literature.'”*°

In general, each of the four different phase states can be
applied as a reaction medium for homogeneous catalysis.
Compared to a binary system the reaction in a microemulsion
system is carried out with considerably higher reaction rates,
because the area for mass transfer is larger.”' The phase
separation behavior of microemulsion systems allows for
catalytic reactions with the possibility of catalyst recycling
afterward, which is their major advantage in comparison to
usual organic solvents.”” We found that in many cases the
catalyst follows the surfactant into the corresponding micro-
emulsion phase. Hence, catalyst recycling can be done by phase
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separation after reaction when the state of the system is
switched to (2) or (3) by changing temperature (see Figure 2);
a process concept based on this consideration is shown in

Figure 3.
g

CO, H2
Phase separation
Surfactant ;
Olefin Product
—>|

e

Recyle stream
(aqueous catalyst solution)

Figure 3. Process concept for the hydroformylation of long-chain
olefins in microemulsion systems.

The composition of the reaction mixture and the kinetics of
phase separation within the desired phase region are essential
questions for the process development. Near the phase
boundaries of the different microemulsion systems the phase
separation often takes a long time because of low interfacial
tension and high stability of the emulsified system; the
composition of the phases in this region is quite similar, and
separation of the components will often be incomplete. Thus,
the kinetics of phase separation strongly depend on the
temperature of the system and on the temperature distance to
the phase boundaries.”> For cost-efficient processes, time for
the separation should be as low as possible. Because reaction
and separation are strongly temperature- and composition-
dependent, a thorough investigation of the phase behavior for
each system is mandatory. Preliminary investigations on the
hydroformylation of 1-dodecene indicated that the three-phase

region (3) is the most desirable state for an integrated process
of reaction and catalyst separation.”® Additionally, it was
observed that the separation time in the three-phase region was
also considerably lower than in the also applicable lower two-
phase region (2).”* Therefore, the experimental conditions for
the lab-scale experiments and for the miniplant were chosen to
obtain the three-phase region.

3. MATERIAL AND METHODS

In this section, the applied substances and the experimental
setup of the semibatch reactor as well as of the miniplant are
described in detail.

3.1. Chemicals. The reactant 1-dodecene was purchased
from VWR with a purity of 95 wt %. The precursor [Rh(acac)
(CO),] was contributed by Umicore, Germany. The water-
soluble ligand SulfoXantPhos (SX) was purchased from Molisa,
where it was synthesized according to a procedure described by
Goedheijt et al.”> The technical-grade surfactants were
provided by Sasol, Germany (former Hiils AG or Condea
Chemicals, respectively).

3.2. Semi-Batch Reactor. The hydroformylation reactions
in lab-scale are performed in a 100 mL stainless steel high-
pressure vessel from Premex Reactor AG, equipped with a gas-
dispersion stirrer and mounted in an oil thermostat from Huber
(K12-NR). An overview of the complete reactor setup is given
in Figure 4. Mass flow controller (4) and a pressure transmitter
(5) in the syngas feed line enable isobaric reaction management
(semibatch mode). For an alternative batch-mode (decreasing
pressure), a 300 mL gas-reservoir (7) is connected to the
reactor. A connection for the inertization of reaction mixture is
implemented as well (9).

The typical reaction conditions for the hydroformylation
were 15—40 bar pressure of syngas (1:1 mixture of CO and H,,
purity 1.6 for CO and 3.0 for H,, purchased from Air liquide),
an internal reactor temperature of 75—110 °C, and a stirring
speed of 1200 rpm, using a gas dispersion stirrer. The reaction
mixture usually consisted of 1-dodecene (0.120 mol, 20.0 g, 26
mL, purity 95%, a = 0.5), water (1.11 mol, 20 mL, HPLC

Inert gas
(nitrogen)

Figure 4. Lab-scale reactor setup.
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Figure S. Simplified P&ID of the miniplant at Technische Universitit Berlin.

grade), the nonionic surfactant Marlipal 24/70 (3.5 g, technical
grade, y = 0.08), rhodium precursor [Rh(acac) (CO),] (0.05
mmol, 12.9 mg), and the ligand SulfoXantPhos (0.20 mmol,
158 mg). The metal-to-ligand ratio of the water-soluble catalyst
complex was held constant at 1:4. The catalyst was prepared
and the reaction procedure was carried out as described by
Hamerla et al,® with the difference that the experiments were
performed at isobaric conditions.

For the evaluation of reaction progress, samples were taken
at several time intervals and analyzed by gas chromatography
(GC) on a Hewlett-Packard model 5890, series II equipped
with a RTX-5MS capillary column, a flame ionization detection
analyzer, and nitrogen as the carrier gas. Inductively coupled
plasma optical emission spectrometry (ICP-OES) was used to
determine the amount of rhodium and phosphor in the product
phase.

3.3. Miniplant. To bridge the gap between lab-scale results
and actual industrial application, a miniplant has been
constructed with the aim of validating the results from
semibatch experiments and investigating unpredictable effects,
such as effectiveness, stability, and loss of catalyst; accumulation
of byproducts; the influence of the recycle stream on the
reaction; and the controllability of the reaction in general.

The design of the miniplant has been described by Miiller et
al>** Nevertheless, it will be briefly revisited here. The
miniplant consists of three sections: a feed section storing the
educts and reactants, a mixer—settler section, and a product
storage section. In Figure S, a simplified P&ID of the miniplant
at Technische Universitit Berlin is depicted. The plant is fully
automated with the SIEMENS process control system PCS7.
The operators receive information from over 50 sensors,
including an online-GC instrument for the gas composition in
the reactor as well as a Raman-spectrometer in the product
phase of the settler. In the plant, 15 controllable variables exist,
such as pumps for liquid mass flows, control valves for product
and gas streams, and thermostats for the temperature in the
reactor and settler.

The feed section of the miniplant consists of the three feed
tanks (units 1—3 in Figure 5), each with a volume of 10 L, and

of the feed pumps (units 4a, 4b, and 4c in Figure S) for all
liquids as well as gas bottles (units Sa, Sb, and Sc in Figure S).
The pump 4a, feeding 1-dodecene, feeds up to 1500 g/h to the
reactor. The feed streams of the catalyst solution (4b) and
nonionic surfactant (4c) can be regulated to a maximum value
of 500 g/h each.

The mixer—settler section consists of a reactor and of a
settler. The reactor has a capacity of 1000 mL, while a drain is
fixed at 70% height. The reactor features a 6-bladed Rushton
turbine-type gas dispersion stirrer with a maximum rotation
speed of 2880 rpm. For the process, it is operated below 1100
rpm because of foaming reasons. The settler has a volume of
300 mL. The product phase is removed via a control valve
while the catalyst phase is recycled back to the reactor. The
maximum flow of the recycle pump (unit 12 in Figure 5) lies at
500 g/h.

Next to the standard online measurements regarding
temperatures, pressures, flows, and levels, two offline GC
instruments are employed for an hourly analysis of the
composition in the product drain (unit 11a in Figure S) and
in the recycle drain (unit 11b) of the settler. Two GC
instruments are used because the analysis time takes roughly
30—45 min. Thus, a sample can be taken hourly from the two
sampling points. Additionally, as for the semibatch experiments,
an ICP-OES instrument is employed for estimating the
thodium amount lost in the product phase after the phase
separation.

4. RESULTS AND DISCUSSION

To enable the continuous process in the miniplant, further
investigations of the reaction system had to be made in lab-
scale semibatch experiments. Therefore, a systematic optimiza-
tion of the reaction parameters was performed. In this section,
we will present the results of the investigations of the influence
of syngas pressure and temperature on the hydroformylation
reaction.

4.1. Semibatch Experiments. The previous investigations
in surfactant-based multiphase reaction media reveal a strong
dependency between the reaction rate and the temperature of
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the reaction mixture, because a change in temperature affects
the phase behavior and mass-transfer processes in these media
in addition to the catalytic reaction. As described earlier, the
three-phase state of a given mixture of 1-dodecene, water, and a
nonionic surfactant seems to be the optimal state for the
hydroformylation reaction in such a multiphase system.
According to these investigations, only a certain temperature
range seems to be beneficial for the reaction. When the
surfactant is changed, this range has to be determined again. In
preliminary experiments a clear three-phase region of a mixture
of 1-dodecene, water, and Marlipal 24/70 was observed in test
tubes only in a quite small temperature window in the phase
diagram. After addition of the Rhodium-SulfoXantPhos (Rh-
SX) catalyst complex, the desired area is observed in a
temperature range of 85—88 °C at a gamma value of 8—10%.
This kind of phase behavior can be explained by the technical
grade of the applied surfactant, which means a distribution of
the degree of ethoxylation and the carbon chain length.
Consequently, for further investigations a surfactant concen-
tration of 8 wt % and a reaction temperature of 85 °C was
chosen.

The important parameters (conversion, X; yield, ¥; and
selectivity, S) for the evaluation of experimental data in the
following sections were calculated as shown in eqs 3—S, where
n is the amount of substance, 1-dodecene is the substrate, and
1-tridecanal is the product.

nt=0, Substrate nt,Substrate

X(t) =
nt=0,S\1bstrate (3)
My Prod
Y (t) — t,Product
nt=0,Substrate (4)
S = Mproduct
niso-Aldehydes (5)

4.1.1. Estimation of Optimal Syngas Pressure. For safety
and economic reasons we investigated the hydroformylation of
1-dodecene in surfactant-based multiphase systems at syngas
pressure lower than the usually applied 40 bar. In Figure 6 it
can be seen that the hydroformylation reaction can already be

25
= 3bar
® 15bar
20 A 20bar
v
*

Yield (aldehyde) [%]

T T T y T T T "
0 50 100 150 200 250

Reaction time [min]

Figure 6. Influence of syngas pressure on the hydroformylation. Test
conditions: 85 °C, 1200 rpm, 0.05 mmol Rh(acac) (CO),, 0.2 mmol
SulfoXantPhos, 120 mmol 1-dodecene, a = 0.5, y = 0.08, t = 240 min,
Vi = 50 mL. Statistic deviation: +39%.>

done at very low pressure, e.g., 3 bar of syngas pressure. The
observed yield of aldehyde after 4 h of reaction time at 3 bar
syngas pressure was 16% and only about 3% smaller than for
the hydroformylation at 30 bar syngas; it must be mentioned
that the outstanding low value for the yield after 180 min at 3
bar is a result of insufficient sampling. Interestingly, the reaction
rate for 40 bar syngas was the smallest of all performed
experiments. This observation is in good agreement with the
results of Deshpande et al’® who investigated the hydro-
formylation of 1-octene in ionic—organic biphasic media using
Rh-SX catalyst and found a complex dependency of the
reaction rate and partial pressure of CO. It first increased
steeply and then decreased with further increase in CO
pressure, exhibiting a maximum at 2—4 bar. This inhibition of
the rate with an increase in partial pressure of CO seems to be
typical for hydroformylation reactions. It can be explained by
the formation of inactive dimeric catalyst species in the
presence of CO. With an increase in CO pressure the
concentration of the dimer increases as well, reducing the
concentration of the active catalyst species and hence the
reaction rate. For a better understanding of this issue we refer
to the work of Markert et al,”” who analyzed the complex
reaction network of the rhodium-catalyzed hydroformylation of
1-dodecene and suggested a catalytic cycle including the two
main side reactions (isomerization and hydrogenation) as well
as the deactivation of catalyst.

In Table 1 the results of the performed experiments at
different pressures are given in detail. The influence of the

Table 1. Results of Experiments Shown in Figure 6 after 240
min of Reaction Time

syngas pressure conversion yieldyq selectivity TOF, 4
[bar] [%] [%] (n:iso) [h7"]
3 19.1 15.9 97:3 94
15 19.2 17.2 97:3 102
20 20.4 17.8 99:1 106
30 21.7 19.3 98:2 114
40 15.7 12.9 97:3 77

syngas pressure on the n:iso selectivity is apparently very low;
in all experiments the linear aldehyde is obtained with high
selectivities in the range from 97:3 to 99:1. In contrast, the
pressure dependency of the selectivity toward the hydro-
formylation reaction (ratio of produced aldehydes to overall
products, see column three) is considerably stronger. The best
results with selectivities around 90% are obtained for
intermediate pressures between 15 and 30 bar. Furthermore,
the catalyst activity is the highest in this range as well. Based on
the experimental results and considering safety and economy of
the overall process in the miniplant, an operating pressure of 15
bar syngas was finally chosen.

4.1.2. Variation of Temperature. As mentioned earlier, the
temperature of the reaction mixture in microemulsion systems
has a strong and complex influence on the reaction rate. A
series of experiments was performed to investigate the influence
of the temperature on the reaction at a syngas pressure of 15
bar and 4 h of reaction time. The experimental results are
displayed in Figure 7. The best catalyst performance for the
hydroformylation reaction was observed at 95 °C. After 4 h of
reaction time, a yield of 31.3% aldehyde (n:iso = 98:2) and a
TOF of 186 h™' are obtained (see Table 2). However, a
relatively high amount of side products was detected in this
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Figure 7. Influence of temperature on the yield of aldehyde. Test
conditions: 15 bar, 1200 rpm, 0.05 mmol Rh(acac) (CO),, 0.2 mmol
SulfoXantPhos, 120 mmol 1-dodecene, a = 0.5, y = 0.08, tg = 240 min,
Vi = 50 mL. Statistic deviation: +3%.>®

Table 2. Results of Experiments Shown in Figure 7 after 240
min of Reaction Time

reaction temperature  conversion yield 14 selectivity TOF 4
0

[°c] (%] (%] (n:iso) (h™']
75 17.1 120 90:10 71
85 192 172 97:3 102
95 39.0 313 98:2 186

105 262 22,0 98:2 131

115 234 20.5 98:2 122

experiment. An increase of temperature from 95 to 115 °C
resulted in a decrease in activity (TOF = 122 h™') but
enhanced selectivity of the reaction. The catalyst performance
at 75 °C was low, only a small yield of 12.0% aldehyde and low
selectivities were obtained. An explanation for this result could
be that the required catalyst species was not completely formed
under these reaction conditions. Moreover, it was unexpected
that the reaction rate at 85 °C was almost by half slower (TOF
= 102 h™") than that at 95 °C. Regarding the results of
preliminary batch experiments, this seems to be in contra-
diction, because the reaction should be the fastest in the three-
phase region. For the applied microemulsion system the three-
phase region was expected to be between 85 and 88 °C. The
reason for the higher catalyst activity at 95 °C is a shift of the
three-phase region to higher temperatures, induced by a change
in composition of the reaction mixture (produced aldehyde and
side products) and moreover the presence of the activated
catalyst species. Recent investigations have revealed that the
Rh-SX catalyst complex becomes surface active once it is
activated by CO. As shown in Figure 8, the interfacial tension
between 1-dodecene and water is considerably decreased when
the activated catalyst complex is present in solution. We assume
the appearing surface activity of the catalyst complex is due to a
change in geometry between the nonactivated complex
([Rh(acac) (SX)], spherical, both ligands hydrophilic) and
the activated complex ([Rh(CO),H(SX)], semispherical, only
SX ligand hydrophilic). The impact of the activated catalyst on
the phase behavior of the microemulsion system with Marlipal
24/70 seems to be very high. This observation is unexpected
because this effect was not noticed for the microemulsion
systems with surfactants from the Marlophen series, which were
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Figure 8. Dynamic interfacial tension of the binary system I-
dodecene/water measured by spinning drop method; with activated
Rh-SX-catalyst (red line) and without Rh-SX-catalyst (blue line).

applied in the previous batch experiments by Rost et al.”
Nevertheless, this effect has to be studied in more detail in
further investigations to give a detailed explanation.

As a result of the best catalyst performance, a reaction
temperature of 95 °C was finally chosen for the continuous
process.

4.2. Miniplant Operation. In a subsequent step the results
obtained from the lab experiments were transferred to a
continuous process in a miniplant. The miniplant was operated
continuously; the reaction was performed at 15 bar syngas
pressure and a temperature of 95 °C. The residence time of the
reactants in the reactor was kept at about 1 h. This was
achieved by adjusting a constant alkene feed of 100 g/h and a
recycle stream of 500 g/h in total.

In the following, the results focus on three issues: a
comparison with the semibatch experiments, phase separation
and catalyst leaching, and additional observations regarding the
process concept.

4.2.1. General Results and Experiment Comparison. The
main results of the miniplant operation are show in Figure 9.
Herein, the results of the GC analysis of the product
concentration in the top (Pos. 11a in Figure S) and bottom
phase (Pos. 11b in Figure 5) of the settler are depicted. A stable
miniplant operation was difficult to achieve, and steady-state
was reached only between 40 and 70 h of operation.
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Figure 9. Miniplant operation results; tridecanal concentration in top
and bottom sample position of the settler.
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When the results to the batch experiments at similar
conditions are compared, some differences become apparent.
First, a predicted yield of 14% was successfully obtained and no
catalyst deactivation during the entire operation time-span was
observed. However, the selectivity of linear versus branched
aldehyde was only around 93.3:6.6. This result is lower than
that of the lab-scale semibatch experiments in section 4.1.2
(98:2). Additionally, during the operation large amounts (up to
20 wt %) of the side product n-dodecane were produced. This
was not observed in the lab-scale experiments. As discussed in
ref 29, reasons for this increased hydrogenation is a shift in the
syngas composition of the reactor in combination with the
higher reaction temperature.

4.2.2. Phase Separation and Catalyst Leaching. The
second important step of the process is the phase separation in
the mixer—settler. The goal therefore is to achieve high
amounts (>95 wt %) of the organic components, such as iso/1-
dodecene, aldehydes and n-dodecane, in the product phase. As
described in section 4.1, the ideal separation region for the
applied mixture with the surfactant Marlipal 24/70 is small
(roughly 4 K). Thus, the control of the phase separation for a
long time period is challenging, especially with a change in the
composition of the system.

Nevertheless, a successful operation could be achieved.
Figure 10 shows an excerpt from Figure 9 in which the
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Figure 10. Miniplant operation results with stable phase separation.

separation was kept stable for more than 24 h. During this
duration, the process was kept in steady-state. The organic
components in the product phase amounted to the desired
values between 95 and 99 wt %. Also the desired 99.99% of the
catalyst remained in the catalyst phase. The rhodium loss was
partially below the detectability limit of the ICP-MS (0.03 ppm
for Rh), which is similar to lab-scale results and therefore
considered to be a very successful result. For future
investigations, increased effort will be made to keep the process
stable.

Moreover, looking back at Figure 9, the difficulty of
stabilizing the phase separation for a longer time period also
is apparent. The main reason for this is the shift of the ideal
separation behavior with temperature and changing concen-
trations of reactants and products. Because the analysis of the
concentrations with the GCs took 30—45 min, a prediction of
the current state of the plant was difficult.

Obviously, with a nonfunctioning phase separation, the
catalyst leaching in the product phase is very high. The more
catalyst is lost, the less is available for the reaction. This leads to

a lower yield, which can clearly be seen in Figure 9 after 70 h of
operation.

4.2.3. Additional Observations. The stable continuous
operation for over 24 h is seen as a success because a short-
term proof of concept has been achieved, the reaction results
were in the desired range, and the phase separation was kept
stable. For future investigations, the stabilization of the phase
separation is of utmost importance to perform a long-term
proof of concept. Strategies such as applying online Raman-
spectroscopy for compositive measurements combined with
model-predictive control are taken into consideration.

The long-term operation of the miniplant revealed several
effects that are highly important for the success of the process
concept. Because the applied surfactant consists of a mixture of
homologues, a fractioning occurs during the phase separation
step. In test tube experiments, where no material is removed,
such observations are not possible. In the miniplant, on the
other hand, this effect becomes noticeable after a certain time
period because of the shift of the optimal operating point. For
future long-term operations, continuous surfactant feeding as
well as strategies for additional surfactant separation from the
product phase must be considered to counter this effect.

Another revealed effect was the occurrence of foam. In a
previous setup of the miniplant, the catalyst phase was led to a
recycle container. Here it was flashed and foam was created.
The CO and H, still solved in the liquid degas because of the
lower pressure. This has several drawbacks such as poor heat-
and mass-transfer characteristics, and transport of mass with the
available pumps is barely possible. First approaches to avoid the
creation of foam were to remove the recycle container and thus
directly feed the recycle phase into the reactor (thus resulting in
the setup of Figure S). Second, the stirrer speed was lowered to
prevent foaming in the reactor due to the gassing stirrer. Third,
the product phase is led directly into a larger flash with a
possible injection of antifoam. Thus, pressure-release issues due
to foam blocking were avoidable. These structural and process
operating strategy changes have proven to be successful, and no
foam was observed in the miniplant operation with the setup
from Figure S.

5. CONCLUSIONS AND OUTLOOK

In summary, we have shown that microemulsion systems are
feasible reaction media for the rhodium-catalyzed hydro-
formylation of 1-dodecene. A nonionic surfactant is able to
solubilize the hydrophobic substrate in an aqueous environ-
ment and thus supports the catalytic reaction and facilitates
catalyst recycling in its active form. We investigated in lab-scale
experiments the influence of pressure and temperature on the
hydroformylation in a multiphase system formulated from 1-
dodecene, water, and the nonionic surfactant Marlipal 24/70.
We were able to show that a decrease of syngas pressure from
40 to 15 bar leads to an increase of catalyst activity.
Furthermore, changing the reaction temperature in micro-
emulsion systems influences not only the kinetics but also the
phase behavior of the reaction system. Choosing the right
process window is crucial for the activity and selectivity of the
catalyst. The results of the lab-scale experiments established the
basis for a continuous reaction process using surfactant systems.
Finally, the proof of concept was successfully performed in the
continuously operated miniplant. The results for the reaction
were in the desired range, and the phase separation was kept
stable for a time frame of 24 h. During this period, no rhodium
loss into the product phase could be detected. However,
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stabilizing the phase separation for a longer time period is still a
challenging task. Therefore, new feeding strategies and methods
of analysis for the surfactant as well as an optimization of the
settler have to be considered.
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ABSTRACT: The handling of multiphase systems applied in mixer—settler processes, in which phase separation characteristics
are exploited, is to date still a challenge for the chemical industry. Approaches for analyzing the influencing parameters on these
systems can be of use, especially regarding equipment design and technical applicability. In this contribution, a guideline is
presented and applied in a case study for a surfactant-containing multiphase system implemented in a hydroformylation mini-
plant. Herein, the most relevant investigated parameters such as temperature, concentrations of reactants, system pressure, and
stirrer characteristics are analyzed. This is followed by an analysis of various internal fittings including their influence on the
temperature profile within the settler. The results of the systematic analysis are used to design a highly flexible, modular, and

efficient settler for the separation of up to three liquid phases.

1. INTRODUCTION AND MOTIVATION

The exploitation of multiphase separation characteristics is
increasingly investigated in various fields in the chemical
industry. Examples can be found both in academic contribu-
tions by Zagajewski et al,' Rost et al,> Brunsch et al,® and
Haumann et al.* as well as industry-oriented contributions by
Kohlpainter et al.® or Hirasaki et al.° In most cases, an isolation
of the product after a reaction or a separation of the applied
catalyst from the reactants is desired. Descriptions of the phase
separation characteristics of these systems is therefore of the
utmost importance. Unfortunately, the correct thermodynamic
modeling and simulation of these multiphase systems remains a
challenge today.” Larger amounts of knowledge originate from
empirical studies or heuristics, which of course are cost
intensive in terms of time and financial and chemical resources.
This becomes especially critical when larger scale investigations
are necessary in the form of mini-plant or pilot-plant
operations.

One important area of multiphase systems is that of
microemulsions. Therefore, in the following an approach to
systematically analyze surfactant-containing multiphase systems
regarding their applicability for technical application and pilot-
plant operation in mixer—settler processes will be presented. In
this contribution, it is assumed that the desired surfactant for
the formulation of the microemulsion system is already
selected. The primary goal is to reduce the necessary amount
of experiments analyzing the influence of the surfactant on the
phase separation to facilitate equipment design and operation
point specifications. In the meantime, a secondary goal is to
help bridge the gap between engineers and chemists regarding
the focus of required experiments during the process
development phase.

Based on the example of the hydroformylation of 1-dodecene
in microemulsion systems, a guideline is given on how to
investigate complex multiphase systems and take advantage of

-4 ACS Publications  © 2015 American Chemical Society

them in continuous processes. This is followed by the design of
a multiphase settler and its modification with respect to an
accelerated phase separation. Lastly, the installation of the
settler into a mini-plant at Technische Universitit Berlin is
presented.

2. ANALYSIS OF MICROEMULSION SYSTEMS

Preceding the discussion of a systematic guideline, a short
review of the general phase separation characteristics of water—
oil—surfactant systems will be given at this point. These
separation characteristics are used as a basis for the subsequent
guideline.

2.1. General Phase Separation Characteristics of
Water—Oil—Surfactant Systems. By adding a surfactant to
a mixture of oil and water, a microemulsion can be formed.® On
a macroscopic scale a microemulsion is regarded as
homogeneous (a single phase system), despite being
heterogeneous on a microscopic scale with coexisting, nano-
meter-thin hydrophobic and hydrophilic layers. The surface
area of these domains is comparatively large and is occupied by
a monolayer of surfactant molecules. However, the whole
structure remains highly dynamic and is able to disintegrate and
reshape within milliseconds.” The microemulsion may act as a
manipulable solvent, which not only increases the interfacial
area during a reaction but also changes its phase separation
behavior for different temperatures and surfactant concen-
trations. The latter allows for the possibility to adjust the
reaction system between different process steps with varying
requirements.10 Thus, mixer—settler-based process concepts,
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exploiting these characteristics, are developed in which water-
soluble catalysts are applied to help react an oily educt."

In general, the phase separation characteristics of micro-
emulsion systems can be described by Kahlweit’s fish.'>'* The
fish diagram is a slice of the Gibb’s phase prism for oil—water—
surfactant systems at an oil-to-water ratio of 1:1. The slice
shows the different phase states at various temperatures and
surfactant concentrations. Figure 1 shows a sketch of Kahlweit’s

temperature [°C]

concentration of surfactant

Figure 1. Qualitative image of Kahlweit’s fish indicating different
possible separation states of microemulsion systems.”

fish describing these possible separation states. Knowledge on
these states is of importance for mixer—settler processes as their
applicability varies.

According to Kahlweit’s fish a two-phase region (2) is
created at moderate surfactant concentrations and low
temperatures. This implies a water- and surfactant-rich
microemulsion at the bottom and an oil-rich phase on top.
The surfactant is mainly dissolved in the water-rich phase due
to its higher solubility there at lower temperatures. Hence, an
oil-in-water (o/w) microemulsion is formed. This regime can
be desired for the product separation step of a mixer—settler
process as a pure product phase can be removed while recycling
the surfactant and water (dissolved catalyst). If the temperature
is increased, the three-phase region (3) is reached. Here, the
lowest phase mainly consists of water. The surfactant bulk is
suspended in the middle phase, which is yet again a
microemulsion. Just as in (2), an oil-rich top phase is created,
rendering this region also applicable for the separation step of a
mixer—settler process.

The other two regions illustrated in Kahlweit’s fish are the
single-phase region on the right-hand side (entire mixture is a
microemulsion) and the upper two-phase (2) region. In the
latter, the surfactant lies dissolved in the top phase, which is a
water-in-oil (w/0) microemulsion. Here, a separation would
lead to great surfactant and water loss with the product phase,
which could be detrimental for a process from an economic
point of view.

With the information in mind regarding the general phase
separation characteristics of oil—water—surfactant systems, the
goals for research and analysis regarding process and equipment
design become clear.

2.2. Systematic Phase Separation Analysis. As men-
tioned before, the aim is to provide a systematic approach to
empirically analyze surfactant-containing systems with regards
to their applicability for an actual mixer—settler process. Some
ideas of this guideline concerning relevant investigation topics
and equipment design issues can already be found in several
contributions. Among these are papers by Kahlweit et al.'* and
Sottmann et al,'* in which the different aspects of nonionic
technical-grade surfactants are analyzed. Important results
concerning phase behavior and observability issues such as
conductivity measurements in the different phase separation
re§i0ns are discussed by the authors. Furthermore, in Miiller et
al." steps concerning operating point determination for mini-
plants are discussed. Schlieper et al,te Mungma et al,"” and
Gerth and Heikamp'® show results concerning internal fittings
(plates) and other coalescence acceleration in settlers,
respectively. In this contribution, the different investigated
issues, discussed ideas, and performed experiments are partially
summarized and expanded to create a more general guideline.
This guideline is divided into six steps (Figure 2).

Preceding the actual experimental analysis, the system goals
for the mixer—settler system have to be defined. Hereby, the
desired throughput, the maximal residence time in the settler as
well as the separation quality have to be decided on. As a
reminder, in this guideline it is assumed that the selection of the
surfactant has already been performed. If this decision has been
made, Step 2 can be carried out (Figure 3).

Hereby, a list as well as a range of interest for all influencing
variables on the multiphase system in the mixer—settler process
has to be set up. This step can be seen as a theoretical
prescreening and definition of the investigation range. In
general, the variables of interest are temperature, concen-
trations, pressure, and so forth; each of these variables of course
has an influence on certain properties of the multiphase system
in the mixer—settler process. In Figure 2, an example is given
for pressure. Pressure has an influence on the reaction
equilibrium and can change the overall viscosity, density, and

Step 1. Step 2. Step 3.
System - Investigation - Prescreening
Goals range of the system

Step 4. Step 5. Step 6.
Preliminary ‘ Full system ‘ Equipment
settler design mapping Design

® desired throughput,
" max. residence time,

® separation quality

Step 1: Definition of system requirements / Definition of goals for reaction and separation

Figure 2. Step 1 of the guideline for the analysis of surfactant-containing systems.
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Figure 3. Step 2 of the guideline for the analysis of surfactant-containing systems.

surface tension of the system. Next, the contribution of this
property on the nonequilibrium behavior of the system is
characterized. A change in surface tension for example also
means a change in the coalescence behavior and thus also on
the separation kinetics.

The correct definition of the individual variable ranges of
each of the influencing variables is crucial because it also defines
the amount of required experiments. The influences can be
selected and the ranges can be set depending on what is known
of the thermodynamics of the system and the pure components
applied. Vapor pressures, viscosities, and so forth should be
checked here. In case thermodynamic data is available for the
three-phase behavior of a similar system, this could be
employed as an estimate. Additionally, information regarding
plant specifications should be introduced. For the case that a
plant already exists and solely a component switch is to be
carried out, maximum pressures, throughputs, and maximum
temperatures are already fixed.

After the ranges have been defined, the actual prescreening of
the system is carried out. The goal is to obtain an overview of
the separation characteristics of the system and thus keep the
amount of required experiments low. Of interest are the
following points: how long does the separation take, how large
are each of the phases, where do desirable separations take
place (concentrations and temperatures), and in which phase
are the educts, the products, and the catalyst?

These questions can currently only be answered exper-
imentally. First, from the authors’ experience, so-called “shake
and wait” experiments are of use, which can be carried out in a
speedy manner. Multiple test tubes with varying compositions
of the water—oil—surfactant system are prepared, immersed in
thermostatic baths, and heated to temperatures within the
range set above. Once the desired temperature is reached, the
test tubes are removed from the bath, shaken heavily but
shortly, and then returned to the bath to maintain the
temperature. Afterward, the phase separation for each
composition is observed for a fixed time frame. This process
is repeated for several temperatures within the defined range.
This way, the size of each of the phases as well as the separation
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time depending on temperature and concentrations at a
pseudo-equilibrium can be determined. A rough feasible
operating region is thus obtained. This part of the investigation
is part of “Investigation Deck 1” in Figure 4. Obviously,
circumstances may exist under which systems will not separate
quickly enough or as fast as desired. The experiments should
therefore be limited to a certain time. This period will
correspond to the maximum required residence time in an ideal
settler.

The phase separation impediment may occur due to various
reasons. In Figure 4 in “Observation Deck 17, several of these
reasons are listed: high viscosity for certain concentrations,
enhanced foaming, or surface active components. Obviously, if
the system’s viscosity is too high or if a large degree of foaming
is noticed, a technical application becomes questionable. If such
an impediment is observed, further steps are required. These
may require additional investigations (“Investigation Deck 2”)
of the rheology of the system, degassing investigations or phase
separation enhancement strategies such as applying magnetic or
electric fields or even adding polarizing substances. The latter
could be analyzed with spinning drop experiments. In the last
mentioned cases, the “shake and wait” experiments have to be
repeated under the new conditions, which unfortunately means
more experiments. Again, from the author’s experience, this
step is inevitable but can be kept at a minimum by analyzing
corner points of interest. The conclusions from this
prescreening of the system are a preliminary minimal settling
time 7., the separation time 7 as a rough function of
temperature and concentrations as well as lower and upper
temperature and concentration bounds.

In Step 4, a preliminary settler design is drafted based on the
results of the preliminary screening (Figure S). Depending on
the factor with the strongest influence, a temperature controlled
or concentration controlled settler should be chosen. In the
former case, a common settler with a tight thermostatic control
is required. In the latter case, an extraction-based system is
necessary, in which a certain component needs to be added or
accumulated in the settler. Additionally, it may be required to
be able to measure the concentration of the mixture entering
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the settler within a short time frame. For both settler types, the
minimally required residence time can be estimated based on
the “shake and wait” results. Furthermore, it may be necessary
to consider auxiliary equipment such as magnetic or electric
fields.

After determining a viable separation area regarding
temperature and concentration, a more detailed mapping is
required (Figure 6). For a process in which the oily
components are to be removed (such as the process presented
in the following chapter) this means two things: the phase

separation has to be adequately fast and the established product
phase must be large and pure enough for removal from the
process. The idea is to perform a detailed analysis of the phase
separation dynamics in the sense of determining how quickly
the desired phase is established. Then, step by step, different
factors are analyzed. Among these are factors such as the stirrer
type and speed. An important step in mixer—settler processes is
the formation of the mixture which accompanies the reaction
step. Conventionally, continuously stirred tank reactors are
applied for the mixing. A higher stirrer speed in the reactor
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implies a decrease of the droplet size of the emulsion and hence
an increase in the overall reaction rate (a plateau or maxima
may be reached as well)."” However, too high stirrer speeds
may cause a too effective breakage of the droplets leading to the
establishment of a stable microemulsion. In these cases, the
separation time increases drastically. An optimum has to be
found, at which the reaction can effectively be carried out and
the required separation time does not cause an overly large
hold-up of the settler. Next, total system pressure is important.
Often enough, low to medium pressure has a negligible
influence on the thermodynamic equilibrium of the phase
separation. Nevertheless, influences on the separation dynamics
due to the physically solved gas in the system are possible,
which is an issue relevant for process design. It has to be
remarked that additional influences can appear depending on
the system. The stirrer type may have a tremendous influence
the formation of the emulsion. Furthermore, partial pressures of
various gases can change the behavior of the system entirely by
catalyst surface activation or else. Hence, if relevant for the
investigated system, these aspects should be included in the
analysis.

With this information, the settler can then be designed in
more detail in the final step, Step 6. Three main aspects should
be considered: general operability, observability, and controll-
ability of the phase separation. The operability should consider
issues such as desired minimum and maximum liquid flow rate,
minimum phase height, or required pressure resistance of the
apparatus. Regarding observability, different strategies can be
employed. Besides common pressure and temperature sensors,
these could be gauge glasses to visually observe the quality of
the phase separation, conductivity measurements at certain
positions in the settler, or fast, continuous concentration
measurements, for example, by Raman spectrometry. If gauge
glasses or something similar are implemented, these can be
enhanced by camera observation techniques with a connection
to the process control system of the plant. Finally, regarding the
controllability of the settler, methods for heating and cooling
via thermostats or purposefully placed feeds to manipulate
concentrations are thinkable. This of course has to be in
accordance with the observation techniques applied. Addition-
ally, if the separation dynamics are strongly influenced by any of
the factors mentioned in Step S, internal fittings should be
considered in the settler. Different types exist, such as plates,
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knitted fabrics, or baffles. These can drastically enhance the
phase separation in the settler, reducing its necessary size.'”

The application of this guideline is now shown in the
following on a case study for the hydroformylation of long-
chain alkenes in microemulsion systems.

3. CASE STUDY: HYDROFORMYLATION IN
MICROEMULSION SYSTEMS

The previously presented guideline is applied on the example of
a microemulsion system in which the rhodium-catalyzed
hydroformylation of 1-dodecene is performed. First, the exact
concept of the mixer—settler process as well as the applied
substances are discussed. This is followed by an execution of
the six steps to finally present a fully designed settler.

3.1. Investigated Process Concept and Applied
Substances. The process concept discussed herein is
concerned with the reaction known as hydroformylation.
Hydroformylation is the coincident addition of carbon
monoxide and hydrogen to an unsaturated hydrocarbon, thus
forming either a linear or a branched aldehyde (Figure 7).

H
o 0
e, M
R” "XCH, R H R” CH,

Catalyst

Alkene linear Aldehyde branched Aldehyde

Figure 7. Concept of the reaction of alkenes with a transition metal
catalyst.

These can be converted to alcohols, which are vital
intermediate products in the chemical industry to produce
detergents, softening agents, flavors, and other chemicals in
further processing steps.

The production of aldehydes from short chain alkenes like
propylene and butylene is nowadays one of the largest
applications of homogeneous catalysis in chemical industry
with a groduction of over 10 to 12 million metric tons per
year.””* The challenging task of quantitative recovery of the
expensive rhodium catalyst was solved in the Ruhrchemie—
Rhone-Poulenc process by immobilization of the hydrophilic
catalyst complex in the aqueous phase.® The applicability of the
process though is limited to short chain olefins (<CS) because
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the solubility of higher olefins in water is poor. The process
concept under investigation aims to solve this issue by applying
a nonionic surfactant to promote the miscibility between the
nonpolar alkene and an aqueous catalyst solution, thus
increasing the interfacial area between both phases. This
approach is called hydroformylation in microemulsions and is
currently examined by various groups.”*** Figure 8 shows the
general scheme of the process concept investigated here.

CO, H2
Phase separation

Surfactant Sroduct
roduc
Educts

Recyle stream

Figure 8. Process concept for the hydroformylation in micro-
emulsions.

On a macroscopic scale, a homogeneously catalyzed reaction
is performed in a two-phase system in the reactor. The
reactants are subsequently led to a settler, in which the phase
separation takes place. Here, the oily product phase is removed,
whereas surfactant and aqueous catalyst solutions are recycled.
As discussed in contributions by Miiller et al,'>*° the catalyst
loss into the oil phase must stay at a minimum, to achieve an
economically viable process. The backbone of the concept is
the correct exploitation of the miscibility gap of the multiphase
system. To date, it is basically impossible to operate a process
such as this successfully without knowing the exact phase
separation characteristics of the microemulsion system in hand.

The main chemicals applied in this study are as follows: As
an educt, the linear C;, alkene 1-dodecene (CAS: 14874-82-9)
obtained from VWR International LLC is used. The product is
the linear aldehyde I-tridecanal (CAS: 14874-82-9), also
obtained from VWR with a quality of 96%. The catalyst
precursor Rh(acac)(CO), (CAS: 14874-82-9) is sponsored by
Umicore AG & Co. KG and the ligand SulfoXantPhos*® is
obtained from Molisa GmbH Magdeburg. The combination of
Rh(acac)(CO), with SulfoXantPhos has proven to be highly
selective for the hydroformylation in aqueous reaction media
leading to an n-aldehyde vs byproduct formation of 98:2. The
surfactant applied is Marlipal 24/70 (CAS: 68439-50-9), which
is sponsored by Sasol GmbH. Using these substances, the
following analyses are carried out.

3.2. Steps 1 and 2: Goal Specification and Definition
of the Investigation Range. As shown in Figure 2, the first
step is the specification of process goals. As a mini-plant already
exists, several of the process goals have already been
determined.”® An ideal separation time in the settler of the
process lies around 0 to 90 min. Hereby, a product stream of
roughly 100 to 200 g/h should be realized for the plant at TU
Berlin. Next, a definition of the investigation range is carried
out. The variables of interest for the system are the
concentrations of educt (1-dodecene), product (1-tridecanal),
surfactant, and water. Table 1 shows the according ranges,
which have been specified based on results from 2previous
investigations from Hamerla et al.’>>* and Rost et al.
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Table 1. Concentration Ranges

component minimum [wt %] maximum [wt %]
water 10 90
1-dodecene 10 90
surfactant 0 12
1-tridecanal yield 0 40

3.3. Step 3: Prescreening. As explained before, the phase
behavior of a microemulsion system is a function of its
composition and temperature. The challenging aspect of
operating a process with these systems is the shifting of the
ideal separation region to different temperatures due to
concentration changes, that is, the reaction starts and product
is produced, surfactant concentration changes due to purging
with the product, or changing the oil-to-water ratio.

Hence, a mapping of the phase behavior is required in
preparation of running a continuous process. Given that little
thermodynamic data for the system on hand exists, the
mapping depends solely on empirical research. For this
purpose, using fully fledged factorial design of experiments,
different compositions of the reaction mixture were prepared. It
is known that the catalyst introduced into the system is surface
active. This surface active substance hinders the coalescence of
droplets during the presence of syngas. To counter this effect, 1
wt % Na,SO, is added to all mixtures. The relevant variables
hereby are the oil-to-water mass ratio (a), the surfactant mass
fraction (y), and the reaction conversion (X). The equations to
calculate these values are shown in eq 1, 2, and 3, respectively

a= Molefin
Molefin + M yater (1)
_ Msurfactant
Mo lefin + M yater + Msurfactant (2)
m —m
olefin,t=0 olefin
X=——
moleﬁn,t=0 (3)

At this point, the “shake and wait” experiments are carried
out for a wide range of temperatures and concentrations.
Certain concentration regions can immediately be canceled due
to various reasons:

e The temperature required for the separation is too high
at very low surfactant concentrations (for our inves-
tigated surfactant).

o Low surfactant concentrations lead to a shifted temper-
aturewise operation region for the activated catalyst.

o A too low oil-to-water ratio leads to a small oil phase. In
the actual settler apparatus, a removal of the oily
components becomes difficult.

e At oil-to-water ratios below 30%, strong foaming of the
system is observed.

e Too high surfactant concentrations quickly yield the
undesired one phase region.

This leads to the conclusion that an oil-to-water ratio should
lie between 40 and 60% and a surfactant concentration
definitely above 6 but below 10 wt % should be analyzed in
greater detail. Furthermore, Figure 9 shows a detailed result in
which the temperature behavior around the region of interest
for a fixed composition is displayed. Here, the two displayed
surfaces show the phase boundary between water and mixture
as well as between mixed and product phase. The upper surface
is of interest for the process. The region where this “valley” is
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created is ideal for operation as the largest product phase is
created there.

3.4. Step 4: Preliminary Settler Design. Moving on, a
critical conclusion is drawn from the detailed experimental
result shown Figure 9: the system has a high temperature
sensitivity. To operate the process continuously and to obtain a
considerable product phase, the process must be operated
within the “valley” of the top surface, which in this case implies
a temperature window of 4K for the process. Thus, a
temperature-controlled design is selected for the settler.

3.5. Step 5: Full Mapping. Based on the previous results,
the region of interest shown Table 1 is narrowed to a domain in
which the separation and reaction are ideal (Table 2). Next to a

Table 2. Modified Concentration Ranges

component minimum [wt %] maximum [wt %]
water 40 60
1-dodecene 40 60
surfactant 6 10
1-tridecanal yield 0 40

closer specification of concentrations, an analysis of pressure
and stirring influence is also required (Table 3). Hereby, the

Table 3. Ranges for Other Influencing Factors

influence factor minimum maximum unit
temperature 60 110 °C
pressure 1 100 bar (abs)
stirrer speed 700 1500 rpm

focus lies on the separation dynamics of the system. The faster
a separation occurs, the larger the throughput and, thus, the
higher the economic viability of the process concept can be.

An oil phase height of at least 20% is required after 20 min of
separation in the settler. Knowledge on the shift of this 4 K
window is needed for a stable operation. Therefore, a mapping
of the lower and upper separation temperature is performed.
This is schematically shown in Figure 10. The graph shows a
qualitative cross section of the upper phase boundary shown in
Figure 9 at 20 min of separation time.

Using linear and quadratic functions the influence of the
variables is modeled. The general structure of this final function
is shown in Figure 11. Thus, if the functions for lower and
upper temperature bound are combined, a multidimensional
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region is created, in which the operator is allowed to operate
the process.

With the information at hand regarding the suitable
operating area, further analyses concerning the other
influencing parameters on the phase separation are required.
Among these are stirring in the reactor and system pressure. In
order to analyze the influence of both on the system, an
experimental setup shown in Figure 12 is used. A temperature
and pressure controlled glass reactor with a gassing stirrer with
four blades is used. A mixture with oil-to-water ratio a of 50%, a
surfactant concentration y of 8%, a product concentration X of
0%, and a catalyst concentration of 298 ppm with a metal to
ligand ratio of 1:4 is filled into the reactor.

The mixture is heated to the previously determined
operation temperature of 85 °C and continuously stirred at
constant rotation speeds for 15 min. Afterward the stirrer is
stopped and the phase separation is recorded for 20 min with a
camera. This recording is then transferred to a PC and the
phase heights are evaluated every 10 s via a MATLAB script.
The procedure is repeated for stirring speeds of 700 to 1500
rounds per minute (rpm) in 200 rpm steps for 1, S, and 10 bar
absolute pressure of argon. Each experiment is performed twice
to ensure reproducibility. For all experiments, results with
minimal deviations were obtained. The results are summarized
in Figure 13. Here, the development of the oil phase during
phase separation in the reactor over time is exemplarily shown
for different stirring speeds (left) and for different pressures at
1100 rpm (right).

It becomes apparent that the stirring speed in the analyzed
range with the applied four-bladed gassing stirrer has no
influence on the dynamics of the phase separation. The
pressure on the other hand clearly has an influence on the
dynamics. The relative phase height after 20 min of separation
of 1 to 10 bar differs by roughly five percentage points. Higher
pressures could not be investigated due to the maximum
allowed pressure of the glass reactor. Given that the mini-plant
shall be operated at 15 bar, the influence of the pressure on the
dynamics of the phase separation is negligible. Nevertheless,
coalescence enhancement is desired to increase the potential
throughput of the system.

3.6. Internal Fittings and Temperature Profile Anal-
ysis. Following to the lab experiments the gathered
information on phase separation characteristics was applied to
design a settler for the continuous process in the mini-plant
(see next section). In order to improve the performance of the
settler in terms of phase separation time, various internal
fittings were tested in cooperation with Rhodius GmbH.
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1500 rpm for 1 bar absolute (left) and for argon pressures ranging from

The experimental setup for this purpose is shown in Figure
14. The same mixture as used in the experiment before is
inserted into a heated glass reactor with a volume of 1 L. The
mixture is then fed into a settler (volume = 0.15 L) with a
heating jacket. The settler is heated to the optimal separation
temperature of 85 °C. The phase separation is then carried out,
whereby different types of internal fittings and different
geometries are tested.

The mixture is injected from the reactor into the settler via a
pump. Depending on its frequency, the influence of various

settler residence times can be analyzed. This is quantified by
measuring the height of the established oil phase in the settler
at a certain residence time. Afterward, the mixture is led back to
the reactor. Because the reactor volume is at least five times the
size of the settler, it is assumed that no composition changes
occur with the recycle of the settler streams.

Different knitted fabrics, sponsored by Rhodius, are tested in

this experimental setup. The full scope of tested fabrics and
internal fittings is shown in Figure 15. Exemplarily, a photo of
the most relevant cases is shown in Figure 16. Starting from the
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left, the figure shows a stainless steel accelerator (case 1). The
general structure is that of a steel wool cylinder. Next to it is a
combination of stainless steel and PTFE (case 2). The third is a
modified stainless steel accelerator with a PTFE block in the
middle (case 3). The fourth and fifth cases are modifications to
analyze the influence of different geometries. Due to the
successful experiments, focus is laid on cases 1 and 3.

The results of three tests are shown in Figure 17 (left). In the
first test, the phase separation in an empty settler is measured.
In the second, the stainless steel knitted fabric is affixed in the
settler (case 1). Compared to the first test, a significant increase
in the relative oil phase height is reached. In the third, the
modified stainless steel fabric is analyzed (case 3). Because the
centerpiece of the knitted fabric is replaced by a solid PTFE
cylinder, the multiphase system is forced to pass directly along
the wall of the settler. Here, the maximum oil phase height is
almost immediately reached.

An explanation for these results can be found in the following
deliberations: First, the stainless steel knitted fabric acts as a
net. Droplets of oil or water are caught in this net or on the

steel fibers of this net. Additionally, the stainless steel net
reduces the space available for the liquid flow. The liquid mass
flow is increased locally and the pressure drop in the apparatus
is increased as well. Thus, the probability for the coalescence of
droplets is also increased. A further explanation and probably
the most relevant cause for these results can be seen in Figure
15 (right). The temperature along the radius of the settler was
measured for the three cases above. In the first case, a large
temperature drop from top to bottom can be seen. The settler
wall temperature was exemplarily set to 95 °C. At 75% settler
radius, a temperature of roughly 92 °C is measured. Moving
closer to the middle of the settler, the temperature drops below
80 °C. This means that the optimal separation temperature, as
discussed in the previous section, is not obtained in a large part
of the settler. In case of the settler without inner fixtures the
separation will take more time or will not occur at all. For the
other two tests, the temperature drop is not as large. The
fabrics enforce a homogeneous temperature profile. The third
test shows the most homogeneous temperature profile, thus
enabling the best separation. This is due to the fact that the
liquid has to directly pass the wall, because the middle of the
settler is blocked with the PTFE cylinder. The exact positions
of the temperature measurements are shown in Figure 18.

4. EQUIPMENT DESIGN

With the information gained from the systematic analysis of the
system, a modular, multiphase settler is developed. The general
requirements for the design of the settler can be divided into
three categories: general operational criteria, automation and
observability, and modularization. These requirements as well
as their implementation are discussed in the following sections.

4.1. Modular Multiphase Settler. Regarding the opera-
tional criteria, the settler will be operated at up to 120 °C and at
up to 20 bar. To guarantee temperature, pressure, and chemical
stability, stainless steel of type EN steel no. k.h.s. DIN 1.4571 is

Type of knitted fabric

empty

SS

knitted fabric stainless steel (SS)

SS/PTFE

composite fabric stainless steel /PTFE

outer displacer 15mm

outer displacer 15mm + SS

..m, displacer

outer displacer 6mm

Displacer

Figure 15. Settlers with different internal fittings.
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Figure 16. Stainless steel (SS) fabric, SS/PTFE fabric, SS fabric with PTFE displacer inside, SS fabric with outer displacer (6 mm), SS fabric with

outer displacer (15 mm).
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Figure 18. Temperature sensor positions in the settler. The different shades in the settler indicate the possible phases during the phase separation at

the correct temperature.

used. The sealings consist of PTFE. The gauge glasses in the
settler are made of borosilicate glass.

The requirements for the automation of the settler are
mainly focused on the actual observability of the system. First,
because the temperature has an enormous influence on the
phase separation, knowledge on the temperature profile is
required. Therefore, several Pt100 measurement devices are
installed along the length of the settler. Each developed settler
segment is connected to a thermostat. Thus, the desired
temperature can be controlled and observed in each segment
separately. Second, the observation of the phase separation is
achieved through sight glasses.

Furthermore, to enhance the observability, a conductivity
probe is installed in the top of the settler. This allows for
immediate observation from the process control system once
even a tiny oil phase forms at the top of the settler. Because a
pressure of maximally 20 bar is allowed in the apparatus, a
pressure sensor is added (plant operation at 15 bar).
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Depending on the desired application, different settler
modules are developed. Apart from two end pieces for feeding
and removing the substances from the settler, three modules
are developed. First, a module is desired in which different
internal fittings and coalescence accelerators can be tested. This
module mainly consists of flanges, a temperature sensor, and a
double shell as a heating jacket. Differently designed internal
fittings can be inserted herein. Second, a module is required for
the conductivity measurement. Similarly to the first module, it
features an additional temperature sensor and the double shell.
The conductivity probe is inserted in the topside of the module.
The third module contains two mirror-inverted sight glasses to
observe the phase separation. Between each of these modules,
cylindrical glass segments are used to enhance the observability.
These three modules are shown in Figure 19. The inside of the
settler is shown in Figure 20 as a 3D model; on the left, the
inserted internal fitting is sketched, whereas on the right, the
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Figure 19. Settler modules: (left) empty settler module for the
implementation of internal fittings, (middle) module with conductivity
sensor, (right) module with sight glass.

flow of the heating fluid in the heating jacket is rendered. The
settler with its end pieces is finally displayed in Figure 21.

4.2. Mini-Plant Implementation. The mini-plant at
Technische Universitit Berlin has already been described in
greater detail in previous publications by Miiller et al.">*” and
shall only be revisited shortly here. The implementation of the
settler into the mini-plant is shown in Figure 22 in a simplified
P&ID. The plant itself consists of three sections: a feed section,
a high pressure section, and a product storage section.

From the feed section (units 1—5 in Figure 22), the alkene,
the catalyst solution, the surfactant and the syngas are fed into
the second section of the plant, the high pressure section. This
part consists of the reactor, the settler and the recycle pumps
(units 6—12 in Figure 22). After the reaction occurs in the
reactor, the mixture is led to the settler (unit 9). The settler
itself has three possible outlet streams, which can be recycled,
depending on the height of each of the phases. Thus, if no
separation occurs, pump 12c can be activated and the entire
mixture is refilled into the reactor. If the middle phase is too
large, the duty of pump 12b can be increased. This middle
outlet stream has a height adjustable drain. In general, pump
12a will always be active to recycle the catalyst. The third
section is the product storage section. If the phase separation is
successful then the oil phase is led into unit 14, where it is
stored and can be used for further investigations. Regarding
automation, observation, and control, the plant is fully
automated with SIEMENS’ PCS 7. It incorporates over S0
sensors and actuators, including an online GC for measuring
the reactor gas-phase composition and an online-Raman

Figure 21. Settler construction with one module containing the two
mirror-inverted sight glasses and the two cylindrical glasses.

spectrometer for measuring the alkene and aldehyde in the
liquid entering the settler.

The combination of concentration measurements and
temperature control has already proven to be successful in
investigations carried out at Technische Universitit Berlin. An
example of the successful application can be seen in Figure 23.
Here, a diagram is shown in which the temperature in the
settler and gauge glass images at different points in time are
compared. In the beginning, the settler temperature is roughly
82 °C. For the current concentration (measured with a GC),
this is the wrong separation temperature according to the
mapping shown in Figure 11 (only one phase can be
monitored). The model created from this mapping recom-
mends a temperature increase of roughly 1 K, which directly
leads to the desired effect. After 30 min a phase separation can
be observed in the gauge glass of the settler. After 1 h, a stable
phase separation has been established and the process was
operated in a desired fashion (two phase system).

The settler presented in section 3 has not been tested as a
whole yet. In the future, with the relatively fast online
measurement of the Raman spectrometer (below 3 min), a
step toward online-optimization of the phase separation is
taken. Therefore, the mapping of the optimal separation area in
Figure 11 is to be used. Furthermore, the influence of the
internal fittings will be exploited to establish the phase
separation in the correct area as quickly as possible and thus
guarantee a constant oil stream into the product tank.

5. CONCLUSIONS AND OUTLOOK

Concluding, the aim of this contribution was to present a
guideline for analyzing surfactant-containing multiphase sys-
tems. The authors are aware that not all phase-separation
relevant analysis topics are tackled with the guideline presented

Figure 20. 3D settler: (left) with internal fitting, (right) heating fluid in the jacket of the settler.
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Figure 23. Gauge glass phase separation observation.

herein. Issues such as sludge accumulation and contamination
or electrolyte influences were neglected. Nevertheless, we
believe that with this guideline, the amount of relevant
experiments is reduced and a more focused approach toward
equipment design can be taken.

The guideline was successfully applied on an example of a
multiphase system for a hydroformylation mini-plant, in which
experiments of optimal separation temperature analysis,
pressure influence analysis, and stirrer influence analysis were
carried out. On the basis of the obtained results, a flexible,
modular settler for the separation of the multiphase system was
designed and constructed. The analysis was systematized to
enable transferability to other multiphase systems for equip-
ment design purposes.
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Verteilungsgleichgewichte von Liganden
in mizellaren Losungsmittelsystemen

Marcel Schmidt"*, Tobias Pogrezba', Dmitrij Stehl', René Sachse', Michael Schwarze?,
Regine von Klitzing' und Reinhard Schomécker'
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Herrn Prof. Dr.-Ing. Matthias Kraume zum 60. Geburtstag gewidmet

Im Rahmen des Sonderforschungsbereichs SFB/TRR 63 ,,InPROMPT* (Integrierte chemische Prozesse in fliissigen Mehr-
phasensystemen) wird der Einsatz mizellarer Losungsmittelsysteme als schaltbare mehrphasige Reaktionsmedien fiir die
homogene Katalyse untersucht. In diesem Beitrag wird das Verteilungsgleichgewicht von vier reprasentativen Liganden in
unterschiedlichen wissrig-mizellaren Systemen analysiert und die Abhangigkeit ihrer Verteilung — und damit auch der
eines homogen gelosten Katalysators — in den einzelnen Phasen dieser Mehrphasensysteme diskutiert. Die Kenntnis der
Verteilungskoeffizienten ist von entscheidender Bedeutung fiir eine effiziente und quantitative Katalysatorriickfiihrung in

wissrig-mizellaren Systemen.
Schlagworter: Liganden, Mizellen, Tenside, Verteilungskoeffizient
Eingegangen: 14. August 2015; akzeptiert: 29. September 2015

Equilibrium Distribution of Ligands in Micellar Solutions

The applicability of micellar solvent systems as tuneable multiphase reaction media for homogeneous catalysis is being
examined within the framework of the collaborative research centre SFB/TRR 63 “InPROMPT” (Integrated Chemical Pro-
cesses in Liquid Multiphase Systems). In this contribution the equilibrium distribution of four representative ligands in
different aqueous-micellar systems was investigated and the dependency of their distribution - and thereby the distribu-
tion of a homogeneously dissolved catalyst — in the different phases of these multiphase systems is discussed. The know-

ledge of the distribution coefficients is of utmost importance for an efficient and quantitative catalyst recycling in aque-

ous-micellar systems.

Keywords: Equilibrium distribution, Ligands, Micelles, Surfactants

1 Einleitung

Fir die Wirtschaftlichkeit eines chemischen Prozesses in
der homogenen Katalyse ist vor allem die quantitative
Riickfithrung der teuren Edelmetall-Katalysatoren von ent-
scheidender Bedeutung. Den Idealfall fiir homogene Reak-
tionsmedien stellen deshalb sogenannte schaltbare Reak-
tionssysteme dar, deren Phasenverhalten sich zwischen den

"Marcel Schmidt (marcel.schmidt@tu-berlin.de), Tobias Pogrezba,
Dmitrij Stehl, René Sachse, Prof. Regine von Klitzing, Prof. Rein-
hard Schomaicker, Technische Universitit Berlin, Institut fiir
Chemie, Strafle des 17. Juni 124, 10623 Berlin, Deutschland; 2Prof.
Michael Schwarze, Technische Universitdt Berlin, Fachgebiet Anla-
gen- und Sicherheitstechnik, Strafle des 17. Juni 135, 10623 Berlin,
Deutschland.

Chem. Ing. Tech. 2016, 88, No. 1-2, 119-127

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

verschiedenen Prozessschritten verdndern ldsst. So sollte ein
Reaktionsmedium wihrend der Reaktion homogen sein,
um Stofftransporthemmungen zu vermeiden, und fiir die
Katalysatorabtrennung in ein Zweiphasensystem umschalt-
bar sein, in dem Produkt und Katalysator in unterschied-
lichen Phasen vorliegen. Zur vollstindigen Abtrennung des
Katalysators vom Produkt empfiehlt sich der Einsatz von
Zweiphasensystemen mit sehr breiten Mischungsliicken, da
darin die Verteilungskoeffizienten der Katalysatoren haufig
grofie Werte zugunsten einer der beteiligten Phase anneh-
men. So bieten z. B. wissrig-organische Systeme oft optima-
le Verhiltnisse fiir die Katalysatorabtrennung, da die Ligan-
den fiir die Katalysatoren durch funktionelle Gruppen sehr
gut in ihrer Loslichkeit (polar/unpolar) eingestellt werden
konnen (s. Abb.1). Durch einfache Modifikationen am
Liganden (z.B. das Anbringen von Sulfonat-Gruppen zur

Wiley Online Library
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Abbildung 1. Schematische Darstellung zur Verteilung von
Katalysatoren mit verschiedenen Liganden in einem Flussig/
flussig-Mehrphasensystem.

Erhohung der Wasserloslichkeit) kann somit dafiir gesorgt
werden, dass der Katalysator quantitativ in nur einer Phase
vorliegt.

Das Hauptproblem der Anwendung von Wasser in der
organischen Synthese ist die Unl6slichkeit vieler Reagenzien
in diesem Medium. Neben zahlreichen Moglichkeiten wie
dem Zusatz von hydrophilen Losevermittlern, dem Einsatz
von Phasentransfer-Katalysatoren oder pH-Regulierung der
Reaktionslosung, bietet der Einsatz von Tensiden eine wei-
tere Option zur Behebung des Loslichkeitsproblems. Hier-
bei tibertragen Mizellen unpolare Reaktanden in die wiss-
rige Phase oder polare Komponenten in die organische
Phase. Diese Variante zur Modifikation von Zweiphasen-
systemen bietet eine hohe Flexibilitit in ihrer Anwendung,
da eine breite Palette an Tensiden auf dem Markt verfiigbar
ist. Auflerdem er6ffnet der Einsatz von Tensiden durch die
Bildung von Mikroemulsionen den Zugang zu schaltbaren
Reaktionsmedien, deren Phasenverhalten stark von der
Zusammensetzung und Temperatur abhéngig ist.

In den folgenden Kapiteln wird der Einfluss von unter-
schiedlichen Liganden und Tensiden auf die Katalysator-
rickfiihrung in mizellaren Systemen diskutiert. Fiir
ausgewdhlte représentative Liganden wurden die Vertei-
lungskoeffizienten in diesen Systemen experimentell und
rechnerisch ermittelt. Auf Basis dieser Ergebnisse wird die
Aussagekraft der Verteilungskoeffizienten zur Vorhersage
der Qualitit der Katalysatorriickfiihrung in wéssrigen
Mehrphasensystemen tiberpriift.

2 Grundlagen und Methoden

Fiir die Bestimmung des polaren Charakters eines Substra-
tes kann der Oktanol/Wasser-Verteilungskoeffizient Poy,
der nach Gl (1) definiert ist, herangezogen werden.

%
‘w

In Gl (1) steht cg fiir die Konzentration des Substrats in
der Oktanolphase und ¢l fiir die Konzentration in der
Wasserphase. Fiir die Bestimmung des Wertes wird in der

www.cit-journal.com
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Regel die Shake-Flask-Methode (OECD-Richtline 107) ein-
gesetzt, bei der Oktanol und Wasser intensiv gemischt wer-
den, wobei die zu verteilende Substanz in einer der Phasen
vorgelost wird. Nach erfolgter Phasentrennung wird die
Konzentration der Substanz in den einzelnen Phasen
bestimmt. Der Vorteil der Methode besteht darin, dass die
Phasentrennung zumeist sehr schnell verlduft und die Ver-
suche einfach zu realisieren sind. Fiir die Bestimmung von
Verteilungskoeffizienten im Allgemeinen existieren aber
auch andere experimentelle Methoden, z.B. iber die
Bestimmung von Loslichkeiten oder die Fliissigkeitschro-
matographie. Eine Ubersicht ist in [1] gegeben. Anstelle der
Konzentrationen kann der Verteilungskoeffizient auch iiber
die Molenbriiche als Kow (Gl. (2)) definiert werden.

Kow = —2 <0 = 6,63Poy 2)

Vw Cyw

In Gl (2) steht vg fiir das molare Volumen der Oktanol-
phase und vy fiir das molare Volumen der Wasserphase.
Da nach der Phasentrennung die Oktanolphase ca. 28 %
Wasser enthilt, wihrend die Wasserphase nahezu rein
vorliegt, muss dies bei der Berechnung beriicksichtigt wer-
den, weshalb sich ein Vorfaktor von 6,63 ergibt. Neben der
experimentellen Bestimmung der Verteilungskoeffizienten
kann auch eine Vorhersage durch Simulationsrechnung
erfolgen. Hierfiir bietet sich das freiverfiigbare Programm
ALOGPS2.1 an, das mithilfe kiinstlicher neuronaler Netze
arbeitet. Dabei werden Modelle fiir die Lipophilie von che-
mischen Substanzen und die Loslichkeit in einer wéssrigen
Losung kombiniert, um dies auf unbekannte Stoffe zu iiber-
tragen. So konnen Verteilungskoeffizienten anhand der che-
mischen Struktur kalkuliert werden - fiir weitere Informatio-
nen s. [2]. Dieses Programm eignet sich gut zur Vorhersage
der Verteilungskoeffizienten von nicht-ionischen Verbindun-
gen, wie z. B. Ttaconsdureester [3]. Weiterhin bietet das Pro-
gramm den Vorteil, dass auch Verteilungskoeffizienten
bestimmt werden kénnen, wo die experimentelle Erfassung
sehr aufwendig ist, z. B. bei Substanzen deren Konzentration
in einer Phase so gering ist, dass sie analytisch kaum erfassbar
ist. Da die Verteilungskoeffizienten in der Regel iber mehrere
Zehnerpotenzen variieren kénnen, wird zumeist der log Povwy
bzw. log Kowangegeben.

Auch in Tensidsystemen erfolgt die Verteilung eines Sub-
strats zwischen Doménen unterschiedlicher Hydrophobizi-
tat. Im Vergleich zu den Oktanol/Wasser-Verteilungskoeffi-
zienten ist jedoch die experimentelle Bestimmung der
Verteilung in Tensidsystemen aufwendiger, da z.B. fiir
wissrig-mizellare Losungen oder Mikroemulsionen makro-
skopisch einphasige Systeme vorliegen. Weiterhin kénnen
in diesen Systemen, bedingt durch die Anwesenheit des
Tensids, zusitzliche Effekte die Verteilung stark beeinflus-
sen. Fiir wéssrig-mizellare Losungen findet man in der Lite-
ratur unterschiedliche Methoden zur Bestimmung des Ver-
teilungskoeffizienten, die im Folgenden erldutert werden.
Eine Methode, die sich gut fiir Feststoffe eignet, ist die
Methode der erhohten Loslichkeit (ESM; enhanced solubility
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method). Dabei steigt die Loslichkeit eines Stoffes mit der
Tensidkonzentration aufgrund einer grofieren Anzahl an
Mizellen, die fiir die Solubilisierung zur Verfiigung stehen.
Wie in [4] beschrieben, ldsst sich der Verteilungskoeftizient
aus GI. (3) berechnen.

(Sm — Sw)Vw

Ky =
MW S (€ — emc)

©)

In GL. (3) ist Sy; die Loslichkeit des Substrates in der wiss-
rig-mizellaren Losung, Sy die Loslichkeit in Wasser, C die
Tensidkonzentration, cmc die kritische Mizellbildungskon-
zentration und Vi das molare Volumen von Wasser
(55,55 mol L ™). Die Methode ist einfach durchzufiihren, da
der Bodensatz des nicht gelosten Substrates abfiltriert und
nur die gesittigte Losung analysiert wird. Fiir nicht-ionische
Tenside wird oft die Tritbungspunktextraktion (CPE; cloud
point extraction) angewendet. Dabei wird eine, mit dem Sub-
strat gesdttigte, wissrig-mizellare Losung oberhalb der Trii-
bungstemperatur in eine wasserreiche und tensidreiche Phase
aufgespalten. Durch Bilanzierung der einzelnen Phasen kann
der Verteilungskoeffizient aus Gl. (4) erhalten werden.

Kvw = xTM (4)
w

In GL (4) ist xi,[ der Molenbruch des Substrates in der
tensidreichen Phase und xi,, der Molenbruch in der wasser-
reichen Phase. Da die CPE nur fiir nicht-ionische Tenside
geeignet ist, konnen Verteilungen fiir ionische Tenside
damit nicht bestimmt werden. Eine Methode, die fiir alle
Tenside gleichermaflen geeignet ist, ist die Ultrafiltration
wissrig-mizellarer Losungen (MEUF; micellar enhanced
ultrafiltration). Dabei wird eine mit dem Substrat gesittigte,
wissrig-mizellare Losung durch eine Membran mit einem
Porendurchmesser unterhalb der Mizellgrofle filtriert,
wobei die Mizellen von der Membran zuriickgehalten wer-
den. Nur der Anteil an Substrat, der in der kontinuierlichen
Wasserphase gelost vorliegt, sowie das Tensid in mono-
merer Form passieren ungehindert die Membran. Durch
Bilanzierung des Tensidsystems vor und nach der Filtration
lasst sich der Verteilungskoeffizient, wie von Schwarze et al.
in [3] gezeigt, bestimmen. Da die experimentellen Metho-
den sehr aufwendig sind, wurden Methoden zur Vorhersage
der Verteilungskoeftizienten fiir Tensidsysteme untersucht.
Eine Methode, die gute Vorhersagen liefert, ist COSMO-RS
(conductor-like screening model for real solvents). Diese
Methode konnte bereits anhand von Verteilungskoeffizien-
ten aus CPE [5] oder MEUF [3] validiert werden.

3 Experimentelles

3.1 Chemikalien
Die Losungsmittel 1-Dodecen (94 %) und Wasser (HPLC

grade) wurden von VWR bezogen. 1-Oktanol (99 %) wurde
von Roth erhalten. Die technischen Tenside Marlipal 24/40,
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24/50 und 24/70 sind eine Spende der Firma Sasol. Die Ten-
side Triton X-114 und Triton X-100, sowie die Liganden
Triphenylphosphin (TPP, 99 %), 4,5-Bis(diphenylphosphino)-
9,9-dimethylxanthene (XantPhos, 97 %) und Tri-(natrium-
meta-sulfonatophenyl)-phosphan (TPPTS, 95%) wurden
von Sigma-Aldrich erhalten. Das sulfonierte Analoga zum
XantPhos Ligand, SulfoXantPhos, wurde von der Molisa
GmbH hergestellt. Der Rhodium-Vorldufer Rh(acac)(CO),
ist eine Spende von Umicore. Alle Chemikalien wurden
ohne Aufreinigung verwendet.

3.2 Methoden

Bestimmung des Oktanol/Wasser Verteilungskoeffizienten

Zur Bestimmung des Oktanol/Wasser-Verteilungskoeffi-
zienten wurden jeweils 5mL von mit Wasser gesittigtem
Oktanol und mit Oktanol gesittigtem Wasser gemischt.
Anschlieflend wurden 100 mg SulfoXantPhos bzw. TPPTS
hinzugegeben und tiber Nacht auf einer Riittelplatte ver-
mischt. Die Konzentration der Liganden in den einzelnen
Phasen wurde nach der Phasentrennung mit einer HPLC-
Anlage der Serie 1200 von Agilent untersucht. Als Siule
wurde eine Multospher 120 RP18-5uL verwendet. Die Pro-
ben wurden bei einer Flussrate von 1 mLmin™" mit einem
Losemittelgemisch aus Wasser/Acetonitril von 30:70 ver-
messen.

Erhéhte Loslichkeitsmethode

Zur Bestimmung des Mizelle/Wasser-Verteilungskoeffizien-
ten mittels der Methode der erhohten Loslichkeit (ESM)
wurden verschiedene tensidhaltige Losungen hergestellt
und der zu untersuchende Ligand bis zur Bodensatzbildung
hinzugegeben. Die mizellare Losung wurde tiber Nacht auf
einer Riittelplatte gemischt, anschlieflend filtriert und das
Filtrat auf die Konzentration des Liganden analysiert.

Triibungspunkt-Extraktion

Fiir die Triibungspunkt-Extraktion (CPE) wurden 5 Gew.-%
des Tensids mit den zu untersuchenden Liganden in einer
wissrigen Losung gemischt. Die Temperatur wurde schritt-
weise erhoht, bis der Triibungspunkt erreicht wurde. Nach
erfolgter Phasentrennung wurden die einzelnen Phasen
mittels HPLC hinsichtlich der Ligandenkonzentration
untersucht. Fiir den Liganden XantPhos wurde die Kon-
zentration mittels induktiv gekoppeltem Plasma mit opti-
scher Emissionsspektroskopie (ICP-OES) bestimmt. Fiir die
analytische Messung wurde das ICP-OES Varian 714 ES
verwendet und zur Kalibrierung wurden Phosphorlésungen
mit 1, 10, 100 und 1000 mgL™" hergestellt. Die Auswertung
erfolgte bei einer Wellenldnge von 213 nm.

Bestimmung der Oberflichenspannung der Liganden

Die Messungen zur Oberflichenspannung der Liganden-
losungen wurden mit einem DCAT 11 der Firma
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DATAPHYSICS durchgefiihrt. Der Messkorper war ein Du
Notiy-Ring bestehend aus einer Platin-Iridium-Legierung
mit einer Ringhéhe von 25mm, einen Ringdurchmesser
von 18,7mm und einer Drahtdicke von 0,37 mm. Es wur-
den verschieden konzentrierte Losungen der Liganden
TPPTS und SulfoXantPhos hergestellt und vermessen. Nach
jeder Messung wurde der Messring mit einer Butangas-
flamme gereinigt.

Bestimmung der Verteilung des Katalysators in der
Mikroemulsion

Die Konzentration von Rhodium in den unterschiedlichen
Phasen eines mehrphasigen Mikroemulsionssystems wurde
mittels ICP-OES bestimmt. Es wurde jeweils die wissrige
Phase und die Mittelphase des Mikroemulsionssystems
untersucht. Dazu wurden 2 mL der wiéssrigen bzw. 1 mL der
Mittelphase mit Konigswasser versetzt und mit destilliertem
Wasser verdiinnt. Die Rhodiumkonzentration wurde bei
einer Wellenldnge von 369 nm gemessen. Die Kalibrierung
erfolgte mit Rhodiumstandard-Losungen der Konzentration
1, 5,20, 50 und 150 mgL™".

4 Ergebnisse und Diskussion

Fir die effektive Abschitzung der Verteilung von homo-
genen Katalysatorkomplexen in tensidmodifizierten Fliissig/
flissig-Mehrphasensystemen spielt die Polaritit des Kom-
plexes eine entscheidende Rolle. Diese kann mafigebend
durch die Loslichkeitseigenschaften des verwendeten Ligan-
den gesteuert werden. Das Wissen iiber die Verteilung des
Liganden ist somit essentiell fiir die quantitative Abtren-
nung des homogenen Katalysatorkomplexes.

Das Verteilungsgleichgewicht eines homogenen Katalysa-
torkomplexes soll fiir mizellare Losungsmittelsysteme quali-
tativ vorhergesagt werden, wobei ein besonderes Augen-
merk auf die Art der Liganden und die Struktur des Tensids
gelegt wird. Dazu wird schrittweise die Komplexitit des
Flissig/fliissig-Mehrphasensystems erhoht um eine aussage-
kraftige Beurteilung zu gewdhrleisten.

4.1 Verteilungskoeffizienten fiir verschiedene
Liganden zwischen 1-Oktanol und Wasser

Fir die Auswahl eines Katalysatorkomplexes fiir Fliissig/
flissig-Mehrphasensysteme spielt der Verteilungskoeffi-
zient des Liganden zwischen den nicht mischbaren Pha-
sen eine entscheidende Rolle. Auf der einen Seite muss
die lokale Konzentration aller Reaktionsteilnehmer so
hoch sein, dass eine wirtschaftlich sinnvolle Reaktions-
geschwindigkeit resultiert. Auf der anderen Seite muss
sichergestellt werden, dass ein Recycling des ligand-modi-
fizierten, meist teuren Katalysatorkomplexes und eine
Trennung des Reaktionsproduktes durch eine Phasensepa-
ration ermoglicht wird.

www.cit-journal.com

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Die Verteilungskoeffizienten von nicht-ionischen Ligan-
den sind fiir Flissig/fliissig-Mehrphasensysteme wie Okta-
nol/Wasser bekannt bzw. konnen mit verschiedenen Metho-
den berechnet werden, jedoch findet man kaum
Informationen fiir ionische Liganden, die sulfoniert und
somit wasserloslich sind. Deshalb wurden die Oktanol/
Wasser-Verteilungskoeffizienten Koy fiir TPPTS und
SulfoXanthPhos - die sulfonierten Analoga zu TPP und
XantPhos - bestimmt (Tab. 1). Fiir die Berechnung der Ver-
teilungskoeffizienten wurde das Programm ALOGPS2.1
verwendet, das fiir nicht-ionische und nicht-geladene Mole-
kiile gute Vorhersagen liefert.

Tabelle 1. Experimentelle und berechnete Oktanol-Wasser-Ver-
teilungskoeffizienten Koy flr verschiedene Liganden (berech-
net mit ALOGPS2.1).

Ligand log(Kow) exp. log(Kow) ber.
TPP 6,02 [6] 6,2+0,5
TPPTS -3,07 -

XantPhos - 11,1+ 1,4
SulfoXantPhos -1,21 -

Die berechneten Oktanol/Wasser-Verteilungskoeffizien-
ten zeigen, dass das bidentate XantPhos im Vergleich zu
TPP viel hydrophober ist, was auf die groflere Anzahl an
Phenylringen zuriickzufiihren ist (Abb.2). Der berechnete
Wert fiir TPP stimmt dabei mit dem experimentell ermittel-
ten Literaturwert tiberein. Eine Berechnung fiir die wasser-
l6slichen Analoga konnte aufgrund ihres ionischen Cha-
rakters nicht durchgefithrt werden. Die experimentellen
Daten zeigen jedoch deutlich, dass die Sulfonierung eine
Umkehrung der Loslichkeit hervorruft und TPPTS bzw.
SulfoXantPhos sich vorwiegend in der Wasserphase 16sen.
Dabei zeigt TPPTS im Vergleich zu SulfoXantPhos einen
kleineren Oktanol/Wasser-Verteilungskoeffizienten, da drei

S0;Na
P NaO3§ P
©/ \© : : ~S0;Na
TPP TPPTS
PPh, PPh, PPh, PPh,
0 OO0
Na0;S SO;Na
HoC  CH, HiC  CHs
XantPhos SulfoXantPhos

Abbildung 2. Strukturformeln der Liganden TPP, TPPTS, Xant-
Phos und SulfoXantPhos.
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statt zwei Sulfonat-Gruppen fiir eine groflere 575

Hydrophilie im Molekiil sorgen. Auflerdem
besitzt SulfoXantPhos eine groflere Anzahl an

Phenylgruppen. .

5,25

4.2 Verteilungskoeffizienten fiir
verschiedene Liganden in einem
mizellaren Lésungsmittelsystem
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temen zu verstehen und das Recycling zu opti-
mieren. Fiir neutrale, nicht oberflichenaktive
Komponenten besteht ein linearer Zusam-
menhang zwischen den Oktanol/Wasser- und
Mizelle/Wasser-Verteilungskoeffizienten [7], der

NP9

Y

SDS -

Triton X-100
Triton X-114 4

Marlipal 24/40
Marlipal 24/50
Marlipal 24/70

durch die Collander-Gleichung [8] beschrieben
werden kann (GL. (5)). Collander beobachtete in
verschiedenen zweiphasigen Systemen einen
linearen Zusammenhang zwischen den logarith-
mierten Verteilungskoeffizienten einer Kom-

Abbildung 3. Verteilungskoeffizienten von TPP (links) und SulfoXantPhos
(rechts) in mizellaren, wassrigen Losungen mit der Methode nach der erhéhten
Loslichkeit (ESM) und der Tribungspunkt Extraktion (CPE).

Tabelle 2. Molare Masse, Tribungspunkt, cmc und HLB-Wert der verwendeten

ponente, wobei K; und K, die Verteilungskoeffi-  Tenside.
zienten in den Systemen 1 und 2 wiederspiegelt
und a und b empirische Konstanten sind. Tensid Molare Masse  Triibungspunkt cme HLB-Wert
(g mol™] [°C] [mol L™]

log(K;) = alog(K: b 5

g( 1) g( 2) + ) Triton X-100 ~ 625 65 2-10 13,5

Jedoch ist dieser Zusammenhang fiir ionische ~ Triton X-114 ~ 537 23 2-10™ 124
Speues nicht n.achwelsba.r, ) fiass. dort zgsatz— Marlophen NP9 ~ 600 5569 67.10° ~
liche Effekte bei der Verteilung in einem mizella-

. . . . -3 d

ren Losungsmittelsystem eine wesentliche Rolle ~ SDS 288,38 - 8:2-10 40"
spielen und untersucht werden miissen. Im Fol-  nfartipal 24/40 ~ 376 66— 68 _ -
genden wird der Verteilungskoeffizient fiir einige ' v
Modell-Liganden, die hdufig in Metallkom- Marlipal 24/50 ~ 420 7274 h h
plexen eingesetzt werden, diskutiert, wobei ein ~ Marlipal 24/70 ~ 508 53 - 567 - -

Augenmerk auf die Tensidauswahl sowie auf die
Struktur des Liganden gelegt wird.

4.2.1 Tensideinfluss

Zunichst wurde der Einfluss des Tensids auf die Verteilung
des hydrophoben Liganden TPP und des hydrophilen
Liganden SulfoXantPhos untersucht (Abb. 3). Dazu wurden
die nichtionischen Tenside NP9, Triton X-100, Triton
X-114, Marlipal 24/40, 24/50 und 24/70, und das anionische
Tensid Natriumdodecylsulfat (SDS) verwendet. Typische
Eigenschaften der Tenside sind in Tab. 2 aufgelistet und die
Tensidstrukturen sind in Abb. 4 gezeigt.

Der Mizelle/Wasser-Verteilungskoeffizient Ky von TPP
liegt in der Groflenordnung von Koy fiir TPP. Demnach
wird TPP vorwiegend innerhalb des hydrophoben Kerns
der gebildeten Mizellen eingelagert. Des Weiteren war die
Struktur des Tensids hinsichtlich des Mizelle/Wasser-Vertei-
lungskoeffizienten von Interesse, weshalb zwei Tenside mit

Chem. Ing. Tech. 2016, 88, No. 1-2, 119-127
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a) 1 % in deionisiertem Wasser, b) 10 % in 25 % BDG-Lésungen, c) 2 % in deioni-
siertem Wasser, d) nach der Methode von Davies.

identischen Ethoxylierungsgrad, aber unterschiedlichem
hydrophoben Rest verglichen wurden: Triton X-100 besitzt
einen verzweigten hydrophoben Rest und Marlophen NP9
weist eine lineare Alkylkette mit vergleichbarer Kohlenstoft-
anzahl auf. Es wurden bedingt durch die unterschiedlichen
Alkylketten leicht unterschiedliche Verteilungskoeffizienten
bestimmt. Durch die verzweigte Alkylkette ist der Kern der
gebildeten Triton X-100-Mizelle hydrophiler im Vergleich
zu Marlophen NP9. Dadurch ist der Verteilungskoeffizient
geringer, da das stark hydrophobe TPP somit den Kern der
Mizelle von Marlophen NP9 priferiert.

Weiterhin wurde der Einfluss des Ethoxylierungsgrad
untersucht, wobei die Tenside Triton X-100 (9-10
Ethoxyeinheiten) und Triton X-114 (7 - 8 Ethoxyeinheiten)
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Triton X-114 i=7-8
Triton X-100 i=9-10
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5 Marlipal 24/40-70
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Abbildung 4. Strukturformeln der Tenside Triton X-100, Triton
X-114, Marlophen NP9, Marlipal 24/40, 24/50 und 24/70 und
SDS.

Marlophen NP9

Natriumdodecylsulfat SDS

mit identischer hydrophober Alkylkette, jedoch unter-
schiedlicher Anzahl an Ethoxyeinheiten verglichen wurden.
Die Schicht der hydrophilen Kopfgruppen von Triton
X-100 ist im Vergleich zu Triton X-114 aufgrund der héhe-
ren Anzahl an Ethoxyeinheiten hydrophiler. Als Folge wird
der Ligand TPP zusitzlich aus der kontinuierlichen wiss-
rigen Phase verdrangt und es resultiert bei Triton X-100 ein
hoherer Verteilungskoeffizient im Vergleich zu Triton
X-114. Fiir Triton X-100 und den Liganden TPP wurde mit-
tels COSMO-RS ein Mizelle/Wasser-Verteilungskoeffizient
von 7,1 bestimmt, der sich zwei Groflenordnungen von den
experimentellen unterscheidet [9]. Der Verteilungskoeffi-
zient fir SulfoXantPhos Py, bestimmt durch eine Trii-
bungspunkt-Extraktion, zeigt eine identische Tendenz. Je
hydrophiler das Tensid ist, desto hoher ist der Verteilungs-
koeftizient. Demzufolge reichert sich SulfoXantPhos, ab-
hingig von der Hydrophilie des Tensids, bevorzugt in der
tensidreichen Phase an, wobei jedoch zusitzliche Effekte
eine entscheidende Rolle spielen, die im néchsten Abschnitt
diskutiert werden. Uberraschend ist dabei der positive
Wert des Mizelle/Wasser-Verteilungskoeffizienten, da der
Oktanol/Wasser-Verteilungskoeffizient log Kow  fiir
SulfoXantPhos stark negativ war. Fir Triton X-114 ist
exemplarisch gezeigt, dass die gewidhlte Methode fiir die
Bestimmung des Verteilungskoeffizienten keine Rolle fiir
das Ergebnis spielt, da sich die log Kymw-Werte innerhalb
der Messgenauigkeit decken. Zusétzlich wurde der Einfluss
eines ionischen Tensids (SDS) auf den Verteilungskoefti-
zienten von TPP untersucht. Im Vergleich zu den anderen
Tensiden erhilt man hier einen dhnlichen Verteilungskoeffi-
zienten wie fiir TX-114. Da TPP keine Ladung trégt, kann
nur eine Wechselwirkung mit dem hydrophoben Mizellkern
des SDS erfolgen und nicht zusdtzlich mit den ionischen
Kopfgruppen. Jedoch kann es zu attraktiven Wechselwirkun-
gen kommen, wenn das Substrat ebenfalls Ladungen tragt.
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Aus der Wasseraufbereitung mittels mizellgestatzter
Ultrafiltration (MEUF) ist bekannt, dass sich Metallionen
an die negativen Kopfgruppen von anionischen Tensiden
anbinden, wodurch aufgrund der vorliegenden Komplexie-
rung der Verteilungkoeffizient zugunsten der Mizelle ver-
schoben wird. Dadurch konnen die Metallionen leicht abge-
trennt werden [10,11]. Dasselbe Prinzip gilt auch fiir
geloste Anionen und kationische Tenside. So wurde in frii-
heren Arbeiten zur Hydroformulierung von Olefinen in
Gegenwart des kationischen Tensids Cetyltrimethylammo-
niumbromid (CTAB) unter Verwendung des hydrophilen
Liganden TPPTS oft hohere Aktivitdten beobachtet, die sich
neben einer hoheren Eduktkonzentration im Mizellkern
auch durch einen héheren Verteilungskoeftizienten von
TPPTS erklaren lassen; auch wenn dieser nie bestimmt wur-
de [12].

4.2.2 Ligandeneinfluss

Wihrend in Abschn. 4.2.1 gezeigt wurde, dass sich durch
die Auswahl des Tensids Einfluss auf die Verteilung des
Liganden nehmen ldsst, wird nun der Einfluss des Liganden
selbst diskutiert. Fiir die beiden nicht-ionischen Tenside
TX-100 und TX-114 sind die Verteilungskoeffizienten der
untersuchten Liganden in Abb. 5 gezeigt.

55
® Triton X-100
n ® Triton X-114
5,0 -
4,5 ®
u
™ 4,04
3
X 35 °
o
o
3,04
2,54 L]
°
2,0 T T T
TPP XantPhos SulfoXantPhos
Ligand

Abbildung 5. Verteilungskoeffizienten von TPP, XantPhos und
SulfoXantPhos in mizellaren, wassrigen Lésungen mit Triton
X-100 und Triton X-114, bestimmt mittels ESM.

Wie schon zuvor diskutiert, ist bei allen Liganden ein
kleinerer Verteilungskoeffizient bei Triton X-114 zu be-
obachten. Uberraschend ist, dass der Verteilungskoeffizient
von XantPhos im Vergleich zu TPP kleiner ist, obwohl Koy
fur XantPhos deutlich iiber den von TPP liegt. Weiterhin ist
interessant, dass fiir das wasserloslichen SulfoXantPhos ein
experimenteller Verteilungskoeffizient log Ky von ca. 2,4
ermittelt wurde. Dies bedeutet, dass SulfoXantPhos vorwie-
gend in oder an der Mizelle eingelagert ist, was in Kontrast
zu den Ergebnissen fiir Kow steht. Erwartungsgemaf hatte

Chem. Ing. Tech. 2016, 88, No. 1-2, 119-127



Chemie

Ingenieur  Forschungsarbeit
Technik

125

auch fiir den Mizelle/Wasser-Verteilungskoeffizienten auf-
grund der Polaritit von SulfoXantPhos ein negativer Wert
resultieren miissen. Jedoch scheinen hier zusitzliche Effekte
eine entscheidende Rolle zu spielen. Da das Molekiil Sulfo-
XantPhos dhnlich wie ein Tensid iiber einen hydrophoben
und hydrophilen Teil verfiigt, ist anzunehmen, dass Sulfo-
XantPhos eine oberfldchenaktive Substanz ist, die somit als
Tensid fungieren kann. Demnach lagert sich SulfoXantPhos,
bedingt durch dessen Oberflichenaktivitdt, an der Mizelle
an und es ergibt sich ein vergleichsweiser hoher Mizelle/
Wasser-Verteilungskoeffizient. Dies wird auch durch die
Messung der Oberflichenspannung von wissrigen Losun-
gen der Liganden bestitigt. Die sulfonierten Liganden
SulfoXantPhos und TPPTS zeigen beide oberhalb einer
Konzentration von 1-10*mol L™ einen Abfall der Oberfld-
chenspannung (Abb. 6). Dies erkldrt den groflen Mizelle/
Wasser-Verteilungskoeffizienten von SulfoXantPhos.

754
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—e— TPPTS '
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Abbildung 6. Oberflachenspannung o von wassrigen TPPTS-
und SulfoXantPhos-Lésungen in Abhangigkeit der Konzentra-
tion.

4.3 Verteilung des Katalysatorkomplexes in einem
Mikroemulsionssystem

Die Wechselwirkungen zwischen verschiedenen

c(Kat)s) Olphase
A |
Ly
c(Kat)ve Mikroemulsionsphase

Wasserphase

Abbildung 7. Schematische Darstellung des Verteilungsgleich-
gewichtes eines Katalysators in einer Mikroemulsion.

Durch die zusitzliche Olkomponente spielt nicht nur die
Verteilung des Katalysators zwischen der wissrigen und
tensidreichen Phase, sondern auch die Verteilung zwischen
der tensidreichen und 6ligen Phase eine Rolle. Fiir eine
quantitative Abtrennung der teuren homogenen Katalysato-
ren ist es somit essentiell, die Verteilungsgleichgewichte zu
kennen bzw. vorhersagen zu koénnen. In Abb.8 ist die
Verteilung des Rhodium-Katalysators fiir die Liganden
XantPhos und SulfoXantPhos in einem Mikroemulsionssys-
tem dargestellt. Als Tensid wurde Marlipal 24/70 verwen-
det.

Es ist deutlich zu erkennen, dass die Hydrophilie und
Grenzfldchenaktivitdt des Liganden entscheidend fiir die
Verteilung des Katalysatorkomplexes ist. Fiir den hydropho-
ben Liganden XantPhos ist der Katalysatorkomplex zu 74 %
in der Olphase enthalten, was auch optisch durch die inten-
sive Rotfirbung der Olphase ersichtlich ist. Der restliche
Anteil befindet sich in der tensidreichen Mittelphase, die
selbst ca. 1/4 der organischen Phase enthalt. Interessant ist,
dass fiir den wasserloslichen Katalysatorkomplex mit Sulfo-
XantPhos eine klare wissrige Phase vorhanden ist und sich
der Grofiteil (96,3 %) des Katalysatorkomplexes in der ten-
sidreichen Mittelphase anreichert. Dies ist, belegt durch die
Mizelle/Wasser-Verteilungskoeffizienten Kypw von Sulfo-
XantPhos, auf die attraktiven Wechselwirkungen und die
Grenzflichenaktivitdt des Liganden mit dem Tensid zurtick-
zufiihren, wodurch der gesamte Katalysatorkomplex in die

Liganden und den Komponenten eines mizella-
ren Losungsmittelsystems sind nun weitest-
gehend bekannt. Jedoch erhoht sich die Kom-
plexitit des Losungsmittelsystems, wenn ein
hydrophobes Losungsmittel hinzukommt und
eine Mikroemulsion gebildet wird. In Abb.7
sind schematisch die Verteilungsgleichgewichte
eines homogenen Katalysatorkomplexes zwi-
schen den einzelnen Phasen eines Mikroemul-

Rh-SulfoXantPhos

Rh-XantPhos

sionssystems im Dreiphasengebiet aufgezeigt. Es
wird angenommen, dass die Verteilung des Kata-
lysatorkomplexes vorwiegend durch die Eigen-
schaften der Liganden bestimmt wird.

Chem. Ing. Tech. 2016, 88, No. 1-2, 119-127
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Abbildung 8. Verteilung des Rhodium-Katalysators bei Verwendung von
SulfoXantPhos (links) und XantPhos (rechts) mit dem Tensid Marlipal 24/70 und
1-Dodecen als Losungsmittel (Mwasser = M1-podecen = 20 9, Mariipal 24770 = 3,47 g,
1Gew.-% Natriumsulfat, Ngp(acac)coy2 = 0,05 mmol, Nyigang = 5 €q.).
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tensidreiche Mittelphase eingelagert wird. Somit konnen die
Mizelle/Wasser-Verteilungskoeffizienten ~genutzt werden,
um erste Hinweise {iber die Verteilung von Katalysatorkom-
plexen in einem Mikroemulsionssystem zu erhalten.

Die Ergebnisse fiir die Anreicherung des Rh/SulfoXanth-
phos-Komplexes in der tensidreichen Phase lassen sich
auch auf einen kontinuierlichen Versuch in einer Miniplant
tbertragen, in der 1-Dodecen zu Tridecanal in einem
Mikroemulsionssystem bestehend aus 1-Dodecen, Wasser
und Marlipal 24/70 hydroformuliert wurde. Die Phasen-
trennung des Reaktionsgemisches wurde bei der kontinuier-
lichen Prozessfithrung von ca. 200 h in einem Dekanter rea-
lisiert. Dabei separierte das Reaktionsgemisch in eine
Produktphase, die abgefiihrt wurde, und eine katalysator-
reiche Phase, die zuriick in den Reaktor gefithrt wurde.
Uber 99,99 % des Katalysators blieben in der Katalysator-
phase im aktiven Zustand erhalten [13]. Die gute Trennung
und hohe Riickfithrrate bestdtigen die Vorhersagen zur
Katalysatorverteilung auf der Grundlage der Verteilung des
Liganden.

5 Zusammenfassung

Fir Flussig/fliissig-Zweiphasenreaktionen bieten sich ten-
sidmodifizierte Reaktionsmedien an, da diese nicht nur zu
wirtschaftlich sinnvollen Reaktionsgeschwindigkeiten fiih-
ren, sondern es auch ermdglichen, homogene Katalysatoren
vom Produkt abzutrennen und nochmals zu verwenden.
Ein entscheidender Faktor fiir die quantitative Abtrennung
des Katalysators ist die Wahl eines geeigneten Liganden und
die Art des verwendeten Tensids. Es konnte gezeigt werden,
dass die Struktur und Art des Tensids nur einen geringen
Einfluss auf den Verteilungskoeffizienten von nichtioni-
schen Liganden in einem mizellaren Reaktionssystem hat.
Ausschlaggebenden Einfluss auf den Verteilungskoeffizien-
ten in mizellaren Systemen hat nicht nur wie erwartet die
Hydrophobizitit der Liganden, sondern auch deren Grenz-
flichenaktivitit. Fiir grenzflichenaktive sulfonierte Phos-
phinliganden konnte gezeigt werden, dass sich diese an die
Tensidphase anlagern, wodurch ein unerwartet hoher
Mizelle/Wasser-Verteilungskoeffizient resultiert.

Diese Arbeiten sind Teil des von der TU Berlin
koordinierten Sonderforschungsbereichs/Transregios 63
»Integrierte chemische Prozesse in fliissigen Mehr-
phasensystemen®. Die Autoren bedanken sich bei der
DEFG fiir die finanzielle Unterstiitzung des Projektes
(TRR63).
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Microemulsion systems are smart solvent systems which can be applied in homogeneous catalysis. We
investigate these multiphase systems to exploit their characteristics for catalytic gas/liquid reactions and
processes in aqueous media. One critical aspect from an economic perspective is the quantitative
recycling of the catalyst complex dissolved in the multiphase system. Therefore, it is important to know
the distribution of the catalyst complex in each of the single phases. In this contribution we analyse the
different parameters/factors that may have an influence on the distribution of catalyst complexes in

Ke.y words: . microemulsion systems, e.g. temperature, type of ligand, structure of surfactant, and chain length of
Microemulsion systems . . . . . . h
Surfactants surfactant. Afterwards, the derived information is used for the design of a real, industry-oriented

application: hydroformylation of long chained alkenes. Hereby, special attention is given to the
separation step of a process, which is performed after a homogeneously catalyzed reaction step in a
microemulsion system. Process and economic constraints are briefly outlined and compared with
operation data, aiming for the reuse of the catalyst in the reaction step and reduced leaching into product

Catalyst Recycling
Process Design
Separation

streams, even in the case of operational disturbances and shifts in the catalyst distribution.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Expensive noble metal catalysts are often applied in homoge-
neous catalysis. The aims hereby are high activity and selectivity at
moderate reaction conditions. However, to establish a large-scale
process, the quantitative recovery of these catalysts is crucial and
should be possiblewithoutlossinactivity/selectivity. Hence, reaction
media that combine the advantages of homogenous catalysis (high
turnover frequencies and high selectivity) and two-phase-catalysis
(easy separation of catalyst and product) are of great interest. Beside
the classical aqueous-organic two-phase systems, i.e. for the
hydroformylation of 1-propene to n-butanal in the Ruhrchemie/
Rhéne-Poulenc Process [ 1], many new systems have been developed
during the last decades. Well known examples are ionic liquids [2,3],
supercritical media based on CO, [4,5], thermomorphic solvent
mixtures [6], supported ionic liquid-phase (SILP) [7], or sol-gel
immobilized catalyst systems [8]. An alternative approach is the
application of microemulsion systems as tuneable solvents for the

* Corresponding author.
E-mail address: tobias.pogrzeba@tu-berlin.de (T. Pogrzeba).

http://dx.doi.org/10.1016/j.cep.2015.09.003
0255-2701/© 2015 Elsevier B.V. All rights reserved.

recycling of water-soluble catalysts. Microemulsion systems are
ternary mixtures consisting of a non-polar compound (oil), a polar
compound (water), and a surfactant (often non-ionic surfactants are
chosen in this context). They provide a high interfacial area between
the polar and non-polar domains during the reaction. Additionally,
their phase separation behaviour can be manipulated through
temperature changes. However, for the application of microemulsion
systems their phase behaviour, which not only depends on
temperature but also on their composition and the interaction
between the surfactant and the catalyst/reactants, has to be studied
in detail [9]. Among the available green solvents, microemulsion
systems, easily tuneable by the selection of anappropriate surfactant,
show superior characteristics for catalytic reactions and processes in
aqueous media. Furthermore, they fulfil all requirements needed for
successful and efficient catalyst recycling. Examples for the applica-
tion of microemulsions as reaction system are the hydrogenation of
dimethyl itaconate with Rh/TPPTS [10], the Suzuki coupling of 2-
bromobenzonitrile and 4-methylbenzeneboronic acid with Pd/
TPPTS [11] and the hydroformylation of 1-dodecene with Rh/SX
[12]. For further examples see also [9].

In this contribution we will evaluate and discuss the distribu-
tion of homogeneous catalyst complexes in microemulsion


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cep.2015.09.003&domain=pdf
mailto:tobias.pogrzeba@tu-berlin.de
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systems by the variation of different parameters, e.g. temperature,
ligand, structure of surfactant, and chain length of surfactant. We
will also discuss several aspects which are important for the
application of microemulsion systems for a closed recycle catalytic
process with respect to the choice of the surfactant. In addition, we
will present a case study to design a process for homogeneous
catalysis in a microemulsion system with efficient catalyst
recycling based on the results of the first part of this contribution.

2. Aqueous surfactant media

Water can act as a solvent for water-soluble catalysts and
enables the biphasic extraction of non-polar products as well as the
recycling of catalysts. However, in case of hydrophobic reactants it
has the disadvantage of poor reactant solubility. The addition of a
surfactant increases the solubility of non-polar reactants in the
aqueous phase. Generally, there are two different approaches to
create aqueous surfactant media for homogeneously catalysed
reactions.

The first approach is to create an aqueous-micellar solution by
the addition of a surfactant to water, which exceeds the critical
micelle concentration (cmc). Micelles are nano-scale aggregates of
surfactant monomers, which are able to solubilize organic
components in their cores. Since the size of micelles is usually
very small, the concentration of substrate in an aqueous-micellar
solution is often lower than in conventional organic solvents. The
cmc and the size of micelles depend on the type of surfactant. In
general, non-ionic surfactants form larger micelles and have a low
cmc in comparison to ionic surfactants.

The second approach is the use of microemulsion systems,
which are formed at surfactant concentrations much higher than
the cmc. By the addition of a non-ionic surfactant of the type C;E; to
a biphasic mixture of water and oil, usually four different states can
be observed that were classified by Winsor (Winsor systems I-1V).
In CiE;i is the number of hydrocarbon groups of the surfactant’s
hydrophobic part, and j is the number of ethoxylate groups of its
hydrophilic part. Important parameters to characterize the
mixture are the weight fractions « and y. In Eq. (1) my; is the
mass of 0il, Myater is the mass of water and mg,,¢is the mass of non-
ionic surfactant.

o= My _ Mgyt
Myjj + Myater Moj| + Mwater + Mgyrf

1)

InFig.1 the phase behaviour of a ternary mixture of oil, water and
non-ionic surfactantis schematically shown for a constant value of «.

Temperature =

N

!
|
|
|
|
|
|
|
|
|
|
m

cme

Surfactant concentration =

Fig. 1. Phase diagram (commonly called fish-diagram) for a ternary mixture of oil,
water, and non-ionic surfactant at a constant ratio of oil and water with normal
(bottom) and inverse (top) micelles. The figure has been modified from [13].

At low temperatures the surfactant is mainly solubilized in water,
whereas its solubility in oil increases at higher temperatures. Thus,
theillustrated sequence of phases as a function of temperatureis the
result of the gradual change in the surfactant's solubility from
hydrophilic to hydrophobic. The phase sequence generally starts at
low temperatures with an oil-in-water (o/w) microemulsion (2,
Winsor I). This microemulsion consists of oil-bearing micelles in a
continuous water phase which is in equilibrium with an organic
excess phase. At intermediate temperatures a three-phase region
(3, Winsor III) exists, where the surfactant is almost equally soluble
in both liquids and forms a surfactant rich microemulsion phase in
the middle of two excess phases. For even higher temperatures a

water-in-oil (w/o) microemulsion (2, Winsor II) is formed. Here,
water-bearing inverse micelles exist in a continuous oil phase,
which is in equilibrium with a water excess phase. If the
concentration of surfactant in the ternary mixture is high enough
for the complete solubilization of oil and water, a one-phase
microemulsion (1, Winsor IV) of the entire volume will be formed,
which can be an o/w-, bicontinuous- or wj/o-microemulsion
depending on the oil content in the mixture.

In general, each of the four Winsor states can be applied as a
reaction medium for homogeneous catalysis. Since the phase
behaviour of a microemulsion system can be changed as a function
of temperature and surfactant concentration, it is possible to adjust
the reaction system between different process steps with varying
requirements [13]. The choice of the applied surfactant has to be
made carefully so that the requirements for a homogenously
catalysed reaction with subsequent product separation and
catalyst recycling, can be fulfilled. Besides its influence on the
phase behaviour, the surfactant will have a strong impact on the
distribution of reactants and catalysts between the aqueous and
the organic phase. For the quantitative recycling of a homo-
geneously dissolved catalyst complex from multiphase systems as
well as the evaluation of the reaction kinetics it is important to
know the distribution of the catalyst complex between the single
phases. In general, based on the experience with conventional
organic-aqueous two-phase systems, water-soluble catalyst com-
plexes are preferentially dissolved in the aqueous phase (see e.g.
the Rh/TPPTS complex in the RCH/RP process) and hydrophobic
counterparts are dissolved in the oil phase. For microemulsion
systems, the interactions between the surfactant and the catalyst
complex can influence the solubility of the latter considerably. In
many cases the catalyst follows the surfactant into the corre-
sponding microemulsion phase, which results in different separa-
tion tasks for the catalyst recycling during a process step
depending on the phase behaviour of the microemulsion system.
Therefore, it is necessary to indicate the parameters which are
responsible for the catalyst distribution in such surfactant based
multiphase systems to select the best surfactant as well as ideal
operating conditions that result in a quantitative catalyst recycling
and an optimal separation process.

3. Catalyst distribution in multiphase systems

To analyse the effects of the different parameters on the catalyst
distribution multiple experiments were carried out. The obtained
information from these experiments was then used for an actual
industry-oriented application. In the following, details on these
experiments as well as the results are presented.

3.1. Experimental
3.1.1. Chemicals

The solvents 1-dodecene (94%), water (HPLC grade), and
tetrahydrofuran (THF, 99.5%) were purchased from VWR. The
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surfactants Marlipal 24/50, Marlipal 24/60 and Marlipal 24/70 were
a donation from Sasol. The surfactant Triton X-114, the amphi-
philes C4E; (99%) and C4E, (99.2%), the hydrophobic ligands
triphenylphosphine (TPP, 99%) and Xantphos (97%) and the
rhodium standard solution (1011 mg/L) for ICP-OES analysis were
received from Sigma-Aldrich. The water-soluble ligands 3,3/,3"-
phosphanetriyltris(benzenesulfonic acid) trisodium salt (sodium
triphenylphosphine trisulfonate, TPPTS, 95%) and sulfonated 4,5-
bis(diphenylphosphino)-9,9-dimethylxanthene (SulfoXantphos,
SX) were purchased from ABCR and Molisa GmbH, respectively.
The rhodium precursor Rh(acac)(CO), was a donation from
Umicore. To adjust the ionic strength we used sodium sulfate
(NaySO04, 99%) purchased from Merck. All the chemicals were used
without further purification.

3.1.2. Preparation of the catalyst complex

For the preparation of the catalyst complex, 12.9mg
(0.05mmol, 1eq.) Rh(acac)(CO), and the investigated ligand
(10eq. for the monodentate ligands and 5eq. for the bidentate
ligands) were evacuated three times in a Schlenk tube and flushed
with argon. The solvent (2 g degassed water for the hydrophilic
ligands and 3g THF for the hydrophobic ligands) was added
through a septum. Then the catalyst solution was stirred over night
at room temperature to ensure the formation of the catalyst
complex.

3.1.3. Investigation of the phase behaviour

Standard experiments were carried out by using a micro-
emulsion system consisting of water as the hydrophilic compound,
1-dodecene as the hydrophobic oil (o =50%), the investigated non-
ionic surfactant (y =8%) and a sodium sulfate amount of 1 wt%. To
ensure the three phase region for the other amphiphiles, C4E; and
C4E;, the concentration had to be increased to y=20%. The
compounds were weighted into a glass reactor with a heating
jacket. The lid of the reactor offers connections for sampling, for
vacuum establishment, and argon inertisation. The samples were
evacuated and flushed with argon three times. Then the catalyst
solution was injected with a syringe. We studied the phase
behaviour from 25°C to 91°C in 1°C steps. For this purpose, we
adjusted the temperature with a thermostat while stirring the
microemulsion. After the desired temperature was reached, the

stirrer was stopped and the phase separation was observed.
Samples of the different phases were taken to determine the
rhodium concentration in each.

3.1.4. Determination of the rhodium concentration

The concentration of rhodium in the different phases was
determined by inductively coupled plasma optical emission
spectrometry (ICP-OES) using a Varian ICP-OES 715 ES instrument.
In each case, we analysed the aqueous phase and the middle phase
of the three phase system. Therefore, 2 mL of the water or 1 mL of
the middle phase were added to an ICP tube and treated with
freshly prepared aqua regia. Afterwards, the samples were diluted
with degassed water and the rhodium concentration was
measured at a wavelength of 369 nm. A calibration of the setup
was performed with rhodium standard solutions having concen-
trations of 1, 5 20, 50, and 150 mg/L.

3.2. Phase behaviour of the investigated microemulsion systems

To ensure an efficient recycling of the catalyst complex after the
reaction, it is of utmost importance to know the phase behaviour of
the reaction mixture. This phase behaviour strongly depends on
the selected amphiphile. Several publications generalize observed
effects [14,15], but to date and to the best of our knowledge the
influence of the used catalyst complex has not been studied in
detail. Therefore, we firstly tested different amphiphiles to obtain
the influence of the chain length, structure, and the hydrophobic
character of the amphiphiles towards the position of the three
phase region on the temperature scale (see Fig. 2). Based on this
information, the next step was to investigate the influence of
ligands and thus the catalyst complex in particular in the
subsequent sections. For the sake of completeness it has to be
mentioned, that some of the applied chemicals are technical grade
and may contain impurities which can have an impact on the phase
behaviour of the investigated microemulsion systems and
therefore have to be considered.

3.2.1. Hydrophobicity influence

It is well known that the three phase region for short chained
amphiphiles, such as C4E; and C4E;, has a broad temperature range.
As expected, for the hydrophilic amphiphiles the position of the
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Fig. 2. Phase behaviour for different surfactants (o =50%, y=8% () =20% for C4E; and C4E;), 1 wt.% sodium sulfate, ngp(acac)co,=0.05 mmol, nsx=5eq.).
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three phase region is shifted to higher temperatures. The same
effect of the three phase region being shifted to higher temper-
atures with increasing hydrophobicity exists for technical grade
surfactants of the Marlipal series, which are long chain aliphatic
surfactants (see Fig. 3). It is characteristic for these surfactants that
they form micelles as a microstructure. By increasing the degree of
ethoxylation from 5 in Marlipal 24/50 to 7 in Marlipal 24/70 the
hydrophilic character increases and the three phase region is
shifted to higher temperatures. In comparison to the short chained
amphiphiles the temperature range of the three phase region is
often limited to 5-10 K. It must be kept in mind that short chained
amphiphiles only act as solubilisers and do not form micellar
structures.

3.2.2. Chain length influence

The difference in the size of the temperature range of the three
phase region of short compared to long chain amphiphiles is due to
their different solubilisation properties in oil and water. Short
chained amphiphiles, which act as an additional solvent, can
dissolve more oil and water in their own phase compared to the
technical grade surfactant Marlipal. This leads to a broad range of
the three phase region.

3.2.3. Surfactant structure

Of special interest is the influence of the structure of the
surfactant towards the position of the three phase region.
Therefore, we compared different surfactants with the same
degree of ethoxylation which are illustrated in Fig. 3: Marlipal 24/
70 with a linear hydrophobic carbon chain, Triton X-114 holding a
branched carbon chain with a phenyl unit as linker, and NP7, which
also has a phenyl unit as linker, but a linear carbon chain. Due to the
different properties of the hydrophobic part of the surfactants, we
obtain variable positions of the three phase region. Triton X-
114 and NP7 have the same number of carbon atoms, but Triton X-
114 is branched. Hence Triton X-114 is more hydrophilic than
NP7 and so the three phase region is established at higher
temperatures.

0\/}
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8

Triton X-114

Marlophen NP7

Marlipal 24/50-70
i=10-12
j=5,60r7
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\/\,E V%OH C,E;

Fig. 3. Structures of the different investigated surfactants.

3.2.4. Ligand influence

Another important influence factor on the position of the three
phase region is the type of applied ligand. The experimental results
are shown in Fig. 4. The reference is a mixture with rhodium
precursor without any ligand. We tested the monodentate ligands
TPP and TPPTS and the bidentate ligands Xantphos and SulfoX-
antphos (see Fig. 5). At first glance, the water-soluble ligands TPPTS
and SulfoXantphos shift the three phase region to higher
temperatures. This is a result of the catalyst preparation though.
The hydrophobic catalyst complexes were prepared using little
amounts of THF, which is more hydrophilic in comparison to 1-
dodecene. It is well known that the hydrophobicity of the oil
influences the position of the three phase region [15]. The less
hydrophobic the oil, the lower the position of the three phase
region is. The difference of the position of the three phase region
for TPPTS and SulfoXantphos is due to the ligand concentration. We
used 10eq. of the monodentate TPPTS and 5 eq. of the bidentate
SulfoXantphos. As a result the water solubility of the surfactant
decreases according to the salting out phenomenon of the sulfate
anions [16], thus shifting the position of the three phase region to
lower temperatures [14].

Based on these results, we moved on to investigate the
parameters influencing the distribution of the whole catalyst
complex.

3.3. Distribution of the catalyst complex

Not only is the temperature range for the different phases
crucial for the separation process, but also the distribution of the
catalyst complex between the different phases. For a feasible and
economic process it is necessary to achieve a quantitative
separation of the expensive catalyst complex. Therefore, it is
essential to estimate or manipulate the interactions between the
catalyst complex and the amphiphile. For this reason we
investigated different amphiphiles and different ligands, which
have an influence on the distribution characteristics of the catalyst
complex. Qualitatively speaking, the distribution can be estimated
visually by the colour of the different phases (see Fig. 6), but for
quantification we measured the amount of rhodium by ICP-OES. In
Fig. 7 the influence of different amphiphiles on the distribution of
the water-soluble Rh/SX complex is shown. The rhodium content
in the oil phase is negligible because of the water-soluble
SulfoXantphos ligand as shown in [17,18]. So for the investigation
of the catalyst complex distribution only the rhodium amount in
the aqueous phase and the middle phase was considered. However,
it should be mentioned that minor rhodium leeching into the oil
phase was found in the order of 0.1 ppm [18] so that post-
treatment of the organic phase would be necessary for complete
rhodium recovery.

For the short chain amphiphiles C4E; and C4E; a high amount of
the rhodium complex is present in the aqueous phase. The
distribution of the rhodium complex depends on the partition
coefficient between the phases. For the short chain amphiphiles,
the major reason for the catalyst distribution is the different
polarity of the phases, which increases from the oil phase over the
amphiphile rich middle phase to the water phase. For the
amphiphile C4E;, the middle phase is too non-polar to dissolve
the catalyst complex to a sufficient extent and only 34% of the
rhodium is located in the middle phase. For the amphiphile C4E,,
the middle phase is more hydrophilic and allows for about 82% of
the catalyst complex to be located there. As a consequence, the
amount of rhodium in the aqueous phase is higher in the C4E;
system in comparison to the C4E; system. In contrast, the rhodium
amount in the aqueous phase of the Marlipal systems is only
between 1.7% and 3.7% of the overall amount of rhodium in the
system. Apparently, the catalyst complex follows the surfactant
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Fig. 5. Structures of the investigated ligands.

into the surfactant rich middle phase of the microemulsion
systems. We assume that the water-soluble catalyst complex is
also surface active and attaches itself to the oil-water interface of
the bicontinuous phase of the microemulsion system.

Besides the amphiphile the kind of ligand has a strong influence
on the distribution of the catalyst complex. In Fig. 8 the
distribution of rhodium in the presence of different ligands is
shown. It is clear that the hydrophobicity of the ligand is crucial for
the distribution of the rhodium. For the water-soluble ligands
TPPTS and SulfoXantphos the rhodium complex is located in the
middle phase to a larger extend. The high amount of Rh/TPPTS in
the aqueous phase (40%) is due to the high number of sulfonate
groups per complex. In comparison to the water-insoluble ligands
TPP and Xantphos, as well as for the unmodified rhodium
precursor, the rhodium species is mainly located in the oil phase.

Here, only 10% of the Rh/TPP complex and 26% of the Rh/Xantphos
complex are located in the middle phase. The comparison of mono-
and bidentate ligands with respect to the distribution of the
rhodium complex is difficult, because a different number of
complex species can be formed. The number of coordinated ligands
is important for the hydrophilic or hydrophobic character of the
catalyst complex.

Furthermore, we investigated the distribution of the Rh/
SulfoXantphos catalyst in a Winsor I and II system with the
surfactant Marlipal 24/70, since this catalyst complex is of high
interest for the discussion in Section 4. We found that in a Winsor |
system over 99.99% of the catalyst is located in the microemulsion
phase, whereas in a Winsor II system the catalyst is equally
distributed between both phases.
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Fig. 6. Examples of catalyst distribution obtained for the three phase microemulsion system: Marlipal 24/70 and Rh/Xantphos (left) and Marlophen NP7 and Rh/SX (right).

C4E4 C4E> Marlipal 24/50 Marlipal 24/60 Marlipal 24/70

Fig. 7. Rh-content in the aqueous phase by the use of different amphiphiles (a=50%, y=8% (y=20% for C4E; and C4E;), 1 wt% sodium sulfate, ngp(acac)co, =0.05 mmol,
nsx=>5eq.).

Rh-Pre Rh-TPPTS Rh-SX Rh-TPP Rh-Xantphos

Fig. 8. Distribution of the Rh catalyst for different ligands (c = 50%, y = 8% (Marlipal 24/70), 1 wt% sodium sulfate, Ngn(acac)co, = 0.05 mmol, Npidentate =5 €q., Nmonodentate = 10 €q.).

However, concluding from these results it is clear that only

water-soluble ligands should be used in connection with three- 3.4. Temperature influence

phase microemulsion systems, if an efficient recycling of the

catalyst combined with a hydrophobic product isolation are The prior results show that the distribution of the rhodium
desired. complex in a microemulsion system strongly depends on the

hydrophobicity of the ligand and on the kind of the amphiphile. It

Table 1
Rhodium content in the aqueous phase at different temperatures with the amphiphile C4E; (a =50%, y = 20%, 1 wt% sodium sulfate, ngn(acac)co, = 0.05 mmol (mgn = 5145 mg),
nsx=5eq.)

Temperature (°C)  Volume aqueous layer Volume middle layer Volume oil layer Rh-concentration aqueous layer Rh-content aqueous layer (mg)
(mL) (mL) (mL) (ppm)

60 16.0 10.4 24.6 34.5 0.55

70 17.0 9.0 25.0 52.7 0.90

80 17.0 8.0 26.0 60.3 1.03
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is well known that the temperature shows a tremendous influence
on the partition coefficient of salts like the catalyst complex.
Hence, we investigated the rhodium content in the aqueous phase
at different temperatures (see Table 1). Since most of the systems
are extremely temperature sensitive, we decided to choose the
microemulsion system formulated with of the amphiphile C4E,. As
illustrated in Fig. 2 it has a broad three phase region, which allows
us to study the effect of temperature without changing other
experimental conditions.

The results listed in Tab. 1 state that the temperature has a
strong influence on the distribution of the catalyst complex. The
results are comparable, because the volume of the three layers
stays almost constant. There is only a small reduction of the middle
phase due to the fact that the solubility of the amphiphile in the oil
phase increases with increasing temperature. Hence, the volume of
the oil phase increases and that of the middle phase decreases.
However, we can clearly show that the rhodium content in the
aqueous layer is a function of the temperature. The higher the
temperature, the higher is the rhodium content in the aqueous
layer. The amount of rhodium was almost doubled by increasing
the temperature from 333 K to 353 K. The results verify the typical
properties for the solubility of a salt. Most salts (the water-soluble
catalyst complex is an organic salt) show an increasing solubility in
water with temperature. Thus, the separation temperature is also
an important factor besides the kind of amphiphile and ligand to
obtain a quantitative recycling of the catalyst complex.

3.5. Transfer of the lab results to a continuous process

The experimental results for the distribution of homogeneous
catalyst complexes in microemulsion systems in the first part of
this contribution demonstrate several possibilities to tune a
reaction system with respect to an optimal catalyst recycling
and separation process. The interactions between the surfactant
and the catalyst complex influence the solubility of the latter and
thus enable the control of catalyst distribution in the different
phases by the choice of surfactant. For a fixed microemulsion
system the application of different ligands has a strong influence
on the distribution of the catalyst complex as well. However, a
change of the applied ligand is rather unusual for an established
reaction process and may result in a modification of the reaction
kinetics. Therefore, the adjustment of the catalyst distribution by
the choice of surfactant and the determination of the optimal

Stirred System

=

Composition

Component System

Process conditions

temperature range for the phase separation of the applied
microemulsion system should be the preferred option for
optimization of catalyst recycling.

In order to establish a closed recycle catalytic process, the
Winsor III system is of great interest due to its two excess phases
allowing for separation of hydrophobic products and hydrophilic
side-products in the same separation step. Since the phase
separation requires a certain amount of time depending on the
state and temperature of the system, the reaction and catalyst
recycling should be performed in different process steps to enable
a continuous process.

Process design for homogeneous catalysis and catalyst recovery
in microemulsion systems enables new paths in chemical
engineering. Exemplarily, the homogeneously catalysed conver-
sion of long chained olefins becomes feasible, as the surfactant
compensates the miscibility gap between the olefin and a catalyst
solved in an aqueous phase. As part of the Collaborative Research
Center/Transregio 63, “Integrated Chemical Processes in Liquid
Multiphase Systems” (InPROMPT) such a novel process concept is
being investigated. One aim is to design, construct, and operate a
mini-plant for the continuous hydroformylation in such a
multicomponent system. Primary target is the combined homo-
geneous catalysis and catalyst recovery using this multiphase
surfactant system. In the following, the task, the constraints, and
the applied system is presented as well as an actual application in
the mentioned mini-plant.

3.6. Task formulation

The task is to design a process in which the catalyst is recycled
reliably in order to be reused in the reaction step and leaching via
product streams is minimized or even eliminated. After the
determination of a suitable tuned micellar solvent system, arising
process constraints in terms of remaining catalyst leaching,
catalyst stability, and separation dynamics have to be outlined,
leading to the development of separation unit design for the given
task. To keep things focussed, we consider that the product is
always an oily component, thus forming the upper excess phase,
and that the catalyst complex is hydrophilic. However, parts of the
metal complex structure could be hydrophobic and thus inducing
side effects, which have to be considered for the separation step.
The thermomorphic behaviour of the microemulsion system and
the catalyst behaviour described in Section 3 are summarized in

Case 1. Winsor Il

Case 2: Winsor Ill

Case 3: Winsor |

Fig. 9. Catalyst distribution and formed excess phases in the different phase separation systems for a microemulsion system tuned towards oily product separation and
hydrophilic catalysts. Blue: aqueous excess phase, yellow: oily excess phase. The cycle indicates the location of the hydrophilic catalyst complex. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9, showing the main catalyst position in the described Winsor
systems, as well as formed excess phases.

We assume that the corresponding phase shows the major
catalyst concentration However, small amounts of catalyst could
still remain in the directly neighbouring phases. The starting point
for the separation process is right after a reaction step, in which a
homogeneous emulsion is created.

3.6.1. Phase separation dynamics

An important issue which has to be considered in terms of
operation conditions and equipment sizing (costs) is that of the
phase separation dynamics. In the example shown in Fig. 10 the
dependence of the separation time tse;, on the temperature can be
seen. Fortunately, the Winsor III state shows a fast phase
separation as opposed to the other states. This means, a short
residence time in the separation step is possible. From an economic
point of view this means a smaller settler, the operation unit in
which the phase separation will take place, can be built or the
through-put can be increased. Outside of the Winsor IIl tempera-
ture interval the separation time increases drastically. For the
applied system, a separation in the Winsor I or Winsor Il
temperature interval was not observed, even after several hours.
Other experimental results as well as a discussion on this issue
regarding process applicability can be found in [19].

3.6.2. Process constraints

In addition to the determination of catalyst distribution and the
overall phase separation dynamics, process constraints depending
on the applied substances and microemulsion system need to be
specified.

To maintain a viable lifetime of the active catalyst species in a
continuous process, operation temperatures should be low, as the
ligand-metal-complex is likely to decompose or initiate various
side reactions at too high temperatures. This implies limitations for
applicable thermal separation processes or prevents for example
the use of distillation steps, as the catalyst complex would be
completely deactivated and mainly transformed into metal
particles in the reboiler. The system pressure should be kept
constant or shifted smoothly for the overall process. Failing that,
irreversible clustering of the metal-complexes may be observed, as
shown in investigations of [20]. Moreover, aspects of chemical
stability, such as degradation through the presence of oxygen, as
well as electro chemical stability of the catalyst complex have to be

considered. Regarding the formation and thermomorphic behav-
iour of microemulsions, a variety of side effects could influence the
separation dynamics [9]. It is obvious that for the surfactant
concentration certain upper and lower bounds are required to
maintain a microemulsion system. Impurities (salts) cause shifts in
the observed temperature domains of the emulsion systems, as
shown by Pfennig et al. [21]. Additionally, process pressure, stirrer
speed in the reactor, and in general the occurring chemical
reactions influence the phase separation dynamics and feasible
temperature domains for the separation [19].

The previous findings are summarized in Fig. 11, which outlines
feasible operation conditions and critical aspects of the phase
separation states. At this point we define a critical rhodium loss,
the rhodium mass fraction within the oil phase, which exits the
plant as a product stream. Considering only rhodium precursor
prices as catalyst costs, a value of 0.1 ppm equals monthly costs of
around 200,000 for the catalyst (Rhodium price of 287 /g [22],
industrial scale product stream 10t/h). This underlines the
necessity for a low rhodium loss. According to the catalyst
distribution in the Winsor system, the Winsor II state is highly
economical infeasible, as high rhodium leaching would occur.
Additionally, the separation dynamics are expected to be very slow,
impairing the productivity of the plant. This fact also excludes the
Winsor [ system for operating points of a separator unit, because
massively large units with high residence times would be
necessary, although the rhodium loss poses to be optimally low.
Therefore, only the Winsor Il system seems economically feasible,
concerning both criteria and is in scope for separator unit design
and operating conditions.

3.7. Application example

The general process concept is depicted in Fig. 12 and consists of
2 main unit operations: mixing and settling. In the mixer part, the
olefin, the surfactant, and an aqueous catalyst solution are mixed.
By introducing syngas into the system, the hydroformylation
reaction is initiated, thus forming aldehydes and byproducts [23].
Afterwards the reaction media is heated or cooled down to a
desired temperature and separated accordingly. The idea is to
exploit the thermomorphic behaviour and catalyst distribution
according to Figs. 1 and 9. The goal is to obtain a catalyst-free oil
phase, in which the product can be found, and a mixed phase,
containing the vast majority of the dissolved catalyst. The mixed

Winsor |

Winsor Il

Winsor I

N WA o N o © §
.

Separation time tg,, [min]
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Fig. 10. Temperature dependency of the phase separation time and occurring phase states of a microemulsion system consisting of 1-dodecene/water/Marlipal 24/70

(a=50%, y=8%, 1 wt% sodium sulphate, nrn(acac)co, =0.05 mmol, nsx=5eq.).
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Fig. 11. Qualitative evaluation of the rhodium loss via the product phase and the economic feasibility of a settler operation in the corresponding Winsor systems. Phase
separation dynamics are considered for the feasibility evaluation.
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Fig. 12. Process concept for the hydroformylation of long-chained aldehydes in microemulsion systems [24].

phase is then recycled, thus enabling the reuse of catalyst and shown that with this complex good reaction rates as well as a high

surfactant mixture.

selectivity regarding the linear aldehyde are achievable. Moreover,

For the investigated reaction system the hydrophilic catalyst the application of a suitable surfactant is outlined, whereby
complex, consisting of the rhodium precursor Rh(acac)(CO), and according to experimental data the use of Marlipal 24/70 is
the ligand SulfoXantphos, is applied. Hamerla et al. [12] have
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Fig. 13. General mixer-settler setup for the separation of up to three liquid phases.
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preferential due to its applicability for the reaction and separation
purposes [25].

3.8. Separation unit design and experimental data

Focussing on the separation step, the results from the first part
of this contribution, together with outlined process constraints
and challenges are applied for a separation unit design. Opera-
tional and economic aspects are then discussed on basis of
experimental data of the respective unit.

3.8.1. Settler development

The pre-setting of a thermomorphic multiphase system,
containing an oily component, water, and a surfactant for the
regarded application offers the exploitation of suitable phase
states. Due to the density differences of the components, a
separation of the emulsion takes place in a composition dependent
temperature domain, forming the three defined phases.

Fast phase separation dynamics for the Winsor III state and a
suitable catalyst distribution (see Figs. 10 and 11) with almost no
catalyst located in the oily product could be used in a simple settler
setup. With the knowledge of the component concentration range
in the reactor outlet and corresponding useful separation temper-
atures, we propose a temperature controlled settler setup,
depicted in Fig. 13, for which the desired phase behaviour could
be easily achieved. In this case a cylindrical tank with heating
jacket, feed inlet, and 3 outlets for the corresponding phases is
applicable. Adjusting the residence time via flow controllers and
pumps and controlling the separation temperature, a phase split
could be realized, gaining a pure oily product stream at the upper
settler outlet. Lacking the input of mechanical and large quantities
of thermal energy, along with needed internal, this set up offers
low investment and operational costs.

In [19] a workflow is presented on how to systematically
analyse surfactant containing multiphase systems regarding their
applicability for mixer-settler processes. With respect to opera-
tional criteria, controllability and modularization a settler
construction is presented, which was realised and integrated in
the regarded mini-plant.

3.8.2. Settler operation

Given a settler design, as well as a specific microemulsion
system, the economic and operational feasibility has to be
validated. Therefore, experimental results of a mini-plant run will

be discussed in this section. Additional information about the
hydroformylation mini-plant operation is given by Miiller et al.
[26].

The operating point for the reaction step of the hydro-
formylation in microemulsions was set to a pressure of 15bar
(g), temperature of 95°C and a composition of o =50%, y = 8%, Wgp
(acac)co, = 298 g/g wsx = 4500 g/g, using Marlipal 24/70 as a technical
grade surfactant. The plant was operated mostly in steady state
condition (residence time settler approx. 40 min), using a settler
with no internals.

For the observation of the phase separation state, samples at the
outlet of the upper oily phase and the lower water phase were
taken and analysed using offline gas chromatography. Taking a
closer look at Fig. 14, it is possible to identify time periods where
the separation was adequately. This is shown by the sum of the
mass fraction of oily components, which reaches values close to
100% for the oily phase and simultaneously low values in the water
phase. However, due to concentration shifts, caused by the ongoing
reaction, the phase separation was partly lost.

It has to be mentioned that for the case of equal mass fractions
in oil and water phase basically no separation took place and large
amounts of surfactant and catalyst solution are introduced into the
oil outlet stream. The overall high oil concentrations in both phases
at these points indicate temporary shifts in the oil content of the
settler, caused by inappropriate recycle ratios. By adjusting
relevant process parameters, as temperature, recycle-ratio and
surfactant concentration, the re-establishment of the separation
was achieved, showing feasible settler operation for different
operational states of the mini-plant.

In addition, Fig. 15 depicts the mass fraction of rhodium in the
oil outlet stream of the settler. As this is the product stream, high
rhodium contents cause a high economic loss.

Assuming a critical rhodium fraction of 0.1 ppm related to the
oil phase, feasible operation periods are shown. For established
phase separation, identified by a significant difference in the oil
content of the regarded phases (Fig. 14), rhodium contents below
0.05 ppm were achieved (Operation time 35-60 h). With lost phase
separation within the next 5 h of operation, the rhodium fraction
increases immediately. Referring to the sampling point for
operation time 63 h this behaviour is indicated and even higher
rhodium contents are expected in the period of totally lost phase
separation. Given the plant data, it could be seen that concentra-
tion shifts led to a drift towards the Winsor I state, where
separation time increase massively. Interestingly no significant
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Fig. 14. Mini-plant operation data: mass fraction of total oily components in the upper oily phase and lower water phase.
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Fig.15. Mini-plant operation data: mass fraction of total oily components (educt, products) in the upper oily phase and mass fraction of rhodium in the oily phase (product
stream). Rhodium was measured using ICP-OES with a Varian ICP-OES 715 ES instrument, oil component data was gathered from gas chromatography.

decrease of rhodium concentration was achieved with re-
established phase separation (70-80h). In this case the settler
temperature was set to high and the system moved towards the
Winsor II state, whereas phase separation slowed down again and
was subsequently lost.

Concluding, it is obvious that the expected behaviour for the
catalyst distribution and phase separation dynamics is successfully
confirmed in a mini-plant operation. However, challenges still
exist to control the phase separation throughout all operational
states and under process disturbances. For these cases different
options for an advanced process concept seem possible and are in
the scope of future investigations. Among these are liquid-liquid
extraction for catalyst and surfactant separation from an oily phase
or micellar enhanced ultrafiltration techniques, as described in
[27,28].

4. Conclusions

The aim of this contribution was to analyse the effects that can
have an influence on the distribution of homogeneous catalyst
complexes between the different phase layers of microemulsion
systems to ensure an efficient catalyst recycling for processes
applying these multiphase systems. A profound knowledge of the
thermodynamics of microemulsion systems and their phase
behaviour as a function of temperature and composition is
necessary to get a quantitative separation of the expensive catalyst
complex. Especially the three-phase region is of great interest for a
mixer-settler process due to its two excess phases allowing for
separation of hydrophobic products and hydrophilic side-products
in the same separation step. We have shown that the distribution
of catalyst in a microemulsion system can be manipulated by the
choice of the surfactant, the applied ligand, and the temperature.
The surfactant seems to attract the catalyst complex, which follows
the surfactant into the corresponding microemulsion phase.
However, the higher the hydrophilicity of the ligand, the higher
is the amount of catalyst that remains in the aqueous phase. In
contrast, catalyst complexes involving hydrophobic ligands stay
almost in the oil phase and should not be used in the presence of
hydrophobic reactants as the separation is more challenging and
requires further process steps. In addition, an increase of
temperature improves the solubility of the catalyst complex in
the aqueous phase as well. In summary, these results establish the

base for integrated processes using microemulsion systems. We
presented a case study for the design of a continuous mixer-settler
process, realized in a mini-plant for the Rh/SX catalysed hydro-
formylation of 1-dodecene to tridecanal in a microemulsion
system. Analysing operation data, a temperature controlled settler
is shown to be a feasible concept for a separation step, gaining an
oily product phase and recycle a valuable catalyst rich phase. Due
to disturbances, temporary high rhodium losses have to be tackled.
Here, different process options like liquid-liquid extraction and
membrane processes exist, which are of future research interest.
However, summarizing the existing options for manipulating the
phase behaviour of the microemulsion system for the application
example, maintaining the three phase condition is desirable due to
beneficial separation dynamics and moderate rhodium losses.
Regarding microemulsion systems in general, this contribution
gives information for a reasoned tailoring of the component
system for an optimal catalyst distribution within the system,
where a catalyst rich aqueous phase and fast separation dynamics
is the desired situation for an easy and quantitative catalyst
recycling.
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ABSTRACT: The first applications of aqueous surfactant-free
multiphase emulsions as reaction media for rhodium-catalyzed
hydroformylation of 1-dodecene and Suzuki coupling reaction
of 1-chloro-2-nitrobenzene and 4-chlorobenzeneboronic acid
are herein reported. The reaction systems were formulated
from oil (reactant and solvent), aqueous catalyst solution, and
diethylene glycol butyl ether [C,Hy(C,H,0),0H]. We
investigated these multiphase systems with respect to reaction
engineering and catalyst recycling to evaluate their application
potential for new chemical processes based on switchable
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Temperature Change
Reactants,
_: > Organic Phase with
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Catalyst/‘ ‘\ Product

Easy Catalyst
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solvents. For the hydroformylation, conversion of 23.4% after 4 h reaction time could be achieved at mild reactions conditions of
95 °C and 1S bar syngas pressure. The applied Rhodium-SulfoXantPhos catalyst could be successfully recycled for four times,
maintaining its very high linear-to-branched selectivity of 99:1. For the Suzuki coupling reaction yields up to 90% were achieved
within a single run. The Pd/SPhos catalyst could be recycled three times, but activity decreased at almost stable selectivity due to

higher ligand leaching during the separation steps.

1. INTRODUCTION

In the course of the development of new sustainable industrial
chemical processes the exploitation of switchable solvent
systems is increasingly investigated in various fields. Several
different approaches of switchable solvent systems have already
been reported in the literature, like sugercritical media based on
CO,," switchable-polarity solvents,” thermomorphic multi-
component solvents (TMS),3 or microemulsion systems
(MES)." Switchable solvents are liquids that can be reversibly
switched from one state (or form) to another by the use of a
simple trigger, for instance a change in temperature like for
TMS and MES. The idea behind the application of these
solvents in a chemical process is that they would meet the
needs of one process step and could then be switchable to serve
in the following step. For water-soluble catalysts, aqueous
solutions can be applied as switchable solvent systems by the
use of surfactants to formulate microemulsion systems.
According to Winsor, microemulsions are thermodynamically
stable and can be either a one-phase system (Winsor IV) or
part of a multiphase system (Winsor I, II, or IIT) in which the
microemulsion can be of three different types: water-in-oil (w/
0), oil-in-water (o/w), or bicontinuous; the phase behavior is
described in detail in the literature."™” It is believed that the
surfactant is in any case necessary to stabilize the system by
formation of an interfacial film between the aqueous and oil
phases. However, in terms of sustainable processing it would be
desirable to achieve aqueous two-phase systems that have a
switchability similar to microemulsion systems but would not

-4 ACS Publications  © 2016 American Chemical Society
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need to be modified with a surfactant. Smith et al.” reported in
1977 an oil-continuous (w/0) (micro)emulsion composed of
hexane, 2-propanol, and water which could be considered as the
first surfactant-free multiphase emulsion (denoted as SFME),
since no traditional surfactant was involved in the system.
Subsequently, the SFMEs have attracted much attention
especially in physical chemistry,” '® but besides their
interesting physical properties SFMEs provide the possibility
to create new chemical processes based on the concept of
temperature-induced phase transition similar to TMS or MES
systems. In addition, they offer the advantage of an easily
handled and removable additive instead of nonenvironmentally
friendly solvents or usually highly viscous and high-boiling
long-chained surfactants.

In order to understand aqueous surfactant-free multiphase
systems better for their application as switchable solvents in
homogeneous catalysis, we decided to test these new
multiphase systems using two model reactions, namely the
hydroformylation of a long-chain olefin (1-dodecene) and the
Suzuki coupling reaction of 1-chloro-2-nitrobenzene and 4-
chlorobenzeneboronic acid in these systems. The applied
reaction systems consist of oil (reactant and solvent), aqueous
catalyst solution, and diethylene glycol butyl ether
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[C4H,(C,H,0),0H, denoted as C4E2]. Since the main goal of
this work was to understand this new type of aqueous
multiphase systems, we focused our experimental work on
parametric studies and recycling experiments. In addition, we
investigated the phase behavior of the resulting SFMEs and
analyzed their structure by endoscopic measurement. The
obtained results allow a characterization of the solvent
properties of SFME and an evaluation of their application
potential for new chemical processes.

2. MATERIALS AND METHODS

2.1. Materials. Chemicals for Hydroformylation Reac-
tions. The reactant 1-dodecene was purchased from VWR with
a purity of 95%. The precursor (acetylacetonato)-
dicarbonylrhodium(I) (Rh(acac) (CO),) was contributed by
Umicore, Germany. The water-soluble ligand 2,7-bissulfonate-
4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (SulfoXant-
Phos, SX) was purchased from Molisa, where it was synthesized
according to a procedure described by Goedheijt et al.'” The
syngas (1:1 mixture of CO and H,, purity 2.1 for CO and 2.1
for H2) was purchased from Air Liquide.

Chemicals for Suzuki Coupling Reactions. The reactants 1-
chloro-2-nitrobenzene (purity 99.0%) and 4-chlorobenzenebor-
onic acid (purity 98.0%) were received from ABCR and Sigma-
Aldrich, respectively. The precursor palladium(II) acetate
(Pd(OAc),, purity 99.0%) was received from ABCR. The
water-soluble ligand 2’-dicyclohexylphosphino-2,6-dimethoxy-
sodium salt (SPhos, purity 97.0%) was received from Sigma-
Aldrich. The base potassium carbonate (K,CO,, purity 98.0%)
was received from Carl-Roth.

Miscellaneous Chemicals. The short-chain amphiphile
diethylene glycol butyl ether (purity >99.0%) was purchased
from Sigma-Aldrich. The solvent n-heptane (purity >99.0%)
was received from Carl Roth. The solvents acetonitrile (HPLC,
99.9% purity) and water (HPLC, > 99.9% purity) were received
from VWR. The ICP standards Rh (1011 ppm in 4.9 wt %
HCI) and Pd (1011 ppm in 5.1 wt % HCIl) were received from
Sigma-Aldrich.

2.2. Investigation on Phase Behavior. Investigations on
the phase behavior of the multiphase systems were performed
by using tubes in a heatable water bath. Samples with different
amounts of oil, water, and the particular amphiphile were
prepared and heated up to the desired temperature. After
reaching the temperature the test tubes were shaken to ensure
homogeneity of mixture and put back into the water bath, and
then phase separation was awaited. A phase diagram was
constructed from the observed phase behavior as a function of
amphiphile and temperature.

The important composition parameters to characterize the
SFMEs are the weight fractions of oil («) and amphiphile (y)
(eq 1), which are calculated with the mass m of the
corresponding component:

My mAmph

o= ——- ]/ =
My + My,o Mo + My,0 + Manpn (1)

2.3. Endoscope Measurements. The experimental setup
used for the endoscope measurements (Figure 1) consisted of a
double-walled glass tank (DN 150, H/D = 1) equipped with
four rectangular baffles and a Rushton turbine (stirrer diameter
dy = SO mm, height of stirrer blade hy = 12.5 mm). The
Rushton turbine was installed at a constant bottom clearance (h
= 75 mm). The temperature was maintained via an external

3
camera
i [rgger}-{_PC
st
H Y
¥ i< »
dg endoscope

h w baffles
¥ L3

Figure 1. Experimental setup and endoscope measurement technique.

thermostat. The images were acquired using an endoscope,
camera (GX 2750, Allied Visions Technology), trigger, and
stroboscope at stirrer blade height. The drop sizes were
determined using an automated image acquisition and drop
detection software (SOPAT GmbH). Only spherical drops
were taken into consideration. The minimum detectable drop
size was 8—10 um. Deviations of Sauter mean diameter were
+10%.

2.4. Hydroformylation and Suzuki Coupling Experi-
ments. 2.4.1. Catalyst Preparation. For the preparation of the
hydroformylation catalyst complex, 12.9 mg (0.05 mmol) of the
rhodium precursor [Rh(acac) (CO),] and the ligand
SulfoXantPhos (0.05—0.5 mmol) were dissolved in 4 mL of
distilled water (degassed and flushed with nitrogen for at least
30 min) by using the Schlenk technique and stirred under
argon atmosphere for a minimum of 12 h.

The homogeneous Pd/SPhos catalyst complex applied in
Suzuki coupling reactions was prepared ex situ by stirring 7.5
mg (0.03 mmol) of the Pd(OAc), catalyst precursor and S1.4
mg (0.10 mmol) of the water-soluble ligand SPhos in 3—5 mL
of distilled water (degassed and flushed with nitrogen for at
least 30 min) for 20 h under argon as inert gas.

2.4.2. Reaction Procedure. The hydroformylation reactions
in lab-scale are performed in a 100 mL stainless steel high-
pressure vessel from Premex Reactor AG, equipped with a gas
dispersion stirrer and mounted in an oil thermostat from Huber
(K12-NR). Reactor setup is illustrated in Figure 2. Mass flow
controller (3) and a pressure transmitter (4) in the syngas feed
line enable isobaric reaction management (semibatch mode). A
connection for the inertization of reaction mixture is
implemented as well (7).

The typical reaction conditions for the hydroformylation
were 1-30 bar pressure of syngas, an internal reactor
temperature of 75—100 °C, and a stirring speed of 1200 rpm,
using a gas dispersion stirrer. The reaction mixture usually
consisted of 1-dodecene, water (HPLC grade), C4E2, thodium
precursor [Rh(acac) (CO),], and the ligand SulfoXantPhos.

The reaction was performed as described in the following. At
first the reactor was filled with the desired amounts of olefin,
water, and C4E2. Then the catalyst solution was transferred
with a syringe to the reactor. The reactor was closed and
evacuated and purged with nitrogen for at least three times.
The stirrer was started at a rate of 500 rpm, and the reactor was
heated up to the desired temperature. After reaching the
temperature the stirring was slowed down (200—300 rpm), and
the reactor was pressurized with syngas. Then the reaction was
started by increasing the stirring speed again to 1200 rpm.

For the evaluation of reaction progress, samples were
withdrawn at several time intervals via a sampling valve (Figure
2, (6)) and analyzed by gas chromatography (GC). To ensure
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Figure 2. Reactor setup for hydroformylation experiments.

homogeneous liquid sampling, the stirring speed was not
changed, while the samples were taken from the reactor. In
addition, consumption of syngas during the experiments has
been recorded via the mass flow controller.

The important parameters (conversion X, yield Y, selectivity
S, and TOF) for the evaluation of experimental data were
calculated as shown in eqs 2—5, where n is the amount of
substance, 1-dodecene is the substrate, and 1-tridecanal is the
product.

nt=0, Substrate nt,Substrate

X(t) =
Mt=0,Substrate (2)
14, Prod
Y( t) — t,Product
nt=O,Substrate (3)
n
S(n:iso) — Product
Miso Aldehydes (4)
TOFAld — nt=O,Substrate'YAId(t)

”cat't (5)

The Suzuki coupling reactions were performed in a double-
walled glass reactor equipped with a condenser under nitrogen
atmosphere. First, the reactor was evacuated and flushed with
nitrogen. Second, the reactants were added under nitrogen flow
(3 mmol of 4-chlorobenzeneboronic acid, 3 mmol of 1-chloro-
2-nitrobenzene, and 4 mmol of K,CO,) followed by water,
C4E2, and heptane. The total mass was about 100 g. After

stirring at the desired reaction temperature, the reaction was
started by the addition of the previously prepared Pd/SPhos
catalyst. The reaction progress was followed by withdrawing
samples which were analyzed by HPLC.

2.4.3. Analysis. GC Measurements. Reaction progress and
selectivity of hydroformylation reactions were analyzed by gas
chromatography on a Shimadzu model GC-2010, equipped
with a Supelcowax 10 capillary column, a flame ionization
detection analyzer, and nitrogen as carrier gas.

HPLC Measurements. The conversion and selectivity in all
coupling reactions were determined by high performance liquid
chromatography (HPLC) using an Agilent instrument 1200
series with 250 X 4 mm chromatographic column Multospher
120 RP18-5 p from Ziemer Chromatographie Langerwehe/
Germany. A mixture of acetonitrile/water (70 vol %/30 vol %)
was used as eluent with a flow rate of 1 mL/min, T =25 °C, 1 =
225 nm, injection volume = 10 uL, p = 110 bar, and t = 15 min.
All samples were dissolved in acetonitrile (F = 100).

ICP-OES Measurements. The residue solutions from
different coupling reactions were analyzed for palladium and
phosphorus content using a Varian 715-ES Optical Emission
Spectrometer (ICP-OES) to determine catalyst leaching.
Calibration of the instrument was performed with commercial
palladium and phosphorus standards from Sigma-Aldrich.

3. RESULTS AND DISCUSSION

3.1. Hydroformylation Reaction. As a benchmark for the
rhodium-catalyzed hydroformylation in aqueous multiphase

DOI: 10.1021/acs.iecr.6b03384
Ind. Eng. Chem. Res. 2016, 55, 12765—12775


http://dx.doi.org/10.1021/acs.iecr.6b03384

Industrial & Engineering Chemistry Research

systems (Figure 3) we selected the 1-dodecene/water/Marlipal
(24/70) microemulsion system, which was recently presented

H_oO
[ Catalyst ] o /\f\
Water, Amphiphile
CO/MH, linear branched
NaO3S th H
P,
Catalyst = o) “Rh—CO
p |
Ph, CO

NaOs;S

Figure 3. Hydroformylation reaction with the applied rhodium
catalyst.

by our working group.'® The following parameters were found
to be optimal for the reaction: @ = 0.5, ¥ = 0.08, 95 °C reaction
temperature, 15 bar syngas pressure, 1200 rpm stirring speed,
and 1:4 metal-to-ligand ratio. Hence we started the
investigation of hydroformylation in the SFME system with
these settings and subsequently optimized the parameters in
several kinetic experiments. The results of these experiments
are presented in the following chapters.

Investigation on Phase Behavior. At the beginning of
our investigation the phase behavior of the applied 1-
dodecene/water/C4E2 multiphase system was studied. For
this purpose, several mixtures with different values for a (0.4,
0.5, 0.6) and y (0.0S to 0.3) have been prepared. The phase
behavior of the resulting emulsions was investigated from 25 to
95 °C in 2 °C steps (experimental procedure is described in
section 2.2). Since the phase behavior was found to be similar
for every investigated a value, in Figure 4 only the results for o

95

[oe] ©
(3] o
1 1

temperature [°C]
[o2)
o

~
[&)]
il

70 T T T T T
0.05 0.1 0.15 0.2 0.25 0.3 0.35

amphiphile concentration y

Figure 4. Phase diagram of the 1-dodecene/water/C4E2 multiphase
system (a = 0.5): 2-phase area = oil phase + aqueous phase, 3-phase
area = oil phase, C4E2-rich middle phase, and aqueous phase.

= 0.5 are presented. A broad 3-phase area was found for the
SEME beginning at 77 °C for y = 0.3, at lower temperatures a
2-phase system was observed. The separation time of the
system was less than 1 min in each case. With lower amphiphile
concentration the phase transition temperature increased, for y
= 0.15 it was found at 88 °C. For y = 0.0S and y = 0.1 no 3-
phase area could be observed. We assume that the required
temperature for phase transition in these two systems is higher

than 95 °C, which was the maximal temperature we could
adjust in the water bath.

Furthermore, the experiment for a = 0.5 was repeated with
rhodium-SX catalyst in the mixture to investigate the influence
of the catalyst on phase behavior and the catalyst distribution in
the multiphase system. As a result, no change of phase behavior
could be detected with catalyst in the solution. However, the
catalyst distribution between the phases changed with the phase
behavior of the system. In the 2-phase area (depicted gray in
Figure 4) all the catalyst was located in the aqueous phase.
When the 3-phase area was adjusted by temperature, large
amounts of the catalyst (82.5%) followed the amphiphile into
the middle phase which was proved by ICP-OES measure-
ments. The rest of the catalyst (17.5%) remained in the
aqueous phase.

Furthermore, we observed decomposition of the catalyst for
y > 0.2 after several hours of experiment. The catalyst
containing phase(s) changed color from yellow to brown and
black rhodium particles adsorbed at the water—oil interface.
Interestingly, this observation could not be verified for lower
amphiphile concentrations. We heated and shook all emulsions
for several days without observing any sign of catalyst
decomposition. An explanation for this could be that if the
amount of C4E2 reaches a certain level, the equilibrium of
rhodium-SX complex formation gets misaligned and the short-
chained amphiphile replaces SX as ligand. The resulting
complex should be very instable, which in consequence
would lead to a facilitated oxidation of rhodium by dissolved
oxygen or the formation of hardly soluble rhodium clusters.
Thus, we decided to apply a maximum of y = 0.2 in the
hydroformylation experiments.

Investigation on Phase Volumina. The influence of the
oil/water ratio and amphiphile concentration on the phase
volume fractions of the applied 1-dodecene/water/C4E2
system was studied (see Figure S). For this purpose, different
mixtures for a (0.3—0.5) and y (0.175—0.22S) were prepared,
and the phase volume fractions were determined at two
different temperatures. An increase of amphiphile concen-
tration resulted in a larger middle phase volume fraction.
Correspondingly, a decrease of the organic and aqueous volume
fractions occurred. This effect was more pronounced at 83 °C,
where the middle phase volume fraction also was slightly larger
compared to 95 °C. A variation of the oil/water ratio @ did not
affect the microemulsion phase considerably.

Investigation on Drop Size Distribution. The occur-
rence of the third liquid phase was also visualized using the
endoscope measurement technique. Figure 6 depicts the
droplet appearance inside the stirred tank under 2-phase
(left) and 3-phase conditions (right). Under two-phase
conditions (e.g, T = 60 °C) an o/w emulsion occurs. An
increase of the temperature led to the formation of the 3-phase
system, where the third phase occurred. The third liquid phase
changed the dispersion conditions of the system toward
multiple emulsions, where the middle phase is dispersed inside
the dispersed aqueous phase. Details about the identification of
the phases are given in previous studies.'””’

The drop size distribution under both conditions can be
determined using image analysis. Figure 7 (left) depicts the
drop size distributions in the 2-phase area (o/w emulsion) and
the overall drop size distribution of the 3-phase area (multiple
emulsion). An increase of the droplet size and widening of the
drop size distribution can be observed as a function of
temperature. The droplet sizes in the 3-phase area were also
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with constant y = 0.2. Phase volume fractions (phase heights) were determined by optical methods.

Figure 6. Drop images of the 1-dodecene/water/C4E2 multiphase system at 60 °C (2-phase area) and 83 °C (3-phase area).

determined separately: outer droplets = aqueous phase, inner
droplets = emulsion phase (Figure 7, right).

Influence of Amphiphile Concentration on Hydro-
formylation. The reaction was tested with different C4E2
concentrations to identify the optimal amount of amphiphile.
Due to the findings for the decomposition of catalyst at higher
amphiphile concentrations (during investigation of phase
behavior, see above), y was not raised above 0.2 in these

12769

experiments. In general, an increased amount of C4E2 in the
mixture (and by that a larger emulsion phase, see Figure S)
benefits the reaction. For concentrations below y = 0.1 the
hydroformylation performed very poorly, resulting in almost no
conversion after a 4 h reaction time (Figure 8). Fory=0.1a
conversion of 3.5% was reached with a 1.4% yield in linear
aldehyde (TOF = 7.3 h™'). The yield could be increased to
9.1% (TOF = 53.8 h™!) with a y of 0.2, whereas formation of
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Figure 8. Effect of amphiphile concentration. Test conditions:
[Rh(acac) (CO),] = 0.05 mmol, SulfoXantPhos = 0.2 mmol, 1-
dodecene = 120 mmol, water (a = 0.5), Vg =50 mL, T =95 °C, p =
1S bar, stirring speed = 1200 rpm, t; = 4 h. Statistic deviation of
conversion: +3%.

side products increased only slightly. The n:iso selectivity in the
hydroformylation remained unchanged at 99:1 for each
experiment, indicating that catalyst decomposition was not an
issue for the applied C4E2 concentrations. In consequence we
chose to apply a y of 0.2 in all following experiments.
Influence of Catalyst Composition. Different metal-to-
ligand ratios were tested to identify the optimal catalyst
composition in terms of activity and long-term stability. The
results are displayed in Figure 9. The selectivity of the catalyst
was almost the same in each experiment. We found that an
increase of metal-to-ligand ratio from 1:4 to 1:10 had a
beneficial effect on the activity of catalyst. For a ratio of 1:10
approximately 15.3% of 1-dodecene was converted after 4 h
reaction time with a yield of 12.6% in linear aldehyde,
compared to 11.8% conversion (9.1% linear aldehyde) for a
ratio of 1:4 (TOFs = 73.7 h™" and 53.8 h™, respectively).
These results were in contradiction to our assumption that a
higher concentration of ligand should reduce the reaction rate
due to the increased formation of inactive catalyst species
bearing more than one SulfoXantPhos ligand. This partial
deactivation of the applied rhodium-SulfoXantPhos catalyst was
found by Hamerla et al”' for the hydroformylation of I-
dodecene in microemulsion systems with nonionic surfactants.
We assume that in the case of SEMEs this deactivation might
be compensated by an enhancement in stability of the applied

metal:ligand ratio

Figure 9. Effect of metal-to-ligand ratio. Test conditions: [Rh(acac)
(CO),] = 0.05 mmol, 1 dodecene = 120 mmol, water (a = 0.5), y =
0.2, Vg =50 mL, T =95 °C, p = 18 bar, stirring speed =1200 rpm, tp =
4 h. Statistic deviation of conversion: +3%.

emulsions due to higher amounts of ligand. Since SulfoX-
antPhos is surface active by itself”” it could have an additional
stabilizing effect on the droplets in the SEME, which would be
beneficial for mass transport and hence for the reaction rate.
According to these results, a metal-to-ligand ratio of 1:10 was
used for further investigation.

Influence of Oil Fraction. We investigated the influence of
oil fraction on the hydroformylation in the applied SFME, to
determine the optimal amount of oil with respect to reaction
rate and yield. The oil fraction was varied between a = 0.3 and
a = 0.7 (see Table 1). Interestingly the amount of oil seems to
have only a slight but indistinct impact on the reaction rate. For

Table 1. Results for Different Weight Fractions of Oil

alpha (1-dodecene/ TOF,q m(tridecanal) selectivity (n:iso
water) [h!] [g]” aldehyde)
0.3 68.6 233 99:1
0.4 77.5 2.66 99:1
0.5 73.7 2.52 99:1
0.6 519 1.78 99:1
0.7 71.2 241 99:1

“After 4 h reaction time. [Rh(acac) (CO),] = 0.05 mmol,
SulfoXantPhos = 0.5 mmol, y = 0.2, Vg = S0mL, T =95 °C, p =

15 bar, stirri
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ng speed = 1200 rpm.
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the lowest a value of 0.3, reaction performed slightly slower
(TOF = 68.6 h™") than for @ = 0.5 (TOF = 73.7 h™"), whereas
the TOF was found to be the highest at @ = 0.4 (TOF = 77.5
h™"). With the exception of the experiment for a = 0.6 (TOF =
519 h™') all TOFs lie in the range of +10%. Together with the
results from the experiments with varying C4E2 concentration
(see Figure 8), this ultimately leads us to the assumption that
the reaction mainly takes place in the middle phase and at the
interfacial area of the multiple emulsion droplets. Since the size
of middle phase can only be adjusted by the amount of
amphiphile in the system, as depicted in Figure S, the
concentration of substrate in this phase should not have
changed between the experiments with different a (and
therefore the reaction rate too). Due to slightly better results,
we finally chose to apply a = 0.4 instead of a = 0.5 for further
investigation.

Influence of Syngas Pressure. After optimization of the
composition of the reaction medium the influence of syngas
pressure on the hydroformylation was tested in the range of 2
to 25 bar. The results are displayed in Figure 10. The
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Figure 10. Effect of syngas pressure. Test conditions: [Rh(acac)
(CO),] = 0.05 mmol, SulfoXantPhos = 0.5 mmol, 1-dodecene = 80
mmol, water (@ = 0.4), y = 0.2, Vg = S0 mL, T = 95 °C, stirring speed
= 1200 rpm, tz = 4 h. Statistic deviation of conversion: +3%.

experiments showed that the hydroformylation performs best at
S and 185 bar with conversions of roughly 24% after 4 h reaction
time (TOFs = 78.5 h™" and 77.5 h™', respectively) and slightly
slower at 10 bar (21% conversion, TOF = 70.0 h™). At a
pressure of 2 bar the catalyst activity was comparably high but
featured rather low reaction selectivity. The n:iso selectivity
decreased to 95:5, and approximately 40% of converted 1-
dodecene were isomerization products. An explanation for this
finding could be the low partial pressure of CO. Markert et al.”’
showed for the hydroformylation of 1-dodecene with a
rhodium-biphephos catalyst that a reduced partial pressure of
carbon monoxide leads to an increase of the rate of the
reversible isomerization reaction as well as the rate of
hydrogenation. At syngas pressures higher than 15 bar the
reaction rate seems to decrease slowly with an increase of
pressure. At 25 bar the TOF value was only 64.0 h™', whereas
selectivity remained unchanged. This result was expected and is
a well-known effect in hydroformylation reactions.””** The
inhibition of the reaction rate can be explained by increased
formation of several inactive catalyst species with increasing CO
concentration. As conclusion from these experiments we
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decided to keep the pressure at 15 bar for further investigation.
Although the reaction performed slightly faster at S bar and
thus might be preferential from an economic point of view, we
also considered selectivity and long-term stability of the catalyst
for our decision.

Influence of Temperature. Different reaction temper-
atures were tested from 75 to 95 °C in 5 °C steps. The results
show very clearly an increase of reaction rate with the
temperature: After 4 h reaction time at 75 °C conversion of
1-dodecene was found to be 12.8% (TOF = 41.0 h™") which
linearly increased to 23.4% at 95 °C (TOF = 77.5 h™') while
selectivity of the catalyst remained on the same value in all
experiments (Figure 11). The experimental data show that the
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Figure 11. Effect of reaction temperature. Test conditions: [Rh(acac)
(CO),] = 0.05 mmol, SulfoXantPhos = 0.5 mmol, 1-dodecene = 80
mmol, water (@ = 0.4), y = 0.2, Vi = 50 mL, p = 15 bar, stirring speed
= 1200 rpm, t; = 4 h. Statistic deviation of conversion: +3%.

phase behavior of the applied SFME has no influence on
reaction rate and a simple Arrhenius approach is sufficient to
describe temperature dependency. The initial rates of the
experiments were calculated and plotted in an Arrhenius
diagram (Figure 12). Activation energy of the hydroformylation
was calculated to be 53.9 kJ/mol which is in good accordance
to the literature data collected with single phase systems.”
Recycling Experiment. The gathered data from the
previous experiments were used to optimize the reaction
parameters for the rhodium-catalyzed hydroformylation in the
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Figure 12. Arrhenius plot for the investigated reaction system. r, was
calculated from syngas consumption at the start of the reaction.

DOI: 10.1021/acs.iecr.6b03384
Ind. Eng. Chem. Res. 2016, 55, 12765—12775


http://dx.doi.org/10.1021/acs.iecr.6b03384

Industrial & Engineering Chemistry Research

applied SEME. To finally investigate and prove the applicability
of SEMEs for chemical processing we performed a recycling
experiment over S cycles including all optimal reaction settings.
For this purpose the reactor was cooled down to room
temperature and depressurized after each run. Next, the reactor
was opened, the oil phase was decanted (after complete phase
separation), and then the new substrate was added. In addition,
we had to add some C4E2 after each run since GC
measurements showed that small amounts of C4E2 leave the
reactor together with the oil phase (roughly 1 g per recycle,
which is 11 wt % of the applied amphiphile). After replenishing
the reactor, it was closed and heated up again for the next run.

Following this procedure, the catalyst could be successfully
recycled for four times and performed the hydroformylation
reaction in a total of five runs with very high selectivity toward
the desired product (Figure 13). Thus, the proof of concept for
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Figure 13. Recycling experiment. Test conditions: [Rh(acac) (CO),]
= 0.05 mmol, SulfoXantPhos = 0.5 mmol, 1-dodecene = 80 mmol,
water (@ =04), 7y =02, Vg =50 mL, T =95 °C, p = 15 bar, stirring
speed = 1200 rpm, tz = 4 h. Statistic deviation of conversion: +3%.

the application of SFMEs as switchable reaction media in
homogeneous catalysis is given. However, the results show a
considerable decrease in activity of the catalyst after the first
recycle. The TOF decreases by nearly 50% from 73.4 h™" to
38.0 h™' between the first and second run. The decrease is
mainly due to the low C4E2 concentration in this run, since the
loss of C4E2 in the extracted oil phase had been higher than
expected. Thus, the value of y decreased from 0.20 to roughly
0.175, which has a considerable impact on the rate of reaction

as already shown in Figure 8. The C4E2 concentration could be
increased for the subsequent runs, leading to higher
conversions. However, the activity of catalyst still decreased
slightly with every new recycling step. We assume that this
decrease could be due to catalyst deactivation by decom-
position which had been already observed during the first phase
separation experiments (see discussion of Figure 4). Oxidation
of the catalyst by oxygen could also be part of the reason for
catalyst deactivation, since the reactor had to opened between
the runs for the renewal of the oil phase. An indication for this
assumption could be that the catalyst solution lost its
characteristic yellow color during the recycling experiment
and changed to light brown. Unfortunately, we have no
evidence of the quantitative amount of remaining active catalyst
after the fifth run, since this information would require the
implementation of highly extensive in situ measurement
techniques.

4. SUZUKI COUPLING

The Pd/SPhos catalyzed Suzuki coupling of 1-chloro-2-
nitrobenzene and 4-chlorobenzeneboronic acid to 4’-chloro-2-
nitrobiphenyl was carried out in heptane/water/C4E2 as
reaction medium (Figure 14).

In contrast to the hydroformylation reaction, where 1-
dodecene is used as a reactant and oily compound at the same
time, heptane was used as a nonpolar component to dissolve
the hydrophobic reactants. Suzuki coupling reactions have
already been investigated in microemulsion systems of technical
grade surfactants. It was demonstrated that 3¢p microemulsion
systems provide the best conditions for the reaction and the
simultaneous separation of hydrophobic products, the catalyst
complex, and salts produced during the reaction from the
inorganic base.”**’

At first, the phase behavior for the reaction mixture with
C4E2 as the amphiphile was studied, and the obtained phase
diagram after the coupling reaction is shown in Figure 1S.
Between an amphiphile concentration of 0 and 0.6 the 2® and
3¢ states are observed. In comparison to Figure 4, for the
Suzuki coupling reaction the 3® region is shifted to lower
temperatures and covers a range of about 30—40 °C.

If classical surfactants are applied to formulate a micro-
emulsion system, the range for the 3¢ region is often very small
(about 5—10 °C); therefore, a change in the composition of the
reaction mixture can easily lead to a change in the phase
behavior, e.g. from 3¢ to 2¢) state. This is a challenge, if a
continuous process is aspired, but a successful example for a
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Cl Cl
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Figure 14. Suzuki coupling reaction with the applied water-soluble ligand.
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Figure 15. Phase behavior after reaction of 1-chloro-2-nitrobenzene (3
mmol) and 4-chlorobenzeneboronic acid (3 mmol) with K,CO; (4
mmol) as base and Pd/SPhos as catalyst complex (Pd/SPhos = 1/3,
33.42 pmol Pd) in heptane/water/C4E2 (a = 0.5).

continuous operation of a hydroformylation reaction in a
miniplant using 1-dodecene/water/Marlipal 24/70 as reaction
medium is presented in refs 18 and 28. This example shows
that it is possible to apply a microemulsion system in a
combined reaction and separation process. However, the lower
sensitivity of the phase behavior for the C4E2 based SFME
toward smaller changes in the composition of the reaction
mixture is of advantage. In addition, phase separation is much
faster than in microemulsion systems, where the time for phase
separation increases significantly when approaching the phase
boundaries, but there are new challenges when C4E2 is used as
an amphiphile instead of a conventional surfactant. The
properties of the microemulsions system which are needed to
have a favorable interaction with the catalyst complex, as we
have already shown in ref 29 for microemulsion systems, are
missed. For the 3® microemulsion system, we would expect a
higher catalyst concentration in the middle phase if water-
soluble ligands are used. In contrary, we found for the C4E2
system that the Pd/SPhos catalyst complex used for the Suzuki
coupling reaction accumulates in the middle phase, whereby a
Pd/TPPTS complex accumulates mainly in the aqueous-excess
phase. The short-chained amphiphilic structure of C4E2 is
responsible for a more solvent-like behavior of the middle
phase so that now the polarity of the catalyst complex is more
important than its amphiphilic nature.

The Suzuki coupling reaction was performed at different
C4E2 concentrations. As shown in Figure 16, the conversion
and selectivity are slightly lower for the 2® system but increase
when the 3¢ system is obtained, where yields up to 90% are
achievable. When the amphiphile concentration is increased
further, conversion and yield decrease again. As shown in
Figure 5, the volume fractions within the 3¢ system depend on
the amphiphile concentration, whereby in the case of heptane,
the volume of the middle phase increases and the volumes of
the water and oil excess phase decrease. As the Pd/SPhos
catalyst is located in the middle phase, its concentration will
decrease with C4E2 concentration (dilution) and the reaction
will slow down.

Although the 3¢ system is the desired state for separation,
the higher volume fraction of the middle phase is disadvanta-
geous for the Suzuki coupling reaction. As already mentioned,
for this reaction the oily phase is composed by heptane and the
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Figure 16. Conversion, selectivity, and yield as a function of the C4E2
concentration for the Suzuki coupling of 1-chloro-2-nitrobenzene (3
mmol) and 4-chlorobenzeneboronic acid (3 mmol) with K,CO, (4
mmol) as base and Pd/SPhos as catalyst complex (Pd/SPhos = 1/3,
33.42 umol Pd) in heptane/water/C4E2 (a = 0.5). Reaction
temperature = 60 °C and reaction time = 120 min.

reactants/products within. Therefore, we have to consider the
partitioning of the product between the individual phases. As
shown by Volovych et.”’ for a C4E2 concentration of 15% only
56% of the product is located in the oil excess phase and the
rest accumulates in the middle phase. Since heptane is not as
hydrophobic as 1-dodecene, more heptane is dissolved in the
middle phase with increasing C4E2 concentration so that the
middle phase becomes more hydrophobic. If the oil excess
phase should be used further, e.g. in tandem reactions, or high
product removal is desired after one single reaction, the C4E2
concentration should be kept low. Again, we found an optimum
in C4E2 concentration of 20%. The obtained yields for the
Suzuki coupling reaction were already sufficient; therefore, we
investigated the catalyst recycling and the increase in reactant
concentration to achieve a higher space-time yield. For the
recycling experiments, the oil and water excess phases after
reaction containing the product and the salts were replaced by
the same amount of heptane, water, and fresh reactants. As in
the hydroformylation experiments, we found that C4E2 also
leaches into the excess phases and has to be replaced in order to
stabilize the phase behavior. Without any other modification,
three runs could be carried out with the same catalyst, whereby
the reaction time for each run was reduced to 20 min. The
results are shown in Table 2.

Obviously, there is a strong decrease in the catalytic activity
between the runs. To find the reason, we determined the
catalyst leaching into the excess phases. We found a minor

Table 2. Conversion, Selectivity, and Yield for the Pd/SPhos
Catalyzed Suzuki Coupling with Catalyst Recycling”

run conversion (X) selectivity (S) yield (Y)
0.87 091 0.79
0.41 0.86 0.35

3 0.22 0.81 0.18

?1-Chloro-2-nitrobenzene (3 mmol) and 4 chlorobenzeneboronic acid
(3 mmol) with K,CO; (4 mmol) as base and Pd/SPhos as catalyst
complex (Pd/SPhos = 1/3, 33.42 umol Pd) in heptane/water/C4E2
(a = 0.5). Reaction temperature = 60 °C and reaction time = 20 min.

DOI: 10.1021/acs.iecr.6b03384
Ind. Eng. Chem. Res. 2016, 55, 12765—12775


http://dx.doi.org/10.1021/acs.iecr.6b03384

Industrial & Engineering Chemistry Research

leaching of about 8% of Pd in three runs, but about 25% of
SPhos already leached in a single run. A strong ligand Ieachin%
was also observed earlier by Nowothnick et al. for TPPTS.”

Based on the Pd and SPhos losses, there are several possibilities
to explain the lower activity, e.g. change in the Pd/SPhos ratio.
However, the selectivity changes only slightly, and we can
assume that the main reaction is still carried out by the Pd/
SPhos complex but only at lower concentrations. It might be
possible that some Pd is reduced but stabilized by the C4E2,
which can explain that still 92% of Pd are present. As the C4E2
system is relatively new, further investigations are necessary. As
this trend was also observed for the microemulsion systems”’
and could finally be solved by adding fresh ligand after a single
run, we can expect the same behavior for the SFME.

Finally, we were interested in an increased productivity of the
reaction system for which the reactant amounts were increased
by a factor of 5 from 3 to 15 mmol. Within 15 min 98%
conversion was achieved, but the selectivity decreased to 87%
attributed to the high concentration of activated boronic acid
able to perform the homocoupling reaction. It should be
mentioned that the reaction at 60 °C was carried out in the
upper 2® region due to a hydrophilic shift at higher reactant
concentrations. To re-establish the 3® region, a reaction
solution must be cooled down to 30 °C. We performed the
reaction at 30 °C so that after the reaction separation can be
done without a change in temperature; but activity was lower
than expected, and 94% conversion and 85% selectivity were
obtained after a reaction time of 120 min. We can summarize
that the SFME can also be used for a combined reaction and
separation process for the Suzuki coupling reaction, but further
investigation is necessary to optimize the performance.

5. CONCLUSION AND OUTLOOK

In this contribution, we have shown that aqueous surfactant-
free multiphase emulsions are feasible reaction media for
homogeneously catalyzed reactions. A short-chain amphiphile,
like diethylene glycol butyl ether (C4E2), is able to solubilize
hydrophobic substrates in an aqueous environment and thus
support the catalytic reaction and facilitate catalyst recycling in
its active form. Preliminary investigations by the use of an
endoscope measurement technique shown, that the applied
reaction mixture for hydroformylation reaction consisting of 1-
dodecene, water, and the amphiphile C4E2, formulates a
multiphase system that has temperature dependent phase
behavior similar to microemulsion systems (MES). Moreover,
the switch from 2-phase to 3-phase conditions changed the
dispersion conditions of the system from o/w emulsion toward
multiple emulsions, where the emulsion phase was dispersed
inside the continuous phase. Semibatch experiments for the
rhodium-catalyzed hydroformylation of 1-dodecene in these
systems showed under optimized reaction conditions a
conversion of 23.4% (TOF = 77.5 h™) after 4 h reaction
time. Interestingly, the results from the kinetic experiments let
us assume that the reaction behavior of hydroformylation in
SFMEs is more comparable to reactions in thermomorphic
multicomponent systems (TML) than in MES. It seems like
the reaction mainly takes place in the middle phase, and the
reaction rate is strongly dependent on the amount of
amphiphile in the system. This indicates the solvent properties
of a medium polarity solvent mixture, rather than a highly
dispersed MES. In recycling experiments the applied Rhodium-
SulfoXantPhos catalyst could be successfully recycled for four
times, maintaining its very high linear-to-branched selectivity of

99:1. The Suzuki coupling reaction of 1-chloro-2-nitrobenzene
and 4-chlorobenzeneboronic acid could also be successfully
performed in aqueous SFMEs at yields up to 90%. Catalyst
recycling was proven in general but needs further investigation
in order to optimize the performance.

In summary, the results of the lab-scale experiments
demonstrated the potential of surfactant-free multiphase
emulsions as switchable reaction media for homogeneous
catalysis and established the basis for more research using these
systems, including the prospect of the design of a continuous
process.
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Halloysites Stabilized Emulsions for Hydroformylation of

Long Chain Olefins

Regine von Klitzing, Dimitrij Stehl, Tobias Pogrzeba, Reinhard Schomdicker,
Renata Minullina, Abhishek Panchal, Svetlana Konnova, Rawil Fakhrullin,
Joachim Koetz, Helmuth Méhwald, and Yuri Lvov*

Halloysites as tubular alumosilicates are introduced as inexpensive natural
nanoparticles to form and stabilize oil-water emulsions. This stabilized emul-
sion is shown to enable efficient interfacial catalytic reactions. Yield, selectivity,
and product separation can be tremendously enhanced, e.g., for the hydrofor-
mylation reaction of dodecene to tridecanal. In perspective, this type of formu-
lation may be used for oil spill dispersions. The key elements of the described
formulations are clay nanotubes (halloysites) which are highly anisometric,
can be filled by helper molecules, and are abundantly available in thousands of
tons, making this technology scalable for industrial applications.

1. Introduction

Emulsions may be produced with addition of nano/microparti-
cles accumulated at the droplets’ interface, that stabilize them
against coalescence in nonmiscible liquids. These emulsions
named after one of the technique pioneers, S. Pickering,!
may be useful for liquid/liquid catalysis and for emulsification
of spilled oil.?! Particles of silica, latex, or even bacterial cells
are able to stabilize oil-in-water emulsions by assembly at the
liquid-liquid interfacel*~ using natural clay nanotubes is wid-
ening emulsification possibilities. Additional hydrophobization
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of the halloysite surface increases the
resulting emulsion stability.”?)  The
arrangement paralle]l to the interface
allows for larger contact area, and the
mechanical stiffening may supress fluc-
tuations, that otherwise facilitates droplet
coalescence. Halloysite clay nanotubes
were first proposed as an efficient oil
emulsifier in ref. [7] The formation of
Pickering emulsions with surfactant
loaded clay nanotubes (dioctyl sodium
sulfosuccinate salt, Span 80, and lecithin)
further improved oil dispersibility and
connected this halloysite technology with
the traditional methods of preparing amphiphile stabilized
emulsions.

Halloysite is a natural tubular alumosilicate clay min-
eral that can be mined from deposits in thousands of tons at
purity of 95%-99%.11% The nanotubes vary in length between
400 and 2000 nm, with a diameter of 40-60 nm and a lumen of
10-20 nm (Figure 1). The unique properties of halloysite such
as low cost, environmental friendliness, biocompatibility, and
hollow structure made it possible to use these nanotubes as a
cargo for loading and slow release of active molecules such as
drugs, anticorrosion agents, and surfactants.'%13 In the pre-
sent paper, the application of pristine and hydrophobized hal-
loysite nanotubes (HNTSs) is described for model petroleum and
dodecene emulsification in an attempt to generalize interfacial
architectures for these clay nanotubes. The impact of dodecene/
water emulsions for catalysis is demonstrated.

2. Results and Discussion

2.1. Control of the Structure of Halloysite Pickering Emulsions

In order to get high yield and selectivity during catalysis and for
oil spill remediation, the structure of the emulsions had to be
controlled and tailored. As oil, either the model petroleum or
dodecene was used. Halloysites were added at different concen-
trations. The degree of hydrophobization of the halloysite tubes
was varied, and halloysites of different sizes were used.

The vortexing time does not essentially affect the average
diameter of the oil droplets in case of a halloysite content of
0.25 wt%. In contrast, in presence of 0.5-1 wit% halloysites,
the droplets get smaller with increasing vortexing time from
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Figure 1. A) Transmission electron microscopy (TEM), B) scanning electron microscopy (SEM), and C) atomic force microscopy (AFM) images of

halloysite (sample from Applied Minerals Inc).
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Figure 2. Average diameter of the Pickering emulsion droplets formed with model petroleum (oil phase) in water and 0.25, 0.5, and 1 wt% of pristine
halloysite measured A) after different durations of vortexing and B) after several days (for T min vortexing time). The oil:water volume ratio was 1:3.
The respective mean diameters are obtained from measurements of about 200 droplets each and the error is an average deviation.

1 to 3 min (Figure 2). For the following experiments, the vor-
texing time was kept fixed at 1 min.

In the next step, the storage stability of the emulsions was
investigated in terms of changes in droplet size. The average
diameter of the emulsions formed with 0.25 wt% of pristine
halloysite significantly increases from 6 to 22 um after 7 d (blue
bars in Figure 2B), but less significant changes in diameter
were observed in case of emulsions formed with 0.5-1 wt%
of pristine halloysite (orange and grey bars). Obviously, an
increase in halloysite concentration leads to denser packing
at the oil/water interface, which stabilizes the droplets against
coalescence. This highest studied halloysite concentration of
1 wt% was used for further formulation.

Size effects of halloysites on the droplet size distribution
were studied with 1 wt% HMDS hydrophobized halloysite
(Figure 3). Short halloysite nanotubes had average length of
400 nm, medium length halloysite had the average length of
750 nm, and long halloysite had an average length of 1500 nm.®!

The average droplet diameter is not affected by the length
of the halloysites in the range 0.5-1.5 um (Figure 3), though
longer tubes provided a narrower size distribution of the drop-
lets. An explanation might be the higher resistance of long hal-
loysite tubes against droplet coalescence, which prevents the
formation of the “distribution tail” toward larger droplets. For
shorter halloysite tubes, it is difficult to visualize the tube loca-
tion on the oil droplet, but longer tubes were well visible, and
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they are oriented laterally on the droplet surface (Figure 4); cryo-
SEM images for dodecene droplets shown further in Figure 7C
as well indicate lateral positioning of the tubes on the droplet
surface.

In order to imitate the salinity of sea water and to measure
its impact, studies in fresh water, at 0.2 M and, finally, at 0.6 m
of sodium chloride were carried out. The concentration of hal-
loysite was fixed at 1 wt%, which was found as the best concen-
tration in terms of stability. The halloysites were hydrophobized
by HMDS or ODTMS.

0.06 -
> 005 7 ) 1% Short
% 0.04 -~ HNT
= 0.03 .
2 0.02 ceeeee 1% Medium
* 0.01 HNT
0 - == 1% Long

40 HNT
Diameter (um)

Figure 3. Diameter distribution of model petroleum droplets after one
week in emulsions formed with T wt% of halloysite (HNT) of three dif-
ferent lengths.
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Figure 4. Optical images of 1 wt% halloysite emulsions with 30% oil (model petroleum): A,B) halloysite in model sea water at 0.6 m NaCl, and C) optical
image at the same condition but with long 1.5 um halloysite, allowing visualization of the tube location. Oil:water volume ratio was 1:3.

Using pristine halloysite in pure and salted water leads to
a broad distribution of oil droplets with an average diameter
of ca. 170 um in case of pure water and ca. 100 um in case
of salty 0.2 and 0.6 M NaCl water (Figure 5A). The halloysites
with medium hydrophobization with HMDS (contact angle of
30°) in pure water form emulsions with an average diameter of
18 um which slightly increases in salty water (Figure 5B). The
most stable emulsions with the smallest droplet diameters of
4.0 £ 1.5 um were obtained with ODTMS-hydrophobized hal-
loysite (Figure 5C). Therefore, this formulation was considered
the best among the studied ones for model petroleum emulsi-
fication. The halloysite emulsification of dodecene for catalysis
as well yielded oil droplet diameters of ca. 4 um. An explanation
for the effect of salt might be the screening of the electrostatic
repulsion between pristine halloysite nanotubes in presence of
salts. The screening leads to denser packing of halloysites at
the oil/water interface and to a decrease in droplet size. In case
of hydrophobized halloysites, salt has no effect on the interac-
tion. The dense packing of the surface active halloysites leads to
smaller droplets.

2.2. Halloysite Based Oil Emulsions for Catalysis

Pickering emulsions stabilized with halloysite nanotubes are
promising candidates for catalysis. It had already been shown,
that emulsions stabilized by nano- or microparticles are poten-
tial systems for hydroformylation.*1411 A long chain olefin
(dodecene) can be hydroformylated to tridecanal by using
halloysite stabilized Pickering emulsions. Dodecene presented

—Pristine 14a water

Probability

= = Pristine 14a0.2 M

Probability

----- Pristine 14a0.6 M

Diameter (um)

A B

Diameter (um)

the oil phase and the water-soluble amphiphilic thodium (Rh)-
based catalyst was solubilized in the water phase. Although
silica particles and halloysites are both hydrophilic and have
the same surface chemistry, their emulsions behave differ-
ently. In case of silica stabilized emulsions, the water:oil ratio
determines the type of emulsion: oil-in-water emulsion (o/w)
or water-in-oil emulsion. Up to 70% of the dispersed phase can
be added until the emulsions show an inversion. In case of hal-
loysite stabilization, the Pickering emulsions were always of
o/w-type irrespective of the water/dodecene ratio. Figure 6C—F
shows fluorescence microscope images of water:dodecene mass
ratios of 1:3 (Figure 6C,E) and 3:1 (Figure 6D,F). The fluores-
cein dyed emulsions (Figure 6C,D) show dispersed oil droplets
in the water phase. Also oil droplets can be observed in the nil
red dyed emulsions (Figure 6E,F). Thus, the emulsion type of
pristine halloysite stabilized emulsions remains always an o/w-
emulsion. They follow the Bancroft rule, meaning that the con-
tinuous phase corresponds to the phase in which the particles
are dispersible.

Due to the type of the Pickering emulsions (o/w-emulsion),
the oil phase is not completely dispersible in the water phase at
the water:dodecene mass ratio of 1:3 (Figure 6A) and the emul-
sion shows an excess of dodecene phase at the top. However,
at the inversed mass ratio of water:dodecene 3:1 (Figure 6B),
a completely dispersed oil phase appears and the excess of
dodecene cannot be detected. The droplet size is not essentially
affected by the oil:water ratio.

Figure 7A shows an optical microscopy image of dodecene
droplets in the water phase. Furthermore, Figure 7B shows hal-
loysites, which have adsorbed fluorescein and become visible in

= 143-HMDS water
— = 143-HMDS 0.2 M

o 143-0DTMS water
= = 14a-00TMS0.2M

------ 14a-HMDS 0.6 M s 14a-0DTMS 0.6 M

Diameter (um)

C

Figure 5. Size distribution of oil droplets after one week. Emulsions were formed with 1 wt% of A) pristine , B) HMDS, and C) ODTMS hydrophobized

halloysite in pure water and in aqueous 0.2 and 0.6 m of NaCl.
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Figure 6. A,B) Images of halloysite stabilized emulsions at the mass ratios of 1:3 and 3:1. C-F) Fluorescence microscope images of the emulsions.
C,D) The water phase was dyed with fluorescein (0.01 mg mL™"), and E,F) the dodecene phase was dyed with nil red (0.01 mg mL™"). C,E) Water to oil

mass ratio of 1:3, D,F) water to oil mass ratio of 3:1.

the fluorescence microscope as green lines. It can be observed
that the halloysites are attached at the oil/water interface, but
the orientation of the halloysites does not really become clear
from this fluorescence microscope image.

Another important difference between halloysite and silica
stabilized emulsions is, that silica particles with extreme con-
tact angles (© < 20° for hydrophilic and © >160° for hydro-
phobic treatment) cannot stabilize emulsions!* while Pickering
emulsions can be stabilized by hydrophilic tubule (pristine)
halloysites . This supports the conclusion that the shape of the
nanoparticles has an important effect on the stabilization as
theoretically analyzed in.®l For example, the cylindrical (aspect
ratio: 20:1) elongated particles have five times higher droplet
surface detachment energy than the same mass spherical parti-
cles.®®l Freeze fracture cryo scanning electron microscopy shows
that the halloysite tubes are oriented laterally at the surface of
the ca. 3-10 um diameter dodecene droplets (Figure 7C). This
explains the large resistance against coalescence.

If high energy ultrasonication is used for dodecene formu-
lations, emulsions can be formulated without any particles
added, but they are not filterable and much less stable against
coalescence than Pickering emulsions. The rhodium-based cat-
alyst used for hydroformylation of olefins contains an amphi-
philic ligand, which acts as coemulsifier and may enhance the
emulsification process. The addition of the catalyst leads to an

Figure 7. Dodecene-in-water emulsion stabilized by halloysites (water to dodecene ratio 3:1, 0.5 wt% halloysites).

increase of the volume of the emulsion phase. Further experi-
ments showed that stirring in the reactor at 1200 rpm of only
water phase (with the catalyst) and dodecene phase shows no
significant product yield.

The results of the hydroformylation of 1-dodecene to tride-
canal (aldehyde) are shown in Figure 8. The halloysite (pris-
tine, 750 £ 200 nm) stabilized emulsions show a quite high
product mass ratio in the reactor with more than 36 wt% after
24 h. The amount of byproduct (iso-aldehyde) remains very low
during the whole reaction time. The product selectivity is excel-
lent with an n:iso (tridecanal:iso-aldehydes) ratio of 99:1. Other
compounds like iso-dodecene, which do not contribute to the
reaction, are not shown in the plot.

After the reaction, the water phase with the catalyst can be
easily separated from tridecanal by membrane filtration. The
emulsion can be concentrated to more than 90% without break-
through of the dodecene phase, meaning that the oil droplets
remain stable against coalescence. This is a great advantage
in comparison to many other strategies for catalysis of hydro-
formylation. The Pickering emulsions have very high overall
process efficiency in terms of product yield, selectivity, and
separation. This is a proof of concept for a novel strategy using
halloysite stabilized emulsions for catalysis. Besides, in compar-
ison to compact particles like silica, the lumen of the halloysites
can be filled with drugs or additives for further perspectives.

54800 2.0kV 4.7mm x50.0k SE(M)

A) Optical microscopy image.

B) Water phase doped with fluorescein. C) Freeze-fracture cryo SEM picture of a 3-10 um sized dodecene droplet coated with halloysites in water.
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Figure 8. Hydroformylation of 1-dodecene to tridecanal (and undesired
iso-aldehydes) during 24 h of reaction time and reaction conditions of
15 bar syngas (1:1 H2:CO), 95 °C and stirring speed of 1200 rpm: The
reactant contains also about 5% of iso-dodecene which reacts very slowly
and does not change in concentration; t = 0: time, where the synthesis
gas is added, to: warming up of the reactor; cgp.cot = 4.2 mmol L' and
the concentration of SulfoXantPhos was 17.8 mmol L. w; phase, reactor:
mass ratio of the components in the oil phase (in reactor). For the Pick-
ering emulsion, 24 g water with the catalyst, 8 g 1-dodecenen, and 0.16 g
(0.50 wt%) of pristine halloysites (750 + 200 nm) were used.
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2.3. Halloysite Nanotube Safety

Nanomaterial safety is a critical factor in industrial applica-
tions, making questionable the development of carbon nano-
tubes and graphene emulsions which may course danger for
ecology if used in large quantities.'*'8) One may also ques-
tion if elongated particles are more dangerous than more
compact ones, considering the discussions about asbestos.
However, halloysite clay nanotubes are the safest of the dis-
persed clays (montmorillonite, kaolin, and bentonite) and are
much friendlier to the environment than carbon nanomate-
rials. This was proven for human cells, soil and fresh water
microorganisms, and for small animal consumption.[1:17:18]
Here it is shown that halloysite nanotubes do not significantly
inhibit the viability and growth of bacterial cells. First, real-time
monitoring of cell growth (Figure 9A) has confirmed, that the
cells exhibit the typical growth patterns, although higher concen-
trations (2.5 mg mL™!) somewhat reduce the growth rate. How-
ever, this might be explained by the more effective settlement
of halloysite-treated cells and formation of biofilms rather than
planktonic growth, as in case of intact cells and lower concentra-
tions of halloysites. Although halloysite is generally known to be
safe, no data were reported on the interactions of halloysite with
bacteria. A. borkumensis cells are gram-negative marine species
with relatively thin cell walls. Real-time growth monitoring was
performed in thermostated plates where the cells had full access
to nutrients and oxygen, therefore the increase of optical density
corresponds to increasing cell numbers. This approach is more

¥ Aborkumensis

0.5 mg/ml halloysite

1 mg/ml halloysite

1.5 mg/ml halloysite

% of cell viability
3 3

2 mg/ml halloysite

2 2.5 mg/ml halloysite

B

Figure 9. Viability of pristine halloysite-treated A. borkumensis cells: A) real-time growth monitoring curves, B) resazurin test results, C) MTT test
results, D) scanning electron micrograph of the bacteria added in pristine halloysite dispersion.
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reliable than colony forming unit count, since it demonstrates
the population increase in situ.

To investigate the enzymatic activity of halloysite-treated
A. borkumensis cells, we employed a set of colorimetric assays
(MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-dophenyltetrazolium bro-
mide) assay and resazurin assay). These tests are used to eval-
uate the physiological activity of enzymatic cellular ensembles.
Resazurin is reduced by bacterial enzymes within the cells
producing the pink pigment resorufin, and we found, that the
redox enzymatic activity was not severely inhibited in halloysite-
treated cells (Figure 9). The MTT-test results also indicate that
there is no severe reduction in enzymatic activity of NAD(P)
H (nicotinamide adenine dinucleotide phosphate)-dependent
oxidoreductases. A slight reduction in enzymatic activity was
observed at higher concentrations of halloysite (2.5 mg mL™),
which correlates well with the growth monitoring. One can see,
that halloysite nanotubes are comparable in sizes with bacteria
and do not penetrate into the cell interior (Figure 9C). Halloysite
is safe in the concentration range up to few mg mL™! for A. bor-
kumensis, and even higher nanoclay concentrations are safe for
whole organisms, such as microworms or animal digesting.['”]

The results obtained on oil emulsification and halloysite
safety promise further technology extension for petroleum spill
remediation. Pickering emulsification can proceed with ener-
gies low enough to be afforded by ocean turbulence, and sta-
bility of droplets extends over more than a week. The oil/water
interface is roughened, which is favorable for bacteria prolif-
eration. In order to contain the petroleum spill in Deepwater
Horizon, Gulf of Mexico, seven million liters of hydrocarbon
amphiphilic dispersants were applied at the leaking spot for
oil emulsification.'®?% This allowed to disperse petroleum
spots and could result in faster bioremediation of the spill by
naturally occurring degrading microorganisms such as A. bor-
kumensis.21-23l One of the main goals of spilled oil halloysite
emulsification is to optimize its consumption via degrading
bacteria, and this may be reached: (1) by maximizing the oil
surface area which is inversely proportional to the droplet
radius (e.g., decreasing the oil droplet diameter from 1 mm
to 10 um increases the resulting multiplied droplets’ surface
100 times), and (2) by increasing of the droplet surface rough-
ness, improving bacterial cell attachment and proliferation. We
proved halloysite safety for A. borkumensis as one of the estab-
lished bacterial organisms for both aliphatic and conjugated oil
component decomposition, and its use for oil emulsification
looks very promising. A halloysites dispersion preparation does
not need much energy and can be achieved with few minutes
vortexing, which is comparable with sea-wave energy.

3. Conclusions

Using well-defined 50 nm diameter hal-
loysite clay nanotubes for oil emulsification A
allows for architectural control over oil-in-
water droplets. Optimization of the nano-
tubes’ length between 0.4 and 1.5 um and
their surface hydrophobicity through silani-

Pristine HNT

U i L L

Contact angle 16°t1

M \liw’ﬁ
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even in high molarity salt solutions, like sea water. Contrary to
other clays, halloysite nanotubes do not need prior exfoliation
and may be used for emulsification directly in pristine powder
form.

The oil-in-water emulsions allowed for efficient hydrofor-
mylation reactions using an aqueous Rh-catalyst. This gave effi-
cient dodecene conversion to tridecanal with simple aqueous
catalyst separation from the product. This novel strategy of
halloysite stabilized emulsions for catalysis is more efficient
than using spherical nano/microparticles like silica. Besides,
the nanotubes can be filled with reaction enhancing chemicals
providing synergetic effects during their slow and controlled
release.

The halloysite tubes are abundantly available and ecologically
friendly nanoparticles, enabling formation and stabilization
of oil emulsions. We are expecting additional development in
making use of adsorption of aligned clay nanotubes at the oil
droplet interfaces, which promises further attractive applica-
tions including oil spill remediation.

4. Experimental Section

Halloysites: Halloysite clay of 95%-99% purity from three sources was
used: first from Applied Minerals Inc, NY. Two other halloysite samples
from Henan Province, Z. Bing, China, and I-Minerals Inc. (Canada)
would be referred correspondingly.

Halloysites—Hydrophobization of Halloysites: Hexamethyldisilazane
(HMDS) and octadecyltrimethylsilazane (ODTMS) were purchased from
Sigma-Aldrich. 500 mg halloysite and 10 mL hexamethyldisilazane were
mixed in 60 mL isopropanol and sonicated for 30 min. The sonication
was important to break down clumps and aggregates of the nanotubes
and expose singular tubes to the silane compound. The mixture was put
under a reflux condenser and the reaction was allowed to run for 20 h at
80 °C. Octadecyltrimethylsilazane had an aliphatic C18 chain attached
to a single silane center, which promised higher hydrophobization.
Different ratios of halloysite: ODTMS were added to 30 mL of toluene,
and the mixture refluxed for =24 h at 80 °C. The optimal ratio to
maximize the contact angle was identified as 1:4.5 (g mL™"). After the
reaction with the silanes, the halloysites were thoroughly washed and
dried at 60 °C overnight.

A contact angle instrument OCA (Future Digital Scientific Corp.)
was used to analyze the contact angle of pristine and hydrophobized
halloysites. Therefore, a sessile water drop was deposited on the pressed
halloysite pellet, and the contact angle was measured. In order to tune
the contact angle of the halloysites, they were hydrophobized with
HMDS and ODTMS achieving a water contact angle of 30° + 2° and
98° + 3°, respectively, as compared with 16° £ 1° for pristine halloysite
(Figure 10).

Halloysites—Halloysite Length Distributions: To study the influence
of the halloysites’ length on the size distribution of the emulsion

HiC |, CHg OCH;
HaC-$i—N-Si—CHj CH3(CHz)16CHz~Si-OCHs
CH; CH, OCHs
B C

Contact angle 30°¢2  Contact angle 98°+3

zation allowed designing oil droplets with
diameters of 3-5 um stable in pure water and

1600435 (6 of 8)

wileyonlinelibrary.com

Figure 10. Contact angle of pure water on the surface of a pressed pellet of A) pristine hal-
loysite-HNT, halloysite hydrophobized B) with HMDS and C) with ODTMS.
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droplets, three different types of halloysite nanotubes were used for the
formulation: short halloysite supplied by Applied Minerals (USA) with
average length of 500 £ 200 nm which would be referred as halloysite.
Medium length halloysite from Henan Province (China) with the average
length of 750 £ 200 nm and long halloysite supplied by I-Minerals
(Canada) with the length of 1500 £ 500 nm were used in few special
cases and would be referred correspondingly. The halloysites were
hydrophobized with HMDS and ODTMS to ensure the formation of
more stable emulsions working also in sea water. The size of the oil
droplets was measured 1 d after the formulation of emulsions.

Formulation of Pickering Emulsions: As oil phase, either pure dodecene
or model Louisiana sweet petroleum (50 wt% of hexane, 40 wt% of
decane, and 10 wt% of naphthalene) were used. Hexane, decane, and
naphthalene were purchased from Sigma-Aldrich. Two formulation routes
were tested: (a) in case of model petroleum, it was mixed with water
with a volume ratio oil:water 1:3. Then 0.25-1 wt% of dry powder of the
halloysite nanotubes were added on top and the dispersion was vortexed
at 3200 rpm for 1-3 min. To disperse halloysite aggregates, the mixture
was ultrasonicated for 5-10 min (40 kHz) and again vortexed for 1-3
min. The formation of emulsions was proved with optical microscopy.
The oil droplet size distributions were measured 1, 3, and 7 d after the
preparation. (b) In case of dodecene as oil phase, first the halloysites
were dispersed in water and emulsified with dodecene afterward by
ultrasonication. Both strategies gave homogeneous emulsions.

Formulation of Pickering Emulsions—Effect of Salinity: For studying salt
effects on the stability of the halloysite, emulsions with pure water and
with aqueous solutions containing sodium chloride (0.2 and 0.6 m) were
fabricated. This range of molarity covered fresh to sea water. The size
distribution of the oil droplets was measured after storing the emulsions
for 7 d without any agitation.

Formulation of Pickering Emulsions—Catalytic Reaction: For the
catalytic hydroformylation, 1-dodecene (8 g, purity >95%, Merck,
Germany) was used; it was a reactant for the oil phase in the Pickering
emulsions. The mass ratio of water:1-dodecene was 3:1. The catalyst
precursor was [Rh(acac)(CO,)] (25.8 mg) from Umicore, Germany.
SulfoXantPhos (313,8 mg) from Molisa, Germany was used as a water
soluble ligand. Rhodium catalyzed hydroformylation of long-chain
olefins in aqueous multiphase systems in a continuously operated
miniplant. The reaction conditions were as follows: 15 bar of syngas
(1:1 H,:CO), with an internal reaction temperature of 95 °C and stirring
speed of the aeration stirrer of 1200 rpm. Pristine halloysites (0.16 g,
0.50 wt%) with the length 750 + 200 nm were used for the emulsion.
The emulsion samples were taken hourly (1, 2, 3, 4, and 24 h) and
diluted with acetone. Halloysites were removed from the liquid phase
by centrifugation (relative centrifugal force = 14100 g, Eppendorf,
MiniSpin plus). The supernatant liquid phase was analyzed by gas
chromatography (Hewlett-Packard model 5890, series Il). RTX-5MS
capillary column, flame ionization detection, and nitrogen as carrier gas
were used. For the temperature program and details of the used column,
see the Supporting Information.

Formulation of Pickering Emulsions—Characterization of Halloysite
Particles: Transmission electron microscopy (TEM) was carried out
with Zeiss EM 912 at 120 kV. An Auriga (Carl Zeiss) scanning electron
microscope (SEM) was used to analyze the structure of the halloysites.
For SEM studies, all samples were placed on glass/aluminum stubs,
sputter-coated with 60% Au-40% Pd alloy using a Q150R (Quorum
Technologies) instrument. The images were obtained at 3 x 107 Pa
working pressure, 10 kV accelerating voltage. Atomic force microscopy
(AFM) images were obtained with a Dimension FastScan instrument
(Bruker, USA) and Peak Force Tapping mode in air. ScanAsystAir
cantilevers (nominal tip radius — 2 nm, spring constant — 0.4 N m™)
(Bruker) were used. AFM images were processed using Nanoscope
Analysis software v 1.7 (Bruker).

Formulation of Pickering Emulsions—Droplet ~ Size  Distributions in
Emulsions: To analyze the droplet size distributions, an optical microscope
(Nikon Eclipse E2300) was used. The size of the oil droplets was measured
by analysis of digital images taken under the optical microscope. Images
were collected as follows: 10 pL of emulsions were diluted to the final
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volume of 100 L to allow medium density of oil droplets in the field of view.
To avoid the damage of oil droplets during microscopy, two vertical lines
across the slide were drawn with a wax pencil forming a rectangular well.
Then 20 pL of the diluted sample were placed in the well, and then covered
with the coverslip. Images were captured under 10x or 20x objective
magnifications. The collected images were used for analysis with Image
J software (NIH) resulting in Gaussian distribution curves of the particle
sizes. Emulsions were formed with n-hexadecane in artificial sea water as
described above and 0.5 wt% of ODTMS hydrophobized halloysites.

Formulation of Pickering Emulsions—Type of the Emulsions and
Halloysites Location: A fluorescence optical microscope (Axio Imager
Al, Zeiss) was used to analyze the type of the emulsions. Images were
collected as follows: 3 UL of emulsions were placed on a microscope
slide and covered with a cover slip. Images were captured under 50x
objective magnification. Furthermore, a cryo-SEM (Hitachi, S-4800) was
used to analyze the dodecene Pickering emulsion and the orientation of
the halloysites at the interface.

Formulation — of  Pickering ~ Emulsions—Alkanovorax  borkumensis
(A. borkumensis): A. borkumensis bacteria was purchased from American
Type Culture Collection (ATCC 700651). Bacteria growth media (marine
agar, marine broth) were purchased from BD Difco (USA). Microbial
culture A. borkumensis was obtained from ATCC (ATCC 700651) and
cultivated on marine broth (37.4 g L") with 10 g L™" pyruvate.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

R.wv.K, D.S. TP, and R.S. acknowledge the Collaborative Research
Center “Integrated Chemical Processes in Liquid Multiphase Systems”
coordinated by the Technische Universitit Berlin and supported by
the Deutsche Forschungsgemeinschaft (DFG-TRR 63, TP A2 and B6).
R.F. and S.K. thank the support from the Russian Science Foundation,
grant No 14-14-00924. The authors thank Vijay John and Diane Blake,
Tulane University, USA for results discussions. This research was made
possible in part by a grant from The Gulf of Mexico Research Initiative.
Data were publicly available through the Gulf of Mexico Research
Initiative Information & Data Cooperative (GRIIDC) at https://data.
gulfresearchinitiative.org/data/R5.x288.000:0001/.

Received: May 13, 2016
Revised: August 10, 2016
Published online:

[1] S. Pickering, J. Chem. Soc., Trans. 1907, 91, 2001.

[2] S. Crossley, ). Faria, M. Shen, D. E. Resasco, Science 2010, 327, 68.

[3] E. Nyankson, O. Owoseni, V. John, R. Gupta, Ind. Eng. Chem. Res.
2015, 54, 9328.

[4] a) B. P. Binks, S. O. Lumsdon, Langmuir 2000, 76, 2539;
b) B. P. Binks, S. O. Lumsdon, Langmuir 2000, 16, 8622;
c) B. P. Binks, C. P. Whitby, Langmuir 2004, 20, 1130.

[5] D. J. Voorn, W. Ming, A. M. van Herk, Macromolecules 2006, 39,
2137.

[6] P. Wongkongkatep, K. Manopwisedjaroen, P. Tiposoth,
S. Archakunakorn, T. Pongtharangkul, M. Suphantharika, K. Honda,
I. Hamachi, ). Wongkongkatep, Langmuir 2012, 28, 5729.

[7] O. Owoseni, E. Nyankson, Y. Zhang, S. Adams, ]. He,
G. McPherson, A. Bose, R. Gupta, V. John, Langmuir 2014, 30,
13533.

wileyonlinelibrary.com

(7 of 8) 1600435

didvd T1Ind



[
™
A
g
-l
wd
=
[

1600435 (8 of 8)

ADVANCED

MATERIALS

INTERFACES

www.advmatinterfaces.de

[8] O. Owoseni, Y. Zhang, Y. Su, J. He, G. McPherson, A. Bose, V. John,
Langmuir 2015, 31, 13700.

[9] Y. Hou, J. Jiang, K. Li, Y. Zhang, J. Liu, J. Phys. Chem. B 2014, 118,
1962.

[10] Y. Lvov, W. Wang, L. Zhang, R. Fakhrullin, Adv. Mater. 2016, 28,
1227.

[17] W. Wei, E. Abdullayev, A. Hollister, D. Mills, Y. M. Lvov, Macromol.
Mater. Eng. 2012, 297, 645.

[12] E. Abdullayev, R. Price, D. Shchukin, Y. Lvov, ACS Appl. Mater. Inter-
faces 2009, 1, 1437.

[13] G. Cavallaro, G. Lazzara, S. Milioto, F. Parisi, V. Sanzillo, ACS Appl.
Mater. Interfaces 2014, 6, 606.

[14] M. Bookstaver, M. P. Godfrin, A. Bose, A. Tripathi, J. Pet. Sci. Eng.
2015, 729, 153.

[15] a) M. Pera-Titus, L. Leclercq, J.-M. Clacens, F. De Campo,
V. Nardello-Rataj, Angew. Chem. 2015, 127, 2028; b) M. Pera-Titus,
L. Leclercq, J.-M. Clacens, F. De Campo, V. Nardello-Rataj, Angew.
Chem., Int. Ed. Engl. 2015, 54, 2006.

M \’lw’§

www.MaterialsViews.com

[16] G. Fakhrullina, F. Akhatova, Y. Lvov, R. Fakhrullin, Environ. Sci.:
Nano 2015, 2, 54.

[17] M. Kruchkova, Y. Lvov, R. Fakhrullin, Environ. Sci.: Nano 2016, 3,
442,

[18] Y. Kasai, H. Kishira, T. Sasaki, K. Syutsubo, K. Watanabe,
S. Harayama, Environ. Microbiol. 2002, 4, 141.

[19] R. M. Atlas, T. C. Hazen, Environ. Sci. Technol. 2011, 45,
6709.

[20] S. Kleindienst, M. Seidel, K. Ziervogel, S. Grim, K. Loftis,
S. Harrison, S. Y. Malkin, M. ]. Perkins, . Field, M. L. Sogin, Proc.
Natl. Acad. Sci. USA 2015, 112, 14900.

[21] S. Kleindienst, J. H. Paul, S. B. Joye, Nat. Rev. Microbiol. 2015, 13,
388.

[22] ). E. Kostka, O. Prakash, W. A. Overholt, S. J. Green, G. Freyer,
A. Canion, J. Delgardio, N. Norton, T. C. Hazen, M. Huettel, Appl.
Environ. Microbiol. 2011, 77, 7962.

[23] S. A. Konnova, Y. M. Lvov, R. F. Fakhrullin, Langmuir 2016, 32,
DOI:10.1021/acs.langmuir.6b01743.

wileyonlinelibrary.com

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Mater. Interfaces 2016, 1600435



PAPER 7

Hydroformylation in Microemulsions: Proof of Concept in a Miniplant

Markus lliner, David Miiller, Erik Esche, Tobias Pogrzeba, Marcel Schmidt, Reinhard
Schomacker, and Jens-Uwe Repke

Industrial & Engineering Chemistry Research, 2016, 55, 8616-8626

Online Article: http://pubs.acs.org/doi/10.1021/acs.iecr.6b00547

ActiveView PDF: http://pubs.acs.org/doi/ipdf/10.1021/acs.iecr.6b00547

Reproduced (or 'Reproduced in part') with permission from “Hydroformylation in
Microemulsions: Proof of Concept in a Miniplant; Markus Iliner, David Miiller, Erik Esche,
Tobias Pogrzeba, Marcel Schmidt, Reinhard Schomacker, and Jens-Uwe Repke. Industrial &
Engineering Chemistry Research, 2016, 55, 8616-8626.” Copyright (2016) American Chemical
Society.


http://pubs.acs.org/doi/10.1021/acs.iecr.6b00547
http://pubs.acs.org/doi/ipdf/10.1021/acs.iecr.6b00547

IREC

research

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

Hydroformylation in Microemulsions: Proof of Concept in a

Miniplant

Markus Illner,*’_{_’” David Miiller,*’_“t’II Erik Esche,” Tobias Pogrzeba,§ Marcel Schmidt,®
Reinhard Schomicker,” Giinter Wozny," and Jens-Uwe RepkeJr

"Process Dynamics and Operations Group, Technische Universitit Berlin, Strasse des 17. Juni 135, Sekr. KWT-9, D-10623 Berlin,

Germany

§Department of Chemistry, Technische Universitit Berlin, Strasse des 17. Juni 135, Sekr. TC8, D-10623 Berlin, Germany
*Evonik Technology & Infrastructure GmbH, Process Technology & Engineering, Paul-Baumann-Strasse 1, 45772 Marl, Germany

ABSTRACT: The implementation of the hydroformylation
reaction for the conversion of long-chain alkenes into
aldehydes still remains challenging on an industrial scale.
One possible approach to overcoming this challenge is to apply
tunable systems employing surfactants. Therefore, a novel
process concept for the hydroformylation of long-chain alkenes
to aldehydes in microemulsions is being investigated and
developed at Technische Universitit Berlin, Germany. To test
the applicability of this concept for the hydroformylation in
microemulsions on a larger scale, a miniplant has been
constructed and operated. This contribution presents the proof
of concept for hydroformylation in microemulsions carried out
during a 200 h miniplant operation. Throughout the operation
a stable aldehyde yield of 21% and a catalyst loss in the product

135 145 155 165 175

Time [h]

phase below 0.1 ppm were achieved, which confirms previous lab scale findings. Additionally, solution strategies for a stable
continuous operation to overcome challenges such as foaming, phase separation issues, and coalescence dynamics are discussed

herein.

1. INTRODUCTION

One of the world’s most important applications of homoge-
neous catalysis on an industrial scale is the reaction known as
hyclroformylation.l’2 Today, production plants for hydro-
formylation products have reached a capacity of 11 million
tons per yea,r.S_S The reaction, also known as oxo synthesis,
was originally discovered in 1938 by Otto Roelen.” In the
presence of an adequate transition metal, such as cobalt (Co)
or rhodium (Rh), unsaturated hydrocarbons (alkenes) react
with carbon monoxide and hydrogen to form linear or
branched aldehydes (Figure 1). In general, n-aldehydes are
desired as intermediates for subsequent reactions toward
alcohols, detergents, softening agents, flavorings, and other
chemicals and are of great value by themselves.

A steady move from cobalt to rhodium-based catalysts has
taken place during the past few decades. The main reasons were

R Y
cHO ©F

pr— N
Catalyst CHO

R +CO+H, ——

2

Alkene n-Aldehyde iso-Aldehyde

Figure 1. Reaction equation of the hydroformylation reaction. R is an

alkyl group.”®

-4 ACS Publications  © 2016 American Chemical Society 8616

higher achievable activities and selectivities at overall milder
reaction conditions.” Additionally, improvements regarding the
normal:iso selectivity of the reaction have been obtained by
selecting and modifying the employed catalysts with stereo-
active ligands.” Obviously, these advancements have come at
the cost of more expensive catalyst complexes.

Therefore, increasing effort has been made on developing
process concepts with a special focus on catalyst recovery. The
Ruhrchemie/Rhéne Poulenc (RCH/RP) process presents a
milestone in the process development of the hydroformylation
reaction.” A major advantage of this biphasic process is the
solubilization of the highly reactive ligand-modified rhodium-
based catalyst complex in an aqueous phase. In principle,
separation of the product can easily be achieved by simple
means of phase decantation. Catalyst leaching via the product
stream of the process, which is the standard disadvantage of
homogeneous catalysis, becomes negligible. Additionally, as
discussed by Haumann et al,,'” the operating conditions of the
RCH/RP process are mild with pressures below 60 bar and
temperatures around 120 °C. Given that negligible amounts of
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catalyst are lost via the product phase, no side reactions are
observed in subsequent distillation steps. However, a major
drawback of the process lies in its limitation to short-chain
alkenes. Since alkenes longer than hexene have a limited
solubility in the aqueous phase, which results in a severe
decrease of reactivity, they are inadequate for the RCH/RP
process.'" For longer-chain alkenes Borner et al.’ report that
the conversion is carried out in single phase reactions at severe
process conditions (up to 300 bar and 200 °C), using mainly
cobalt catalysts. Modifying the catalysts with phosphines, these
process conditions can be lowered significantly. Nevertheless,
these processes suffer from lower selectivities toward the
desired aldehydes and thus a rather costly product separation.
Consequently, switching the feedstock toward long-chain
alkenes remains challenging for the chemical industry to date.

To overcome this hurdle, a novel process concept is currently
under investigation within the Collaborative Research Center
InPROMPT/TRR 63 and presented in this contribution.
Therein, a surfactant is added to the system, to enhance the
miscibility between the long-chain alkene and an aqueous
catalyst solution leading to the formation of a microemulsion. A
highly hydrophilic ligand-modified rhodium catalyst is used to
achieve high selectivities at mild process conditions.”

To carry out the hydroformylation reaction, the catalyst
needs to be activated. This is done by introducing synthesis gas
into the system. Carbon monoxide transforms the catalyst into
its active species.'” With carbon monoxide and hydrogen as
reactants present, the formation of aldehydes starts immedi-
ately. After the reaction step, the mixture is led into a phase
separation unit, within which the thermomorphic behavior of
the micellar system can be exploited to separate and recycle the
catalyst from the oily product. The process concept can thus be
summarized as a mixer—settler concept shown in Figure 2.

Phase
CO, H. separation
Reactor Product
[
Surfactant, H
L. L
Rh-
Alkene LY 1
enc co

Recycle stream

Figure 2. Process concept for the hydroformylation of long-chain
alkenes in microemulsions.'®

In order to investigate this novel concept at a larger scale, a
miniplant has been designed, constructed, and operated at
Technische Universitit Berlin (TU Berlin). Therein, the
hydroformylation of 1-dodecene as a model, biobased olefin
using a nonionic surfactant is carried out.

The aim of this contribution is to present the results from
long-term miniplant operation and to discuss the applicability
of such a process concept. Keeping an eye on economic
viability and sustainability, the presented results are analyzed
regarding specific targets:

e long-term stable application of ligand-modified rhodium-
based catalysts for high reaction activity and normal:iso
selectivity

o realization of a homogeneous catalysis at mild reaction
conditions (low pressures and low temperatures)
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e adequate separation of the catalyst complex from the
product phase after the reaction

Additionally, special attention is given to challenges which
have arisen during the implementation of this concept as well as
strategies to overcome these challenges.

2. BACKGROUND INFORMATION

The following sections discuss the state of the art of
microemulsions as reaction media and their capabilities for
catalyst recovery. Consequently, characteristics of oil—water—
surfactant systems and phenomena exploited to achieve the
desired process steps are highlighted.

2.1. State of the Art and Preliminary Investigations.
To date, various applications of surfactant containing reaction
systems have been reported. Among them, several organic
applications such as reduction, oxidation, and coupling
reactions at C=C bonds can be found.'*"*> For long-chain
alkenes of chain lengths up to C4, a feasible application of
homogeneously catalyzed hydroformylation using micellar
reaction media was presented by Van Vyve and Renken in
1999'° for alkenes. Also, Li et al.'” reported increased
selectivities and higher reaction yields for the conversion of
1-dodecene in biphasic mixed micelle systems, depending on
the surfactant composition and micellar state. The direct
influence of surfactants on the reaction performance was the
main focus of the studies of Haumann et al. in 2002."° They
reported the hydroformylation of 1-doecene in microemulsions
using water-soluble ligands. Compared to those, biphasic
water—oil systems showed no significant conversion of long-
chain alkenes to aldehydes. The addition of a surfactant,
however, enables the reaction. The main challenge lies in
determining an appropriate surfactant. The surfactant selection
is crucial for both the reaction performance and the subsequent
product separation.'® The thermomorphic behavior of micellar
systems (see section 2.2) and therefore also the distribution of
the catalyst between all formed phases strongly depend on the
surfactant’s properties.'” Furthermore, high reaction rates, clear
phase separation, and catalyst recovery also have to be realized
as continuous operations in a technical system to estimate
economic viability. Regarding the process concept in Figure 2,
no continuous operation on a miniplant or any comparable
scale was reported until now.

2.2. General Phase Separation Characteristics of Oil—
Water—Surfactant Systems. The addition of sufficient
amounts of surfactant to an oil and water mixture leads to
the formation of a microemulsion. From a macroscopic point of
view a microemulsion can be regarded as homogeneous. On a
microscopic scale it is heterogeneous with coexisting, nano-
meter-thin hydrophobic and hydrophilic layers.””*" For the
application here, a microemulsion can be used in two ways. It
acts as a tunable solvent, which on the one hand increases the
interfacial area during the reaction, and on the other hand
changes its phase separation behavior dependent on temper-
ature.”” Thus, the reaction can be carried out in a homogeneous
mixture followed by a fast and pure phase separation in a
settler.”® However, for this purpose the phase separation
characteristics of oil—water—surfactant systems must be well
understood.”

The phase separation characteristics of a microemulsion
system formed with nonionic surfactants can be described by
Kahlweit’s fish diagram. The diagram is created by slicing
Gibbs’ phase prism of an oil—water—surfactant system at an oil
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Figure 3. Gibbs’ phase prism of oil—water—surfactant mixtures at different temperatures (left) and Kahlweit’s fish (right). The figures are based on
and partially redrawn in accordance with the original images presented in ref 25.

to water ratio of 1:1. Thus, the various phase states at different
temperatures and surfactant concentrations become visible.
Figure 3 shows a qualitative sketch of Gibbs’ phase prism for an
arbitrary oil—water—surfactant system and Kahlweit’s fish
therein.

A closer look at Kahlweit’s fish reveals several distinct phase
states. The fish’s body (micellar system) is established in case a
sufficient amount of surfactant is present (greater than the
critical micellar concentration, ;). A two-phase regime (2) is
created at low surfactant concentrations and low temperatures.
This is governed by a water and surfactant rich emulsions phase
at the bottom and an oily excess phase on top. As mentioned by
Miiller et al,, “the surfactant is mainly dissolved in the water-
rich phase due to its higher solubility there at lower
temperatures. Hence, an oil-in-water (o/w) microemulsion is
formed. This regime can be desired for the product separation
step of a mixer—settler process as a pure product phase can be
removed while recycling the surfactant and water (aqueous
catalyst solution).””® By increasing the temperature, a three-
phase region (3) is established in which the bulk of the
surfactant is located in a middle phase. In coexistence with this
middle phase an oil-rich top phase and a water-rich bottom
phase appear. Here, the catalyst is also mainly located in the
middle phase, whereas the oily excess phase still remains free of
catalyst."” Given its pure oil phase, this region is desirable for
the separation step. Two more regions are shown in Figure 3.
The first is the single-phase region on the right-hand side (fish’s
fin). Obviously this region may be suitable for the reaction, but
inadequate for separation purposes. The second undesired
region is the upper two-phase (2) region. There, the surfactant
lies dissolved in the top phase. This may be problematic,
because phase separation would lead to drastic surfactant and
water loss with the product phase. The surfactant as well as the
water (catalyst solution) trapped therein would have to be
replenished and separated in additional separation steps from
the product.’”

Regarding the phase separation dynamics, microemulsion
systems show a distinct reduction of the separation time in the
three-phase region (3) compared to the two-phase regions (2,
2). Depending on the applied surfactant, the required time for
achieving an equilibrium state increases by several orders of

magnitude on leaving this area.'” Hence, for the construction of
a decanter with reasonable residence time, solely the three-
phase region is of interest. However, this causes two major
challenges toward process design and control. First, the
concentration dependent location of Kahlweit’s fish needs to
be intensively investigated for the considered component
system in the miniplant. Second, the temperature only offers a
small operational window regarding the temperature in the
decanter. Using this information on the general phase
separation characteristics, the miniplant, and the settler in
particular, was constructed and operated. Here, an approach
described by Miiller et al.*® was applied, to systematically tackle
the unit design for such a multiphase system.

3. MATERIALS AND METHODS

At this point, the applied substances as well as the constructed
miniplant are introduced. A miniplant operation schedule is
presented to highlight applied operation strategies and discuss
their influence on the system. Additionally, operational
challenges and solution approaches are discussed.

3.1. Materials. The applied substances can be categorized
into several groups: reactants, catalyst compounds, solubilizing
substances, and products.

The first reactant is 1-dodecene (CAS Registry Number 112-
41-4, purchased from VWR), a C;, alkene, which is used as an
exemplary unsaturated, long-chain hydrocarbon. The second
reactant is synthesis gas with a composition of 1:1 mol %
CO:H, with a purity of 5.0 purchased from Linde.

The applied catalyst consists of a rhodium-based precursor
[Rh(acac)(CO),] (CAS Registry Number 14874-82-9), spon-
sored by Umicore, and the water-soluble ligand SulfoXantPhos
(sulfonated form of XantPhos, CAS Registry Number 161265-
03-8), purchased from MOLISA GmbH. Both precursor and
ligand are dissolved in water.

The miscibility of 1-dodecene and the catalyst solution is
enabled by the nonionic surfactant Marlipal 24/70 (CAS
Registry Number 68439-50-9), sponsored by Sasol Germany
GmbH. Additionally, Na,SO,, purchased from Th. Geyer, is
added in small amounts as a separation enhancing additive.

DOI: 10.1021/acs.iecr.6b00547
Ind. Eng. Chem. Res. 2016, 55, 8616—8626


http://dx.doi.org/10.1021/acs.iecr.6b00547

Industrial & Engineering Chemistry Research

4 [ 3

2 [ 1

Feed Section

| High Pressure Section

N @]
N
100 barg
8 150 barg 7
| N
N

AN

iE
A

AN

Surfactant

Product Section

Exhaust

1 Feed tank: alkene

2 Feed tank: catalyst solution

3 Feed tank: surfactant

4 a/b/c Feed pumps

5 a/b/c Gas containers:
CO/H2/CO &H2 ¢

6 Reactor

7 Safety valve

8 Rupture disc

9 Settler

10 a/b Thermostat

[ 11 a/b Raman probe

12 a/b/c/d Sampling point

13 a/b/c Recycle pump

water / mix / oil B

14 Micro GC sampling point

15 Product tank

16 Exhaust gas

Simplified Flow sheet A
Technische Universitét Berlin

Chair of Process Dynamics
and Operations

Hydrolormylation Mniplant

Date: 01.10.2015

W line

Responsbity
Entire Plant
Shoot

Version 1

4 I 3

2 1

Figure 4. P&ID of the miniplant at TU Berlin.

For the initial mixture of the miniplant operation campaign
mass fractions of roughly 44.52 X 107* g/g water, 46.00 X 107>
g/g alkene, and 8.00 X 1072 g/g surfactant were used.
Additionally, 1.00 x 10 > g/g Na,SO,, 0.03 x 10 > g/g
precursor, and 0.45 X 1072 g/g were applied.

3.2. Technical Realization: Miniplant at TU Berlin.
3.2.1. Process Design. A simplified piping and instrumentation
diagram (P&ID) of the miniplant at TU Berlin is shown in
Figure 4. As described by Miiller,”’” the miniplant consists of
three sections. The feed section contains the feed tanks and
feed pumps for the liquid components 1-dodecene, catalyst
solution, and surfactant.”” Additionally, the feed section holds
the gas bottles for synthesis gas, pure hydrogen, and pure
carbon monoxide. The feeds of 1-dodecene (4a), catalyst
solution (4b), and nonionic surfactant (4c) can be regulated to
a maximum values of 840, 400, and 200 g/h, respectively.

The lower part of Figure S shows a three-dimensional (3-D)
image created with Solid Edge and a photo of the feed section
with the tanks and pumps for the liquids.

The mixer—settler section consists of a reactor and a
decanter. The reactor has a maximum volume of 1500 mL. The
liquid mixture is stirred with a gassing stirrer featuring a
Rushton turbine with a maximum speed of 2880 rpm. Within
the reactor, baffles are installed to avoid vortex formation and a
drain is positioned at roughly 70% height to guarantee a
constant liquid level. The second unit, the decanter or settler,
consists of several modules with three separate drains. These
drains are located at the bottom (water phase), in the middle
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(surfactant-rich middle phase), and at the top (oil phase). Each
drain is connected to a separate pump (13a—c) so that each of
the phases can be recycled differently back into the reactor with
maximum flow rates of up to 1000 g/h. The bottom part of
Figure 5 shows a 3-D image and a photo of the mixer—settler
section. Figure 6 shows the custom-made settler. Two
cylindrical gauge glasses enable the observation of the phase
separation before and after passing through a knitted wire
section in the middle of the settler. A detailed description of the
settler and the knitted wire for enhancement of the phase
separation can be found in the contribution by Miiller et al.*®
The third section, the product storage section, consists of a
product container for the liquid components and a depressu-
rization unit for the removal of synthesis gas from the system.
To remove oxygen from the system before the reaction, a
vacuum pump is installed above the depressurization unit.
3.2.2. Automation and Analytics. The miniplant is fully
automated with SIEMENS PCS 7 allowing for the online
monitoring of more than 50 sensors from the control room.
From there, operators are also able to control the process with
several actuators (pumps, control valves, magnetic valves).
Regarding the analytics, two offline gas chromatographs
(Agilent HP-5 column with an FID analyzer) are employed for
an accurate hourly composition analysis. Second, an offline
inductively coupled plasma optical emission spectrometer
(ICP-OES; Varian ICP-OES 715 ES) is used to estimate the
rhodium amount in the product phase. The sample positions of
the liquids are located at the top, middle, and bottom drains of
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Figure 5. (top) Three-dimensional image (left) and photo (right) of the mixer—settler and recycle section. (bottom) Three-dimensional image (left)

and photo (right) of the feed section of the miniplant at TU Berlin.””

Figure 6. Self-constructed decanter/settler installed in the miniplant.
The depicted setup contains a gauge glass, a knitted fabric from
Rhodius GmbH (inside, not visible), and two cylindrical sight
glasses.”® The center piece with the small gauge glass is one of several
modules. The settler length and volume can thus be increased by
attaching additional modules in the middle.

the settler and of the reactor (see 12a—d in Figure 4). The gas
composition is measured online with a micro gas chromato-
graph (micro-GC; molecular sieve S A column). Additionally,
an online Raman spectrometer (Kaiser Optical Systems RXN1,
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NIR probe) has been installed for a fast analysis of the liquids
entering the settler.

3.2.3. Safety Concept. Finally, it must be mentioned that
considerable efforts have been made to guarantee a safe
operation of the miniplant. The surrounding area of the plant is
classified as an “explosion zone II” seeing that hazardous and
explosive components are used during the reaction which may
leak into the surroundings. Therefore, an extensive HAZOP
analysis has been carried out during which technical and
operative countermeasures to potential hazards were defined.

Following the concept of multiple layers of protection
described by Seborg et al.”® and based on the proceedings of
the American Institute of Chemical Engineers from 1993,
these countermeasures are systematically applied. At the
process design layer, all units are constructed or bought
according to the regulations for an explosion zone II and
according to the regulations for the temperature classes for 1-
dodecene and synthesis gas. The necessary auxiliary equipment,
such as thermostats, the offline gas chromatographs, online
Raman spectrometers, gas feeds, and control cabinet of the
process control system, not designated for an “explosion zone

DOI: 10.1021/acs.iecr.6b00547
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Table 1. Simplified Miniplant Operation Schedule with Applied Process Parameters for Several Operation Modes (Cases 1—4)

case 1
operation hours [h] 0-80
operation mode continuous
residence time reactor [h] 0.50
residence time settler [h] 0.58
recycle rate [g/h] 1500
recycle ratio (oil:mix:water) 0.19:0.57:0.24
feed rate dodecene [g/h] 100

gas supply synthesis gas

case 2 case 3 case 4
80-92 92—108 108—150
full recycle continuous continuous
3.18 2.80 2.80
3.53 3.15 3.18
250 250 250
0.40:0.20:0.40 0.40:0.28:0.32 0.24:0.52:0.24

0

synthesis gas

30
synthesis gas

30

synthesis gas

I, are located outside of the miniplant’s housing. Basic process
control features allow for indication of alarms in case of sensor
malfunction or violated process value limits. As a safety
interlock, H, and CO concentrations are monitored with gas
detectors on each floor. Additionally, critical process values,
such as reactor pressure and temperature, are tracked with the
process control system. In case of emergency, nitrogen is
automatically flooded into the plant and simultaneously all
liquid and other gas feeds are shut down. The physical
protection layer is equipped with pressure relief valves, venting
synthesis gas to the flare. To prevent the spread of a fire, the
miniplant has been set up in a separate three-story high room.
In case of an explosion, magnetic flaps open to the outside to
prevent structural damage to the miniplant’s housing. On top of
that, a ventilation system is installed to prevent an accumulation
of synthesis gas in the room, which guarantees a 10-fold air
exchange per hour. For liquid leakage multiple collection basins
are in place to contain hazardous components.

3.3. Miniplant Operation Challenges. Prior to the
miniplant operation, a number of preliminary experiments
and shorter miniplant operations were carried out,”*® which
led to the identification of several challenges and methods to
overcome them.

The first challenge was foaming in several sections of the
miniplant, especially during the depressurization. The applied
oil—water—surfactant system tends to foam whenever stronger
degassing occurs. This undesirable effect has been described by
several authors.”’’ Foaming in general can cause problems,
since mass and heat transfer is limited by foam itself. This issue
can be avoided though by degassing more slowly or expansion
into tanks with a large surface to volume ratio and an
appropriate gas holdup. Additionally, it has been observed that
certain oil—water—surfactant mixtures with a high water
content tend to establish a foam that remains stable for a
longer period of time. Therefore, a water concentration below a
critical level of 35 wt % was ensured for all conducted plant
operations and the original depressurization unit was replaced
by a suitably larger one.

The second issue was an inseparable liquid mixture in the
decanter after catalyst activation with synthesis gas.”>*’ The
phase separation of the oil—water—surfactant system with
catalyst present was investigated in multiple steps in the lab.
Without synthesis gas, the separation takes place as desired.
Once synthesis gas is added to the system, a separation can take
multiple hours or even last indefinitely. A reason for this is the
strong surface activity of the catalyst complex and changing
electric charges of the molecule once CO is attached to it. We
assume that the appearing surface activity of the catalyst
complex is due to a change in geometry between the
nonactivated and activated complex, which was recently
discussed by Pogrzeba et al”* This stops micelles from
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coalescing and thus hinders the phase separation. To counter
this issue, the addition of small amounts of Na,SO, (same
quantity as catalyst, 300 ppm) has proven to be successful. It
was decided to introduce a larger mass fraction of Na,SO, of 1
wt % to ensure the countereffect at all times.

The third challenge was that, despite the presence of Na,SO,
in the plant, the kinetics of the phase separation was too slow.
Consequently, coalescence accelerators (knitted fabrics) were
implemented in the settler. A more detailed discussion can be
found in ref 26.

3.4. Process Conditions and Operation Schedule. The
following section introduces a description of reaction
conditions and modes of operation for the subsequent
discussion of long-term miniplant results. The overall duration
of the miniplant operation including start-up and shutdown was
more than 200 h long. The plant was operated in a three-shift
system with a team of overall 17 operators and lab assistants.

3.4.1. Reaction. According to lab-scale experiments, the
reaction pressure was set to 15 bar gauge pressure, along with a
constant reactor temperature of 95 °C.>**° The stirrer speed
has been varied between 600 and 1500 rpm depending on the
emulsion state. Within this range, it was guaranteed that the
stirrer operates in gassing mode, thus ensuring sufficient
dissolution of synthesis gas in the reaction mixture. The
reaction conditions were not changed throughout the operation
campaign. Thus, influences on the reaction rates were not
related to temperature or pressure.

Several products were created during the reaction. The
desired product was the linear aldehyde 1-tridecanal. Possible
byproducts of the reaction mechanism are the isomers of
tridecanal, the hydrogenated form of 1-dodecene (n-dodecane),
and cis/trans isomers of 1-dodecene. A detailed description of
the reaction network is given by Markert et al.*

To evaluate the reaction performance, the yield of the main
product 1-tridecanal is defined as the ratio of the n-aldehyde
mass fraction to the mass fraction of all reaction educts and
products, i.e. the 1-tridecanal mass fraction divided by the mass
fraction of all oily components. Given that 1-dodecene is the
main reactant and all reaction products are formed from this
component, the total mass fraction of all oily components
corresponds to the theoretical mass of product.

Yl—tridecanal = Hrtndocana
Woil

3.4.2. Modes of Operation. The miniplant operation was
divided into several operation modes, in order to influence the
reaction by manipulating feed rate, product purge, and
residence time. After inertization of the system with N,, alkene,
catalyst solution, and surfactant were fed into the plant with
teed streams set to meet the concentrations described in section
3.1. Subsequently, the plant was operated in full recycle mode
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Figure 7. Miniplant operation results. Yield of 1-tridecanal in the reactor over time. Reactor residence times as ratio of operation time to the current
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Figure 8. Miniplant operation results of case 1. Mass fraction of the hydrogenation byproduct n-dodecane. Settler’s sight glass pictures given above

indicate the activity of the catalyst (red, inactive; yellow, active).

without activation of the catalyst with synthesis gas. Therefore,
no reaction took place. During this start-up phase, different
settler residence times were implemented by manipulating the
recycle stream rates with the aim of determining optimal phase
separation conditions and to stabilize the process before
initiating the reaction.

After this phase, the system was pressurized with synthesis
gas. This defines the start of the actual operation (operation
0 h) for all further discussions. With stable phase
separation and n-aldehyde yield being the main targets for the
miniplant operation, different scenarios were performed within
the operation schedule. Table 1 shows relevant process
parameter sets for those scenarios (cases) allowing to relate

time =

changes in, e.g, residence times or recycle ratios to given results
in the next section.

Case 1 represents a continuous operation mode with
reaction, during which a low reactor residence time was chosen
to demonstrate a stable aldehyde yield over a reasonable
number of residence times. Based on the reactor’s residence
time of 0.5 h, a 1-tridecanal yield of 7% was expected from lab

. . 34,35
scale investigations.
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A full recycle operation in case 2 was used to increase the
aldehyde yield in the reactor. In this mode, settler outlet
streams were fed back into the reactor, with the alkene feed
turned off. Synthesis gas though was fed into the system and
partially purged to maintain the ideal ratio of CO to H,. The
operation mode was changed from continuous to full recycle
operation to shorten the time needed to achieve higher yields
and thus also shorten the required length of the plant
operation. Apart from the deactivated alkene feed, the yield
increase was achieved with an increased reactor residence time.

Subsequently, a stable continuous operation with the aim of a
higher yield compared to case 1 was established in case 3.
Given the data in Table 1, a total recycle flow rate of 250 g/h
was established, causing a reactor residence time of
approximately 2.8 h in the reactor. This corresponds to a
yield of 25%, which was expected according to lab experiments.

Case 4 investigated the influence of the ratio between the
settler outlet streams—and thus the residence times of the
corresponding phases inside the settler—on yield and process
viability.

Note that reaction temperature and pressure were kept
constant at 95 °C and 15 bar throughout all described cases.

DOI: 10.1021/acs.iecr.6b00547
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3.4.3. Disturbances. In order to evaluate the recorded
experimental data, unavoidable systematic or random dis-
turbances and their impact on the process have to be
considered.

Concentration measurements of reactants, products, and
byproducts were carried out via offline gas chromatography
implying manual sampling. Hence, the total liquid amount
inside the plant was reduced each time and needed to be
replenished systematically according to the extracted compo-
nents. With three samples (reactor, oil phase, water phase) a
total of 30 g was extracted every hour. This equals roughly 1.2%
of the total liquid amount in the plant’s high pressure section.
Given the analysis result, the specific amounts of pure
components were calculated. Hence, these component masses
were re-fed to diminish the influence on the overall component
concentrations inside the plant, especially the loss of catalyst.

4. RESULTS OF THE MINIPLANT OPERATION

In this section, long-term miniplant operation results are
presented. Here, the two major aspects of the reaction and
phase separation performance are evaluated and linked to the
operation schedule.

4.1. Reaction Performance and Product Yield. The
product yield is one of the main performance indicators of the
reaction. Based on the GC results of the reactor samples
(position 12a in the P&ID diagram in Figure 4), the 1-
tridecanal yield for all operational modes is depicted in Figure
7.

Referring to operation time 0 h in Figure 8, an increase of the
yield is visible, as this marks the start of the reaction. During a
period of 20 h the yield increased to an average maximum value
of 6.8% for the reaction mode of case 1. This value is consistent
with preliminary lab experiments.”> Temporary decreases in
reaction yield were observable at operation hours 25 and 68.
This was mainly caused by extended sampling for additional
tests, whereas 1-dodecene was re-fed to maintain a constant
amount of reaction mass. Overall, a stable yield over an
uninterrupted period of more than 100 residence times was
achieved for operation case 1. This generally highlights the
catalyst stability as no decomposition and according reaction
slowdown were observed. Therefore, unknown effects in the
technical system (contaminants, side reactions), which are
prone to trigger catalyst decomposition, were not observable.

As a next step, an operation mode with higher yield was
desired to increase profitability. Here, a yield increase of 20
percentage points was achieved within 12 h (case 2). The
reaction rate during that time frame is again in accordance with
lab experiments.

Subsequently, the continuous operation was reestablished
(case 3). Here, the 1-tridecanal yield declined drastically and
evened out to a new steady-state point at a yield of 15%.
However, for case 4 an immediate increase of 6 percentage
points and stabilization of the 1-tridecanal yield was observed.
Figure 7 depicts a continuous operation for operation hours
120—150. The extent of the yield increase is not solely
explicable with perturbations given that the residence time was
kept constant. In this case the increase was caused by a changed
ratio between the recycle streams for oil, water, and surfactant.
Referring to Table 1, the middle phase recycle stream, in which
the majority of surfactant is located, was proportionally
increased. The streams of oil and water phase recycle were at
comparable levels for this part of the operation.
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A higher recycle rate for the surfactant compared to the
catalyst solution and oil phase could have caused surfactant
concentration shifts or reduced surfactant accumulations in the
settler. Thus, the surfactant concentration in the reactor could
have increased. Linking yield and higher surfactant concen-
trations in the reactor, a positive effect of the surfactant
concentration on the reaction yield is assumed.

4.2. Byproduct Formation. The reaction in Figure 1
represents a complex reaction network, which contains the
formation of several byproducts.'>*® One major side reaction is
the hydrogenation of n-dodecene toward n-dodecane. There-
fore, the formation of this component is shown exemplarily in
Figure 8, to discuss the selectivity of the reaction.

On initiating the reaction, a significant formation of n-
dodecane was observed with mass fractions of up to 10 wt %.
For this initial period the dodecane yield actually exceeded the
1-tridecanal yield. Later, the amount of n-dodecane declined to
values below 1 wt % as it was slowly purged from the process
and was led into the product container (position 15 in Figure
4). It is assumed that the hydrogenation took place during the
first hours of the operation and was then successfully
suppressed by full catalyst activation. Supporting this
hypothesis, photos showing the separated reaction medium in
the settler are given in Figure 8. Preliminary lab scale
investigations showed that the inactive catalyst (no synthesis
gas in the system) shows a deep red color, while the activated
form is bright yellow. Given that, it is assumed that the catalyst
was not completely activated with synthesis gas during the first
hours after the reaction initiation, since a red colored reaction
medium was observed. A possible intermediate species of the
catalytic cycle might be prone to support hydrogenation
reactions.'” With the applied low residence times for case 1, a
sufficient activation was achieved in a short time frame.

The other byproducts of interest are all isomers of 1-
tridecanal. In this contribution they are summarized as
isotridecanal. Negligible to no amounts of isotridecanal were
measured during the entire operation.

4.3. Phase Separation. The investigation of the phase
separation behavior for the miniplant operation is the second
main result of interest. As stated before, efficient recovery and
recycle of the catalyst as well as product isolation are crucial for
the shown process concept. Referring to Kahlweit’s fish in
Figure 3 and the subsequent discussion, this can be reached by
maintaining a three-phase separation state. Figure 9 depicts this,
marking the three relevant phases.

To evaluate the separation performance, Figure 10 depicts
the total amount of oily components in the oil phase outlet of
the settler. Here, the sum of mass fractions of all reaction
educts and products is considered. The data was gathered from
GC analysis of oil phase samples (position 12d in PI diagram
Figure 4). Here, total oil mass fractions close to 1 mark an ideal
phase separation with almost no catalyst solution or surfactant
contained in the oily phase.

As an overall result, it can be stated that the phase separation
was stable throughout all discussed operation modes (cases 1—
4), in total, for an operation time of more than 150 h.

The optimal separation temperature for maintaining a three-
phase system as depicted in Figure 9 is influenced by
component concentrations in the system and changed flow
rates, which can induce concentration shifts or accumulations.
Therefore, control actions on the settler temperature had to be
carried out accordingly to maintain a stable phase separation.
For this, a prediction model for the optimal separation
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Figure 9. Photo of settler’s sight glass with an ideal phase separation
state. A surfactant rich phase is surrounded by a clear oily product
phase and a catalyst containing water phase.

temperature, as described by Miiller et al,”® was used. With
this, a minimum oil content of 95 wt % could be achieved for all
operational modes. Deviations from an ideal pure oil phase
were caused by partial solubilization of surfactant in the oil
phase and drastic changes in process operation conditions.

To this end, especially the change between batch and
continuous operation caused highly dynamic disturbances,
leading to a reduced separation quality (see start of case 1 in
Figure 10, switching from case 1 to case 2 and switching from
case 2 to case 3). Additionally, the necessary refeeding of
surfactant and catalyst solution due to sample losses caused
temporary perturbations at some operational points (see
middle of case 1 and end of case 4). These dynamic
concentration shifts impede tracking the optimal temperature
for the phase separation and several control actions needed to
be performed to regain an optimal separation state.

The separation behavior in dependence of the settler
temperature showed the expected correlations. Referring to
results obtained by Miiller et al,”® increasing product
concentrations lead to lower separation temperatures required
to maintain a three-phase separation. The observation was
verified throughout the campaign. Thus, the applicability of the

prediction model was given.

Interestingly, the coalescence support with knitted wire
fabrics led to overall excellent phase separation dynamics. This
was observed with gauge glasses before and after the settler
internals. The improved coalescence achieved with the knitted
wire fabrics resulted in a successful separation, regardless of the
emulsion’s state at the settler inlet.

Concerning the rhodium loss, ICP-OES measurements
confirmed results from previous miniplant operations. In case
an almost pure oil phase was established, rhodium concen-
trations of around 0.1 ppm and below were observed. The
rhodium concentrations in most of our samples lay below the
detectability limit of the ICP-OES. This result is similar to lab-
scale test tube results.

5. CONCLUSIONS AND OUTLOOK

With this contribution a long-term miniplant operation is
presented for the hydroformylation of long-chain alkenes (C,,
alkene) in micellar systems. Here, the applicability of a
proposed process concept using a microemulsion system is
demonstrated with a stable phase separation and an efficient
catalyst recovery. Moreover, a stable product yield of 21% was
achieved. The surfactant-supported reaction system enabled the
hydroformylation of long-chain alkenes at mild reaction
conditions (95 °C and 15 bar). Hence, this contribution
presents the proof of concept for realizing a homogeneously
catalyzed hydroformylation in microemulsions during a 200 h
long miniplant operation.

However, some challenges still remain. Based on the results,
it can be seen that there are critical process parameters which
have a drastic influence on the performance of the plant and the
dynamics of the system. Among these are the recycle ratio of
the three streams in the settler and the accumulation of certain
components, such as catalyst and surfactant, in the settler.
Throughout the miniplant operation the latter led to reduced
reaction rates as phase mediation and catalytic mass were
reduced.

In terms of profitability, higher yields should be strived for.
This is to be achieved by increasing the reactor residence time
and simultaneously manipulating the recycle flows of the three
phases. This effect outlines one field for future research.
Additionally, the introduction of larger amounts of catalyst into
the system, increasing the reactor pressure from 15 to 20 bar, or
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Figure 10. Miniplant operation. Phase separation quality depicted as the total amount of oily components in the oil phase of the settler. Results are

given for the total time of operation.
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raising the temperature are possible and planned options for
future investigations. Moreover, the catalyst stability is to be
proven in a long-term operation without sampling and hence,
no replenishing.

Concluding, in this contribution it was successfully shown
how surfactants can under realistic conditions be employed to
enable homogeneous catalysis and simultaneously enable pure
phase separation in a multiphase system. The authors hope to
have inspired ideas and presented possible solutions for similar
process concepts, in which comparable challenges of reactions
followed by catalyst separation and product isolation are being

tackled.
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The application of microemulsion systems as switchable reaction media for the rhodium-catalyzed hydroformylation of
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Keywords: Hydroformylation, Microemulsions, Mini-plant, Process design, Switchable solvents

Received: September 29, 2016; revised: January 27, 2017; accepted: February 03, 2017

1 Introduction

The selection of an appropriate solvent is certainly one of
the biggest obstacles for the development of chemical pro-
cesses. Since an optimal yield is not a solely satisfying objec-
tive in terms of green chemical processing, the selection cri-
teria for solvents imply an integrated consideration of the
process, including aspects of resource and energy efficiency
as well as sustainability. Unfortunately, most industrial
applications involve more than one step, especially in
downstream processing, where typically each step requires a
different solvent that has to be removed again once its task
is done. In terms of process sustainability, that strategy is
highly wasteful and contributes to wastage of energy and
materials. To overcome this, one would need a solvent that
can transform itself, changing its properties to enable sever-
al applications. Fortunately, these systems do already exist:
Switchable solvents, meaning liquids that can be reversibly
switched from one state to another, could unfold a great
potential for process intensification, if applied in a subtle
way. Several different approaches of switchable solvent sys-
tems have already been reported in literature, like supercrit-
ical media based on CO, [1], switchable-polarity solvents
[2], thermomorphic multicomponent solvents [3] or micro-
emulsion systems (further denoted as MES) [4].

In terms of green processing the application of water as
solvent is highly desirable but carries the issue of poor reac-
tant solubility in case of hydrophobic reactants. A way to
bring organic substrates and water together is to add a sur-
factant to the reaction mixture, which enables many inter-
esting applications for water-soluble catalysts in homogene-
ous catalysis. For example performing catalytic reactions in
microemulsion systems, which are ternary mixtures consist-
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ing of oil, water, and a surfactant (often non-ionic surfac-
tants are chosen in this context). Microemulsions provide a
high interfacial area between the polar and non-polar
domains during the reaction. Additionally, their phase sepa-
ration behaviour can be manipulated through temperature
changes and thus makes them switchable solvent systems.
According to Winsor, microemulsions are thermodynami-
cally stable and can be either a one-phase system (Winsor
IV) or part of a multiphase system (Winsor I, II, or III) in
which the microemulsion can be of three different types:
water-in-oil (w/0), oil-in-water (o/w) or bicontinuous; the
phase behaviour is described in detail in literature [4 - 6].
The switchability of MES enables chemical processes in
aqueous media with high reaction rates and efficient cata-
lyst recycling. To proof the applicability of MES as switch-
able reaction media, an integrated process concept for the
rhodium-catalyzed hydroformylation of 1-dodecene on a
mini-plant scale is currently under investigation. In this
contribution the results of a long-term operation, in which
a highly selective reaction as well as a stable phase separa-
tion with feasible catalyst recycling could be achieved con-
tinuously for 100 hours in total, are presented. Also a num-
ber of results from kinetic lab-scale experiments that show
an interesting reaction behavior dependent on temperature
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and surfactant chain-length are highlighted. The obtained
results are of great importance for understanding these
complex reaction systems and contribute to further devel-
opment and enhancement of chemical processes in MES.

2 Experimental

In lab-scale the hydroformylation reactions were performed
in a 100mL stainless steel high-pressure vessel (Premex
Reactor AG) equipped with a gas dispersion stirrer and
mounted in an oil thermostat (Huber, K12-NR). The typical
reaction conditions for the hydroformylation were 15 bar of
synthesis gas (1:1 mixture, purity 2.1), an internal reactor
temperature of 65-110°C, and a stirring speed of
1200 rpm. The reaction mixture usually consisted of
1-dodecene (VWR, 95 %), water (HPLC grade), a non-ionic
surfactant from the Marlipal® 24 series (Sasol), the rhodium
precursor [Rh(acac)(CO),] (Umicore), and the ligand
SulfoXantphos (Molisa). A more detailed description of
experimental set-up and reaction procedure can be found in
[7]. The important parameters (oil content ¢, surfactant
concentration v, selectivity S, and TOF) for the evaluation of
experimental data were calculated as shown in Egs. (1) - (4),
where m is the mass, n is the amount of substance, 1-dode-
cene is the substrate and tridecanal is the product.

m .

o= Oil (1)

moil + Myater
y = Mgurfactant (2)

Moil + Myater T MSurfactant

n
S(n : iso) = —Product (3)
Miso- Aldehydes
M Y(t

TOF — t=0,Substrate ( ) (4)

Ncat t

The mini-plant system, which is schematically depicted
in Fig. 1, consists of a feed section holding containers for
the applied substances, a main reaction section holding the

; Syngas
Feed section y ¥

Alkene

Catalyst

Surfactant
pi

Recycle Section Product Tank

Figure 1. Schematic setup of the mini-plant system for the con-
tinuous hydroformylation of 1-dodecene in MES.
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reactor (1.5L), and a separation unit (decanter, 0.5 L). Here,
a decanter with three drains was installed to adjust the
phase separation for the MES and enable a reliable separa-
tion of the product containing oil phase from the surfactant
and catalyst rich mix phase and the lower aqueous solution
[8]. The mini-plant is fully automatized with SIEMENS
PCS7 and meets ATEX zone 2 specifications [9]. Offline gas
chromatography (Agilent HP-5 column, FID) and online
raman spectroscopy (RXN1 NIR, Kaiser Optical Systems)
were used for liquid sampling and thus, evaluating separa-
tion success and reaction performance. Rhodium leaching
into the product phase is determined by an ICP-OES
(Varian ICP-OES 715 ES).

3 Results and Discussion

The rhodium-catalysed hydroformylation of 1-dodecene in
microemulsion systems (Fig.2) is investigated by our
research group for several years [7,10,11]. In previous ex-
periments it was found that the aliphatic surfactants from
the Marlipal® series provide good results as emulsifier for
the applied reaction mixture. By the application of the sur-
factant Marlipal® 24/70, 31.3 % yield of aldehyde (98 % line-
ar product) were obtained after 4h reaction time under
optimized reaction conditions: & = 0.5,y = 0.08, 95 °C reac-
tion temperature, 15 bar syngas pressure, 1200 rpm stirring
speed, and 1:4 metal-to-ligand ratio.

| catalyst |
RS —————=

H
i ¢
R/\/JI\H 4+ R
Water, Surfactant

CO/H2 linear branchec

N 3035 P h2 H

P"”:. |
| Catalyst ] = 0 “Rh—CO
27 do
NaO;S 2
- HO | = degree of
Surfactant = 1 eoree o
{\/\Oﬁ\/]ll 0-12 athoxylation

Figure 2. Hydroformylation reaction in microemulsion systems,
structures of the applied rhodium catalyst and of the non-ionic
surfactants (Marlipal® 24 series).

To gain deeper understanding of the mechanisms behind
homogeneous catalysis in MES, it is highly necessary to
thoroughly investigate the influence of surfactants and tem-
perature on catalytic reactions in these systems, since both
have simultaneous impact on reaction rate and phase
behaviour. In order to do this, the influence of temperature
on the hydroformylation of 1-dodecene with respect to
reaction rate and selectivity for a fixed composition of the
reaction mixture was investigated. The results are depicted

Chem. Ing. Tech. 2017, 89, No. 4, 459-463
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in Fig. 3. Interestingly, the reaction rate increased exponen-
tially within the investigated temperature range and indi-
cated a simple Arrhenius behaviour. At 68°C a TOF of
50h™" was achieved which could be raised to 380h™" at
110°C, while the selectivity towards the linear product
remained at very high value of 98%. These results were
slightly unexpected, since the MES underwent two phase
transitions between 68 and 82 °C that completely changed
the type of microemulsion (oil-in-water — bicontinuous —
water-in-oil). As it was already shown, the switch in phase
behaviour leads to a noticeable change of mass transfer in
the MES [12]. In addition, the type of microemulsion dic-
tates the continuous phase for the reaction mixture since
the catalyst follows the surfactant into the corresponding
microemulsion phase due to its amphiphilic character.
However, that all seems to have no immediate influence on
the reaction rate in the presented experiment. Hence it was
assumed that MES feature kinetically controlled two-phase
reactions, which is also indicated by the Arrhenius behav-
iour of the hydroformylation (Fig. 3). In addition, an activa-
tion energy of 59 kJ mol™ could be calculated for the reac-
tion which is in good accordance to literature data collected
for the applied catalyst in single phase systems. Considering
a two-phase reaction, the surfactant should play an even
greater role for the reaction conditions in MES than
expected since catalysis mainly takes place at the oil-water
interface, where all the reactants are located and bound by
the surfactant. Thus the ability of the surfactant to work as
emulsifier for the applied reaction system determines the
size of the interfacial area for the reaction and, in addition,
also the local concentrations of reactants at the interface
that are relevant for catalysis. Simply said, the better the
surfactant performs, the higher is the possible outcome of
the reaction.

To further investigate this matter, an experiment was per-
formed in which the hydroformylation was carried out with
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/' [47]
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Figure 3. Turnover frequency and selectivity as function of
temperature. Test conditions: 15 bar, 1200 rpm, 120 mmol
1-dodecen, a = 0.5, y = 0.08 (Marlipal 24/70), 1 wt % NaySOy,
0.05 mmol (0.04 mol %) Rh(acac)(CO),, 0.2 mmol SulfoXantphos,
Vg = 50 mL. TOFs were calculated after 1 h reaction time. Arrows
indicate the corresponding axis.
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several related surfactants from the Marlipal® series (the
results are shown in Fig.4). All reaction parameters were
kept constant for every run to ensure that the degree of
ethoxylation of the surfactant was the only essential variable
for the reaction. The degree of ethoxylation, meaning the
amount of ethoxylate groups in the surfactant-chain, was
varied between 5 and 9 (Marlipal® 24/70 has an average of
7). The experimental results indicate that the applied sur-
factant indeed plays a greater role for the reaction than just
emulsifying the two-phase systems. In case of the investi-
gated hydroformylation an enhanced hydrophilicity of sur-
factant (meaning a higher ethoxylation degree) seems to be
beneficial. The reaction rate was found to be the highest at
an ethoxylation degree of 9 (Marlipal® 24/90). A TOF of
309h™" was calculated for this surfactant which is an
increase of 51 % in comparison to 205h™" for an ethoxyla-
tion degree of 5 (Marlipal® 24/50). This finding could be
explained by a higher density of the surfactant film that
enhances the adsorption of reactants at the oil-water inter-
face and, by that, increases the reaction rate. In the same
time, a change in the degree of ethoxylation has an impact
on the resulting phase behaviour of the applied MES. How-
ever, the change in phase behaviour had again no noticeable
influence on the reaction since the results show only a slight
linear increase of the reaction rate without an abrupt rising
in between that would indicate a major change of mass
transfer conditions. All things considered, these results
alone are not sufficient for an accurate explanation of the
impact of surfactants on homogeneous catalysis and thus
this topic requires more investigation. But they do point out
the high optimization potential of chemical processes in
microemulsion systems with respect to higher space-time
yields.
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Figure 4. Turnover frequency vs degree of ethoxylation.
Test conditions: 95°C, 15 bar, 1200 rpm, 120 mmol 1-dodecen,
a =0.5,y=0.08 (Marlipal 24/XX), 1wt % Na,SO,, 0.05 mmol
(0.04 mol %) Rh(acac)(CO),, 0.2 mmol SulfoXantphos,

Vg = 50 mL. TOFs were calculated after 1 h reaction time.
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3.1 Mini-Plant Operation

The proof of concept for the hydroformylation in MES is
performed within the technical mini-plant system. The con-
ducted mini-plant campaign was carried out as 100 hours
continuous operation, covering different operational modes
from start-up, full recycle mode to increase product yield
and long-term steady state continuous operation. Referring
to the lab-scale results an initial mixture of 50 % « and 8 %
y was applied, including 0.04 mol % rhodium precursor,
0.2mol % SulfoXantphos and 1.00 wt % Na,SO,4 The reac-
tion conditions, determined on the lab-scale as well, were
set to 15 bar(g) pressure and 95 °C.

A trajectory for the total conversion of 1-dodecene and
yield of tridecanal was obtained from the mini-plant cam-
paign, depicted in Fig. 5. After feeding and starting up the
plant, the reaction was successfully initiated. From here on
a full recycle operation was performed to quickly increase
yield. At operation hour 35, the continuous operation was
started with the introduction of fresh 1-dodecene and
extraction of the product-containing organic phase. Conse-
quently, the conversion slightly decreased and stabilized at a
new level of 41 %, which could be sustained during the
steady-state operation for more than 50 hours. With a reac-
tion residence time of 6.5hours for the continuous opera-
tion, these results are in good accordance to lab-scale find-

ings. The product yield stabilized at around 39 %, showing
an excellent overall reaction selectivity of 95 % towards the
desired aldehyde. In addition, the product was obtained
with a linear to branched selectivity of 99 %. Again, this is
in very good accordance to previous findings in lab. More-
over, a continuous phase separation could be accomplished,
leading to a remarkably pure organic phase (educt and
product content of 99.8 %) and very low rhodium leaching
into the product phase (lower than 0.1 ppm). Thus, an effi-
cient separation and recycling of surfactant and catalyst
could be shown by the mini-plant operation, which demon-
strates the applicability of MES as reaction media in contin-
uous chemical processes.

4 Conclusions and Outlook

In this contribution, it is shown that microemulsion sys-
tems are feasible reaction media for homogeneously cata-
lysed reactions and continuous chemical processes in aque-
ous media. The mini-plant experiments proved the
applicability of MES and demonstrated that their switch-
ability can be exploited in an integrated process with reac-
tion and subsequent recycling of surfactant and catalyst.
However, these multiphase systems require a profound
knowledge of the influence of parameters regarding reaction
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Figure 5. Mini-plant operation results, total conversion of 1-dodecene and yield of tridecanal over time. Reaction residence time indi-

cates equivalent reaction time of a batch experiment.
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and separation. In particular, the applied surfactant has a
strong impact on the outcome of a reaction. Further investi-
gations on this matter are mandatory to fully understand
the role of the surfactant and, by that, enhance the operabil-
ity of MES in technical systems.
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I Symbols used

m [kg] mass

n [mol] amount of substance

S -] selectivity

t [h] time

T [°C temperature

TOF [h™"] turnover frequency

X [-] conversion

Y (-] yield

a -] oil-to-water ratio

y -] surfactant concentration

Chem. Ing. Tech. 2017, 89, No. 4, 459-463

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

I Abbreviations

MES Microemulsion system
SulfoXantphos 4,5-Bis(diphenylphosphino)-
9,9-dimethylxanthene

I References

[1] W. Leitner, Acc. Chem. Res. 2002, 35 (9), 746 - 56.
[2] P. G. Jessop, S. M. Mercer, D. J. Heldebrant, Energy Environ. Sci.
2012, 5 (6), 7240 - 7253.
[3] E.Schifer, Y. Brunsch, G. Sadowski, A. Behr, Ind. Eng. Chem. Res.
2012, 51 (31), 10296 - 10306.
[4] M. Schwarze, T. Pogrzeba, I. Volovych, R. Schomacker, Catal. Sci.
Technol. 2015, 5 (1), 24 - 33.
[5] M. Kahlweit, R. Strey, G. Busse, J. Phys. Chem. 1990, 94 (10),
3881 —3894.
[6] P. A. Winsor, Trans. Faraday Soc. 1948, 44, 376 — 398.
[7] T.Pogrzeba, D. Miiller, T. Hamerla, E. Esche, N. Paul, G. Wozny,
R. Schomacker, Ind. Eng. Chem. Res. 2015, 54 (48), 11953 — 11960.
[8] D. Miiller, E. Esche, T. Pogrzeba, M. Illner, F. Leube, R. Scho-
macker, G. Wozny, Ind. Eng. Chem. Res. 2015, 54 (12),
3205 -3217.
[9] M. Miiller, Y. Kasaka, D. Miiller, R. Schomécker, G. Wozny, Ind.
Eng. Chem. Res. 2013, 52 (22), 7259 - 7264.
[10] T. Hamerla, A. Rost, Y. Kasaka, R. Schomacker, ChemCatChem
2013, 5 (7), 1854 - 1862.
[11] A. Rost, M. Miiller, T. Hamerla, Y. Kasaka, G. Wozny, R. Scho-
micker, Chem. Eng. Process. 2013, 67, 130 - 135.
[12] T. Hamerla, N. Paul, M. Kraume, R. Schomécker, Chem. Ing. Tech.
2013, 85 (10), 1530 - 1539.

www.cit-journal.com



PAPER 9

Understanding the Role of Nonionic Surfactants during Catalysis in Microemulsion Systems
on the Example of Rhodium-Catalyzed Hydroformylation

Tobias Pogrzeba, Marcel Schmidt, Natasa Milojevic, Carolina Urban, Markus lliner, Jens-Uwe
Repke, and Reinhard Schomacker

Industrial & Engineering Chemistry Research, 2017, 56, 9934-9941

Online Article: http://pubs.acs.org/doi/abs/10.1021/acs.iecr.7b02242

ActiveView PDF: http://pubs.acs.org/doi/ipdf/10.1021/acs.iecr.7b02242

Reproduced (or 'Reproduced in part') with permission from “Understanding the Role of
Nonionic Surfactants during Catalysis in Microemulsion Systems on the Example of Rhodium-
Catalyzed Hydroformylation; Tobias Pogrzeba, Marcel Schmidt, Natasa Milojevic, Carolina
Urban, Markus lliner, Jens-Uwe Repke, and Reinhard Schomacker. Industrial & Engineering
Chemistry Research, 2017, 56, 9934-9941.” Copyright (2017) American Chemical Society.


http://pubs.acs.org/doi/abs/10.1021/acs.iecr.7b02242
http://pubs.acs.org/doi/ipdf/10.1021/acs.iecr.7b02242

IREC

r e S e a r C h pubs.acs.org/IECR

Industrial & Engineering Chemistry Research

Understanding the Role of Nonionic Surfactants during Catalysis in
Microemulsion Systems on the Example of Rhodium-Catalyzed
Hydroformylation

Tobias Pogrzeba,*’.l' Marcel Schmidt,” Natasa Milojevic,-;- Carolina Urban,” Markus Illner,*
Jens-Uwe Repke,fF and Reinhard Schomicker'

TDepartment of Chemistry, Technische Universitit Berlin, Strale des 17. Juni 124, Sekr. TC-8, Berlin D-10623, Germany

*Chair of Process Dynamics and Operation, Technische Universitit Berlin, Strafle des 17. Juni 135, Sekr. KWT-9, Berlin D-10623,
Germany

ABSTRACT: The application of microemulsion systems as switchable Product Reactants
reaction media for the rhodium-catalyzed hydroformylation of 1-
dodecene is being reported. The influence of temperature, phase
behavior, and the selected nonionic surfactant on the reaction has been
investigated. The results revealed that the structure and the hydro-
philicity (degree of ethoxylation) of the applied surfactant can have a
strong impact on the performance of the catalytic reaction in
microemulsion systems, in particular on the reaction rate. The surfactant
determines the boundary conditions for catalysis (interfacial area, local
concentrations) and can also interact with the catalyst at the oil—water Aqueous
interface and hinder the reaction. In addition to the discussion of the Phase
experimental results, we present a proposal for the impact of surfactant-

based reaction media on the reaction mechanism of the catalyst reaction.

Organic
Phase

1. INTRODUCTION applied. With this so-called micellar enhanced ultrafiltration
(MEUF) technique, the active catalyst can be recycled within
the retentate and reused for reaction.”® Another approach to
combine reaction and catalyst recycling in micellar systems is
the utilization of microemulsion systems (MES) as switchable
solvents. Microemulsions are ternary mixtures consisting of a
nonpolar component, water, and a surfactant (often nonionic
surfactants are chosen in this context). Because of the strong
surface activity of the surfactant, microemulsions provide a high
interfacial area between the polar and nonpolar domains during
the reaction. Additionally, their phase separation behavior can
be manipulated through temperature changes and thus makes
them switchable solvent systems. According to Winsor,
microemulsions are thermodynamically stable and can be
either a one-phase system (Winsor IV) or part of a multiphase

the medium water, micellar catalysis can provide the crucial system (Winsor I, II, or III) in which the microemulsion can be

“solution” for substrate and catalyst solubilization and of three different types: water-in-oil (w/o0), oil-in-water (o/w),
subsequent reaction under mild conditions.>™® Often it is or bicontinuous; the phase behavior is described in detail in the

The use of water as solvent in transition metal-catalyzed
chemistry is today still rather unusual and rarely the first choice
of a chemist. To be fair, this is not very surprising because the
poor solubility of most organic educts in water makes it difficult
to perform reactions in aqueous media and to predict their
results. However, if we want to make a switch to a greener
chemistry and reduce the environmental implications of our
work, we should start to intensify the efforts in research of
catalysis in aqueous media. As Lipshutz et al. pointed out
recently,' the path toward greener chemistry offers exciting
opportunities and surprises associated with this new environ-
ment for catalysis, which should attract the interest of many
scientists worldwide. To enable the transfer of the already
established organic transition metal-catalyzed chemistry into

. 9—11 . s . .
sufficient to employ a suitable surfactant or a micelle producing literature. The switchability of microemulsion  systems
agent to solubilize the reactants and to enable the reaction. offers many interesting options for chemical processes with
However, in case of the application of expensive transition industrial relevancelzig aqueous media, like Suzuki and Heck
metal catalysts in such media, an old problem occurs again that coupling reactions ™~ as substeps in the total synthesis of
is already known from homogeneous organic solutions: the complex organic molecules (e.g, total synthesis of Boscalid'*).
recovery of the catalyst. One possible way to tackle this
problem in micellar media is the application of filtration Received: May 31, 2017
techniques, for example, ultrafiltration. A catalyst that is Revised:  August 2, 2017
embedded in the micelles can be retained during the Accepted: August 18, 2017
ultrafiltration process if a micelle rejecting membrane is Published: August 18, 2017
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Another application is the rhodium-catalyzed hydroformylation
of long-chained alkenes that has already been performed
successfully in a continuously operated mini-plant over a 200 h
campaign. 1516

Regarding the already numerous examples for transition
metal catalysis in surfactant-based reaction media, it seems to
be only a question of time until the first industrial application in
these systems becomes reality. However, these complex
multiphase systems require a profound knowledge of the
influence of a variety of system parameters regarding reaction
and separation. In particular, the applied surfactant seems to
have a strong impact on the result of a reaction, which is today
still not completely understood and raises the question of how
catalysis works in these systems. To gain more knowledge
about the role of the surfactant during catalysis, we decided to
investigate the rhodium-catalyzed hydroformylation of 1-
dodecene in microemulsion systems in a detailed study with
regards to phase behavior of the MES, concentration and
hydrophilicity of surfactant, and temperature dependency of the
reaction. The obtained results are of great importance for
understanding these complex reaction systems and contribute
to further development and enhancement of chemical processes
in surfactant-based reaction media.

2. MATERIALS AND METHODS

2.1. Chemicals. The reactant 1-dodecene (95%) and water
(HPLC grade) were purchased from VWR. The precursor
(acetylacetonato)dicarbonylrhodium(I) [Rh(acac)(CO),] was
contributed by Umicore, Germany. The water-soluble ligand
2,7-bissulfonate-4,5-bis(diphenylphosphino)-9,9-dimethylxan-
thene (SulfoXantphos, SX) was purchased from Molisa, where
it was synthesized according to a procedure described by
Goedheijt et al.'” The syngas (1:1 mixture of CO and H,,
purity 2.1 for CO and 2.1 for H,) was purchased from Air
Liquide. The technical grade nonionic surfactants from the
Marlipal 24 series were contributed by Sasol Germany. To
adjust the ionic strength, we used sodium sulfate (Na,SO,,
99%) purchased from Merck. All of the chemicals were used
without further purification.

2.2. Preparation of Catalyst Solution. For the
preparation of the catalyst complex, 12.9 mg (0.05 mmol, 1
equiv) of [Rh(acac)(CO),] and 156.7 mg (0.20 mmol, 4 equiv)
of SulfoXantphos were evacuated three times in a Schlenk tube
and flushed with argon. The solvent (S g of degassed water,
HPLC grade) was added through a septum. The catalyst
solution then was stirred overnight at room temperature to
ensure the formation of the catalyst complex.

2.3. Investigation on Phase Behavior. Investigations on
the phase behavior of the microemulsion systems were
performed by using small glass reactors (S0 mL volume) with
a heating jacket. The lid of such a reactor offers connections for
sampling, for vacuum establishment, and argon inertization. We
investigated the phase behavior of several microemulsion
systems consisting of 1-dodecene/water/nonionic surfactant.
The applied nonionic surfactant from the Marlipal 24 series was
varied with respect to the degree of ethoxylation (EO), from
Marlipal 24/50 (average EO = S) to Marlipal 24/90 (average
EO = 9). In addition, every mixture consisted of 1.0 wt %
sodium sulfate, 0.04 mol % [Rh(acac)(CO),], and 0.16 mol %
SulfoXantphos. The oil-to-water ratio was kept constant for all
experiments at & = 0.5 with an amount of 95 mmol (16 g) of 1-
dodecene (rhodium/ligand/ alkene ratio 1/4/2500). The
amount of surfactant was varied from 1 to 16 wt % (y = 0.01 to

9935

0.16). For each sample, the different amounts of oil, water,
sodium sulfate, and the particular surfactant were weighted into
the reactor and evacuated and flushed with argon at least three
times. The catalyst solution then was injected with a syringe.
We studied the phase behavior from 50 to 90 °C in 2 °C steps.
The microemulsions were stirred during the heating periods by
a magnetic stirrer. After the desired temperature was reached,
the stirrer was stopped and the phase separation was observed.

The important composition parameters to characterize the
MES are the weight fractions of oil (@) and surfactant (y) (eq
1), which are calculated from the mass m of the corresponding
component:

Moil Mgurf

My + My,o + Mgys

o= =

Moy + My,0 (1)

2.4. Hydroformylation Experiments. The hydroformyla-
tion reactions were performed in a 100 mL stainless steel high-
pressure vessel from Premex Reactor AG, equipped with a gas
dispersion stirrer and mounted in an oil thermostat from Huber
(K12-NR). The reactor setup has already been illustrated in
previous contributions.”” The typical reaction conditions for
the hydroformylation were 15 bar pressure of syngas, an
internal reactor temperature of 65—120 °C, and a stirring speed
of 1200 rpm, using a gas dispersion stirrer. The reaction
mixture usually consisted of 120 mmol (20 g) of 1-dodecene,
water (HPLC grade, a = 0.5), 1.0 wt % sodium sulfate,
surfactant (Marlipal 24 series), and catalyst solution. The ratio
of rhodium/ligand/alkene was 1/4/2500 in every experiment.

The reaction was performed as described in the following. At
first the reactor was filled with the desired amounts of alkene,
water, sodium sulfate, and surfactant. The catalyst solution then
was transferred by a syringe to the reactor. The reactor was
closed and evacuated and purged with nitrogen at least three
times. The stirrer was started at a rate of 500 rpm, and the
reactor was heated to the desired temperature. After reaching
the temperature, the stirring was slowed (200—300 rpm), and
the reactor was pressurized with syngas. The reaction was
started by increasing the stirring speed again to 1200 rpm. For
the evaluation of reaction progress, samples were withdrawn at
several time intervals via a sampling valve and analyzed by gas
chromatography (GC). To ensure homogeneous liquid
sampling, the stirring speed was not changed, while the
samples were taken from the reactor. No further purification
steps were performed to isolate the product from the reaction
mixture before the samples were measured via GC. In addition,
consumption of syngas during the experiments has been
recorded via the mass flow controller.

The important parameters (conversion X, yield Y, selectivity
S, and TOF) for the evaluation of experimental data were
calculated as shown in eqs 2—5, where n is the amount of
substance, 1-dodecene is the substrate, and 1-tridecanal is the
product.

nt=0, Substrate nt,Substrate

X(t) =
nt=0,Substrate (2)
14, Prod
Y( t) — t,Product
nt:O,Substrate (3)
n
S(ﬂ:iSO) — Product
niso—Aldehydes (4)
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M=o, Substrate” Ya1a(t)
TOFAld — t=0,Substrate - Ald

Rt (%)

2.5. Analysis. Reaction progress and selectivity of hydro-
formylation reactions were analyzed by gas chromatography on
a Shimadzu model GC-2010, equipped with a Supelcowax 10
capillary column, a flame ionization detection analyzer, and
nitrogen as carrier gas.

3. RESULTS AND DISCUSSION

3.1. Phase Behavior of the Microemulsion Systems.
The phase behavior of the investigated microemulsion systems
consisting of 1-dodecene, water, and varying technical grade
surfactants from the Marlipal 24 series (Figure 1) was recorded

T,

i=11-13

Figure 1. Structure of the applied surfactants from the Marlipal 24
series (j = degree of ethoxylation (EO)). EO increases from Marlipal
24/50 (average j = S) to Marlipal 24/90 (average j = 9).

in the form of phase diagrams as illustrated exemplarily in
Figure 2a for 1-dodecene/water/Marlipal(24/70). The pres-
ence of sodium sulfate and the rhodium catalyst in the mixture
led to a shift of the phase boundaries to lower temperatures in
comparison to the pure microemulsion system.'® The applied
nonionic surfactants are characterized by their degree of
ethoxylation, which is responsible for the hydrophilic character
of each surfactant. The hydrophilicity increases with the
number of ethoxylate groups in the surfactant chain and affects
the phase behavior of the resulting MES. While the shape of the
“fish” in the phase diagram (as in Figure 2a) follows a general
pattern for each of the investigated surfactants due to their
related chemical structure, the phase boundaries are shifted to
lower or higher temperatures with changing EO (see Figure
2b). It is also apparent that the three-phase area becomes
slightly larger with an increasing EO number. The information
about the position of the “fish” in the phase diagram is of great
importance for the application of a MES in a chemical process,
because it marks the switchable area that is essential for
reaction and catalyst recycling in these systems. At the same
time, it is also a good indicator for the temperature range at
which the application of a particular MES for a reaction is
teasible or not. The reason for this is that every surfactant has
its own specific working area (temperature range), which is
determined by its chemical structure. In this particular area, the
surfactant shows the strongest surface activity and therefore the
highest ability to function as emulsifier and thus provides the
most stable emulsions. In case of the investigated surfactants
(Figure 2b), the results indicate that the optimal operation
temperature of the corresponding MES increases with
increasing EO number (or rather hydrophilicity).

3.2. Hydroformylation of 1-Dodecene. The rhodium-
catalyzed hydroformylation of 1-dodecene in microemulsion
systems (Figure 3) has been investigated by our working group
for several years by now.'”'**° In previous experiments, we
found the aliphatic surfactants from the Marlipal series to
provide good results as emulsifier for this reaction. By the
application of the surfactant Marlipal 24/70, 31.3% yield of
aldehyde (98% linear product) has been obtained after 4 h
reaction time under optimized reaction conditions: & = 0.5, y =

9936
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Figure 2. (a) Phase diagram of 1-dodecene/water/Marlipal(24/70)
for a = 0.5 with 1.0 wt % Na,SO,, 0.04 mol % [Rh(acac)(CO),], and
0.16 mol % SulfoXantphos. (b) Temperature shift of the three-phase
area as a function of degree of ethoxylation with 1-dodecene/water/
Marlipal(24/50—90) for a = 0.5 and y = 0.08 with 1.0 wt % Na,SO,,
0.04 mol % [Rh(acac)(CO),], and 0.16 mol % SulfoXantphos.
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Figure 3. Hydroformylation reaction in microemulsion systems and
the applied rhodium catalyst.

0.08, 95 °C reaction temperature, 15 bar syngas pressure, 1200
rpm stirring speed, and 1:4 metal-to-ligand ratio. The applied
catalyst remains stable during the entire reaction time, and no
sign of catalyst degradation can be observed. Recycling of the
catalyst within the aqueous phase is easily possible by
temperature-induced phase separation with a very low leaching

DOI: 10.1021/acs.iecr.7b02242
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of Rh (<1 ppm) into the organic phase.”””” The successful
transition of the reaction system into an inte%rated process on a
mini-plant scale has been reported recently.'®

3.3. Effect of Salt Addition. Preceding the discussion of
general effects of surfactants in hydroformylation, we would like
to explain the use of Na,SO, in the reaction mixture. The
decision to add a salt to the reaction system originates from
observations during the first continuous operation of the
process (integrated reaction and separation) on miniplant scale,
in which almost no phase separation of the reaction mixture
could be achieved. This finding was in strong disagreement to
the lab scale results where the separation of the system has
always been achievable. In consequence, a systematic analysis of
the separation dynamics of the reaction mixture was performed
in a temperature and pressure controlled glass reactor with a
gas dispersion stirrer to ensure realistic process conditions
during the experiments. The experimental setup and procedure
has already been reported in ref 23. In Figure 4 is illustrated the

45

1@ —— MES w/o Catalyst
404 (B) —— MES with Catalyst
1 (© —— Catalyst activation
354 (D) —— Addition of 1 wt-% NaySOy4

30
25 ]

20

Relative phase height of organic phase [%]

T
10
Separation time [min]

20

Figure 4. Relative height of organic (product) phase over separation
time under process conditions. All experiments were performed at 85
°C and 10 bar pressure of argon (for A+B) or 10 bar pressure of
syngas (C+D). MES was formulated from 1-dodecene, water, and
Marlipal 24/70 (a = 0.5, y = 0.08). Additionally, 0.04 mol %
[Rh(acac)(CO),] and 0.16 mol % SulfoXantphos were added for B, C,
and D.

evolution of the organic phase during the phase separation for
the four crucial experiments of the screening. It becomes
apparent that the activation of the rhodium catalyst with syngas
inhibits the separation of the reaction system drastically. The
separation time of the system increased from 18 min for the
pure MES (Figure 4A) to around 25 min after the addition of
catalyst (Figure 4B) and in the end to over several hours after
the addition of syngas (Figure 4C). Moreover, it has to be
noted that a complete separation of the reaction mixture under
these conditions could not be observed. The surface activity of
the applied catalyst complex has been observed only recently
during parameter studies in lab scale.'” However, such a strong
impact of the catalyst on the phase separation was not to be
expected and has not been reported before in the literature for
other MES. To overcome this undesirable effect for the
continuous operation, the reaction mixture has been modified
by the addition of 1.0 wt % Na,SO,. With this adjustment of
the ionic strength in the aqueous part of the reaction mixture,
the effect of the catalyst complex as an ionic, surface active
substance could be mostly suppressed by electrostatic screen-
ing. As a result, the separation dynamic of the system was
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significantly improved, and thus the separation time decreased
to roughly 8 min (Figure 4D).

Subsequent to these findings, we investigated the effect of the
addition of Na,SO, on the reactivity and stability of the catalyst
during hydroformylation reaction. For this purpose, the
reaction was performed with varying concentrations of
Na,SO,. The experimental results are shown in Figure S. In
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Figure S. Effect of Na,SO, concentration on hydroformylation
reaction. Test conditions: 0.04 mol % Rh(acac)(CO),, 0.16 mol %
SulfoXantphos, 120 mmol of 1-dodecene, water (a = 0.5), y = 0.08
(Marlipal 24/70), Vg = SO mL, T = 95 °C, p = 1S bar, stirring speed =
1200 rpm, tz = 4 h. Statistic deviation of results: +3%.

general, the reaction rate decreased with increasing amount of
salt. The yield of linear aldehyde was reduced by roughly 1.2%
per 0.5 wt % Na,SO, as compared to the reaction without salt
after 4 h reaction time (31.3% yield). For 1.0 wt % Na,SO, in
the system, a yield of 28.9% could be obtained. The most likely
explanation for these results is an increasing destabilization of
the MES with higher amounts of salt, which leads to larger
emulsion droplets and consequently to a smaller interface for
the reaction. Apart from the reactivity, the selectivity of the
reaction remained unchanged at a high 98:2 ratio of linear to
branched aldehydes, which proves the stability of the catalyst in
the modified reaction mixture. The catalyst stability has also
been tested in long-term experiments over 48 h with no sign of
catalyst degradation. Concluding the results for separation and
reaction, the application of Na,SO, is a feasible method to
enable the phase separation of the reaction mixture under
process conditions with only minor implications on catalysis.
Thus, we decided to apply the salt in the reaction mixture for all
following experiments, including the experiments presented in
Figure 2.

3.4. Effect of Temperature and Phase Behavior. The
hydroformylation of 1-dodecene was carried out at different
temperatures between 68 and 120 °C. In general, the formation
of the linear aldehyde could be increased by using higher
temperatures (see Figure 6). Until 110 °C the reaction rate
increased exponentially with the temperature and indicated a
simple Arrhenius behavior. After 1 h reaction time, a TOF of 50
h™! was achieved at 68 °C, which could be raised to 380 h™! at
110 °C, while the selectivity toward the linear product
remained at a very high value of 98%. As was recently reported
in ref 24, an activation energy of 59 kJ/mol could be calculated
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Figure 6. Effect of temperature on hydroformylation reaction. Test
conditions: 0.04 mol % Rh(acac)(CO),, 0.16 mol % SulfoXantphos,
120 mmol of 1-dodecene, water (a = 0.5), ¥ = 0.08 (Marlipal 24/70),
1 wt % Na,SO,, Vy = 50 mL, p = 18§ bar, stirring speed = 1200 rpm, t;
= 4 h. Statistic deviation of results: +3%.

for the hydroformylation, which is in good accordance with
literature data collected for the applied catalyst in single phase
systems.” However, a decrease of reaction rate could be
observed at temperatures higher than 110 °C, which is related
to the applied surfactant. Regarding the phase behavior of the
reaction mixture (shown in Figure 2a and also indicated in
Figure 6), the optimal working area of Marlipal 24/70 as
emulsifier is in the range of 70—80 °C. The application at far
higher temperatures leads to a destabilization of the micro-
emulsion system because the ability of the surfactant to work as
an emulsifier is constantly decreasing with increasing temper-
ature. In consequence, the droplet size of the emulsion
increases, which leads to a smaller interfacial area and thus
rising mass transfer limitations of the reaction.

Interestingly, the phase behavior of the microemulsion
system has no noticeable influence on the reaction. The MES
underwent two phase transitions between 68 and 82 °C that
completely changed the type of microemulsion (oil-in-water
(2¢) — bicontinuous (3¢) — water-in-oil (2¢)). However,
these changes of the emulsion type did not lead to an abrupt
alteration of the reaction rate that would indicate a major
change of mass transfer conditions. To further investigate this
matter, an experiment was performed in which the reaction was
carried out in each of the three microemulsion types at a
constant temperature of 85 °C and constant values of @ and y.
Therefore, the phase behavior of the MES was adjusted by
different amounts of Na,SO, in the mixtures. The results of this
experiment are depicted in Figure 7. The reaction was
performed with nearly similar rates for the oil-in-water (o/w)
and the bicontinuous emulsion resulting in a conversion of
roughly 24% and 25% after 4 h reaction time, respectively. As
expected, the hydroformylation in the water-in-oil (w/o)
emulsion was slightly slower due to the higher amount of salt
in the mixture (compare with Figure S). The results of this
experiment confirm that the phase behavior of MES has no
significant influence on the reaction rate of the hydro-
formylation due to the kinetic control of the reaction. This
finding however is in clear contradiction to the conclusions
from earlier works of Rost et al.”’ and Hamerla et al."” in which
the hydroformylation of 1-dodecene in MES was found to
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Figure 7. Effect of phase behavior on hydroformylation reaction. Test
conditions: 0.04 mol % Rh(acac)(CO),, 0.16 mol % SulfoXantphos,
120 mmol of 1-dodecene, water (a = 0.5), ¥ = 0.08 (Marlipal 24/90),
Vi =50mL, T = 85 °C, p = 15 bar, stirring speed = 1200 rpm, t; = 4
h. Amount of Na,SO,: 0.1 wt % for 2¢ o/w emulsion, 1.0 wt % for 3¢
area, 3.0 wt % for 2¢» w/o emulsion. Statistic deviation of results: +3%.

perform the fastest inside the 3¢ area. The experiments that led
the authors to their conclusion at that time were very similar to
that from Figure 7 in this contribution. However, the main and
very important difference between the earlier experiments and
the one presented here is that they did adjust the phase
behavior of their MES by changing the applied type of
surfactant. Unfortunately, that was not the appropriate
approach to perform this particular experiment. Although all
of the received experimental data were correct, the
interpretation was mistaken because they did mainly observe
the influence of the chemical structure and chain length of the
applied surfactants on the reaction rate of the hydroformylation
and not the influence of the phase behavior. As we recently
reported in ref 26, the constitution of the surfactant can have a
relatively strong impact on reactions in MES. For instance,
different functional groups of the surfactant can interact with
the catalyst during catalysis and inhibit the reaction rate. In
addition, the hydrophilicity (chain length, degree of ethox-
ylation) of the surfactant influences the reaction rate as well.
This matter will be further discussed in the following section.

3.5. Degree of Ethoxylation. To investigate the influence
of the surfactant chain length on the hydroformylation reaction,
we varied the degree of ethoxylation (EO) from S to 9
(Marlipal 24/50 to 24/90). It was found that the reaction rate
and EO number are in linear dependency at a constant reaction
temperature; see Figure 8. However, it depends on the applied
temperature whether it is a linear decrease or increase of the
rate with increasing EO number. As explained in section 3.1,
this is mainly due to the specific ability of the applied
surfactants to work as emulsifiers for the reaction system, which
changes with temperature. During the investigation on phase
behavior in Figure 2b, it became evident that a higher EO
number equals a higher temperature required for the
surfactants to work efficiently. This characteristic is reflected
in Figure 8 and gives an explanation why the reaction performs
best at 80 °C with the short chained Marlipal 24/50, while at 95
°C the longest chained surfactant Marlipal 24/90 is clearly
superior. Also, the higher density of the surfactant film with an
increasing EO might enhance the adsorption of reactants at the
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Figure 8. Degree of ethoxylation versus TOF for different reaction
temperatures. Test conditions: 0.04 mol % Rh(acac)(CO),, 0.16 mol
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oil—water interface and by that increase the reaction rate.
Furthermore, it should be mentioned that the temperature
dependency of the reaction for each applied surfactant confirms
the findings in Figure 6. For better comparability, we listed the
experimental results for a reaction temperature of 95 °C in
Table 1. For Marlipal 24/50, an aldehyde yield of 25% was
achieved after 4 h reaction time with a very high selectivity of
99% toward the linear product. By changing the EO number of
the surfactant to 9 (Marlipal 24/90), the yield could be
increased to 38%. To show that this is a general characteristic of
these systems, we added the experimental results of a different

Table 1. Results for the Hydroformylation of 1-Dodecene
with Different Surfactants at Constant Temperature”

conversion 1- ield (linear n:iso

no. surfactant dodecene [%] aldehyde) [%] selectivity

1 Marlipal 28 25 99:1
24/50

2 Marlipal 25 24 98:2
24/60

3 Marlipal 34 29 98:2
24/70

4 Marlipal 38 33 98:2
24/80

S Marlipal 43 38 98:2
24/90

6 Marlophen 4 4 99:1
NPS”

7 Marlophen 8 6 99:1
NP6”

8  Marlophen 10 9 98:2
NP7”

9  Marlophen 15 13 98:2
NPY”

“Reaction conditions [1—5]: 0.04 mol % Rh(acac)(CO),, 0.16 mol %
SulfoXantphos, 120 mmol of 1-dodecene, water (a = 0.5), y = 0.08, 1
wt % Na,SOy, Vx = 50 mL, T = 95 °C, p = 1S bar, stirring speed =
1200 rpm, t; = 4 h. Statistic deviation of results: +3%. Reaction
conditions [6—9]: 0.05 mol % Rh(acac)(CO),, 0.25 mol %
SulfoXantphos, 180 mmol of 1-dodecene, water (@ = 0.88), y =
0.10, Vg = 50 mL, T = 110 °C, p = 40 bar, stirring speed = 1000 rpm,
ta = 4 h. "Data extracted from ref 26.
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type of nonionic surfactant to Table 1. The surfactants from the
Marlophen NP series contain an aromatic ring in their
hydrophobic part instead of a solely aliphatic chain like in the
Marlipal series. It is evident that the dependency of reaction
rate and EO is similar for both types of surfactants. However, it
is an interesting observation that the different structure of the
Marlophen surfactants turned out to be not beneficial for the
rate of the hydroformylation. We assume that the aromatic ring
of the surfactant hinders the catalytic reaction, most probably
through electronic interactions with the catalyst at the oil—
water interface.” This leads to much lower aldehyde yields after
4 h reaction time as compared to Marlipal under mostly
comparable reaction conditions.

3.6. Effect of Surfactant Concentration. The hydro-
formylation of 1-dodecene was carried out at different
surfactant concentrations at a constant reaction temperature
of 95 °C. In general, it was found that a higher concentration of
surfactant leads to an increase in aldehyde yield after the same
reaction time (see Figure 9). The yield increased from roughly

70
—a— Conversion (after 4 h)

60—: —e— Yield

linear aldehyde

Surfactant concentration [wt-%] (= y*100)

Figure 9. Effect of surfactant concentration on hydroformylation
reaction. Test conditions: 0.04 mol % Rh(acac)(CO),, 0.16 mol %
SulfoXantphos, 120 mmol of 1-dodecene, water (a = 0.5), Marlipal
24/70, 1 wt % Na,SO,, Vg = 50 mL, T = 95 °C, p = 15 bar, stirring
speed = 1200 rpm, ty = 4 h. Statistic deviation of results: +3%.

4% with 1 wt % surfactant in the mixture to 53% with 30 wt %
surfactant. The selectivity toward the linear product remained
unchanged at a value of 98% in all experiments. In the case
where no surfactant was applied in the mixture, no reaction
progress could be observed during 4 h reaction time,
confirming that the surfactant is needed to enable the
hydroformylation. It stands out that the rate of the reaction
continues to increase with the surfactant concentration
(illustrated in Figure 10) even after the MES already became
a macroscopic one-phase microemulsion (for y > 0.12).
Considering the biphasic character of the system at y < 0.12,
more surfactant in the mixture generally means a larger
interfacial area for the reaction and thus a higher potential
reaction rate. In addition, the reaction rate is not affected by
mass transfer limitation, which has been experimentally verified
(see Figure 11). However, the significant further increase of the
reaction rate at higher surfactant concentration cannot be solely
addressed to the larger interfacial area, because all of the
reactants are already located in one emulsion phase. Thus, this
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Figure 10. Effect of surfactant concentration on the rate of
hydroformylation. Test conditions: 0.04 mol % Rh(acac)(CO),, 0.16
mol % SulfoXantphos, 120 mmol of 1-dodecene, water (a = 0.5),
Marlipal 24/70, 1 wt % Na,SO,, Vy = 50 mL, T = 95 °C, p = 1S5 bar,
stirring speed = 1200 rpm, ty = 4 h. Initial rates were calculated from
syngas consumption. Statistic deviation of results: +15%.
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Figure 11. Effect of stirring speed on hydroformylation reaction. Test
conditions: 0.04 mol % Rh(acac)(CO),, 0.16 mol % SulfoXantphos,
120 mmol of 1-dodecene, water (a = 0.5), y = 0.08 Marlipal 24/70, 1
wt % Na,SO,, Vi = S0 mL, T = 95 °C, p = 15 bar, ty = 4 h. Statistic
deviation of results: +3%.

finding could be explained by a change in the local catalyst
concentration at the oil—water interface. It has to be clarified
first, that while the interfacial area of the reaction system
(corresponding to the volume of the emulsion phase) is
increasing with the surfactant concentration, the total amount
of catalyst in the system remains constant. This means that the
catalyst, which is located at the interface within the emulsion
phase due to its surface activity, should be more diluted when
the volume of this particular phase is increased. In
consequence, the local catalyst concentration in the emulsion
phase should decrease with increasing surfactant concentration.
It is already known that rhodium catalysts with bidentate
phosphine ligands, in particular the here applied rhodium
sulfoxantgphos catalyst, are able to form inactive dimeric catalyst
species.'””” Because the equilibrium between monomer and
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dimer is influenced by the concentration of catalyst (see
drawing in Figure 10), a decrease of the local catalyst
concentration in the emulsion phase should lead to a higher
amount of the monomeric species and thus to a higher reaction
rate. This would also give an explanation for the diminishing
increase of the reaction rate at higher surfactant concentrations,
because the equilibrium should be already strongly shifted to
the monomer.

At last, it has to be mentioned that a too high concentration
of surfactant in the MES bears a major drawback considering
catalyst recycling. To maintain a good and fast switchability of
the MES and, by that, enable an easy catalyst recycling, it is
necessary to work with surfactant concentrations that do not
exceed the 3¢ area (fish body) in the phase diagram. The 3¢
area is the most feasible state of the MES for catalyst recycling,
because the phase separation performs here the fastest and
most of the catalyst is located in the middle phase of the system
together with the surfactant.”’ Higher surfactant concentrations
would make it necessary to separate the system in one of the
2¢ systems, which would lead to longer separation times and
higher potential losses of surfactant and catalyst into the
product phase. Considering these points, the surfactant
concentration of the investigated MES in Figure 9 should not
exceed 12 wt % (y = 0.12, compare with Figure 2a) to be
applicable in an integrated chemical process.

4. CONCLUSION

The performed experiments demonstrated that catalysis in
microemulsion systems can be affected by several parameters,
with the applied surfactant in a major role. To summarize this
newly gained knowledge, Figure 12 schematically illustrates the

| Organic Phase |

Product Alkene { Product Alkene
® ®

Oil-Water

Catalyst Catalyst Interface

®

®

| Aqueous Phase |

Figure 12. Schematic illustration of two-phase catalysis in micro-
emulsions systems on the example of the hydroformylation reaction.

impact of the MES on the catalytic reaction. We assume that
the catalyst complex is mainly located at the oil—water interface
due to its surface activity. Consequently, the reaction should
mainly take place at the interface as well. Regarding the
temperature dependency of the investigated reaction (Figure
6), it seems likely to assume that the hydroformylation of long-
chain alkenes in MES is a kinetically controlled two-phase
reaction. With that, the role of the surfactant in these
multiphase systems is of utmost importance. In its function
as emulsifier, the surfactant determines the stability of the MES
and the local concentrations at the oil—water interface, which
are both important requirements for catalysis in MES (Figure
8). In addition, the surfactant provides the interfacial area for
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the reaction and in consequence can also interact with the
catalyst because both are in immediate vicinity to each other at
the interface. Thus, it is possible that the catalytic reaction
might be hindered by the surfactant due to electronic
interactions with the catalyst (Table 1). All aspects considered,
these findings point out the good applicability of MES as
switchable reaction media in homogeneous catalysis and their
high optimization potential for any given application by the
choice of a proper surfactant.
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Abstract

The hydroformylation of 1-dodecene has been performed in microemulsions systems using
rhodium sulfoxantphos as catalyst. Preliminary experiments proved these aqueous
multiphase systems to enable the reaction with good yield and very high selectivity towards
the linear aldehyde (about 60 % yield with n:iso ratio of 98:2 after 24 h reaction time).
Catalyst recycling is easily possible by simple phase separation after the reaction,
maintaining the activity and very high selectivity. The investigation of process parameters
showed a first order dependence of the initial rate with respect to the 1l-dodecene
concentration, and a more complex behavior with respect to catalyst concentration and
syngas pressure. Based on an earlier proposed mechanism and the gained experimental data
an adapted kinetic model has been derived, including the unique influences of the regarded
multiphase system on the reaction (in particular the surfactant concentration and ligand to
metal ratio). The identified model formulation and parameter set for the reaction system
enabled the calculation of reaction trajectories which are in good accordance to the

observed trends from experimental data.



1. Introduction

After the industrial success of propylene hydroformylation catalyzed by the water-soluble
HRh(CO)(TPPTS); complex in the Ruhrchemie/Rhéne-Poulenc process, aqueous biphasic
reaction systems have opened a new perspective for homogeneous catalysis with transition
metal complexes. However, the low water solubility of long chained substrates limited the
scope of applications for water-soluble catalysts in biphasic catalysis. Often enough it is
sufficient to employ a suitable surfactant or a micelle producing agent to solubilize the
reactants in water and to enable the reaction. The so-called micellar enhanced catalysis offers
the possibility to transfer the already established organic transition metal-catalyzed
chemistry into the reaction medium water under very mild reaction conditions 1. A very
efficient approach to combine reaction and catalyst recycling in micellar systems is the
utilization of microemulsion systems (MES) as switchable solvents ®7. The switchability of
MES offers many interesting options for integrated chemical processes with industrial
relevance in aqueous media, like Suzuki and Heck coupling reactions &° or rhodium-catalyzed
hydroformylation of long-chained alkenes 1°?, The rhodium-catalyzed hydroformylation of
1-dodecene in microemulsion systems (Fig. 1) is being investigated by our working group for
several years by now 01314 |n these preliminary experiments we found the aliphatic
surfactants from the Marlipal series provide good results as emulsifier for the applied
reaction system. The results from a typical continuous hydroformylation experiment are
illustrated in Fig. 2. The reaction performs highly selective due to the applied Rh-
sulfoxantphos catalyst with an aldehyde yield of about 60 % (n:iso ratio of 98:2) after 24 h
reaction time. The isomerization of 1-dodecene occurs very slowly, the amount of iso-
dodecenes in the mixture increases from 4 to 6 wt-% during reaction. The formation of side
products is also insignificant with only 2 wt-% of hydrogenation product after 24 h. The
catalyst remains stable during the entire reaction time and no sign of catalyst degradation
can be observed. Recycling of the catalyst is easily possible by temperature induced phase
separation with a very low leaching of Rh (< 1ppm) into the organic phase 71°. The successful
transition of the reaction system into an integrated process on a mini-plant scale has been

reported recently 112,

Although alkene hydroformylation has been investigated in microemulsion systems for

several years by now, no detailed study on the reaction kinetics has been reported yet.



However, it would be of great interest to investigate the influence of different process
parameters on the activity and selectivity of the applied rhodium catalyst, in order to
achieve a more precise model to describe the hydroformylation in a continuous process. An
important question that has to be answered is in which points the kinetics of the reaction in
aqueous micellar media differs from the reaction in homogeneous media. As we reported
recently 16, the applied surfactant can have a strong impact on the results of a catalytic
reaction. In case of the investigated hydroformylation it was found that an increase of
surfactant concentration generally leads to an increase of the reaction rate. Interestingly,
this increase in reaction rate cannot be solely addressed to a larger interfacial area of the
microemulsion system due to a higher surfactant concentration. Since the applied Rh-
sulfoxantphos catalyst is surface active itself, it should be mainly located at the oil-water
interface of the microemulsion regardless of the size of the interfacial area. Thus, this finding
could be explained by a change in the local catalyst concentration at the oil-water interface,
which directly influences the activity of the catalyst. A “dilution” of catalyst at the interface
should have an impact on several catalyst preequilibria leading to the formation of more
active rhodium species under reaction conditions. As a consequence, the corresponding rate
equation of the hydroformylation has to be modified according to these differences to

enable the description of the catalytic reaction in microemulsion systems.

We herein report the detailed kinetics of the hydroformylation of 1-dodecene using a water-
soluble Rh-sulfoxantphos catalyst in a microemulsion system, consisting of water, non-ionic
surfactant Marlipal 24/70, and 1-dodecene as organic phase. In addition, the experimental
kinetic information is used together with rate equations based on the mechanistic
description for the homogeneous system by Kiedorf et al. '/ to conduct a parameter
estimation for the microemulsion system. To account for influences of the emulsion system,
additional concentration dependencies are implemented, to describe the reaction trajectory

for the supposed system accordingly.
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Fig. 1. Hydroformylation reaction in microemulsion systems, structure of the applied Rh-
sulfoxantphos catalyst and structure of the non-ionic surfactant Marlipal 24/70 (with j = 7).
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Fig. 2. Hydroformylation of 1-dodecene in a microemulsion system. Test conditions:
Rh(acac)(C0),=1.0 x 10 mol/L, sulfoxantphos:Rh ratio=4:1 (P:Rh ratio=8:1), 1-dodecene=
2.4 mol/L, water=20 g (a=0.5), surfactant=3.5 g (y=0.08), 1 wt-% Na,SOa, total liquid
volume: 50 mL; T=95 °C, p=15 bar, stirring speed=1200 rpm, and reaction time: 24 h. Statistic
deviation of results: +3%.



2. Materials and methods

2.1. Chemicals

The reactant 1-dodecene (95%) and the water (HPLC grade) were purchased from VWR. The
precursor (acetylacetonato)dicarbonylrhodium(l) Rh(acac)(CO); was contributed by Umicore,
Germany. The water soluble ligand 2,7-Bissulfonate-4,5-bis(diphenylphosphino)-9,9-
dimethylxanthene (sulfoxantphos, SX) was purchased from Molisa, where it was synthesized
according to a procedure described by Goedheijt et al. 8. The syngas (1:1 mixture of CO and
Ha, purity 2.1 for CO and 2.1 for Hz) was purchased from Air Liquide. The technical grade non-
ionic surfactant Marlipal® 24/70 was contributed by Sasol. To adjust the ionic strength we
used sodium sulfate (NaxSO4, 99%) purchased from Merck. All the chemicals were used

without further purification.

2.2. Preparation of catalyst solution

For the preparation of a typical experiment, Rh(acac)(CO); and sulfoxantphos were mixed in
the desired ratio (usually 1:4) in a Schlenk tube and inertized using Schlenk technique. The
solvent (5 g degassed water, HPLC grade) was added through a septum. Then the catalyst
solution was stirred over night at room temperature to ensure the formation of the catalyst

complex.

2.3. Experimental set-up and procedure

The hydroformylation reactions are performed in a 100 mL stainless steel high-pressure
vessel from Premex Reactor AG, equipped with a gas dispersion stirrer and mounted in an oil
thermostat from Huber (K12-NR). The reactor setup has already been illustrated in previous
contributions 3. The typical reaction conditions for the hydroformylation were 15 bar
pressure of syngas, an internal reactor temperature of 95°C, and a stirring speed of 1200
rpm. The important composition parameters to characterize the applied MES are the weight
fractions of oil (a) and surfactant (y) (Equation 1), which are calculated with the mass m of

the corresponding component:
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The reaction mixture usually consisted of 2.4 mol/L (20 g) 1-dodecene, 20 g water (a=0.5),
3.5 g Marlipal® 24/70 (y=0.08), 61.4 x 10 mol/L (1 wt-%) Na2S04, 1.0 x 10 mol/L catalyst
and sulfoxantphos:Rh ratio=4:1 (P:Rh ratio=8:1).

The reactions were performed as described in the following. At first the reactor was filled
with the desired amounts of alkene, water, sodium sulfate, and surfactant. Then the catalyst
solution was transferred with a syringe to the reactor. The reactor was closed and evacuated
and purged with nitrogen for at least three times. The stirrer was started at a rate of
500 rpm and the reactor was heated up to the desired temperature. After reaching the
temperature the stirring was slowed down (200-300 rpm) and the reactor was pressurized
with syngas. Then the reaction was started by increasing the stirring speed again to
1200 rpm. For the evaluation of reaction progress, samples were withdrawn at several time
intervals via a sampling valve and analyzed by gas chromatography (GC). To ensure
homogeneous liquid sampling, the stirring speed was not changed, while the samples were
taken from the reactor. No further purification steps were performed to isolate the product
from the reaction mixture before the samples were measured via GC. In addition,
consumption of syngas during the experiments has been recorded via the mass flow

controller.

The important parameters (yield Y and TOF) for the evaluation of experimental data were
calculated as shown in Equation 2 and 3, where n is the amount of substance, 1-dodecene is
the substrate and 1-tridecanal is the product. The initial rates of hydroformylation were

calculated from the consumption of syngas.

N¢ product
Y(t) = —
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2.4. Analysis

Reaction progress and selectivity of hydroformylation reactions were analyzed by gas
chromatography on a Shimadzu model GC-2010, equipped with a Supelcowax 10 capillary

column, a flame ionization detection analyzer, and nitrogen as carrier gas.



3. Results and Discussion

3.1. Kinetic study of hydroformylation of 1-dodecene

There are only a few reports on the kinetics of alkene hydroformylation in microemulsion
systems available although it has been investigated for several years by now. The main
reason for this is that it requires a profound knowledge about the role of the surfactants
during catalysis in these complex multiphase systems 1 to clearly isolate the effect of the
reaction conditions on kinetics. In order to study the kinetics of a reaction, it is also
important to ensure that the experiments are carried out under kinetic control. For that
matter, a number of experiments at different stirring speed has been performed and
showed that the rate of reaction was independent of the stirring speed beyond 800 rpm.
This investigation was conducted under the following standard conditions: 2.4 mol/L (20 g)
1-dodecene, 20 g water (a=0.5), 3.5 g surfactant (y=0.08), 61.4 x 103 mol/L (1 wt-%)
Na;SOs, 1.0 x 103 mol/L catalyst and sulfoxantphos:Rh ratio=4:1 (P:Rh ratio=8:1),
temperature of 95 °C, and p=15 bar. With the confirmation of kinetic regime, all further
experiments were carried out at 1200 rpm in order to completely exclude mass transfer
limitation. For a better understanding of the following kinetic studies, we would like to point
out that all stated concentrations of 1-dodecene, catalyst, and sodium sulfate were
calculated for the entire reaction volume. In addition, the surfactant concentration was kept
constant at 8 wt-% (y=0.08) for all experiments in order to exclude the special influence of
the surfactant on the reaction kinetics from the results of this study. As a final remark, the
stated initial rates of hydroformylation were calculated from syngas consumption under the
assumption that the high selectivity of the catalyst leads to a nearly exclusive formation of n-

tridecanal and iso-aldehydes at the beginning of the reaction.

The effect of 1-dodecene concentration, catalyst concentration, ligand:Rh ratio, and syngas
pressure on the initial rate of hydroformylation is shown in Fig. 4,6,8 and 9, respectively. The
proposed mechanism for Rh-catalyzed hydroformylation using sulfoxantphos as a ligand in
aqueous media is presented in Fig. 3 and based on the widely accepted work of Evans and
Wilkinson °. In addition, it is assumed in our case that Rh(CO),(acac) reacts with
sulfoxantphos in the presence of CO and H; to give principally species (1a) 2°, which is in
equilibrium to the non-selective unmodified Rh-tetracarbonyl complex (1b) 2! and the

catalytically inactive Rh-dimer (1c) 22?3 under reaction conditions. CO dissociation from
8



species (1a) gives the 16 valence electron Rh-complex (2). The interaction of alkene with (2)
leads to an alkene coordinated species (3), which is converted to an alkyl species (4). Further
steps in the catalytic cycle involve a dicarbonyl species (5), an acyl species (6a), the
formation of the dihydrogen complex (7), and finally the reductive elimination of the

aldehyde.

Rh(CO) (acac) + (:P (:P =Sulfoxantphos
P P
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Fig. 3. Mechanism of rhodium-catalyzed hydroformylation of alkenes using a bidentate
diphosphine ligand. For a clearer view only the path of n-selective hydroformylation is
illustrated.



3.1.1. Effect of 1-dodecene concentration

The initial concentration of 1-dodecene in the reaction mixture was varied from 0.24 to
2.4 mol/L. In order to keep the mass of organic phase at a constant value of 20 g in every
experiment, n-decane was additionally added to the mixture to compensate the missing
amount of 1-dodecene in the microemulsion system. The other reaction conditions were
kept constant. The results are presented in Fig. 4. The reaction rate was found to increase
linearly with the 1-dodecene concentration, indicating a first order dependence. Due to the
surface activity of the applied Rh-sulfoxantphos catalyst, the hydroformylation takes mainly
place at the oil-water interface in the microemulsion system (see Fig. 5). Since 1-dodecene is
not a strongly coordinating olefin, higher concentrations at the interface will be necessary to
generate more of the olefin coordinated Rh complex (Fig. 3, species 3) and thus will lead to

an enhancement in reaction rate.
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Fig. 4. Effect of 1-dodecene initial concentration on the initial rate of hydroformylation. Test
conditions: Rh(acac)(C0);=1.0 x 103 mol/L, sulfoxantphos:Rh ratio=4:1 (P:Rh ratio=8:1),
1-dodecene + n-decane (20 g organic phase in total), water=20 g (a = 0.5), surfactant=3.5 g
(y=0.08), 1 wt-% NaySO0a, total liquid volume: 50 mL; T=95 °C, p=15 bar, stirring speed=1200
rpm. Statistic deviation of results: +15%.
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Fig. 5. Schematic illustration of two-phase catalysis in microemulsion systems on the
example of the hydroformylation reaction. Picture taken from 1.
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3.1.2. Effect of catalyst concentration

The effect of the concentration of the catalyst (with constant sulfoxantphos:Rh ratio of 4:1)
was investigated at two different temperatures while keeping the pressure and 1-dodecene
concentration constant. The results are shown in Fig. 6. It was observed that the reaction
rate generally increases with increasing catalyst concentration. This was expected since an
increasing catalyst concentration should enhance the concentration of active catalyst species
in the mixture and thus the rate of reaction. Interestingly, the dependency of the reaction
rate from the catalyst concentration can be divided in two different regions with linear
dependence. At low catalyst concentrations the increase of the rate is significantly higher
than at high concentrations, which indicates that not all Rh atoms are working as catalysts at
the same TOF dependent on the catalyst loading in the reaction mixture. This behaviour is
illustrated in Fig. 7 for the experiments at 95 °C. With increasing catalyst concentration the
TOF at first increases to roughly 680 1/h and constantly decreases for higher concentrations.
In addition, the n:iso selectivity of the hydroformylation is significantly lower at catalyst
concentrations below 0.25 mmol/L, which indicates that that the Rh-sulfoxantphos complex
is not the only active catalyst under these conditions. Most probably this reaction behaviour
is due to the two preequilibria of the active Rh-sulfoxantphos complex (Fig. 3, species 1a)
with the corresponding dimeric Rh species (1c) and the unmodified Rh species (1b). At low
catalyst concentrations the formation of the unmodified species could be enhanced due to
the relatively low concentration of sulfoxantphos compared to the concentration of CO in
solution. This would explain the rather high activity (TOF) of the catalyst in combination with
the low n:iso selectivity. For initial catalyst concentrations higher than 0.25 mmol/L the
formation of dimer could be enhanced and thus the TOF should constantly decrease with

increasing catalyst concentration.

12
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Fig. 6. Effect of catalyst concentration on the initial rate of hydroformylation. Test
conditions: sulfoxantphos:Rh ratio=4:1 (P:Rh ratio=8:1), 1-dodecene=2.4 mol/L, water=20 g
(a0 =0.5), surfactant=3.5 g (y=0.08), 1 wt-% Na,SOs, total liquid volume: 50 mL; p=15 bar,
stirring speed=1200 rpm. Statistic deviation of results: +15%.
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Fig. 7. Effect of catalyst concentration on turnover frequency and selectivity of
hydroformylation. Test conditions: sulfoxantphos:Rh ratio=4:1 (P:Rh ratio=8:1), 1-dodecene=
2.4 mol/L, water=20 g (a = 0.5), surfactant=3.5 g (y=0.08), 1 wt-% Na»S04, total liquid volume
=50 mL, T =95 °C, p = 15 bar, stirring speed = 1200 rpm, TOFs were calculated after 1 h
reaction time. Statistic deviation of results: +3%.
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3.1.3. Effect of ligand:Rh ratio

The sulfoxantphos:Rh ratio was varied from 1:1 to 8:1 while the other reaction parameters
were kept constant. The results are presented in Fig. 8. It was observed that the reaction
rate is decreased with increasing amount of ligand in the mixture. This was expected, since a
higher ligand-to-metal ratio usually leads to the inhibition of the reaction rate due to a
higher concentration of ligand at the metal centers, which hinders the substrates to
coordinate. For the ratios of 1:1 and 2:1 it has to be noted that the chemoselectivity and the
n:iso selectivity of the hydroformylation have been significantly lower than expected (with
an n:iso selectivity of 62:38 and 81:19 respectively). This indicates, that a sulfoxantphos:Rh
ratio of at least 3:1 is needed for the exclusive formation of the desired catalyst species
under the chosen reaction conditions. Higher ratios offer no additional benefit for the

catalytic reaction.
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Fig. 8. Effect of sulfoxantphos:Rh ratio on the initial rate of hydroformylation. Test
conditions: Rh(acac)(C0O).=1.0 x 103 mol/L, 1-dodecene=2.4 mol/L, water=20 g (o =0.5),
surfactant=3.5 g (y=0.08), 1 wt-% Na,SO, total liquid volume: 50 mL; T=95 °C, p=15 bar,
stirring speed=1200 rpm. Statistic deviation of results: £15%.
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3.1.4. Effect of syngas pressure

The effect of syngas pressure has been investigated in range of 1 to 40 bar while the other
reaction conditions were kept constant. The reaction rate showed a complex dependency on
the pressure, as seen in Fig. 9. It first increased strongly and then decreased with further
increase in pressure, exhibiting a maximum at about 10 bar. This characteristics is very
typical for hydroformylation reactions and mainly due to the increase of the partial pressure
of CO. It has already been observed for several homogeneous and biphasic reaction systems
using different catalysts 242°. Generally, the hydroformylation reaction is driven by the
concentrations of CO and H; in the reaction mixture since both are substrates. However, it is
also inhibited by side reactions leading to the formation of inactive dicarbonyl rhodium
species (Fig. 3, species 6b) which is increased with an increasing CO pressure. As a result the
concentration of active catalyst species is reduced and hence the reaction rate is decreased.
This means that the apparent reaction order of CO shifts with the partial pressure: Is starts
at a positive value at low CO concentrations in solution, passes zero, and then has a negative
value for higher CO concentrations. The effect of the H; partial pressure on the
hydroformylation reaction is usually of positive order and can be of zero order at higher
pressures. The increase of reaction rate with Ha pressure can be explained by the formation
of the dihydrogen complex (Fig. 3, species 7) which is a mandatory step in the catalytic cycle.
However, the oxidative addition of hydrogen to the acyl complex is not generally rate
determining for the hydroformylation and in competition with the coordination/insertion of
the olefin double-bond to be the rate determining step. Dependent on (l) the ligand type
and (Il) on the steric interaction between ligand and substrate the RDS can differ for the

same catalyst and thus makes a general prediction very difficult 26:3°,

16
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Fig. 9. Effect of syngas pressure on the initial rate of hydroformylation. Test conditions:
Rh(acac)(C0O),=1.0 x 103 mol/L, sulfoxantphos:Rh ratio=4:1 (P:Rh ratio=8:1), 1-dodecene=
2.4 mol/L, water=20 g (a =0.5), surfactant=3.5 g (y=0.08), total liquid volume: 50 mL;
T=95 °C, stirring speed=1200 rpm. Statistic deviation of results: +15%.
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3.2. Formulation approach for an adapted Kkinetic model

The application and stable operation of complex process concepts, using innovative tunable
solvent systems, such as the proposed microemulsion system is often aided by process
systems engineering methods 3. Herein, adequate process models are crucial for performing
tasks like data reconciliation, state estimation or (dynamic) optimization. With regard to the
formulation of kinetic models, a rigorous description is often not available or complicated by
coupled kinetic and mass transfer phenomena. One approach to cope with this is to use
kinetic models, in which available microkinetic or mechanistic models can be coupled with
information about additional influences on the kinetics in the regarded system. To illustrate
a possible procedure, a short systematic workflow is presented in Fig. 10 and subsequently

performed for the microemulsion system at hand.

18
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3.2.1. Reaction network and available kinetic models
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Fig. 11. Reaction network for the hydroformylation. Taken from 7.

Using the procedure in Fig. 10, Step 0 marks the initialization step in which a review of
available descriptions of the considered reaction system is performed, including model
parameters if possible. For the reaction system at hand, a mechanistic rate equation system
was developed by Kiedorf et al. '’ identifying 6 main reactions of isomerization,

hydrogenation and hydroformylation depicted in Fig. 11. The structure of the rate equations

ref

is exemplarily shown in Eq. 4, in which kHyfo

represents the rate constant, Ky yyr, inhibition
factors, E, 5, the activation energy and [X] concentrations of components in the system.
This formulation (Modelp) allows for calculating the effects of the amount of active catalyst
in the system, concentrations of dissolved gases (CO, H;), temperature, and pressure.
However, the performed experiments and subsequent parameter estimation were carried
out for a homogeneous catalytic system, using a rhodium-biphephos catalyst. Thus, the
reported kinetic parameters are not valid for the discussed microemulsion system, but

represent a suitable initial guess (Paramters Py) for subsequent parameter estimations.

[RR(CO),H]
Ratepyro = [co]’ 4)
1+ Keq,cat,a ) [CO] + Keq,cat,b ) [H_z]
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3.2.2. Model adaption

To retain a model description for the hydroformylation in microemulsion systems, a re-
estimation parameter is necessary (Step 1 in Fig. 10), using dynamic experimental data with
variation of the model inputs /o (concentrations) and controls Co (e.g. pressure and
temperature). This was exemplarily done using the framework described by Muller et al. 32
to derive parameter set PO(’pt. Note, that a detailed description of the parameter estimation
framework, the quality of the estimation (parameter variance, co-variances and

identifiability) is waived at this point to keep the discussion short and focused.

The estimation result is depicted in Fig. 12. Additional information of the relative deviation
between model and experiment is given in Tab. 1. For a constant ligand to metal ratio, as
well as equal oil-to-water ratio and surfactant concentration, an adequate determination of
the kinetic parameters was achieved. The experimental results for 1-dodecene and
tridecanal are predicted with minimal deviations, which mainly arise from fluctuations of the
measurements. Thus, Modelg is suitable to describe the reaction kinetics under defined
conditions, which are limited to the model inherent inputs and controls. If the structure of
Modelp is not suitable to describe the system, other initial kinetic models or modeling

approaches, like a fully empiric model generation might be tested.
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Fig. 12. Parameter estimation results using the mechanistic model of Kiedorf et al. 7 for
experimental test conditions: Rh(acac)(C0O)2=1.0 x 103 mol/L, sulfoxantphos:Rh ratio=4:1
(P:Rh ratio=8:1), 1-dodecene=2.4 mol/L, water=20 g (a =0.5), surfactant=3.5 g (y=0.08).
Top: T=95 °C, p=15 bar, Bottom: T=85 °C, p=30 bar. Markers represent experimental data,
full lines corresponding model responses.

Continuing with Step 2 of Fig. 10, additional influences of the microemulsion system and the
catalyst are to be identified by the use of screening experiments. Exemplarily, the gained
model (Modelo, using parameters POOPt) is applied for the representation of experiments with
varied controls regarding the catalytic system and the composition of the microemulsion
system. Here, large deviations occur throughout all components (see Fig. 13 and Tab. 1). This
result is rather expected, because the presented kinetic studies in section 3.2 and the
findings of Pogrzeba et al. ®* mark key influences on the kinetics for the microemulsion
system, which need to be considered in a subsequent experimental quantification and

adaption of the model equations (Step 3 of Fig. 10).

22



=
©
£
I= B 1-dodecene
s 1.5 ¢ iso-dodecene
e A dodecane
E 11 ¥ tridecanal =
o 4 iso-tridecanal
= 0 5 - —
5 0.
A
0 0.5 1 1.5 2 2.5 3 35 4

Reaction Time in h

2.5 T T T T
3 °r
£ B 1-dodecene
s 15 ¢ iso-dodecene| ™
= A dodecane
g 1 V¥ tridecanal | | ¢
0 4 iso-tridecanal ¢
S 05| ¢
=

Ot____——r( Pl | A | i |
0 0.5 1 1.5 2 2.5 3 3.5 4

Reaction Time in h

Fig. 13. Model representation for the hydroformylation of 1-dodecene using a rhodium-
sulfoxantphos catalyst in a microemulsion system. Test conditions: T=95 °C, p=15 bar
Rh(acac)(C0),=1.0 x 103 mol/L, 1-dodecene=2.4 mol/L, water=20 g (a = 0.5), surfactant=3.5
g (y=0.08). Top: sulfoxantphos:Rh ratio=4:1, surfactant=1.7 g (y=0.04); Bottom:
sulfoxantphos:Rh ratio=2:1, surfactant=3.5 g (y=0.08). Markers represent experimental data,
full lines corresponding model responses.

Adaption for ligand to metal ratio

Using ligand modified rhodium catalysts, the ligand species is prone to alter catalyst activity
and selectivity °. In principle, this could be handled within the reaction rate expression of
Eq. 4. But following the catalytic cycle in Fig. 3 and considering the present kinetic
information for the microemulsion system, it is obvious that one must also account for the
depicted catalyst preequilibria, which highly influence the specific reaction rates and thus
overall main product yield and the regioselectivity (see Fig. 6-8). Incorporating this
information into the kinetic model is desired to predict and avoid undesired reaction
conditions in which side reactions such as hydrogenation or isomerization are promoted.
However, since the quantification of the different catalytic species in the catalytic cycle
during the reaction is not possible, a profound derivation of a rate expression for the
preequilibria is not accessible. As a surrogate, the parameterized ligand to metal ratio is used

to adapt the reaction rate of each reaction within the reaction network (see exemplarily
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Eqg. 5). The mathematical formulation was chosen to match the observed trajectories of the

reactants from experimental data.

« Keq,Lig
Rate Hyfo — n€aLig ) RateHny (5)
1+ [SX] Hyfo

Adaption for surfactant concentration

Recently, Pogrzeba et al. '® showed the influence of the surfactant concentration on the
hydroformylation reaction. It could be demonstrated that the surfactant concentration has a
significant and complex influence on the reaction rates of the hydroformylation network. It
was assumed that this complex reaction behaviour is due to the local concentrations of the
rhodium catalyst at the oil-water interface of the microemulsion, leading to a shift of the
catalyst preequilibria. Again, these local concentration (detection level of measurement
devices), as well as the structure of the microemulsion (nanometer scale of droplets) itself
are inaccessible. Thus, the collected kinetic information regarding the variation of surfactant
concentration was analyzed and transferred to a surrogate model structure according to
Eq.6. Note that for the reduction of parameters K,g1ig, Kegqsurfactant and the

corresponding efficiency factor for each reaction in the reaction network are

. ref ,x*
combined to one parameter k., .

Keq,Lig - [Surfactant] - Keq,Surfactant ‘R
neq,Lig ateHinO (6)
1+ [SX] Hyfo

Rate™ pyfo =

refxx ref,
kHyfo = Keq,Lig " Keq,surfactant ° kHyfo (7)
Having the adapted model equations (Modelral) and the kinetic information from the

conducted screening experiments, a parameter estimation was carried out to estimate the

Popt

) eqr- Using this approach, a model formulation and parameter set

updated parameter set
has been identified for the system at hand and in the investigated ranges of inputs and

controls. Here, reaction trajectories are described in good accordance to observed
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experimental data (see Fig. 14 and Tab. 1). This holds not only for varied temperatures and
pressures, as for Modelo, but also for varied catalyst specific controls (ligand to metal ratio)

and microemulsion specific controls (surfactant concentration).
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Fig. 14. Model representation using the adapted reaction kinetic equations. Test conditions:
T=95 °C, p=15 bar Rh(acac)(C0O),=1.0 x 103 mol/L, 1-dodecene=2.4 mol/L, water=20 g
(a=0.5), surfactant=3.5 g (y=0.08). Top: sulfoxantphos:Rh ratio=4:1, surfactant=1.7 g
(y=0.04); Middle: sulfoxantphos:Rh ratio=2:1, surfactant=3.5 g (y=0.08); Bottom:
sulfoxantphos:Rh ratio=4:1, surfactant=3.5 g (y=0.08). Markers represent experimental data,
full lines corresponding model responses.
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Table 1. Comparison of the estimation results for Modelo and Modeleal for differing variation
of inputs: Temperature (T), pressure (p), sulfoxantphos:Rh ratio [SX], and surfactant
concentration [Surfactant]. The relative deviation between model and experiment for each
component in the regarded set of experiments is depicted. Additionally, estimated
parameter are listed for the adapted model (rate equations according to Kiedorf et al. 7).

Modelo Modelo Modelreal
Component  Variation of T, p Variation of T, p, [SX], Variation of T, p, [SX],
[Surfactant] [Surfactant]
1-dodecene 1.63% 35.07% 4.52%
iso-dodecene  0.48% 23.67% 2.73%
iso-tridecanal < 0.01% 3.5% 0.54%
dodecane 0.18% < 0.01% 0.21%
tridecanal 1.43% 6.42% 1.42%
Hydroformylation Hydrogenation Catalyst Equilibrium
L3 12
ke = 7895-108 —————— kil = 46,486 ————————
Hyfoa ear - min - mol? Hyd,.a Jear - min - mol Keq,cata = 8505.973 mol
] J _
Eanyfoa = 120844 —— Epnyaa = 102260 —— Kegcaty =1
nghtd = 0.002 g, = 0.002
3 5 Isomerization
K = 4885107 — = KT 3568104 — ref s "
Hyfob . Jear - Min - mol? Hyd,b . Jear - min - mol ko =4878-10 T
E — 59000 —— E — 76105 —— J
AHyfob = mol AHydb = mol Eyiso = 136891 ol
eqLig __ eqlig __ .
nHyfo,b = 0.854 nHyfo,b =0.999 nz‘;’?;g’b = 3.668
3
ref e _ .10-5 N ¢ =3311 — = J
Kiyfon = 665010 o ole Y mol AGpyso = 1099.999 ——
J Ky yyq = 0.368 — L
Eghyfop = 59000 —) bHyd = U-308 —y Ka1s0 = 132.859 —
; L
eqLig _ _ . L
Npyfoe = 0999 Ke hya = 2916 10* ol Ky 150 = 8.134-1073 —
— -3 L
Ko nygo = 4816107 —

L
— -1072%2 —
Koy = 1.826:1072 —

. L
Kc,Hyfo =5.908-10 ﬁ
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4. Conclusion

In this contribution, the kinetics of hydroformylation of 1-dodecene in microemulsion
systems using the Rh(CO)z(acac)/Sulfoxantphos catalyst system has been investigated. The
reaction rate was found to be in first order with respect to alkene concentration and
fractional order with respect to catalyst and ligand concentration. The dependency of the
rate on syngas pressure was found to be rather complex, exhibiting a maximum at about
10 bar. This observation indicates an inhibition of the reaction at higher pressures, most
probably due to the high partial pressure of CO. Based on the derived data an adaption of an
existing microkinetic model was performed applying a systematic approach. Using this, a
kinetic model, which incorporates the identified additional influences on the
hydroformylation reaction in microemulsions was formulated, whereas first kinetic
parameters were estimated. Thus, the mismatch between model and experiments was

significantly reduced.
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