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Abstract:

Surfactant containing systems are in the focus of interest since many years. Until today the general
phase- and aggregation behavior for the systems containing nonionic surfactant + water + alkane is
well described in literature. One of the most important characteristic of these systems is the
occurrence of a three phase liquid liquid equilibrium (LLE) with the microemulsion as the middle
phase. The microemulsion incorporates large amount of water and hydrocarbon and therefore it can
be used e.g. to solubilize water soluble catalyst in non-aqueous environment. For application of these
systems the phase- and aggregation behavior has to be known in detail. However, due to the specific
microstructure the thermodynamic modeling with classical thermodynamic according to Gibbs is not
feasible. Therefore techniques were developed within this work for an efficient and fast detection of
tie lines within the binary subsystems as well as in the ternary system. Beside the measurement of
the binary system pure surfactant C,,Es + water as well as technical grade surfactant Genapol X080®
+ water, new data for the binary system water and pure 1-dodcene as well as water + technical grade
1-dodecene was measured. For the first time the solubility of water in pure and technical 1-dodecene
was determined within a large temperature range. Furthermore, the solubility of pure and technical
grade 1-dodecene in water could be determined successfully. The phase prism was measured across
a wide temperature range for a system containing pure substances and a system containing technical
grade substances in order to investigate the influence of impurities and the surfactant degree of
ethoxylation on the LLE. The differences between a system containing pure substances and a system
containing technical grade substances are enormous. Phase change temperatures differ up to 40°C
and also the number of coexisting phases is increasing. A four phase liquid equilibrium in a system
containing technical grade surfactants is reported for the first time, where the microemulsion splits
into two phases. Exemplary for the hydroformylation reaction the influence of formed product as
well as the catalyst influence was investigated on the LLE resulting that the catalyst influence on the
LLE is negligible contrary to the product influence. The formed aldehyde lowers the Winsor lll

temperature significantly and therefore the reaction temperature has to be adopted.



Kurzzusammenfassung:

Aufgrund verschiedenster Anwendungsmoglichkeiten sind tensidhaltige Systeme immer mehr
Gegenstand universitarer aber auch industrieller Forschung. Das Phasenverhalten von Systemen des
Typs nichtionisches Tensid + Wasser + Alkan ist in der Literatur sehr gut beschrieben. Ein wichtiges
Merkmal dieser Systeme ist das Auftreten eines Dreiphasen flissig-fliissig Gleichgewichtes, wobei die
Mittelphase Mikroemulsion genannt wird. Die Mikroemulsion, die zu groRen Teilen aus Wasser und
Kohlenwasserstoffen besteht, kann verwendet werden, um z.B. hydrophile Katalysatorsysteme in
einer hydrophoben Umgebung zu l6sen. Aus anwendungstechnischer Sicht ist es erforderlich, dass
Phasen- und Aggregationsverhalten genauestens zu kennen. Aufgrund der speziellen Mikrostruktur
der Mikroemulsion ist es nicht moglich mit der Gibbs'schen Thermodynamik dieses Verhalten
vorherzusagen, der Anwender ist daher ausschlieflich auf experimentelle Daten angewiesen.
Innerhalb dieser Arbeit wurden Methoden entwickelt, die eine schnelle, sichere und reproduzierbare
Konodenmessung in den bindren Randsystemen, aber auch im terndren System zulassen. Es sind die
flissig-flissig Gleichgewichte in den bindren Systemen Wasser + C;,E;, sowie Wasser + Genapol
X080® bestimmt worden. Dariliber hinaus wurden erstmalig die bindren Systeme Wasser + 1-Dodecen
und Wasser + technisches 1-Dodecen lber einen groflen Temperaturbereich vermessen. Um den
Einfluss der Verwendung technischer Stoffe auf das Phasengleichgewicht zu bestimmen, wurde das
Phasenprisma flir das System Cy,Eg + Wasser + 1-Dodecen, sowie das Phasenprisma fir das System
Genapol X080® + Wasser + 1-Dodecen untersucht. Dabei stellte sich heraus, dass nicht nur die
Phasenwechseltemperaturen um bis zu 40°C voneinander abweichen, sondern auch die Anzahl der
koexistierenden Phasen ansteigt. Es wurde erstmalig ein Aufspalten der Mikroemulsion in zwei
Phasen beobachtet. Um solche Systeme als Reaktionssyssteme z.B. in der Hydroformylierung
anwenden zu koénnen, wurde der Einfluss von Aldehyd und Katalysator auf das flussig-flissig
Gleichgewicht bestimmt. Es zeigte sich, dass der Einfluss des Katalysators vernachlassigbar ist im
Gegensatz zum Aldehydeinfluss. Im Sinne einer optimalen Reaktionsflihrung ist daher die

Temperatur mit steigendem Aldehydanteil entsprechend anzupassen.
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1. Introduction

A world without surfactants would be a world with many miscibility gaps. Independent of structure
surfactants are omnipresent in life. Not only in the human body and metabolism amphiphilic
substances are absolutely necessary, one can find them also in everyday life. The most common
application of surfactants is certainly the application as detergent or dish liquid. Beside this, one
other span of application is food and food processing. Whether milk, mayonnaise, dressings and
sauces or ice-cream, without emulsifying agents the appearance of these products would be at least
two phase. The taste or mouthfeel would be likewise much different from the usual. Also in
cosmetics surfactants are essential parts of shampoos, cremes, liquid soaps or shower gels. In
addition to this part of surfactant application which is present for everybody everyday there is
another not less important part of surfactant application. For more than 130 years surfactants are
into the focus of interest in academic as well as in industrial research. Based on their unique features,
namely that they are soluble in polar solvents like water and simultaneously soluble in non-polar
solvents like hydrocarbons a wide field of application is opened. Especially nonionic surfactants
exhibit a broad manifoldness since they can be tailor made for almost any application. In field of
chemical engineering surfactant containing systems can be used for introducing water soluble
catalyst in organic synthesis (1). Often one has to force the challenge that there is on the one hand a
catalyst-ligand system with excellent turn over frequency (TOF) and selectivity but on the other hand
the catalyst-ligand system is mainly water soluble. If hydrocarbons with a small carbon number as
feedstock are used this problem is less crucial, given that the water solubility of short chain
hydrocarbons is limited but still high enough to establish an economical process (2). However, for any
process with long chain hydrocarbons the problem becomes pestering. Here surfactants come in. If a
nonionic surfactant is added to a system containing water and e.g. long chain alkane/alkene at small

surfactant concentrations above the critical micelle concentration (CMC) oil can be solubilized inside



micelles within the aqueous phase. If surfactant concentration and temperature are increasing a
microemulsion can be formed. Within this microemulsion large amounts of water and oil are
incorporated due to the specific microstructure. This allows a contact of educt and catalyst and
therefore high reaction rates and the advantages of homogeneous catalysis (high reaction rates or
conversion, no transport limitation) can be combined with the advantages of heterogeneous catalysis
(excellent catalyst recycling). The catalyst recycling can be in some cases the bottleneck of the
process. If an extreme high price catalyst is applied, for example Rh catalyst in the field of
hydroformylation this is one important issue. Having in mind Rh is temporary more expensive than
gold and therefore a nearly complete catalyst recycling is necessary (3). To operate this process a
clear knowledge about the phase and aggregation behavior is not only preferable it is absolutely
fundamental. However, just the knowledge about the phase behavior is not adequate since for
example the catalyst loss has to be estimated. For estimating this loss the amount of e.g. water in the
oil rich phase has to be known as the catalyst is mainly water soluble. Also for reaction it is necessary
to know at first at which temperatures a microemulsion is formed and secondly the amount of water
and oil dissolved in the microemulsion in dependency of temperature must be known, too. This data
can be used to find an optimal reaction temperature, where the amount of water and oil is maximal
in the middle phase. The utilization of surfactant containing systems in e.g. a miniplant with highly
purified surfactants, as they are normally used for obtaining data on chemical media, is not practical
due to the enormous high price. For any application in a technical or miniplant scale technical grade
surfactants have to be applied. However, a technical grade surfactant is not comparable with a pure
substance; it is rather a multi component mixture including inter alia surfactant molecules with
different ethoxylate and/or alkyl chain length. Therefore, it is necessary to work on the following

tasks:

1. For a first overview about the phase behavior in the ternary system octaethylene glycol dodecyl

ether Cy,Eg + water + pure 1-dodecene the Kahlweit’s fish should be measured.



2. For tie line measurement it is necessary to establish the analytics of thermal instable polar and
apolar components simultaneously as well as the fast and reproducible measurement of trace

components.

3. The complex phase behavior including tie lines of the ternary system Ci,Es + water + pure 1-

dodecene has to be studied across a wide temperature range.

4. The influence of surfactants on the ternary LLE with a different degree of ethoxylation has to be

studied.

5. Additional it is further necessary to investigate the catalyst influence and the product influence on

the LLE.

6. The phase prism has to be studied again with a system containing technical grade surfactant +
water + technical grade 1-dodecene in order to obtain the influence of the surfactant quality on the

LLE.



2. Surfactants

All surfactants have, beside of any further classification, which will be introduced later, one thing in
common: They consist of parts either hydrophilic or hydrophobic and thus they are called
“amphiphilic”. This causes the fact that they are miscible or partly miscible with polar solvents like
water and non-polar solvents like hydrocarbons. One other common feature is the adsorption at
interfaces [Liquid/Gas, Liquid/Liquid, Liquid/Solid] which leads to another denotation: Surface active
agents. The first amphiphilic substances produced by mankind were soaps. The process of soap
production was described more than two thousand years ago by Pliny according to Preston (4) and
Pliny suggested soap as an additive for hair dyeing (4). Since these old days a various number of
surfactants have been discovered and hence the number of applications has been increased as well.
Nowadays surfactants are used beside the classical utilization for cleaning and washing in nearly
every field of life, the annual production was in 2008 about 12x10°kg/a (5). They are widely used in
food technology as emulsifying agents in ice cream, milk products as well as in functional food in
order to solubilize non-polar compounds in the often aqueous environment (6), (7) and (8); having in
mind that water is one of the major food components. In photo industry surfactants are important to
produce the photosensitive layer within the film, the film emulsion (9). Since the introduction of
digital photography this field is growing less, given that the application of photographic film is pushed
back. Also in processing technology they are used as floating agents (10), as well as extraction media
for cloud point extraction of phenolic or aromatic compounds out of e.g. water (11). In analytics they
are used for micellar liquid chromatography since the 1990s (12). In the last years they came more in
the focus of interest as a reaction media for e.g. chemical industry. Catalysts in micelles can be
locked in hydrophilic phases and so new high performing catalysts can be applied for several
chemical reactions like Suzuki couplings (13) or Diels — Alder reactions (14). Aside this micellar

approach microemulsions are discussed for reactions in the last years intensively by Schomacker and



coworkers (15), (16), (17) and (18); in a laboratory scale and also as a recent development in a

miniplant scale (19).

2.1 Type of surfactants

It is obvious that for this tremendous class of amphiphilic substances a classification is necessary.
Their structure incorporates in all cases a hydrophobic tail and a hydrophilic head group. The tail
group consists of hydrocarbons (linear-, branched-, ring structures or a combination). The head group
consists of polar or charged groups; one surfactant molecule can enclose more than one head or tail
group. It is common to classify surfactants based on the charge of the polar part in nonionic, ionic
and zwitterionic surfactants. Another classification system is the hydrophil-lipophil balance (HLB)
introduced by Griffin in 1949 (20). The molecule is divided into two parts: a hydrophilic part and a
hydrophobic part. On the basis of the molecular weight (M= lipophilic part’s molecular weight; M=
molecular weight of the molecule) of each part the HLB can be calculated.

HLB = 20 (1 —%) (1)
g

The HLB is arbitrary standardized between zero and twenty. This HLB figure can be used in some
cases as a benchmark to classify the surfactant molecules for possible applications. Dérfler (21)

suggests the following applications for surfactants given in Table 1.

Table 1: HLB classification of different surfactants.

Surfactant HLB Application
1,5<HLB <3 Anti-foaming agent
3<HLB<8 Water in oil emulsifying agent
7<HLB <9 Wetting agent
9<HLB <18 Oil in water emulsifying agent




Due to the calculation of the HLB, it is possible that surfactants with a large difference in the
molecular weight show nearly the same HLB. But according to experimental results of Kahlweit and
Strey (22) the solubilisation capacity is increasing with increasing the molecular weight. Therefore
e.g. CsE3 (HLB=12.7) and Cy,Es (HLB=12.4) are both oil in water emulsifier and according to the HLB
concept nearly similar, but the emulsifying capacity of Cy,Es is more than four times increased

compared to CsE; (22).

2.1.1 Nonionic surfactants

Nonionic surfactants as the name implies do not include disassociating functional groups. Theoretical
a virtually indefinite number of molecules are imaginable. Nevertheless, only a limited number of
structures play a role in application and research. One important group are the
alkylpolyoxyethylenethers surfactants abbreviated CE; with the in Figure 1 represented structure,
where i specifies the carbon atom number in the hydrophobic tail and j the ethoxylate unit number

within the surfactant molecule.

{o
HaCi "OH
j

Figure 1: Chemical structure of an alkylpolyoxethylenether surfactant CE;.

Since their discovery in the early 1930’s (23) the application was at first discussed sparely for
applications in laundry detergents (24). But not only twenty years later these surfactants were
produced and established in industrial applications like emulsion polymerization (23), oil recovery
(25), fertilizer production (26) and household applications (27). Alkyl polyoxyethylene surfactants are
not sensitive to hard water, like ionic surfactants and soaps. But contrary to soaps and ionic
surfactants the water solubility is decreasing with increasing temperature. Alkyl polyoxyethylene

surfactants are produced from ethoxylation of appropriate primary alcohols. Details of production



will be discussed in 2.3. This group shows a better biodegradability than alkyl phenol polyethoxylates
containing surfactants (28) but there are some concerns about the degradation rate, which is
important in waste water treatment plants (29) and (30). The degradation rate in waste water
treatment is decreasing with increasing the degree of ethoxylation (30). Furthermore, the toxicity is
increased with increasing the carbon chain length and decreasing the degree of ethoxylation as well
(29). Some not distantly related amphiphilic substances are the alkyl phenyl polyethoxylates. In

Figure 2 a general structure is depicted.

Figure 2: General structure of an alkyl phenyl polyethoxylate.

These compounds as shown in Figure 2 were introduced in the late 1930’s as they feature an
increased washing power hitherto not reached by any synthetic detergent at all (31). Alkyl phenyl
polyethoxylates are still produced until now in considerable amounts. In 2008 more than 5x10°kg
were produced (28). They were widely used in household products like dishwashing detergents,
washing agents and other household detergents (32). During the last thirty years they came under
criticism due to environmental reasons. If the widely used Nonyl phenyl ethoxylated surfactants are
disintegrated in sewage treatment plants; 4-nonyl phenol can remain and accumulate in the food
chain. The toxicity of 4-nonyl phenol is similar to heavy metals (33). Other degradation products can
act like endocrine disruptors, which mean that they interact with the secretion, transport, binding,
action and elimination of natural hormones in the body, which are responsible for the maintenance
of homeostasis, reproduction and development (34). Based on these facts the common use of these
surfactants were strongly restricted in Europe since 2003 (35). One other major group of nonionic

surfactants are the group of alkypolyglycosides; the general chemical structure is denoted in Figure 3



abbreviated C,G, here x is specifying the number of carbon atoms in the tail and y the number of

glucose units.

OH
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Figure 3: General structure of an alkylpolygylcoside surfactant C,G,.

These surfactants came in the focus of interest during the last twenty years, given that they can be
produced from renewable sources like sugar, starch and plant oils (36). The alkylpolyglycosides
possess a good biodegrability and therefore they are often claimed as “green surfactants” (37) or
also “novel surfactants” (38). The phase and aggregation behavior in aqueous solution and
multicomponent mixtures is part of several studies (39), (40), (41), (42), (43) and (44). In contrast to
alkyl polyethers CiE; the solubility of alkyl polyglycosides C,G, in hydrocarbons is limited (43). Because
of their low toxicity and dermatological safety they are utilized in a broad field of applications like
cosmetics, laundry detergents, pharmaceuticals and also agro-chemicals (37), (41), (45) and (46).
However, aside the risen interest in these molecules the last two decades, they have been known
since 120 years (47). The first application of the alkyglycosides was proposed more than forty years
later in 1934 as an emulsifying agent and as a cleaning agent (48). Though, the synthesis in a
technical scale of the alkyglycosides was not known at this time. In 1941 the first technical
practicable synthesis catalyzed by nitric, sulphuric, hydrochloric and phosphoric acid was patented
and introduced into industry (49). During the next decades a lot of application areas were discussed,
but they remain in niches like plasticizers plant or animal based adhesives (49) or emulsifying agents
for penicillin (50). The commercially prosperity begun in the 1980’s shortly after the first plants for
long chain alkyl polyglycosides were established (45). Beside of glucose other sugars like fructose,
saccharose, etc. can be used as the polar head group. Furthermore, numerous niche surfactants exist

alongside the three mentioned bulk nonionic surfactants. Some are suitable for food applications,
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like the sugar fatty acid esters, produced via estrification of sugar with fatty acids. They are
decomposed into sugar and fatty acid e.g. in the human body. Typically, these surfactants are based
only on renewable sources in almost any case saccharose is used as a feedstock given that the
availability in a high purity for a low price is excellent (51). Figure 4 depicts a general structure of a

saccharose fatty acid ester.

(0]
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Figure 4: General structure of a saccharose fatty acid ester.

Since the fabrication in a chemical way is complex, the production process is changing over to
enzymatic catalysis offering a perfect stereoselectivity, regioselectivity and marginal contamination
with unwanted byproducts and often hazardous solvents. The moderate conditions of enzymatic
catalysis also avoid sugar caramelization (51). On the other hand the chemical production avoids
problems with the needed solubilisation of the feedstock. However, then often complicated and
complex purifications steps are necessary due to the fact that in chemical processes hazardous
solvents like dimethylformamide (DMF) or dimethyl sulfoxide (DMSO) are necessary to dissolve the
reaction products (52). Understandably for application in food any content of DMF or DMSO is
unacceptable. Surfactants based on alicyclic compounds e.g. sterols like cholesterol, campesterol and
stigmasterol are successfully applied in personal care products like cosmetic and pharmaceutics (53)
and (54). Of course their application is limited hence the high price of the feedstock. Typically these
surfactants consist of ethoxylated sterols but also combination of glycosides and sterols are
discussed in literature (53). For replacing the linear benzyl ethoxylates, beside linear alcohol
ethoxylates and other surfactants, the fatty amine ethoxylates came in the focus of interest the last

years. In Figure 5 the general scheme is depicted.
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Figure 5: General scheme of a fatty amine ethoxylate.

The amine bond leads to a good biodegrability (55). In contrast to the above mentioned saccharose
fatty acid esters or ethoxylated sterols the synthetic route to obtain fatty amine ethoxylates is simple
and in wide parts similar to the well-known ethoxylation of long chain alcohols (56). The latest
introduced surfactants are probably the group of the gemini surfactants. The term was introduced by
Menger and Littau (57) in 1991. In most of the cases they are ionic surfactants, but also nonionic
gemini surfactants exist (58). Regardless whether they are ionic or nonionic, the structure in principle
is of similar type. The head groups of two surfactant molecules are connected either via an atomic
bond or a so called space molecule. The spacer molecule is providing in this case the linkage between
the two surfactant molecules. Figure 6 demonstrates the general structure of an arbitrary gemini
molecule with an optional spacer molecule. For the case it is a ionic gemini surfactant, instead of a

nonionic head group, a ionic head group is embedded in the structure.

Figure 6: Structure of a gemini surfactant molecule with two hydrophobic tails and two hydrophilic head groups

connect by a spacer molecule.

Various authors (59), (60), (61), (62) and (63) discuss sugar based gemini surfactants. But some

gemini surfactants are also prepared of alkyl polyoxyethylene ethers CE; (58) and (64). In literature
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the nomenclature, Gem,E, is used, where n indicates the alkyl chain length and m the number of
ethoxylate units. For these dimeric surfactants, it is reported that the critical micelle concentration
(CMC) is about two orders of magnitude lower than for the monomeric surfactant molecule C; (58).
Furthermore, they are more efficient in reducing the surface tension and the cloud — point

temperature is about 40°C lower than in the aqueous solution of the monomeric counterpart (64).

2.1.2 Ionic surfactants

lonic surfactants are distinguished by dissociation in aqueous media. In dependency of their structure
they can dissociate in anionic or cationic surfactants. lonic surfactants have been produced
commercially almost a decade (they were the first commercially produced surfactants) The
breakthrough of ionic surfactants begun in world war two when alkyl lauryl sulfonates replaced fatty
acid soaps as a result of material shortage (65). Today more than 60% of the surfactants produced
worldwide are anionic surfactants (66). The counter ions are typically sodium and potassium
(commonly applied for water soluble surfactants) or calcium and magnesium (applied for oil soluble
surfactants) (66). lon groups building the ionic head are manifold, like carboxylate, sulfate, sulfonate
and phosphate groups. However, only the most widely used anionic surfactants are introduced in the
next paragraph. One of the well-known anionic surfactant e.g. for daily applications is soap. In
chemical terms soaps are the sodium or potassium salts of fatty acids. Figure 7 depicts the general

structure of sodium soap.
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Figure 7: Chemical structure of a Na — soap.

Soaps will be obtained with help of the soapification process, meaning the reaction of fatty acids
(mostly from herbal or animal sources) with NaOH or KOH. In almost every detergent or other

applications in industry they are replaced by other synthetic surfactants, because they are forming
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with calcium or magnesium ions from hard water in water non soluble lime soaps. These lime soaps
induce e.g. laundry bloom. Nevertheless they are a few applications until today in which other soaps
are still in use until now. Aluminum based soaps are widely used as a thickener in paint, cosmetics,
food and pharmaceutics hence they are nontoxic (67). The mechanism of thickening in the apolar
enviroment is still under discussion. Most of the authors quote a network forming with help of
hydrogen bonding between hydroxyl groups of two aluminum based soaps (68), (69) and (70). Also
the aggregation of reversed micelles to a gel network in the apolar environment is suggested by
Wang and Rackaitis (67). In water the formation of gels with soap containing systems is not reported.
At low concentrations the soap is dissolved in water and no aggregation occurs. When the
concentration of soap reaches the CMC micelles are formed. Monoesters of sulfuric acid represent
another important group of anionic surfactants. Typically they contain eight to 16 carbon atoms and
were produced by esterification of linear or branched long chain alcohols (66). The esterification of 1-
dodecanol and following neutralization with e.g. NaOH leads to sodium dodecyl sulfate (SDS) a

widely spread surfactant. In Figure 8 the chemical structure of SDS is depicted.

@)

/\/\/\/\/\/\ || -
Hs;C o—ﬁ—o Na®

Figure 8: Structure of sodium dodecyl sulfate (SDS).

The phase and aggregation behavior of SDS and water is subject of several publications (71), (72) and
(73). Above 25°C SDS is completely miscible with water until approximately 40 wt. % SDS, there is no
LCST demixing behavior like it is often reported for the system nonionic surfactant + water. At higher
concentrations several liquid crystalline phases are formed. At about 40 wt. % the hexagonal phase is
evolving. When the concentration increases the two dimensional monoclinic, the rhombohedral, the
cubic phase, the tetragonal and the lamellar phase formed (71). At room temperature (25°C) the
CMC of SDS is about 8.3 mMol per liter with increasing the temperature the CMC is increasing, at

70°C the CMC is about 11.4 mMol per liter (74). The other important group of anionic surfactants is
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the group of sulfonates. They are produced by sulfonation of alkylbenzenes and are part of nearly all
formulations of household detergents like washing powder, cleaning agents and so on. Secondary,
they are used widely for industrial applications (66). Until the 1950’s branched alkylbenzenes were
commonly used as a feedstock for the synthesis of branched alkyl benzene sulfonates. With
emergence of environmental concerns they were replaced by linear alkyl benzene sulfonates (LAB)
(65) and commonly used until today. Figure 9 depicts a general schema of a LAB and a branched alkyl

benzene sulfonate.
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Figure 9: Linear (left) and branched (right) sodium alkyl benzene sulfonat.

Alongside anionic gemini surfactants came into the focus of interest the last years. Anionic gemini
surfactants obey the general structure depicted in Figure 6, only the not charged head group is
replaced by an anionic head group e.g. sulfate, carboxylate, sulfonate, phosphate and amide groups
(75). The other group within the ionic surfactants is the group of cationic surfactants. The majority of
cationic surfactants are amine or quaternary ammonium based (66). The drawback of amine based
surfactants is their pH sensitiveness. The protonated state only exists at low pH values. If the pH
value is increasing the protonated state is disappearing due to the acid base balance (66). Figure 10
shows the structure of ternary ammonium surfactants like fatty amine salts or fatty diamine salts and
guaternary ammonium surfactants like cetyl trimethyl ammonium bromide (CTAB). Quaternary
ammonium surfactants like CTAB are weak pH sensitive and used in applications like disinfectants
due to their bactericidal characteristics (76). The phase and aggregation behavior is comparable with
other ionic surfactants. Above the CMC, which is specified with 0.92 mMol/L (77), micelles are

formed and at high concentrations liquid crystalline phases like hexagonal phases are existent (78).
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Figure 10: Structure of like cetyl trimethyl ammonium bromide (CTAB), a general structure of a fatty amine salt and

a fatty diamine salt.

Typically ionic surfactants show no liquid liquid phase split in micellar solutions with a LCST in
aqueous environment. To the knowledge of the author only the phase split of
dodecyltributylammonium bromide is reported in the literature (79). The dodecyltributylammonium
bromide + water systems split into two isotropic phases above the critical point at approximately
48°C and 46 wt. % surfactant (79). In contrast to nonionic surfactant’s phase split the critical

concentration is very high.

2.1.3 Zwitterionic surfactants

Zwitterionic surfactants include two oppositional charged groups. In many cases the source of the
positive charge is ammonium. The source of negative charge is varied more often, but carboxylate is
beside sulfate a commonly used source for the negative charge. They possess singular dermatological
properties and do not interact with hard water (80). Therefore, zwitterionics are suitable for personal
care products like shampoo and shower gel (66). Outwards they are formal uncharged technically
one has to consider them as nonionic surfactants. However, some characteristics meet with ionic
surfactants others meet with nonionic surfactants. The melting points are unusually high compared
to other nonionic surfactants with a similar structure. The detection of melting point is usually
impossible due to thermal decomposition (81). Krafft points are featured from zwitterionics, they
show a characteristic common with nonionics (82). But in contrast to salts, which ionic surfactants
are, zwitterionic surfactants undergo no ion exchange and they do not enhance conductivity.
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Therefore, it is clear that they should not be mixed up with salts (81). Within the zwitterionic
surfactants one can distinguish between amphoteric, acidic and basic surfactants. In Figure 11 four

different zwitterionic surfactants are shown.

1 HyC— NH/< ,L* AP
TN,

0 Il
Il
2 +/H\s_o' 4 HC— N S—O0
H3N nll |l
0] n©O

Figure 11: Examples for zwitterionic surfactants: 1) betaine with n=1; 2) taurine with n=2; 3) homoglycine with n=2

and 4) sulfobetaine with n=2.

2.2 Phase- and aggregation behavior

For understanding the surfactant’s characteristics the knowledge about the chemical structure is
important but not the unique important issue. The phase- and aggregation behavior is in the same
manner important. Surfactants are distinguished by a large phase- and aggregation behavior
diversity. In aqueous solutions surfactants show a fascinating and challenging behavior. At low
concentrations they are dissolved in a monomeric state in the solvent. When a specific concentration
is reached surfactant molecule self-assembly is beginning and micelles are formed. This
concentration is the well-known critical micelle concentration CMC but it is not a fixed concentration,
it is rather a concentration range when self-assembly sets in. In this range the trend of several
properties like surface tension, density and osmotic pressure is changing. The CMC is a major key-
figure of every different surfactant. With raising concentration liquid crystalline phases with high
viscosity are formed. The surfactant molecules within the solution now have a long range order. A
typical class of surfactants with a distinctive phase- and aggregation behavior is the class of the

nonionic alkyl polyglycol ethers CE;.
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2.2.1 Surfactant + water

2.2.1.1 Phase diagrams

In literature the general phase- and aggregation behavior for systems of the type nonionic surfactant
CiE; + alkane + water is well described. One of the first, who described the phase- and aggregation
behavior, were Shinoda et al. (83). Also other groups attended the research of CE; + water phase
diagrams (22), (74), (84), (85), (86), (87), (88) and (89). The influence of ethoxylate chain length on
the phase and aggregation behavior was investigated in several studies at constant carbon chain
length (74), (90), (91), (92) and (93). The carbon chain length was equal twelve carbon atoms like the
surfactant octaethylene glycol mono dodecyl ether used in this study. Figure 12 depict two general
CiE; nonionic surfactant + water phase behaviors. At low surfactant concentrations the surfactant
molecules are dissolved molecular disperse within the solution. When surfactant concentration is
increasing aggregates are formed above the CMC. With increasing the surfactant concentration the
aggregation number is increasing as well as the micelle shape is transforming from more spherical

aggregates to cylindrical forms.
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Figure 12: General phase diagram of a nonionic surfactant CE; + water system. L: Micellar solution; 1.) M + L:
Monodisperse surfactant solution in equilibrium with micellar solution; 2.) L; + L,: Micellar solution L; in equilibrium with
micellar solution L,; L; H, C, La: Lyotropic mesophases.

If the nonionic surfactant concentration in the aqueous solution is in the range below approximately

Weyrfactant = 0.2 10 Wauractant = 0.3 the solution exists typically as single isotropic phase (94). If the

temperature is increasing phase separation can occur and the solution splits into two phases. This is

caused by the cleavage of hydrogen bonds with increasing temperature. As it is depicted in Figure 12
1.) and Figure 12 2.) the solution splits into two phases. Two cases are possible: 1.) In equilibrium one
phase contains monomeric dissolved surfactant molecules and the other micelles (96) or 2.) both
containing micelles (94) and (95). This miscibility gap exhibits the shape of a close loop miscibility
gap, but at ambient pressure the upper critical solution temperature (UCST) is above the boiling
point. The lower critical solution temperature (LCST) is in general below the boiling point (84), (86)
and (96). The LCST is increasing with increasing j when i remain constant. Likewise the LCST is
increasing with increasing i at constant j (90). It is typical that the LCST observed in systems
composed of nonionic surfactants and water is located at diluted solutions. In nearly any case the
concentration of the critical point is below approximately Weyfactant = 0.05 (94). At highly large

concentrations lyotropic mesophases are formed as a result of micellar superstructures due to
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hydrogen bonds. As a simplification in Figure 12 only the most common liquid crystalline phases are
denoted such as the hexagonal phase H or the lamellar phase L. Within this phase the axes of the rod
like micelles are orientated hexagonal. One can distinguish between regular hexagonal phases and
inverse hexagonal phases. Subsequent the cubic phase C is formed composed of spherical
aggregates. Cubic phases are highly viscous and formation of cubic phase can last up to several
weeks in extreme cases. The formation of inverse cubic phases is depending on surfactant possible,
too (21). Finally, lamellar phases are formed consisting of layers of surfactant and water molecules.
Within these layers the surfactant molecules are ordered. In dependency of this order it is
differentiated between L,, Lg and LB'. Viscosity is generally lower than in cubic phases (21). In Figure

13 the structure of liquid crystalline phases is depicted.

Lamellar phase

Hexagonal phase

Cubic phase

Figure 13: Selected structures of liquid crystalline mesophases.

At high surfactant concentrations and low temperatures (below the melting point of the surfactant)
the surfactant acts as a solid and is not complete dissolved in the solution. With increasing
temperature suddenly the whole amount of surfactant is dissolved in the aqueous solution.

Sometimes this aspect is compared to a melting point (21) and predominantly it is called “Krafft-
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boundary” (21). The intersection between Krafft-boundary and CMC-curve is named Krafft-point in
honor of F. Krafft (Figure 12). The influence of the j number is crucial for the LLE. The system CiE; +
water shows with increasing j the occurrence of several liquid crystalline mesophases. At a constant i,
e.g. i=12, for Cy,E; only the L, phase arises, during further growth of j the normal cubic bicontinous,
the hexagonal and the cubic phase occurs for j exceeding seven (90). Furthermore, the “critical
temperature”, that means the temperature the liquid crystalline vanishes is arising likewise (90). In
particular occurrence of the cubic phase can be interpreted with the excluded volume effect due to
the increased ethoxylate chain length (97). At low temperatures and high surfactant mass fractions
the ethoxylate chain is profoundly hydrated and multifold H — bonds are existing. Therefore the free
water is reduced and the spherical shaped micelles are ordered to a cubic liquid crystalline phase. At
high temperature the H — bonds are broken and then the micelles are existent without any order. On
basic illustration for these phenomena is the packing parameter p, with decreasing the ethoxylate
chain length the packing parameter p becomes bigger. The packing parameter can be calculated
according to Israelachvili et al. (98) by using Eq. (2).

v (2)
aol,

p:

Thereby a, stands for the optimal surface occupied by one surfactant molecule at the oil-water
interface. The surface a is equal a, if the free energy for one surfactant molecule inside the micelle is

minimized. [, represents the so called critical carbon chain length, [, which is similarly to the length
of one fully extended carbon chain. v means the volume of the hydrocarbon micelle core. If p S§

the surfactant molecules are arranged with a high curvature and spherical micelles are favored.

These spherical micelles can be ordered at high surfactant mass fractions to the cubic liquid
crystalline phase. For § < p < 1 the surfactant molecules are arranged cone shaped and lamellar or

hexagonal liquid crystalline phases are favored. Finally, if p > 1 cylindrical micelles are formed,

ordered already in a structure leading to a bilayer structure (99). The surfactant’s melting point is
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increasing with increasing the ethoxylate chain and it is also increasing with growing carbon atom

number (97).

2.2.1.2 Micelles and CMC

The conception of micelle formation was postulated by Nageli in 1879 in order to explain
characteristics of starch or casein solutions (100). Later it was adopted to clarify gelation of silica and
agar-agar. It was believed that micelles formed from monomeric molecules adhere at each other and
form the gel (101). The concept of micelle formation from monomeric molecules was then
transferred to soaps by Laing and McBain (102). Davies and Bury (103) introduced the idea of a
“critical concentration for micelles” or CMC in 1930. Above this concentration micelles will be
formed, below not. Accepted and established was the formation of soap micelles in aqueous soap
solutions more than five years later (104) but the exact structure was still unclear. Schulman and
Hoar later discovered the molecular structure of a micelle (105). Not only for basic research the CMC
is an important characteristic quantity of every surfactant also for industrial research and application
the knowledge of CMC is crucial. For example in detergent industry the CMC, beside the HLB —
number Eq. (1), was widely used for decades to detect and to gauge the washing power of different
surfactants (106) and (107). The micelle formation in general is proceeding as the following. At
surfactant concentrations below the CMC the surfactants are dissolved molecular disperse and they
adsorb primarily at the oil/water or water/air interface. At a certain concentration the interface is
occupied by surfactant molecules, the surfactant molecules show self-assembly and micelles are
formed in the bulk phase. Here mainly two different forces are responsible for that phenomenon: On
the one hand there is a hydrocarbon chain in an aqueous environment this leads to a strong force to
transfer this hydrocarbon chain in an apolar surrounding. On the other hand an opposite force is
generated hence there is the polar part of the surfactant in the polar solvent (86). This effect

summarized as hydrophobic effect is responsible for the micelle formation (108). The surfactant self-
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assembly yields to a variety of molecular formation. Different micelles can be formed as depicted in

Figure 14.

Figure 14: Different micelle shapes in dependency of surfactant concentration in aqueous solution according to

Nagarajan and Ruckenstein (95).

The micelle formation in aqueous media is conjunct with a sharp transition of different physical
properties. In opposite to that the physical properties of non-aqueous surfactant solutions do not
undergo a sharp transition at a certain surfactant concentration. Therefore Ruckenstein (109)
concluded that there is no CMC in non-aqueous or “dry” surfactant solutions with e.g. hydrocarbons.
According to Kahlweit et al. (110) the formation of micelles in non-aqueous solvents is likewise
controversial. Of course in literature CMC data especially for non-aqueous surfactant solutions
prepared with ionic surfactants like SDS and CTAB as well as nonionic surfactants can be found
according to Ramadan et al. (111), Evans et al. (112), Rico and Lattes (113) and Garibri et al. (114).
Ramadan et al. (111) reported the micelle formation in hydrazine by fluorescence measurement.
However, the used hydrazine contained water in a not negligible range: Wy, = 0.005. Evans et al.
(112) determined the CMC of tetradecylpyridinium bromide and hexadecylpyridinium bromide in
ethylammonium nitrate prepared in the following way: Nitric acid was given in a cooled aqueous
solution of ethylamine containing Wy = 0.25. The ethylammonium nitrate was dried in a rotary

evaporator at 60°C under vacuum and then dried again in a lyophilizer. It was assumed that at the
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end of this procedure the ethylammonium nitrate is dry, but the authors did not check with help of
e.g. Karl-Fischer water detection. Rico and Lattes (113) measured the micelle formation of ionic
surfactants in formamide. The formamide was used as delivered without drying; the given purity was
99.5%. Garibri et al. (114) measured the CMC of the ionic surfactants cetyltrimethylammonium
bromide and cetylpyridinium bromide in ethylene glycol. Unfortunately, no data about the purity or
the water content of the used ethylene glycol is given within the paper. The phase and aggregation
behavior in aqueous media can be calculated with different approaches from statistical
thermodynamics or equilibrium constants for micellisation. By neglecting the aggregation behavior
Rudolph at al. (115) used a combination of the well-known Peng-Robinson equation of state (EQS)
and the UNIQUAC g"-model for describing the LLE containing water + C4E;, water + CoEj-3.4 and C;Ej-3.s.
Alongside Garcia-Lisbona et al. (116) used the statistical associating fluid theory with a hard sphere
term (SAFT-HS) to calculate the cloud point curves for different aqueous alkyl polyoxyethylene
surfactants. Browarzik and Browarzik (117) used a model to calculate the aggregation behavior as
well as the phase behavior based on the mass-action law and continuous thermodynamics. They
described the LLE for water + CgEj-,.4, water + C;Ej-3.5, water + CgEj-3.6 and water + Cy,Ej-46. The basis
work to develop a model for the free energy change of micellization was done by Tanford (118). This
basic approach was later pursued any further by Nagarajan and Ruckenstein (95), (119) and (120) as
well as Puvvada and Blankschtein (94) and (121). Nagarajan and Ruckenstein (95) developed a model
that allows the prediction of CMC, micelles size distribution and micelle form of nonionic, ionic and
zwitterionic surfactants without any experimental data kept by examination of surfactants solutions
except the area of the polar head group. The latter model was applicated by Enders and Hantzschel
(122) in order to model the LLE of n — alkyl glucopyranosides + water. The model is briefly

summarized in the following section:

The Gibbs energy of a surfactant containing solution can be calculated with help of three different
contributions (Gibbs energy of micellisation G, Gibbs energy of mixing G,,;, and an excess

contribution Gg) according to Eq. (3):
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Gsol — @ Gmix @ (3)
kT kT kT kT

where k denotes the Boltzmann constant and T the thermodynamic temperature. According to
Enders and Hantzschel (122), Blankschtein et al. (123) and Nagarajan (124) the Gibbs energy of
mixing can be calculated by using Eq. (4).
o o (4)
Gmix =G — Gy — Z Gg = kT - |Ny In(X,,) + Z NgIn(Xg)
g=1 g=1
N, denotes the number of aggregates with aggregation number g, X, the mole fraction of the latter,

Ny, the number of water molecules and X}, the water mole fraction. An analytical expression for G

Eq. (5) was proposed by Blankschtein et al. (123) and reads:

el [1 . N5 Xs (5)
Gp = kT [ 7 ¢y 1+(y—1)-X5]
with

N denotes the number of surfactant molecules and X the surfactant mole fraction. C;, C; and y are
adjustable parameters. For parameter adjustment LLE data can be used. The LLE can be calculated
with help of this g model. It is obvious that Gg # 0 for X5 = 1, this is the result of the following
assumption: Within the pure surfactant micelles are existing, these micelles interact and therefore
they differ from the non-aggregated pure surfactant. This has the consequence that Gy # 0 for
micelles given that the reference state is the non-aggregated pure surfactant. The Gibbs energy of

micellisation G can be calculated using Eq. (7) according to Enders and Hantzschel (122).

- (7)
Go = Nwiow + z Ngtog

g=1
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G, can be obtained by knowing the standard potential of water p,, and the standard potential of

aggregates Uy, With aggregate number g. The chemical standard potential Ay, for one surfactant

molecule is defined by

u
A.Llo‘g = % —Ho1 = (.uOg)tr + (#Og)def + (‘uog)ster + (/’LOg)int (8)

according to Nagarajan and Ruckenstein (95) it is depending on temperature and aggregate shape.

The “transfer term” (yog)tris representing the change in the free energy when the hydrophobic part

of the surfactant is transferred from aqueous solution inside the micelle. Inside the micelle the
hydrocarbon chain is treated as a liquid hydrocarbon. With help of solubility data of different
hydrocarbons in water it is possible to estimate the transfer process of a methylene and a methyl
group of the hydrocarbon tail from aqueous surrounding to the micelle interior. It is obvious that the
liquid state inside the micelle cannot be the same liquid state that is on hand in liquid hydrocarbon
since a small section of the hydrocarbon chain remains in contact with water at the micelle surface.
In their preliminary papers (119) and (120) an empirical model was used to determine this
contribution but later Nagarajan and Ruckenstein (95) used a lattice model to calculate the

“deformation term” (”Og)def‘ (“Og)def takes the deformation of the hydrophobic hydrocarbon
chain inside the micelle into account. When a surfactant aggregate is formed an interface between

the hydrophobic part of the micelle and the enclosed aqueous phase is generated. The change in the

free energy associated with this phenomenon is represented by the term (ugg4)in¢- The contribution
('“09)ster is considering steric interactions between the surfactant’s polar head groups. At the

surface of the micelle the polar head groups are closing ranks and steric interactions as e.g. repulsion
must be attended. For the case that the surfactant molecule contains a zwitterionic head group as

shown in Figure 11 permanent dipole interactions can be considered in(uog)dipole. With help of this

model it is also possible to consider ionic surfactants with the contribution(uog)ionic. The detailed

calculation is described by Nagarajan and Ruckenstein (95). The first derivative of Eq. (4) and Eq. (7)

with respect to Ny, and Ny and holding pressure, temperature and Ny or rather Ng., and Ny,
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constant leads to the athermal chemical potential of water puy, and to the athermal chemical

potential of aggregates with aggregation number g, i, according to Blankschtein et al. (123). The

chemical potentials uy, and pg are given in Eq. (9) and Eq. (10):

bl GO ‘ll'chix lli P‘ (9)
T Hw _ How
_— = In(X 1—-X X
Ny, i v Z
Ng,T.p =1
0 % pid L (10)
”g_ 09
—_— = In( X 1-— X
oN, wr = gr T I(we) 1 - g Xw + 2
g=1
Ng:tg’,NW,T,P

The excess contribution is according to Blankschtein et al. (123) given in the following way:

Gg (11)
O%r _ My _1, X2
N,y kT~ 27V L+ (4 = DXg)?
Ngr.p
Gg 12
O NI O G CE SLR "
aN, kT~ 2 9N+ (4 = DXG2
Ng¢g',NW T,P
Using the principle of the multiple chemical equilibrium (125) or Mukerjee constraint (126)
=g (13)
allows the calculation of size distribution function
Xg = Xg(g) (14)
According Enders and Hantzschel (122) the size distribution function reads:
_gBug (15)

In literature several numerical methods for determination of the CMC can be found (95) and (122).

According to Nagarajan and Ruckenstein (95) the CMC can be found at X, given that the number of
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surfactant molecules dissolved in the solution is equal to the number of surfactant molecules inside

the aggregates. This leads to the following equation:

C 1 (16)
X]_ = Z ng Wltth = EXS

g=2
Beside this, with help of the number-average aggregation numbers or the mass-average aggregation
numbers of the aggregates the CMC can also be calculated. With increasing surfactant concentration
these two numbers are escalating (122). This CMC can be identified as inflection point of the
functions g, = g,(X;) and g,, = gy, (X;). The calculation of the two coexisting phases can be done

with help of Eq. (17) and Eq. (18) the equality of the chemical potentials for the compounds in each

coexisting phase according to:

iy (X5 = uly (XD (17)
pi(xH = ' (xX8H (18)

The carbon atom number and the number of ethoxylate units influence the CMC significant. If the
carbon atom number is fixed, e.g. Ci-1;E; with j running from four to twelve the CMC is increasing as
depicted in Figure 15. If the number of carbon atoms in the hydrophibic tail is varying and the
number of ethoxylate units j is fixed the CMC is increasing with decreasing carbon atoms in the
surfactant tail. Figure 15 shows likewise the influence of the carbon atom number on the CMC at

constant temperature. Temperature also has influence on CMC
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Figure 15: Influence of the carbon chain length on the CMC for the nonionic surfactant CiEg at 25°C (solid squares,

(127)) as well as influence of the ethoxylate chain length on the CMC for the nonionic surfactant Cy,E; at 25°C (open

squares, (74)).

Above 50°C the CMC is increasing again. This is the case, independently for i and j values. .

For

surfactants of the type CiE; the CMC is decreasing with temperature in the range between 10°C and

50°C as it is depicted in Figure 16.
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Figure 16: CMC of Cy4Es (squares), Cy1oEg (stars), CioE, (triangles) taken from (128) and C;,E, (open squares), Cy,Eg

(open circles), C,,Eg (circles) taken from (129) in dependency of temperature.
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The similar behavior can be observed with ionic surfactants like soaps as Figure 17 depicts. The CMC
depends not unsurprisingly strongly on the length of the carbon chain. With increasing the carbon
chain length the CMC is decreasing. Also the CMC of soaps depends strongly on temperature: When
the temperature is increasing, the CMC is decreasing dramatically (130). At high surfactant
concentrations at first hexagonal and then lamellar liquid crystalline phases are formed (131) and

beside that also pure soaps can form liquid crystalline phases (132).
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Figure 17: CMC of Na — soaps in dependency of carbon chain length at 20°C from (74).

Furthermore, the formation of liquid crystalline phases in non-aqueous soap systems is reported
(133). The CMC, which is more a concentration range than an exact concentration can be measured
due to the fact that several variables are changing in the range of CMC. However, the concentration
data depends strongly on the measurement device accuracy. A few common methods for CMC

detection according to Mukerjee and Mysels (74) are mentioned below:

1. Measuring the surface tension: When surfactant molecules are dissolved in water they
adsorb primarily at the surface. Hence the surface tension is reduced when the amount of
surfactant is increased. At a specific concentration the surface is fully covered with

amphiphiles and the surfactant starts to aggregate within in the bulk phase and micelles are
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formed. Henceforward the surface tension remains practically constant. If 1g Csyrractant 1S
plotted against the surface tension, the CMC is in evidence as a break of slope in curve
progression. Often a minimum in curve progression is observed and indicated as CMC but
this minimum appears as a result of e.g. impurities being solubilized in the micelles above
CMC.

Light scatter measurements: The slope of intensity as well the turbidity of scattered light
plotted against the concentration is shifted. At first the slope is moderate decreasing and
with aggregate formation this slope is decreasing more abrupt.

Measuring the refractive index: Likewise it is possible to detect a change in slope if the
solution’s refractive index is plotted against surfactant concentration.

Measuring the UV/vis spectra: It is well known that the absorption spectrum of several
surfactants is changing whether they molecules are present in a micellar form or not.
Calorimetric measurements by isothermal titration calorimetry (ITC) or differential scanning
calorimetry (DSC): In case of ITC the CMC can be detected as followed: If a micellar solution is
diluted with water one can consider two possible reactions. At first the micelles are
decomposed into monomers and the heat of dilution and the heat of demicellisation can be
recognized. With every injection the surfactant concentration in the aqueous solution is
increasing and aggregates are formed at the CMC. Henceforward the micellar solution is
diluted without any demicellisation. Thus the heat of dilution is detected. The heat flux,
represented by the peak area, is plotted against the number of injections. At CMC the curve
exhibits an inflection point based on the change in heat flux. In case of DSC a solution with
fixed concentration is heated, the heat flux is compared with a reference. At the temperature
micelles are formed the heat flux compared to the reference heat flux is changing and the
CMC can be detected in the DSC scan. With this method the temperature influence on CMC

can be detected.
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6. Measuring bulk properties like density or velocity of sound: At CMC the density as well as the
speed of sound is changing.

7. Measuring the absorption spectra of dye: Some dyes added to a surfactant solution exhibit a
change in the UV/vis — spectrum when they are solubilized in micelles. The CMC can be
determined by preparing solutions in the range of the CMC with the same concentration of
dye. The absorption at a specific wavelength is recorded and at the CMC a change in the
absorption spectrum is recognized. Orange OT also known as 1-o-tolyl-azo-2-naphtanol is
widely used for this application. This method has the disadvantage that the added dye can
influence the CMC although only in a slight manner given that the CMC now is detected in a

ternary system containing water, surfactant and dye.

2.2.2 Surfactant + water + oil

The system surfactant + water + oil shows a complex phase behavior depending on temperature
including three and two phase equilibria. Despite to the binary system water + nonionic surfactant
the calculation of the phase behavior in the ternary system water + nonionic surfactant + oil is until
today not satisfactory. The most important problem arise in the modeling of the phase behavior of
these ternary systems is the bicontinuous structure of the middle phase microemulsion. This
structure does not allow the application of classical thermodynamics according to Gibbs (134). The
thermodynamic cornerstone of systematic investigation of these systems was put by Winsor in 1948
(135). He was one of the first who suggested a classification for the phase behavior of surfactant
containing systems. If a surfactant is put to a mixture of water and oil, at low temperatures the
nonionic surfactant is mostly dissolved in the water rich phase. Above the CMC oil is solubilized in
micelles. This behavior is also called Winsor | phase behavior, sometimes it is abbreviated with 2
bottom phase meaning the surfactant is located in the bottom phase of the two phase system. When

temperature is increasing two different possibilities are feasible: The surfactant solubility is
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decreasing in the aqueous phase and the surfactant is crossing to the oil rich phase. In this case no
microemulsion is formed. Second, the solubility in the aqueous phase is decreasing, but the solubility
of surfactant in the oil rich phase does not increase in the same manner, thus a third phase is
formed, the microemulsion. This behavior is called Winsor Il phase behavior. At high temperatures
the surfactant solubility has changed again: The surfactant is located in the oil rich phase and water
can be solubilized in inverse micelles. This behavior is called Winsor Il phase behavior or analogue to
the two bottom phase now the phase is called two top phase, meaning that the surfactant is now
mostly located in the top phase of the two phase system. For the case that the surfactant
concentration is high a one phase system is existent. This phase behavior is called Winsor IV phase

behavior.

2.2.2.1 Phase prism

The general complex phase behavior of the ternary system surfactant CiE; + water + alkane is well
described in literature (22), (84), (86), (136), (137), (138), (139), (140), (141), (142), (143), (144) and
(145). The first authors who started to investigate the phase and aggregation behavior of nonionic
surfactants from the type CiE; were Kahlweit, Strey and coworkers (22), (84) and (86). Coming from
the binary subsystem water + nonionic surfactant, which is depicted in Figure 12, for the complex
phase behavior in the ternary system the subsystems surfactant + oil and water + oil are important as
well. The system nonionic surfactant + oil show a UCST demixing behavior, though the upper critical
temperature is usually below the melting point and therefore it is practically not detectable. The
critical temperature T, is rising above the melting point in case of hydrophilic surfactants and long
chain alkanes. T¢ in the system C4Es + alkane is rising from 18°C to 55°C if the alkane chain length is
increasing from ten to 16 (22). With increasing the hydrocarbon chain length the water solubility of
alkane or alkene is decreasing dramatically as depicted in Figure 18. Hence the system water + alkane

as well as the system water + alkene shows broad miscibility gap. The phase prism is emerging from

31



the Gibbs triangle lying at the bottom using the temperature or sometimes also the pressure as a

vertical axis.
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Figure 18: Water solubility of alkanes (solid squares) and water solubility of alkenes (open squares) at 25°C from

(146).

As the system water + nonionic surfactant CiE; + oil is at moderate pressures practical not changing its
demixing behavior with temperature, therefore the axis of choices is T. The schematic phase prism is
shown in Figure 19. With help of the binary subsystems and the Gibbs's triangle for each
temperature the phase prism can be constructed thus the single triangles are stacked. At low
temperatures tie lines are expanded to the nonionic surfactant + water binary subsystem and
therefore the critical point is located in the direction of the nonionic surfactant + oil subsystem, given
that the solubility of surfactant in water is greater than in the latter system. When temperature is
increasing the surfactant can exchange constantly from the aqueous phase to the oil rich phase as it
is depicted in Figure 19, system 1. The more the oil’s hydrophobicity is increasing or the surfactant’s
hydrophility is raised the surfactant is piled out the aqueous phase, but not completely miscible with
the oil rich phase and henceforward the Winsor Ill system is evolving as it is shown in Figure 19,

system 2 with the tricritical point. Adding a lyotropic salt results the same effect (86).
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Figure 19: Schematic phase prism and projection of the critical line for a system composed of nonionic surfactant +
water + oil. The critical line is projected on the binary water + surfactant system for four different systems: 1) no Winsor
1l phase, 2) system with a tricritical point Ty;ic, 3) system with a small Winsor Ill phase temperature range, 4) system
with a distinct Winsor 11l phase temperature range. In system 3) and 4) the endpoint of the critical line beginning in the

Winsor | system is marked by C and the origin of the critical line passing through the Winsor Il system is marked by D.

Having in mind that to find a tricritical point in a ternary system is coincidence, there the
temperature, pressure and composition is fixed according to the phase rule (22) and (147). At the
tricritical point the three existing phases become identical according to (148). If the oil’s
hydrophobicity is further raised and i and j are fixed or the surfactant’s hydrophility is further raised,
the Winsor Il system temperature range is increased as well, Figure 19 system 3 and 4. The critical
line in this system is split into two lines one ending at the temperature the three phase area is
disappearing and one starting at the temperature the three phase are is appearing. At higher
temperatures the surfactant solubility in the oil rich phase is increasing, resulting that the top of the
triangle is moving towards the surfactant + oil binary subsystem. At very high temperatures the
surfactant has changed its solubility again and the Winsor Il phase behavior is occurring. The tie lines

are now expanded towards the surfactant + oil binary subsystem and inverse micelles are formed.
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2.2.2.2 Kahlweit’s fish

To give a quick overview about the phase and aggregation behavior in the ternary system nonionic
surfactant CE; + water + oil the measurement of a complete phase prism is time consuming.
Therefore Kahlweit and Strey (22) suggested several sections through the phase prism as depicted in
Figure 20 in order to obtain a quick overview about the phase behavior. Section A is the most
common section to give a first overview about the temperature dependent phase behavior. One

obtain section A when the phase prism is cut at constant oil — water ratioa = ol eg. a=0.>5
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Figure 20: Three different cross sections through the phase prism Section A at different surfactant mass fractions y

and Section B and C at two different constant surfactant mass fractions y; and y,.

In general also other oil — water ratios are possible. In dependency of temperature and y =
Wsurfactant the system exhibit two-phase, three-phase and one phase areas. If these areas are
plotted in a T — y diagram one can find two-phase areas, a three-phase area represents the “fish

body” and a one-phase area represents the “fish tail”. In honor of M. Kahlweit, this diagram is called
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the “Kahlweit’s fish”. Section B in Figure 20 represents a cut through the two phase area at a
constant surfactant mass fraction evolving a three phase LLE. Section C in Figure 20 represents a cut
through the two phase area at a constant surfactant concentration above the three phase LLE. In
literature one can find several measured “Kalhlweit’s fish” diagrams mainly for the system nonionic
surfactant + water + alkane (22), (84), (149), (150), (151) and (152). For systems containing alkenes
the data basis is very limited. Notably Haumann et al. (15) published data for ternary systems of the
type water + nonionic surfactant +alkene containing different Marlipal®-type surfactants. The phase
behavior was detected optically at fixed composition containing wy_godecene: 0-79, Wsurfactant: 0-13
respectively Wqyrfactant: 0.08 and in the studied temperature range from 80 to 120°C no three phase
equilibrium was reported. Miiller et al. (153) and Rost et al. (19) reported a fish diagram for a system
containing Marlophen NP9® + technical grade 1-dodecene + water at &« = 0.5 and Miyagawa et al.
(154) reported a fish diagram for a system containing different Lutensol®-type surfactants + technical
grade 1-octene or technical grade 1-dodecen at a« = 0.8. However, until today no fish diagram for a
system containing pure surfactant + water + alkene compared with a fish diagram technical grade
surfactant + water + alkene is available in literature to the authors knowledge. Furthermore, until
today no phase prism for systems containing pure as well as technical grade surfactants + water +

alkene were available in literature.

2.2.3 Surfactant + water + oil +salt

The addition of salt to the ternary system surfactant + water + oil has influence on the formation of
the three phase body. The influence depends on type of salt it can be either lyotropic or hydrotropic.
A lyotropic salt causes the salting out effect for substances with a high molecular weight. The general
influence of salt for surfactant containing systems has been studied by Kahlweit and Strey (22),
Kahlweit et al. (110) and Lang and Widom (155). Based on the three ternary subsystems the phase

behavior in the quaternary system becomes visible. Let us start with the ternary subsystem water +

35



lyotropic salt + oil. The Gibbs’s triangle is plotted in Figure 21. The binary systems water + oil and
exhibit a broad miscibility gap and the solubility of salt within the oil is marginal. Starting from the
binary system water + oil with addition of salt the system remains in a two phase state. Since the salt
solubility in the aqueous phase is higher than the solubility in the oil rich phase tie lines are
expanding towards the water + salt binary subsystem. With further salt addition beside the two

liquid phases a third solid salt phase evolves.

oil

water salt

Figure 21: Schematic phase behavior at constant temperature for the system water + salt + oil.

With increasing the salt concentration the oil + surfactant + salt ternary subsystem remains in a three
phase state across the whole salt concentration range as depicted in Figure 22 having in mind that
both liquid phases are saturated with salt. The binary system surfactant + oil is above the surfactant’s
melting point complete miscible. Salt addition causes the formation of a solid salt phase beside the
liquid phase. In almost all cases the solubility of salt is slightly higher in the surfactant rich phase (22)

and therefore the two phase boundary is decreasing towards the oil + salt subsystem.
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oil

surfactant salt
Figure 22: Schematic phase behavior at constant temperature for the system surfactant + salt + oil.
The ternary subsystem surfactant + salt + oil is hardly influenced by temperature. The ternary
subsystem water + lyotropic salt + surfactant is the most important one to explain the behavior in the

guaternary system. The schematic overview for this system at a constant temperature below the

LCST in the binary surfactant + water system is shown in Figure 23.

salt

surfactant water

Figure 23: Schematic phase behavior at constant temperature below the LCST within the binary subsystem

surfactant + water for the system surfactant + lyotropic salt + oil.
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If the system temperature is below the LCST for the binary miscibility gap water + surfactant a
homogeneous solution exists in the binary subsystem. By addition of a lyotropic salt at a certain salt
mass fraction the salting out effect sets in and a two phase system is evolving. Further addition of
salt causes the formation of a third solid phase beside the two liquid phases. In the quaternary
system water + surfactant + oil + lyotropic salt the addition of salt leads through the salting out effect
to a three phase equilibrium at constant temperature. By further addition of salt the three phase LLE
is disappearing due to the coalescence of surfactant and oil rich phase. The effect of lyotropic and

hydrotropic salt addition is pointed out in Figure 24.

v

Figure 24: Schematic influence of salt addition to a quaternary system composed of surfactant + water + oil +

hydrotropic salt (solid line) and surfactant + water + oil + lyotropic salt (dashed line) in dependency of temperature.

Figure 24 illustrates the addition of salt to the ternary system at a fixed composition of surfactant +
water + oil. For the case that a lyotropic salt is added, with increasing salt concentration a three
phase body across a wide temperature and salt concentration range is formed due to the salting out
effect. If a hydrotropic salt is added to the same system the three phase body is disappearing at high

salt concentrations due to the salting in effect.

2.3 Synthesis of surfactants

In general there are many varieties to produce surface active agents, like enzymatic (156),

microbiological (157) and (158) and classical chemical synthesis (159) and (160). Of course each
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synthesis causes its own byproducts. The CE; type surfactants are often commercially produced by
ethylene oxide condensation with long chain alcohols as depicted in Figure 25 according to Corkill et

al. (161).

R\/\/OH + 0O — R\/\/O
VAN ~"on
Figure 25: General reaction scheme of an ethoxylation reaction.

It is common to produce the nonionic detergents of the alkyl polyoxyethylene glycol monoether type
batchwise in reactors using the Pressindustria alkoxylation process (160) operating between 120°C
and 180°C and pressures between five and seven bar (159). This reaction leads not to a fixed number
of ethoxylation units rather to a Poisson distribution of the ethoxylate units (162). The range of
ethoxylation can be influenced by using different catalysts. If barium is applied as a catalyst, one can
obtain a narrow range Poisson distribution (163). For the case that potassium hydroxide is used
catalyzing the ethoxylation one receives a broad degree of ethoxylation with a large amount of non-
converted educt. In this case the educt is fatty alcohol (164) and (165). If the fatty alcohol itself
shows a chain length distribution, of course different alcohols can be found in the product.
Degradation products such as peroxides, short chain aldehydes and other alcohols can be found in
technical grade surfactants; summarized the byproducts can by hydrophilic, lipophilic or amphiphilic
nature (166). All these information support the opinion that any technical grade surfactant is rather a

true multicomponent system than an approximate pure substance.

2.4 Technical grade surfactants and purification techniques

Surfactant mixtures or technical grade surfactants are containing a lot of hydrophilic or hydrophobic
byproducts as well as surfactant molecules with different carbon or ethoxylate chain length resulting
from the surfactant synthesis described in 2.3., Figure 25. Furthermore, they can contain also

residues from the catalyst applied for synthesis. To obtain thermodynamic data, pure substances are

39



preferred e.g. to discuss the carbon chain length or the ethoxylate chain length influence as it is
represented in chapter 2.1 and 2.2. For measurement these surfactants have to be highly purified
through complex and complicated processes. Due to thermal instability and an extreme low vapor
pressure distillation or rectification is supremely ineffective or even infeasible (167) in case of Cy;E;
vacuum distillation is realizable until j=3, all surfactants with j>3 decompose due to thermal
instability (168). In literature only a few articles concern about surfactant purification. From the
beginning of the 1960’s chromatographic methods are known as one possible purification step (161)
and (169). In addition to that gel permeation chromatography (GPC) can be utilized for surfactant
purification (170). Nevertheless, until today the most common technique to obtain pure surfactant
with fixed i and j is the preparative high performance liquid chromatography (HPLC) (171). After
synthesis three purification steps follow according to Lang and Morgan (96). Primarily the bulk
impurities, like not converted glycol and salt are extracted; within a second step not converted
olefins and decyl bromide were removed and the final stage is the preparative HPLC purification.
However, chromatographic methods are time and cost expensive. More cost effective procedures
are possible but one has to accept a potential slight purification effect and an increased surfactant
loss. The surfactant can be purified by using a special extraction technique according to Schubert et
al. (166), Stubenrauch et al. (171) and Fujimatsu et al. (172). Therefore the complex temperature
dependent phase behavior and aggregation behavior is used. The surfactant changes its solubility in
the aqueous and in the oil rich phase within a relative small temperature interval. For most of the
surfactant impurities this is not the case. They are in the relevant temperature interval either water
soluble or oil soluble. If the surfactant is added to a water/oil mixture and the excess phases were
replaced by fresh water respectively oil it is possible to remove the more hydrophilic and the more
hydrophobic impurities without a significant surfactant loss. At the last separation step the surfactant
remains in the oil rich phase and the solvent, e.g. hexane can be evaporated (166). This technique
also known as the three phase extraction technique was improved by Stubenrauch et al. (171) in

order to remove also impurities that show approximately the same surface activity than the
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surfactant. Therefore the surfactant concentration in the ternary mixture water + nonionic surfactant
+ oil is in the region were evolve of a Winsor Il system just meets the requirements. One can assume
now that impurities show an exceeded or similar surface activity are preferential located in the tiny
middle phase preconditioned the total amount of impurity is small. This is called the “inverse three
phase extraction technique” (171). The middle phase can be discarded and the surfactant can be
received within the oil phase. On other purification technique according to Lunkenheimer et al. (167)
uses a different approach to remove more surfactant active trace impurities: An aqueous surfactant
solution is filled in a glass tube featuring a small diameter. If the vessel is placed in a horizontal
position there is a large surface. In an upright position the surface is narrowed to the tube’s diameter
meaning that the trace impurity concentration on this small surface is increased. Now a small
amount of liquid (=50uL) is removed directly from the surface and simultaneously the total amount
of trace impurity is reduced. Beside this solid material can be used for adsorbing impurities from
ionic surfactant solutions (173) and also crystallization is appropriate for ionic surfactant purification
(174). But one has to consider that surfactant purified with help of the mentioned procedures is only
available in an mg scale. However, for any economic large scale technical application technical grade
surfactant has to be used. This results directly of the exorbitant price of pure surfactants, e.g. the
surfactant Cy,Eg exhibits a three phase area in the for hydroformylation of long chain alkenes relevant

temperature range (17), but it is not feasible for labor or technical scale processes given that the
price is about 180§ (price mark, July 2013). Here technical grade surfactants can be an option to

avoid the latter problems. Therefore one has to consider that technical surfactants are by no means
pure substances and it isn’t possible to neglect the impurities. Technical grade surfactants are a
mixture composed of several CEE;, and only the major component Ci.E;-, is given in the data sheet.
Moreover very little information is specified for commercially available surfactants. Usually the cloud
point at Weyrractane = 0.01 is given as quality characteristic. To estimate the surfactant quality with
help of cloud point is practicable for a rough approximation but not for determining the exact

amount of impurities or homologous distribution having in mind that the cloud point curve
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progression isn’t defined by knowing one cloud point. For the technical grade surfactant Genapol X
080°® with the major component Cy,Es even the cloud point is not indicated in the certificate of
analysis (175). It is well known that yet small impurities have an enormous impact on the data
because they are surface active as well. This means even at a negligibly small bulk concentration the
concentration of impurities at the interface is in a large scale. This leads to the consequence that
surface chemical investigations are not satisfactory (167). In general non surface active impurities
might be negligible if the surface tension is measured but they may influence the cloud point curve

and vice versa.
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3. Applying surfactants for chemical reactions: Hydroformylation

of alkenes

Since more than 40 years ago the idea of catalysis in micellar solutions appeared (176) and spread
until today through the increased focus on “green chemistry”. This means in most instances applying
water as solvent in industrial organic chemistry and therefore the development of new approaches
for processes, catalysis and reactions. Implementing the solvent water e.g. as catalyst solvent is
beneficial in many ways. Often toxic and hardly volatile organic solvents (meaning that the removal
of these solvents exhibiting a low vapor pressure is energy intensive) can be replaced by the
environmental friendly, economically advantageous and completely safe to use alternative water.
Many a time a nearly complete catalyst recycling with help of a simple phase separation step in
organic product phase and aqueous catalyst phase is feasible. This is the base for large scale as well
as for fine chemical production processes (177). Therefore, from the beginning of the 1970’s research
focus on the development of novel water soluble ligands for catalysis (152). The bottleneck in many
cases applying water as solvent is the marginal solubility in hydrocarbons e.g. alkenes, representing
the educts. To correct this disadvantage the addition of a surfactant can be helpful (1) and (178). The
general idea is to perform the reaction at high temperatures in the Winsor Il (152) or in the Winsor Il
region (179) and separate respectively recycle the catalyst at low temperatures within the aqueous
phase. Until today several reactions, like Suzuki-coupling reactions (152) or Heck reactions (180) to

combine two aromatic rings as well as polymerization to obtain almost monodisperse latexes [the

. o M .
polydispesrsity index M—W with My, mass-average molar mass and My number-average molar mass
N

ranges between 1.05 and 1.08] (181) and oxidation of e.g. high toxic sulfides (182) and cyclohexane

(1) are performed with addition of surfactants.
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3.1 Hydroformylation reaction

The Rh- or Co- catalyzed hydroformylation of alkenes is an outstanding reaction in the chemical
industry. In 2012 more than 2.5*10°kg aldehydes or “oxo-products” where produced with help of the
hydroformylation process (183). In 1930 Smith et al. (184) reported the formation of oxygen
containing compounds were reported at temperatures above 200°C during the conversion of water
gas and ethylene with help of Fe and Co catalysts. These compounds were interpreted as
intermediate products in the synthesis of hydrocarbons and not as oxo-products which are obtained
from an alone standing reaction (184). As an alone standing reaction, hydroformylation was
discovered by Roelen at Ruhrchemie company, Oberhausen in the end of 1937 (185) and the
hydroformylation process was registered as patent in 1938 by the discoverer (186). The general
reaction scheme is shown in Figure 26.

R, R,
\—cH,+ CO +H,—>= ‘=0

Figure 26: General scheme of the hydroformylation reaction.

Alkenes are converted in presence of synthesis gas and a metal- (e.g. Fe or Ag) or a transition metal
catalyst (Rh, Co, Ni, Pd) to the aldehyde (187). The first catalytic cycle for the Co-hydrotetracarbonyl
HCo(CO), catalyzed hydroformylation reaction was published by Heck and Breslow in 1961 (188).
Through the reaction, the alkene is extended with one carbon atom. Aldehydes are typically
intermediate products e.g. in surfactant or plasticizer industry (189). The hydroformylation of alkenes
leads to several in part high boiling byproducts like ketones and polyketones (190) and (191) or
alkanes, alcohols, alkyl formats and branched aldehydes or alcohols (192), (193), (194) and (195). In
literature only a few studies on the influence of ligands or reaction conditions on hydroformylation
side products can be found (192) and (194); in dependency of the catalyst, ligand and the reaction
conditions several byproducts like iso - aldehydes can occur (15). The ligand basicity of an

organophosphine ligand has an influence on side product formation; organophosphine ligands
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showing a high basicity form a smaller amount of alcohols and paraffines than organophosphine
ligands possessing a low basicity at equal reaction conditions (192). Markert et al. (195) found via
investigation of the hydroformylation of 1-dodecene that the main side reaction is the isomerization.
The isomerization itself is reversible; however, these isomers are as well as 1-dodecene reactants for
hydrogenation and hydroformylation and therefore the background for any other side product
formation, namely branched aldehydes, branched alcohols and dodecane. The hydroformylation of
cyclic compounds like cyclohexene is likewise possible (196). Alongside hydroformylation of alkenes
other starting substances can be hydroformylated, like the hydroformylation of styrene exemplified
for the hydroformylation of vinylarenes (197), (198) and (199). If e.g. vinylarenes are
hydroformylated enantiomerically pure it is talked about asymmetric hydroformylation (200).
Asymmetric hydroformylation of vinylarenes can lead to 2-aryl propionic acids. These acids are
widely used in pharmaceutical industry to synthesize nonsteriodal anti-inflammatory drug belonging
to the profen class (201). One other approach is to combine the hydroformylation with several other
reactions e.g. the hydrogenation (202) and (203). A feedstock to produce long chain alcohols are
aldehydes. Hence it is obvious to combine two reaction steps to yield the alcohol directly utilizing the

mild reaction conditions and the high selectivities (202).

3.2 Catalysts for hydroformylation

The hydroformylation can be catalyzed by many metals or transition metals in combination with a
broad variety of ligands. Universally catalysts applied for hydroformylation exhibit the chemical
structure Hy M, (CO).Ly (187). Thereby “M” connotes a transition metal atom. In literature even
bimetallic catalysts can be found, consisting of two different transition metal atoms (204). It has been
found that bimetallic catalysts can contribute in further development active catalysts for
hydroformylation especially since they are in some cases more active than their monometallic

analogue (205). The metal atom must be able to form a carbonyl complex with CO, through the
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modification with different ligands Ly the e.g. selectivity can be influenced. For catalytic
hydroformylation a lot of metals are suitable but not surprisingly there exists an order in
hydroformylation activity: Rh > Co >» Ir > Ru> 0s > Pt > Pd > Fe > Ni. Alongside the
multifaceted varieties of different catalysts for hydroformylation the evolution of industrial applied
catalyst can be divided into several steps. The industrial process originally developed by Roelen at
Ruhrchemie company and realized later also by Badische Anilin & Soda Fabrik (BASF) and Imperial
Chemical Industries (ICl) used the simple catalyst cobalttetracarbonylhydrogen HCo(CO), (206). Later
it was found by Shell Company that the implementation of a phosphine modified Co catalyst system
could improve the process significantly in terms of lowering the operating pressure and temperature
(183). Nevertheless the chemo- and regio-selectivity realized with Co catalyst is limited (183) and
therefore the important milestone in progress of industrial as well as lab-scale hydroformylation is
the introduction of Rh complex catalyst namely Tris(triphenylphosphine)rhodium carbonyl hydride
RhH(CO)(PPhs); or RhTPP by (207). Rh-TPP was later modified via sulfonation with oleum to the well-
known Rh-tris(m-sulfophenyl)phosphine trisodium salt (Rh-TTPS) (208). This highly water soluble
ligand [approximately 1.1 kg/L], for years the only industrial usable and inexpensive ligand, was

applied in the Ruhrchemie process (209). Both ligands are depicted in Figure 27.
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Figure 27: Chemical formula of the TPP (left side) and TPPTS ligand (right side).

Phosphine ligands like SulfoXantPhos or BIPHEPHOS having a more complex chemical structure
depicted in Figure 28 are also applied in hydroformylation with good results (195), (210) and (211).

Application hindering could be with such ligands the more laborious synthesis and increased
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instability compared to more “simple” ligands like Rh-TPP or Rh-TPPS, which can be synthesized
easily. In addition to that latter ligands are more reactive and stable. Furthermore, with phosphine
ligands hydrolysis and alcoholysis as well consecutive reaction with the product itself can appear
(212). Today Rh catalysts are commonly used in industry as well as in academic research (15), (16),
(18), (19), (195), (213), (214), (215) and (216); although the cost for the Rh catalyst system of course
is higher but nevertheless it offers also some considerable advantages like high selectivity and

catalyst activity, low reaction temperatures and pressures (mild reaction conditions).
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Figure 28: Phosphine ligands for hydroformylation: 1. BIPHEPHOS ligand, 2. XantPhos ligand and 3. SulfoXantPhos

ligand.

Of course this has to be accompanied with a sophisticated catalyst recycling concept, e.g.
implemented within the Ruhrchemie/Rhéne-Poulenc oxo process (Ruhrchemie process) (213).
Alongside other transition metals for catalysis of hydroformylation were investigated: Iridium is also
able to catalyze hydroformylation. Although Ir-complexes are in some cases more stable than the
correlated Rh-complexes (217) the turn over frequency (TOF) is less than with Rh catalyst and the
ratio of n-aldehyde to iso-aldehyde (n:i ratio) is little with 74:26 (218) assumed that the n-aldehyde is
the desired product. The TOF is referred to the number of moles a catalyst can convert to the educt
per second. As one of the first alternatives to the in the early years of hydroformylation widely

applied Co catalysts Ruthenium was found being able to catalyze the reaction (219). The activity and
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selectivity was increased compared to the conventional Co catalysts as well it was possible to
operate the reaction under mild reaction conditions (220). Drent and Budelzaar (221) have shown
that Palladium is also a promising catalyst for hydroformylation of propene and 1-octene under mild
reaction conditions. Through neat variation of ligands it is possible to achieve a good aldehyde yield
up to 95%. One other suitable transition metal for catalysis of oxo-synthesis is Pt. The first patents for
hydroformylation with Pt catalyst were granted in 1966 to Slaugh and Mullineaux (222) and
Wilkinson (223). The metal with the lost activity relating hydroformylation catalyze activity is iron. Of
course Fe has several advantages since it is easily available, not cost intensive despite to the
previously introduced transition metals and rife in nature but it could not enforce due several
disadvantages hindering the hydroformylation. Pergola et al. (204) reported a lack of long term
stability and in addition to that the n:i ratio was very poor with 36:64. Summarizing all alternative
transition metals one has to come to the conclusion that until now there are no practicable

alternatives to Rh or Co catalysts in the field of hydroformylation (183).

3.3 Industrial hydroformylation

Large amounts of oxo-products were produced in industry and nearly all obtained aldehydes are
used as feedstock for further processing. Theoretically alcohols, carboxylic acids or aldol products can
be produced. But according to Protzmann and Wiese (224) mainly three product groups are
produced: Short chain aldehydes are used to produce solvents, e.g. butanol. Aldehydes with a
medium chain length (Cs to C;,) are converted into plasticizers and long chain aldehydes (Cy3 to Cy7)
are usually applied for producing surface active substances. At present different approaches for
industrial hydroformylation are representing the state of the art. The way alkenes are

hydroformylated in industry depends strongly on the chain length.
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3.3.1 Industrial hydroformylation of short chain alkenes

The hydroformylation of short chain alkenes were continuously improved the last decades. Until the
beginning of the sixties, in industry short chain alkenes were hydroformylated at high pressures and
temperatures with help of Co catalysts (185), (213) and (225). A typical process is represented by the
BASF process: Propene is converted with synthesis gas at temperatures between 140°-180°C and
pressures between 265-295bar in liquid phase. After reaction the Co catalyst is transferred through
chemical reaction into an aqueous Co-salt solution and recycled within the aqueous phase. Not
converted educt and synthesis gas was not recycled, but combusted. The n:iso ratio is 3:1 (206). As a
follow up processes the low pressure (LPO) oxo-processes were introduced as a reaction to the 1973
oil crisis and the increased energy efficiency requirements. The Union Carbide Company (UCC)
developed the first LPO process known as the UCC-process (187). The process shows several
improvements to the former BASF process. A recycle stream to recycle not converted olefin was
introduced in the process to counter increased raw material costs. Through the application of a novel
Rh-catalyst temperatures and pressures could be decreased to prevent high costs for energy.
According to Beller et al. (187) this process has two different forms of appearance. For both, the
catalyst is dissolved in a solution of high boiling aldehydes inside the reactor. Within the UCC gas
recycle process the product is evaporated from the reactor and partly condensed for further
purification. The not condensed part is recycled with the not converted educt and synthesis gas into
the reactor. To avoid large volumes one proceeded to remove a liquid stream containing product,
educt and catalyst solution. The product is removed from the stream with help of strip column. The
pressure in this UCC liquid recycle process is around 18bar at temperatures 85°-90°C. Parallel to
Union Carbide BASF developed a similar LPO gas recycling process operating at approximately 110°C
and 15-17bar (187). The major improvement to hydroformylation of short chain alkenes was the
introduction of aqueous biphasic catalysis to industrial hydroformylation by the Ruhrchemie process

in 1984, which is state of the art until today (2), (214) and (216). The process flow chart is depicted in
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Figure 29. Propylene and synthesis gas are introduced in the continuous stirred reactor where the
aqueous catalyst solution is located. Before the synthesis gas is used to strip not converted propylene
and synthesis gas from the product stream. Hence the excellent water soluble Rh-TPPTS catalyst is
immobilized in the aqueous phase no catalyst removal from the product stream is necessary. This
catalyst is additional not sensitive to catalyst poison sulfur, which allows the operation with synthesis
gas without further acid gas removal (213). After phase separation the aqueous catalyst phase is
recycled and the product phase is purified into a fraction of n- and iso-aldehyde. Typical process

parameters are temperatures between 110° and 130°C and pressures between 40 and 60bar (187).
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Figure 29: General flow chart of the Ruhrchemie hydroformylation process.

3.3.2 Industrial hydroformylation of long chain alkenes

Industrial hydroformylation of long chain alkenes until today means homogeneous Co catalyzed
reaction under harsh reaction conditions (16), (187) and (226). At present three different approaches
are adopted. For all three processes the reaction is carried out equal in a homogenous phase at high

temperatures and pressures, e.g. 175°C and 290-300bar. Unequal is the catalyst recycling concept.
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The Co catalyst is oxidized with acetic acid and the now water soluble Co compound is washed out
(BASF). At Ruhrchemie the Co catalyst is removed by thermal Co carbonyl degradation. Only within
the EXXON process the catalyst is recycle is possible without changing the coordination or oxidation
state in the way that sodium cobalt carbonylate is recovered from the product and transferred into

the active catalyst form cobalt carbonyl hydride (187).

3.4 Hydroformylation in microemulsions

Based on the Ruhrchemie process described in 3.3.1 for hydroformylation of short chain alkenes
combining the advantages of homogenous catalysis, primarily no mass transfer limitation and mild
reaction conditions, with the advantages of heterogeneous catalysis, mainly excellent catalyst
recycling or catalyst immobilization, a similar process for long chain alkenes could be supposable.
Furthermore, the immobilized catalyst simplifies the product purification. However, one has to face
the problem that the water solubility of alkenes decreases dramatically with increasing the carbon
chain length as it is depicted in Figure 18 and described by Cornils et al. (2), Haumann et al. (15),
Cornils and Kuntz (208) and Kohlpaintner et al. (214). Additionally the alkene reactivity decreases
slightly with increasing chain length, just as well in monophasic hydroformylation (227). Therefore
the Ruhrchemie oxo-process is not applicable for alkenes with a chain length exceeding five (228)
respectively six (16) and (154) carbon atoms. It is now one of the classical problems of chemical
engineering occurring: An aqueous catalyst phase, which is absolutely necessary for reaction, has to
be brought in contact with a hydrophilic product phase. Different strategies to overcome this
dilemma are discussed in literature. One is the addition of a cosolvent (229), likewise the use of a
supercritical fluid could be helpful (230). As well as the application of an ionic liquids is discussed
(231). Beside this the addition of a surfactant could prove helpful. Menger et al. (232) introduced in
1973 as one of the first the possibility of reactions, here ester hydrolysis, performed in micellar

media. The idea spread and until today a large number of different applications in micellar media or
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microemulsions were examined in different workgroups (181), (233), (234), (235), (236) and (237).
Haumann et al. (15), Unveren and Schomicker (18), Miyagawa et al. (154) and Hamerla et al. (216)
applied microemulsions as reaction media for hydroformylation of alkenes with a carbon chain
length > 8 under mild conditions. Haumann et al. (15) investigated the hydroformylation of 1-
dodecene with help of a surfactant containing system at 75°C and several pressures, the conversion
of alkene to aldehyde increased with increased pressure at constant temperature T=75°C. Secondary
the conversion was investigated at different temperatures and fixed pressure, giving the result that
conversion at low temperatures was low. With increasing temperature the conversion reaches a
maximum declining with further increased temperature. This could be a hint that hydroformylation
of long chain alkenes is performing improved in the Winsor Il system as shown in Figure 19. The TOF
was below industrial processes. Further investigation was done by Miyagawa et al. (154) with
hydroformylation of 1-tetradecene, 1-dodecene and 1-octene. They could confirm the presumption
that reaction takes place favored in the three phase area given that reaction rates in the three phase
area are higher than in Winsor | and Winsor Il system. This is in good agreement with the results
obtained by Tjandra et al. (238) and it was later confirmed by Rost et al. (19) and Hamerla et al.
(216). Also the reactivity among different isomeric olefins drops in the following alignment: terminal
olefin > internal olefin > cyclic olefin > branched olefin. Unveren and Schomacker (18) investigated
the hydroformylation of 1-octene in microemulsions and micellar media. They concluded that the
amount of added surfactant has no influence on hydroformylation selectivity. Hamerla et al. (216)
compared the hydroformylation of 1-dodecene in a microemulsion with hydroformylation in a
homogenous reference system. The reaction was performed at 110°C and later temperature was
shifted to 80°C following the product influence on the Winsor Ill system. Operating pressure was set
to 40bar with a syngas CO,/H, 1:1 ratio. Nevertheless, TOF in the homogeneous reference system
was about six times higher than TOF in the multiphase system. Almost total conversion could be
reached after approximately 180 min. However, the high TOF was bought by a worse n:i ratio [n:i =

94:6, homogeneous system and n:i = 98:2, multiphase system] and with a high accumulation of

52



branched olefin. According to Miiller et al. (153) and Rost et al. (19) a continuous operating process
could be designed as depicted Figure 30 in consisting of a reactor section, a separator and an
additional purifying step with the following specifications. In the reactor olefin is converted with
synthesis gas and help of catalyst continuously to linear aldehyde. The reactor is temperate in the
Winsor Ill temperature region meaning that the process starts at 110°C with a stepwise decreased
temperature to follow the Winsor Ill system. For this experiment the nonionic surfactant Marlophen
NP9® was used and the pressure was kept constant at 40bar with a syngas CO,/H, 1:1 mixture. The
temperature adaption is necessary since the aldehyde is influencing the LLE in the system Marlophen

NP9® + water + technical grade 1-dodecene according to Rost et al. (19).
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Figure 30: Novel concept for a continuous hydroformylation of long chain alkenes.

After reaction the mixture is cooled down until the Winsor | region is reached. Through phase
separation it is separated into one aqueous phase containing the catalyst and one hydrophobic phase
containing the product and not converted educt. With help of a further purification step product and
educt can be separated. Not converted olefin is recycled. Likewise a second catalyst recovery stream
is applied in order to guarantee nearly complete catalyst recycling. To recycle nearly the complete
catalyst is obligatory due to the tremendous high price of Rh (15) and (19). Even if the process
concept is convincing, one has to focus on a few challenges that can appear in nearly all systems

containing surfactants. These systems tend to emulsify, a long term stable emulsion can be formed
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and phase separation becomes impossible. According to Miyagawa et al. (154) this effect can be
reduced by choosing a more hydrophobic surfactant. However, the Winsor Ill temperature range is
shift likewise, which may cause other problems e.g. concerning reaction or conversion. Also
problems with foam may appear. They can be counteracted by anti-foaming agents, but one has to
consider always that all these additives can influence the phase behavior dramatically. As a result of
that the whole process can be infeasible due to altered phase change temperatures or even not any

more existing phase change temperatures.

3.5 Other approaches for hydroformylation

As it was illustrated in chapter 3.4 that one alternative for hydroformylation of long chain alkenes is
the hydroformylation in microemulsions or micellar media. Alongside this approach and the
homogenous catalysis illustrated in chapter 3.3 other processes are discussed in literature. Behr and
coworkers studied intensively the application of thermomorphic solvent systems (TMS) (189), (210),
(211), (239), (240), (241), (242), (243) and (244) for different approaches. Basically the TMS is
composed of at least two solvents, one polar solvent and one apolar solvent namely the educt. The
third component is represented by the product. It combines the advantages of homogeneous
catalysis with simple catalyst removal typically achieved in heterogeneous catalysis. Using the
hydroformylation as an example, a TMS can be applied in the following way: At low temperatures the
polar catalyst phase and the non-polar educt phase is separated due to the low temperature. The
two phases are heated up and above the UCST the two phases affiliate. Within the now
homogeneous phase the reaction takes places. Subsequent reaction the mixture is cooled down and
separated into two phases, one containing product and one containing catalyst. This approach was
tested successfully for hydroformylation of long chain alkenes e.g. the hydroformylation of 1-
dodecene (189). Schafer et al. (211) presented moreover a detailed experimental analysis of the

involved phase equlibria in the TMS system diemtehylformamide (DMF) + decane as well as a
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modeling of the latter via application of the perturbed chain polar statistical associating fluid theory
(PCP-SAFT). Kiedorf et al. (245) characterized in a comprehensively study the reaction network with
at least six parallel important side reactions like isomerisation, hydrogenation and hydroformylation.
Supplementary a kinetic model was developed for designing and optimizing new reactor concepts for
hydroformylation (245). Another possibility for catalyst immobilization is the usage of an ionic liquid.
The supported ionic liquid phase (SILP) catalysis firstly reported by Riisager et al. (246) is an
auspicious alternative and several publications concerned with this technique in the last years (247)
(248), (249), (250) and (251). The basic concept is to dissolve the catalyst in an ionic liquid (IL) and
then coat with this mixture an extremely porous material e.g. silica. The catalyst is now fixed within
the pores with help of the ionic liquid as a thin film (one nanometer ore even thinner) physisorbed at
the surface (251). Since ILs possess an extremely low vapor pressure the catalyst phase does not
migrate into the gaseous phase and therefore the catalyst loss is negligible. The SILP technique is
successfully applied for hydroformylation of olefins under mild reaction conditions (temperatures
=120°C, total pressures approximately 12 bar) up to a chain length of five carbon atoms (248). Also
the hydroformylation of a technical C4-stream was investigated of long time period of 30 days (250).
Within this period no selectivity loss to the desired product n-pentanal could be recognized and
selectivity exceeded anytime 99% (250). Similar results were obtained during hydroformylation of 1-
propene and 1-butene (247) and (249). However, one important drawback for application of SILP
systems is the dilution of the ionic liquid phase through formed high boiling side products. To
overcome this problem the high boiling side products have to be removed from the IL catalyst phase

under vacuum (248).

Furthermore, hydroformylation with supercritical fluids appeared as one of the latest development
for hydroformylation of long chain alkenes in literature (252), (253), (254), (255) and (256). Blanchard
and Brennecke (257) showed that organic compounds could be removed from IL’s by supercritical
CO,. Webb et al. (253) and Webb et al. (254) developed on this basis a continuous process for

hydroformylation of long chain alkenes. The catalyst is thereby immobilized in an IL phase and
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synthesis gas and educt is passing through the reactor with a stream of supercritical CO,. After
reaction the supercritical CO, can be removed by lowering the pressure and the catalyst plus the
ionic liquid remains in the reactor. By recompression of CO, the supercritical fluid can be recycled
(253). This approach is successfully applied for alkenes up to a chain length of twelve carbon atoms
(254). The achieved selectivities with this procedure were with 92% under mild reaction conditions
below the selectivities reached in e.g. microemulsions or TMS systems (256). Summarizing the
requirements necessary to develop any hydroformylation process as introduced in chapter 3 it is
obvious that the knowledge about the phase behavior is the basis. It is not only the basis for process
development and design it is also the basis for understanding process control. Given that for the
reaction the microemulsion is favored and therefore the temperature range for the three phase
region must be known. For estimating e.g. the catalyst loss also the composition in each phases have
to be known. One can consider at a first approach that the catalyst loss is influenced by the loss of
water within the product phase. The catalyst loss is one if the important bottleneck for the
application of high performing Rh-catalysts. Furthermore, the surfactant loss with the product

stream needs also to be estimated since the surfactant can influence the product purification.
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4. Experimental methods

4.1 Materials

For the experiments all chemicals were used as delivered without any further purification. The pure
surfactants Cy,E4, Ci2E¢, Cy,Es were purchased by Sigma Aldrich with a purity 2 98% and stored to the
exclusion of light below 5°C. The technical surfactant Genapol X080® was likewise purchased by
Sigma Aldrich and stored in a brown glass flask at room temperature. For experiments three different
lot numbers BCBC8877V, BCBG0985V and BCBH5447V were used. 1-dodecene delivered by Sigma
Aldrich was used in GC quality (purity = 99%) for pure substances LLE measurement and in technical
quality (purity = 95%) for technical grade LLE measurement. Acetonitrile, methanol and 1-propanol in
HPLC isocratic quality as well as Na,SO, were purchased by Carl Roth. Water was demineralized from
the Berlin water supply and used after boiling. For volumetric Karl-Fischer water detection water free
methanol and Karl-Fischer Roti®hydroquant CS solution from Carl Roth was used. For calibration
demineralized water as well as hydranal di sodium tartrate dehydrate (C4H,O¢Na, * 2H,0)
purchased by Riedel de Haén was utilized. Combi coulomat fritless solution (Merck) was used for
coulometric water detection. For studying the aldehyde influence on the LLE tridecanal purchased by
Alpha Aesar with a purity 2 96% was used. The catalyst influence on the LLE was studied with help of
the SulfoXantPhos catalyst. The precursor [Rh(aca)(CO),] was contributed by Umicore, the Ligand was
purchased by Molisa and synthesized according to (258). The amount of formed peroxides in the
surfactant solution was determined using the Merckoquant peroxide test, purchased by Merck

chemicals.

4.2 Sampling

For tie line measurement in surfactant containing systems all samples were prepared in pressure

tight glass flasks in order to prevent sample evaporation, which causes variance in composition,
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during tempering. The samples were temperate in a water bath type Haake N3 or in an oil bath type
Huber MPC with accuracy of + 0.1°C. All samples were weighted with an accuracy of at least
+ 0.0001g. In order to prevent errors generated by cutting the interface especially in systems
evolving three or more phases a tiny hollow needle was put in the glass flask before equilibration.
With help of this needle one was able to sample directly from the bottom phase without penetrating
the other phases; before sampling the needle was flushed by air. Furthermore, during sampling the
temperature was kept constant with help of a double walled glass vessel. The probe was put in the
solubility promoter 1-propanol to prevent demixing through cooling down and then used for further
investigation. For Kahlweit’s fish detection and for cloud point curve detection in the binary
subsystems Ci,Eg + pure 1-dodecene, Ci,Eg+ water, Genapol X080® +technical 1-dodecene and
Genapol X080® + water the samples were also prepared in pressure tight glass flasks and temperate
in a water bath type Haake N3 or in an oil bath type Huber MPC with accuracy of + 0.1°C. Again the

weight accuracy was at least + 0.0001g.

4.3 Detection of surfactant

After sampling and dilution with 1-propanol the mass fraction of pure surfactant C,,E; and the
mass fraction of technical grade surfactant Genapol X080® was detected with help of HLPC (Agilent
1200 series equipped with a Knauer Eurosphere Il 100-5 C-18 column) at isocratic conditions. As
eluent in both cases 80% acetonitrile and 20% water with a 1ImMol Na,SO, per liter as an additive
and a flow rate 1mL/min was used. For detection the Diode array detector (DAD) was applied at a
wavelength set to 191nm. The peak area was analyzed with help of Agilent Chem Station software.
For calibration samples with a different mass fraction were prepared and the peak area plotted
against mass fraction. In Figure 31 the calibration curve for the surfactant Cy,Es is shown. The

correlation coefficient is R?=0.999 and the connection between peak area A and surfactant mass
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fraction is A[AUs] = 685675[AUs|wc, k.. The similar detection method was applied for detection

of Genapol X080°.
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Figure 31: Calibration curve for the surfactant C,,Es.

In Figure 32 the calibration curve for the surfactant Genapol X080¢® is depicted.
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Figure 32: Calibration curve of surfactant Genapol X080°.
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The correlation coefficient is R?=0.9999 and the connection between peak area A and surfactant
mass fraction is A[AUs] = 601523[AUS]Wgenapot xo0sow - It is a challenge to measure the surfactant
mass fractions in the different excess phase according to their extreme low absorption in the UV/vis
spectrum. However, HPLC measurement is a method of choice hence other surveying methods (e.g.

gas chromatography) are not applicable according to surfactant’s thermal instability.

4.4 Detection of 1-dodecene

The 1-dodecene mass fraction for pure and technical grade was detected by HPLC (Agilent 1200
series) after the sample was diluted with 1-propanol to prevent demixing. As a stationary phase the
column Agilent Eclipse XDB-C18 and as eluent 100% methanol with a flow rate of 1mL/min was
applied. The DAD detector was set to the wavelength 200nm. The peak area was analyzed with help
of Agilent Chem Station software. For calibration samples with different mass fraction were prepared
and the peak area plotted against mass fraction. In Figure 33 the calibration curve for the pure 1-

dodecene is shown.
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Figure 33: Calibration curve for pure 1-dodcene.
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Again, the correlation coefficient was R?=0.999. The connection between peak area A and surfactant
mass fraction can be calculated by A[AUs] = 44162[AUS]W1_godecene pure- The same method was
applied for measuring the mass fraction of technical grade 1-dodecene. In Figure 34 the calibration
curve for technical grade 1-dodecene is depicted. Here the correlation coefficient is R2=0.9999. The
connection between peak area A and surfactant mass fraction is given by

A[AUS] = 749703[AUS]Wl—dodecene,technical grade-

16
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Figure 34: Calibration curve for technical 1-dodecene.

The 1-dodecene concentration in water was detected also with help of HPLC. Given that one can
expect an extreme low solubility far beyond any standard analytical methods, a gas stripping
technique from literature (259) and (260) was modified. After this additional step of enrichment one
was able to measure the 1-dodecene mass fraction in water. In Figure 35 the gas stripping apparatus

is depicted.

61



1-dodecene trap

@ \ / glassbowl

pump
\ Active coal

drum with saturated solution

Figure 35: Gas stripping apparatus for 1-dodecene enrichment.

10kg of 1-dodecene saturated water were stripped by inert gas (air) within this apparatus (Figure 35)
for 48h. For pumping the strip gas the oil free vacuum pump Neuberger KNF Laboport was applied. 1-
dodecene was adsorbed at active coal located in a glass tube modified to a capillary with help of a
Bunsen-burner. The 1-dodecene was resolved by a small amount of 1-propanol and used for further

HPLC measurements.

4.5 Detection of water

For water detection the Karl-Fischer water detection method was used (261). For water mass fraction
above Wy.=0.0001 the volumetric water detection (Mettler DL18) was used, for smaller mass
fractions the columetric detection (Mettler-ToledoC20) was utilized. Hence there is a direct
connection between the amount of water and the current flow for coulometric Karl Fischer water
detection no further calibration is needed. Contrary for volumetric water detection a calibration
curve is necessary. Hence, a connection exists between the amount of used Karl Fischer solvent and
the amount of water within the sample. For preparing the calibration water and di sodium tartrate
dihydrate with a fixed amount of crystal water (wy,qter = 0.1566) was used. In Figure 36 the

calibration curve for volumetric Karl Fischer water detection is plotted.
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Figure 36: Calibration curve for volumetric Karl Fischer water detection.

The correlation coefficient was R?=0.9999 and the connection between used KF solvent and water

mass fraction is KFsolvent[mL] = 4052[mL]w,,qter-

4.6 Measurement of Kahlweit's fish

The phase change temperature was detected by slowly heating up and by slowly cooling down, the
average of both temperatures was set as the phase change temperature. The maximum difference
between these two temperatures was 1°C. For a first overview the cloud point temperature was
detected roughly (=1°C) by a nested interval method. The visual method was used to detected the
Kahlweit’s fish for the ternary systems C;,Es + water + 1-dodecene, pure (system A), C;,E + water +

1-dodecene, pure, Cy;E4 + water + 1-dodecene, pure and in the system Genapol X080® + water + 1-

dodecene, technical grade (system B) at a constant oil water ratio a = water =0.5in
Mhydrophobic components

. m tant
dependency of temperature and surfactant mass fraction y = —*/2%nt  The samples were
m
total

prepared in the following way: Firstly surfactant was added to the water and secondly 1-dodecene
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was introduced to the mixture. In order to prevent thermal decomposition the samples were

replaced after 48h.

4.7 Detection of surfactant decomposition

To investigate the surfactant decomposition qualitatively, an infra-red (IR) spectrum of fresh and
decomposed surfactant were measured with a Fourier transform infrared spectrometer (FTIR-
spectrometer) purchased by Shimadzu instruments (IR Prestige-21). Each spectrum was measured
twenty five times and the average of each measurement was calculated and plotted as transmission

over wave number. The amount of formed peroxides from surfactant decomposition was determined

by using peroxides test stripes with an accuracy of 15%.

4.8 Measurementerror

To obtain the analytical error by means of standard deviation was not practical due to the large
number of samples within this study. For the calculation at least ten independent samples for every
feed concentration are necessary and of course they have to be measured. This increases the
analytical effort as well as the usage of e.g. extreme high price pure surfactant. At the end of the day
this becomes not practical due to financial and temporal restrictions. To overcome this problem each
compound was measured three times from one sample and the average was set as the concentration
of this particular compound. Furthermore, it is difficult to obtain a standard deviation for an optical
method because the results are depending strongly on the experimenter. In case of the tie lines one
has to consider the following effect: Sampling can cause here a significant influence on the
measurement error, the measurement caused by analytical equipment e.g. HPLC or balance is
negligible small. To keep the sampling error as small as possible the in 4.2 described technique was

applied. Nevertheless a few methods can be used for estimation of the analytical error. At first the
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mass balance has to be fulfilled, this is verified by plotting the feed concentration and the measured
tie lines in one diagram. Beside the graphical check of the mass balance it also can be checked by
calculating. Given that the system A is in the Winsor |l state at 90°C, it can be assumed that almost
the whole amount of surfactant is dissolved in the 1-dodecene rich phase. One is able to calculate
the mass balance and compare it to the experimental results. For a system composed of 0.8191g 1-

dodecene, 1.0921g water and 0.0416g C,,Es the mass fraction of C;,Es within the oil phase can be

0.0416g

calculated we,, g, = 0.04169+0.8191g

= 0.0483. This result is in perfect agreement with the mass

fraction obtained by HPLC measurement w¢ g, = 0.0452. Second the solubility behavior at constant
surfactant feed concentration for system A and system B was checked. As predicted the surfactant
solubility is increasing with increasing temperature within the oil phase and decreasing with

increasing temperature within the aqueous phase.
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5. Results and discussion

In general, thermodynamic data are obtained with help of components as pure as possible to study
e.g. in the case of surfactants the influence of ethoxylate chain length on the LLE as it is discussed in
Chapter 2.4. However, to apply those systems for industrial processes one is limited to apply
technical grade surfactants since they are available in bulk scale. Of course the composition of a
technical grade surfactant can vary from one charge to another, but generally in any technical
surfactant is always the major component given and also the type of side products should not
change. Therefore it is clear that investigation of bulk scale surfactants in comparison of

thermodynamic data is necessary.

5.1 Kahlweit’s fish

With the detection of the Kahlweit’s fish the phase and aggregation behavior of a surfactant
containing mixture can be determined at a glance. This diagram provides a quick overview about
coexisting phase numbers at different temperatures depending on y at a specific a value. Hence, at
low temperatures the surfactant is mostly located in the aqueous bottom phase; the surfactant
solubility in the non-polar phase is minor which is confirmed by a small phase volume of the latter
phase (Winsor | behavior). Anyhow with increasing the temperature the Winsor Ill system is evolving
with the microemulsion as middle phase. If y is also increased the system is existent as a single phase
system (Winsor IV). At high temperatures the phase behavior is switching to Winsor Il. Here the
surfactant is concentrated mostly in the 1-dodecene rich phase, confirmed by an increased phase
volume of the latter phase. Figure 37 depicts the gauged Kahlweit’s fish for system A. Of course in
literature are some data for Kahlweit’'s fish of surfactant containing systems especially for alkane
containing systems (19), (22), (84), (137), (235), (262), (263) and (264). For alkene containing systems

Rost et al. (19) published a fish diagram measured at a = 0.5 for the system water + Marlophen
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NP9® + 1-dodecene. The used surfactant is a technical grade surfactant of the alky phenyl

polyethoxylate type described in section 2.1.1 and technical grade 1-dodcene. However, after careful

inquiry no Kahlweit’s fish data for system A containing alkenes and CE; type surfactants could be

found.
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Figure 37: Kahlweit’s fish for system A at a equal to 0. 5.

The phase change temperatures are given in Table 2.

Table 2: Experimental determined phase transition temperatures for system A gauged with the optical method. T;:

phase transition from Winsor | to Winsor IlI; T,: Phase transition from Winsor 11l to Winsor Il; T3: Phase transition from

Winsor | to Winsor IV; T,: Phase transition from Winsor IV to Winsor Il at given y and fixed «= 0. 5.

T./°C T,/°C Ts/°C T./°C Yook
68.1 75.5 0.0174
69.3 0.0209
68.3 0.0308
78.8 0.0366
67.7 0.0417
66.6 823 0.0536
69.4 0.0651
69.4 0.0757
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83.1 0.078
69.8 0.0901
68.7 0.0992
80.5 0.1015
69.7 0.1081
69.8 0.119
794 0.1254
70.4 0.1317
70.4 0.1444
76 0.1521
71 0.1566
71.2 73.3 0.1736
71.6 725 0.1877
62 72.6 0.2075
61.2 72.9 0.2157
60.4 73.3 0.2241

5.1.1 Influence of the ethoxylate chain length

In order to estimate the phase and aggregation behavior of technical surfactants, which are always a
mixture of different ethoxylate chain length, it is required to determine the ethoxylate unit’s
influence on the LLE. In general it is known that with increasing the number of etholxylate units and
fixed number of carbon atoms in the hydrophobic chain the Winsor Il system is shifted to higher
temperatures. Vice versa the Winsor Il system is shifted to lower temperatures with decreasing the
ethoxylate chain length at a given hydrophobic component. The influence of different ethoxylate
chain lengths on three phase temperature intervals in systems containing alkanes, nonionic
surfactants CiE; and water could be found in the literature: (22), (84), (149), (150) and (151). Until

today no fish diagrams with alkenes and surfactants of the Ci; type in dependency of the j-number
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are available in literature for the authors knowledge. In Figure 38 is the influence of the ethoxylate

chain length on the three phase body at constant a is depicted.
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Figure 38: Kahlweit’s fish at constant oil-water ratio «= 0.5 for Cy;Eg (solid squares and solid line), C,,E; (open

squares and dashed line) and C,E, (open circles and dotted line) at different surfactant mass fraction y in dependency of

temperature.

In good agreement to the results obtained with alkanes the three phase body of the fish is shifted to

lower temperatures with decreasing the number of ethoxylate units at constant i-number. Likewise

the shape of the fish’s body is shrinking meaning that the Winsor Ill phase evolves at a narrow y

margin. This implicates that the phase inversion temperature (PIT) is also shifted to lower ¥ and

lower temperatures. In the phase change temperatures are given in Table 3, respectively Table 4.

Table 3: Phase change data for the system water + C;,E,; + pure 1-dodecene; T,: phase transition from Winsor | to

Winsor Ill; T,: Phase transition from Winsor Il to Winsor Il; T3: Phase transition from Winsor | to Winsor IV; T;: Phase

transition from Winsor IV to Winsor Il at given y and fixed a« = 0. 5.

T./°C T,/°C T./°C T./°C Ve,
15 19.5 0.0108
15.2 218 0.0135
14.3 223 0.0185
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15.3 241 0.0199
15 27.5 0.0259
153 28.7 0.0271
154 29.6 0.0331
16.9 28.6 0.0405
17.2 28.3 0.0458
17.3 274 0.0521
17.4 26.2 0.0545

15.8 17.7 0.0584

14.5 18.2 0.0688

14.2 18.6 0.0753

Table 4: Phase change data for the system water + C;,E¢ + 1-dodecene; T;: phase transition from Winsor | to Winsor

11l; T,: Phase transition from Winsor Ill to Winsor II; T3: Phase transition from Winsor | to Winsor IV; T4: Phase transition

from Winsor IV to Winsor Il at given y and fixed a = 0.5.

T./°C T,/°C Ts/°C T./°C Ve ke
45.2 47.8 0.0097
45.8 52.1 0.0133
47.9 60.2 0.0204
472 69.1 0.0344
46.9 71 0.0387
46.6 722 0.0536
46.8 715 0.0632
46.8 70.3 0.0689
46.9 70.9 0.0758
47.1 70.3 0.0865
473 68.4 0.1004
47.8 65.6 0.1035
436 48.2 0.1072
422 486 0.1141
41.4 49.2 0.1221
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5.1.2 Influence of technical grade substances

As accentuated for technical processes only technical grade surfactants can be applied. According to
Haumann et al. (15), Rost et al. (19) and Hamerla et al. (216) adequate temperatures for
hydroformylation are between 75°C and 80°C with a starting temperature 110°C. Kahlweit and Strey
(22) pointed out that moderate pressure changes influence the LLE insignificant. In literature a fish
diagram for the system technical surfactant Marlophen NP9® + 1-dodecene + water could be found
(19). In general this system is a system suitable for hydroformylation processes, but the Marlophen
NP® type surfactants causing wastewater treatment and environmental problems and therefore they
are restricted in European Union (35) contrary to the CE; type surfactants. Given that C;,Es possesses
a three phase area in the relevant temperature range further investigation with a technical
surfactant with Cy,E5 as a major component are necessary. Beside this, in literature (16) some data
points for the system 1-dodecene and different Marlipal® type surfactants are existent. These data
provide information just at one concentration point in dependency of temperature. Figure 39 shows
the influence of technical grade surfactant Genapol X080® with the major component Cy,Es and

technical grade 1-dodecene on the LLE in terms of Kahlweit’s fish measured at @ = 0.5.
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Figure 39: Kahlweit‘s fish for system A (open squares and dashed line) compared to system B (solid squares and solid

lines) at constant a@ = 0.5.
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The technical grade surfactant has an exceeding influence on the LLE. Winsor Ill area is shifted to
higher temperatures and the dimension of the three phase body is increased. Up t0 Yeenapol x0802=0.27
no Winsor IV system could be found. The Winsor IV system will occur at higher surfactant
concentrations. However, these high surfactant concentrations are not relevant for

hydroformylation. In Table 5 the phase change temperatures are given.

Table 5: Phase change temperatures for system B; T,: phase transition from Winsor | to Winsor lll; T,: Phase

transition from Winsor Ill to Winsor Il at given y and fixed ¢ = 0.5.

T/°C T/°C ¥ Genapol x080°
97.5 120 0.0031
125 0.0051
90.5 121.3 0.0081
84.5 0.0101
87.3 115 0.1226
88.1 0.144
91.9 112.5 0.1825
933 0.205
92.5 105 0.227
94.5 100 0.253
27.8 934 0.278

5.1.3 Influence of the aldehyde

Hitherto the LLE for a system suitable for hydroformylation was investigated, meaning the system
consists of three different components: Educt, water for dissolving the catalyst and surfactant
responsible for contact between catalyst and educt. However, during the reaction product is formed
in a non-negligible amount. Having in mind that the produced aldehyde exhibits non polar and more

polar parts within the molecule, thus showing similarities with a classical co-solvent, the investigation
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Wtridecanal

on the LLE becomes evident. Therefore at three different aldehyde ratios f = ” ">
tridecanal 1-dodecene

(B =0.25, § =0.5and B = 1) the product influence on LLE was studied. Hamerla et al. (216)
adjusted the reaction temperatures after reaction onset from 110°C to 80°C in order to keep the
reaction rate high, which is confirmed by results of (19). They measured the influence of increased
aldehyde content within the hydrophobic phase in the system Marlophen NP9® + water + 1-
dodecene, technical. However, due to restrictions of the phenyl type surfactants, further
investigation for systems containing ethylene glycol type surfactants, which are used as
replacements are performed. In Figure 40 the influence of increased tridecanal fraction related to the

hydrophobic phase is depicted.
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Figure 40: Influence of tridecanal to system A (squares and solid line: B;,idecanai = 0; triangles and dotted line:

Biridecanat = 0.25; circles and dashed line B¢rigecanat = 0. 5)-

With increasing B the Winsor Ill system is shifted to lower temperatures. This behavior can explain
the observation regarding the reaction rate obtained by Rost et al. (19) and Hamerla et al. (216). The
Winsor Il phase temperature is decreasing around 40°C if § is increased up to 0.5. For § = 1 the
three phase area is sunken below the surfactant’s melting point. Beside this the Winsor IV system is

expanding. For application of this system in a technical scale the reactor temperature has to be
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adjusted during the process in dependency of the aldehyde concentration in the reactor.

Furthermore, the hold-up in the reactor has to be controlled since the Winsor Il temperature is

decreasing with increasing aldehyde concentration witch leads in extreme case to a slowdown of the

hydroformylation reaction given that the reaction rate is maximal within the Winsor Il region

according to Rost et al. (19) and Hamerla et al. (216). In Table 6 the phase change temperatures are

given for § = 0.25 and in Table 7 for § = 0.5.

Table 6: Phase change temperatures for system A, = 0. 25; T;: phase transition from Winsor | to Winsor IllI; T,:

Phase transition from Winsor Ill to Winsor II; T3: Phase transition from Winsor | to Winsor IV; T,: Phase transition from

Winsor IV to Winsor Il at given y and fixed a = 0.5.

T./°C T,/°C Ts/°C Ta/°C Ycy,Eq
63.5 0.03946
50.5 62.5 0.05151
50.5 65.5 0.08596
66.5 0.098
50.5 67.5 0.11242
525 65.5 0.12268
48.5 65.5 0.1556
50.5 67.5 0.15772
46 69 0.2352
53 73 0.30817

In Table 7 the phase change temperatures are given for system A, 8 = 0.5.

74




Table 7: Phase change temperatures for system A, 8 = 0.5; T;: phase transition from Winsor | to Winsor Ill; T,:

Phase transition from Winsor Ill to Winsor II; T3: Phase transition from Winsor | to Winsor 1V; T,: Phase transition from

Winsor IV to Winsor Il at given y and fixed a = 0. 5.

T./°C T,/°C Ts/°C Ta/°C YCyyEg
49.5 535 0.02726
46.5 555 0.0433
44.5 56 0.0663
43.5 56 0.07857
43.5 56 0.08209
45.5 555 0.12024
45.5 555 0.15553
45.5 555 0.20974
375 0.24762
535 0.27525
30 57.5 0.31631
30 70.5 0.35696

5.1.4 Influence of the Rh - SulfoXantPhos catalyst

The next step is the investigation of the Rh catalyst influence. Although the catalyst concentration

according to Hamerla et al. (216) is very low, Wen-sufoxantrhos =2%¥10°, according to Figure 28 the

catalyst plus ligand has a complex amphiphilic structure which can influence the LLE. In Figure 41 this

influence is depicted.
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Figure 41: Influence of the Rh — SulfoXantPhos catalyst on the LLE of system A with « = 0.5 and f# = 0.5. Black
squares and line system A without Rh — SulfoXantPhos catalyst; open squares system A with Rh — SulfoXantPhos catalyst,

-5
=%
WRh—Squc'Xathhos'2 10°.

The influence of the catalyst is negligible in system A with @ = 0.5 and § = 0.5. The phase change

temperatures for the catalyst containing system are given in Table 8.

Table 8: Phase change temperatures for system A with @ = 0.5 and B = 0.5 containig Wgp- suifoxantPhos=2*105. Ty

phase transition from Winsor | to Winsor IlI; T,: Phase transition from Winsor 11l to Winsor Il at given y.

T./°C T,/°C Ve Eg
44 57 0.09
43 56 0.14

5.2 Cloud point curve measurements

Beside measurements in the ternary systems in term of the “Kahlweit’s fish” the detection of the
binary subsystems is necessary for a detailed investigation of the phase behavior within the ternary

systems A and B. To obtain the influence of the technical grade surfactant at first a cloud point curve
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for the system Cy,Es and water and then a cloud point curve for the system Genapol X080® + water

was detected.

5.2.1 C12Eg + water

The first binary subsystem investigated was the binary subsystem water and Cy;Es. This subsystem
was gauged with the optical method. A water + C;,E; mixture was prepared and the cloud point
temperature was detected roughly at first by a nested interval method. After that the cloud point
temperature was detected more precisely by heating up the solution and cooling down slowly. The
average was set as the cloud point temperature. The binary subsystem showed a LCST behavior,
which is quite common for systems belonging to the type CE; + water. In Figure 42 the demixing

behavior is depicted.
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Figure 42: Experimental cloud point temperatures for the system C;,Eg + water (squares: samples with peroxide

formation; circles system without peroxide formation).

In Table 9 and Table 10 the experimental demixing temperatures are given.
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Table 9: Experimental cloud point temperatures without peroxide formation related to the C;,Eg + water binary

subsystem.

W, ,Eq T/°C
0.0113 74
0.0171 74
0.028 71
0.0665 71.5
0.0773 72
0.0905 72
0.1208 75
0.1489 77
0.1518 76
0.1641 77
0.2166 80
0.2187 79
0.2417 82

Table 10: Experimental cloud point temperatures with peroxide formation related to the C;,Eg + water binary

subsystem.

W, Eg T/°C
0.0052 79.5
0.0097 78.5
0.1054 73

At any cloud point temperature the system disaggregates into two phases, one surfactant rich phase
and one surfactant poor phase. Nevertheless the surfactant concentration in both phases is always
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above the CMC (129). The CMC for the latter system depends strongly on temperature. At low
temperatures the CMC decreases with increasing the temperature but with further temperature
raise the CMC starts to increase Figure 16. With increasing the temperature the hydrophobicity
increases as well and according to Chen et al. (128) the hydration of the hydrophilic head group is
decreased. The hydration of this molecule part is responsible for the micelle formation. At high
temperatures another effect has to be taken into account: The increased temperature causes a
breakdown in the structured water molecules surrounding the hydrophobic tail, which is in disfavor
of the formation of micelles. These two opposing effects cause the minimum in the CMC (128). The
phase behavior in the binary system C,,Es + water at region where liquid crystalline phases occur was
not investigated because for hydroformylation process this concentration range is irrelevant. After
several hours at high temperatures thermal decomposition of surfactant was noticed and peroxides
were formed. A rough estimation of the peroxide content with test stripes results in a peroxide
concentration below 25mg per liter in all solutions. To exclude an effect of the formed peroxides on
the LLE three cloud points with fresh solution were measured again and as depicted in Figure 42 no
influence of peroxide formation on the LLE could be recognized. For the system C,,Ez + water several
data could be found in literature (90), (91), (265) and (266). In Figure 43 the measured cloud point

curve is compared to literature data.
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Figure 43: LLE data for the system C,,Eg + water (open circles: (91); stars: (265); open triangles: (90); open

pentagons: (266); solid squares: this work).
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The cloud point curve obtained in this work is much lower than other literature data (90), (91), (265)
and (266). An influence of chemicals with a different degree of purification could be excluded, given
that all research groups used the same highly purified Cy,Es surfactant. The difference can be
explained by the experimental procedure: Mitchell at al. (90) and Fujimatsu et al. (91) applied for
their experiments a continuously increase of temperature (2°C/min and 1.3°C/min). This large scale
heating rate can be used to detect roughly the LLE in this type of systems but not for an exact
determination. Unfortunately no further statement about the data measured by Shinoda et al. (265)
could be given since no information about experimental details and procedure is provided in the
paper. The data measured in this work is in good agreement with data obtained by Degiorgio et al.
(266) in the diluted and concentrated regions of LLE. Nevertheless differences near the critical point
occur. These differences occur due to the measurement technique. Degiorgio et al. (266) used a light
scattering technique with an extreme low heating rate (0.1°C/min), in this work the visual method
was applied. Having in mind the critical opalescence it is obvious that both methods show slightly

differences in the region near the critical point.

5.2.2 Ci2Eg + 1-dodecene

The next binary subsystem is the system Cy;Es + pure 1-dodecene. This system shows above the
surfactant melting point no demixing behavior and therefore the two substances are completely

miscible.

5.2.3 Genapol X 080® + water

For estimating the influence of technical grade substances the LLE in the binary system Genapol
X080® + water was investigated and in Figure 44 the LLE for Cy,Es + water and Genapol X 080® +

water is plotted.
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Figure 44: Cloud point curve for the system Cy,Eg +water (solid squares) and Genapol X080® + water (open squares).

Both systems show the for the alky polyglycol ether type surfactants typical LCST demixing behavior.
However, when technical grade substances are applied the demixing temperatures are shifted to
much lower temperatures. The temperatures differ for more than 20°C. Beside this the cloud point
curve shape has a more narrow form when technical grade substances are used. In Table 11 the
demixing temperatures for system B are given. The cloud point data in literature (267) and (268)
differ in a wide range as depicted in Figure 45. For a solution containing 1% Genapol X080® (w/v) two
different cloud points could be found (268) reported 34.5°C and (267) 75°C. Unfortunately Sosa
Ferrera et al. (267) gave no further information about the experimental procedure to obtain the

demixing temperature.

Table 11: Demixing temperatures for the system Genapol X080® + water.

W enapol xos0° T/°C
0.00751 56
0.00753 56
0.00774 53
0.00788 53
0.02485 47.5
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0.03919 42
0.0575 49
0.06444 525
0.06496 54.5
0.08406 54.5
0.09559 58.5
0.10779 59.5
0.11012 61.5
0.16055 69

Shi et al. (268) measured the demixing curve with a specific heating rate of 1°C/10min.. Taking into
account that the equilibration time for this type of systems is in the range of several hours one can
assume that in this particular case the solid liquid equilibrium (SLE) curve was investigated. This
assumption is confirmed by the melting point for the technical grade surfactant, which is the

temperature range between 30°C and 40°C measured with help of the optical method.
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Figure 45: Cloud point curve for the system Genapol X080® + water (squares: (268) and circle: (267)).
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5.2.4 Genapol X080® + technical 1-dodecene

The last binary subsystem investigated with the optical method is the binary system Genapol X080® +
technical 1-dodecene. Above the melting range of the technical surfactant mixture both substances
are completely miscible and show no demixing behavior. This is in good agreement with the results

obtained for C;,Eg and pure 1-dodecene.

5.3 Tie line and solubility measurements

5.3.1 1-Dodecene + water

The binary subsystem 1-dodecene + water exhibits a broad miscibility gap. The solubility of water in

pure 1-dodecene is shown in Figure 46 and experimental data is given in Table 12.
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Figure 46: Experimental temperature dependent water solubility in pure 1-dodecene.

In the temperature range between the freezing and the boiling point of the mixtures the

temperature has hardly influence on the solubility of water in 1-dodecene.
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Table 12: LLE data for the 1-dodecene rich side in the 1-dodecene + water binary subsystem in dependency of

temperature.

10" Wuater T/°C
0.8 1
0.6 5
0.7 10
1.2 15
1.4 20
1.1 25
2 30
2.4 40
2.2 45
2.5 50
4.5 55
4 60
5.3 65
5.8 70

With help of the special enrichment procedure it was possible to gain through HPLC measurement
the solubility of 1-dodecene in water at room temperature (T=25°C). Since a large amount of water
(=10kg) has to be temperate for this experiment it was only possible to operate this experiment at
room temperature. To verify this experiment the recovery rate was checked in the following way:
With help of dilution series a stock solution of 1-dodecene in 1-propanol was prepared and a small
amount of this solution was put into water, resulting a 1-dodecene mass fraction below the maximal
solubility of 1-dodecene in water. The amount of 1-dodecene was detected and the recovery rate

was 95%. In Figure 47 the solubility of several alkanes and alkenes at 25°C are given.
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Figure 47: Solubility of several alkanes (open squares: (146)) and alkenes (open circles: (146), star: this work) in

dependency of chain length at room temperature (25°C).

The solubility of alkanes or alkenes is decreasing with increasing the chain length. The solubility of 1-
dodecene in water agrees well with the homologue series. The solubility of 1-dodecene in water is

Wpurel-dodecene = 1.8-1077, respectively Xpure 1-dodecene — 1.65-1078.

5.3.2 Technical 1-dodecene + water
For the binary system technical 1-dodecene + water the water solubility in technical 1-dodecene was
measured. As expected from measurements with pure 1l-dodecene the temperature has hardly

influence on water solubility in the alkene. Figure 48 depicts the water solubility in technical 1-

dodecene compared with the water solubility in pure 1-dodecene.
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Figure 48: Water solubility in pure 1-dodecene (squares) and water solubility in technical 1-dodecene.

In both cases the water solubility within the alkene rich phase differs marginal across the entire

temperature range and therefore there is little difference in the solubility of water in pure and in

technical grade surfactant. The data points are given in Table 13.

Table 13: Water solubility in technical grade 1-dodecene.

10" Wiechnical 1-dodecene T/°C
0.13 2
0.11 10
0.25 20
0.24 30
0.32 40
0.86 50
141 60
1.61 70
1.91 80
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The solubility of technical grade 1-dodecene in water was measured due to the complex enrichment
procedure only at room temperature. The procedure was similar to the measurement of pure 1-
dodecene solubility in water and the solubility is equal t0 Wiechnical 1-dodecene = 1.75 1077,
respectively Xiechnical 1—dodecene = 1.6 - 1078 which in the range of the solubility for pure 1-

dodecene in water.

5.3.3 Ciz2Eg + 1-dodecene + water

In the ternary system Cy,Ez + 1-dodecene + water the Kahlweit’s fish was detected by the optical
method at a specific a as depicted in Figure 37. However, this information provides no information
about the mass fractions of different substances in the different coexisting phases. To obtain detailed
information about the phase composition tie lines were measured with help of HPLC in a
temperature range between 30°C and 90°C in 10°C steps, each. At temperatures between 30°C and
60°C system A shows the classical Winsor | phase behavior, the surfactant is mostly dissolved in the
aqueous phase. Figure 49 shows the LLE for system A at 30°C. The experimental data for the Winsor |

system is given in Table 14.

Figure 49: Tie lines for system A at 30°C.
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The tie lines are expanded to the surfactant rich site and the surfactant containing aqueous phase is
in equilibrium with a nearly pure oil phase. If the temperature is increased the general phase

behavior for system A is not changing. Figure 50 depicts the tie lines for system A at 40°C.

0.00 0.25 0.50 0.75 1.00

water

Figure 50: Tie lines for system A at 40°C.

By further increase of temperature up to 50°C the general picture stays the same as depicted in

Figure 51.

a o
O v »

Figure 51: Tie lines for system A at 50°C.
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At 60°C system A shows again Winsor | phase behavior, shown in Figure 52.

water

Figure 52: Tie lines for system A at 60°C.

Table 14: LLE data for system A at temperatures 30°C, 40°C, 50°C and 60°C. Superscript | denotes the oil rich phase

and superscript |l denotes the aqueous phase.

T/°C WII-IZ 0 Wélz Eg Wgzo Wéiz Eg
30 < 0.0001 0.0009 0.9108 0.0723
30 < 0.0001 0.0119 0.9396 0.0519
30 < 0.0001 0.0190 0.9096 0.0679
30 < 0.0001 0.0109 0.8989 0.0747
30 < 0.0001 0.0113 0.9653 0.029
30 < 0.0001 0.0038 0.9243 0.0579
30 < 0.0001 0.0033 0.9561 0.033
30 < 0.0001 0.0039 0.9358 0.039
30 < 0.0001 0.0020 0.9568 0.039
30 < 0.0001 0.0046 0.988 0.0086
30 < 0.0001 0.0074 0.91 0.0749
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30 0.0009 0.0037 0.8925 0.0827
30 0.0001 0.0227 0.8866 0.087
40 < 0.0001 0.0008 0.9576 0.0322
40 < 0.0001 0.0009 0.9304 0.0502
40 < 0.0001 0.0012 0.9814 0.0145
40 < 0.0001 0.0012 0.9885 0.0089
40 < 0.0001 0.0013 0.9272 0.0562
40 < 0.0001 0.0010 0.9237 0.0598
40 < 0.0001 0.0011 0.9762 0.0174
40 < 0.0001 0.0012 0.91 0.0681
40 0.0008 0.0016 0.8493 0.1185
40 0.0003 0.0015 0.8042 0.172
40 0.0011 0.0017 0.8523 0.1214
40 < 0.0001 0.0019 0.7909 0.178
40 0.0012 0.0015 0.8152 0.1453
50 0.0001 0.0113 0.9881 0.0083
50 0.0002 0.012 0.9606 0.0178
50 0.0001 0.0125 0.9279 0.0504
50 0.0001 0.0109 0.9662 0.0264
50 < 0.0001 0.0134 0.08184 0.1616
50 < 0.0001 0.0118 0.9274 0.0594
50 < 0.0001 0.0129 0.9252 0.0449
50 < 0.0001 0.0123 0.9509 0.0394
50 < 0.0001 0.0121 0.9076 0.0776
50 < 0.0001 0.0134 0.8884 0.09
50 < 0.0001 0.0122 0.9916 0.0064
50 < 0.0001 0.0075 0.9993 0.0005

90




50 < 0.0001 0.0138 0.8863 0.073

50 < 0.0001 0.0132 0.9692 0.0098
50 < 0.0001 0.015 0.9208 0.0660
50 < 0.0001 0.0145 0.9255 0.0521
50 < 0.0001 0.0152 0.9245 0.0533
60 < 0.0001 0.0233 0.9860 0.0088
60 < 0.0001 0.0244 0.9251 0.0590
60 < 0.0001 0.0167 0.9374 0.0481
60 < 0.0001 0.0231 0.9247 0.0608
60 < 0.0001 0.0242 0.9484 0.0371
60 < 0.0001 0.0236 0.9717 0.0193
60 < 0.0001 0.0242 0.9970 0.0005
60 < 0.0001 0.0236 0.8793 0.0900
60 < 0.0001 0.0248 0.8822 0.1045
60 < 0.0001 0.0238 0.8656 0.1167
60 < 0.0001 0.0241 0.8998 0.0810
60 < 0.0001 0.0245 0.8775 0.1066
60 < 0.0001 0.0239 0.8499 0.1367
60 0.0013 0.0236 0.8525 0.1291
60 0.0016 0.0249 0.8367 0.1574
60 < 0.0001 0.0291 0.8214 0.1645

At 70°C system A changes the phase behavior, a third phase is evolving and the system is now in the

Winsor lll region. In Figure 53 the Gibbs’s triangle for 70°C and 80°C is plotted.
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Figure 53: LLE for system A at 70°C (triangles and solid line) and 80°C (squares and dotted line).

water

At these two temperatures the microemulsion is in equilibrium with two almost pure excess phases,

one water excess phase at the bottom and one oil excess phase on top. The top of the three phase

body is moving with increasing temperature towards the 1-dodecene side due to the increased

solubility of Cy,Eg in the oil rich phase. The phase change temperatures obtained from the tie line

measurement in system A are in good accordance with the data obtained from the Kahlweit’s fish

measurement in Figure 37. In Table 15 the data for the three phase equilibrium are given.

Table 15: LLE data for system A at temperatures 70°C and 80°C. Superscript | denotes the oil rich phase, superscript Il

denotes the microemulsion phase and superscript 11l denotes the aqueous phase.

T/°C Wii0 7 Wiio N Wiiyo Wil g,
70 0.0015 0.0163 0.7200 0.1494 0.9991 0.0003
80 <0.0001 | 0.0041 0.5969 0.1999 0.9998 0.0002
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At 90°C the phase behavior of system A has changed again, the surfactant is now mostly located in

the oil rich phase. This behavior is called Winsor Il phase behavior. The tie lines for system A at 90°C

are plotted in Figure 54 the data is given in Table 16. Again, the phase change temperatures fit to the

phase change temperatures obtained by the measurement of the Kahlweit’s fish for system A plotted

in Figure 37.

Figure 54: Tie lines for system A at 90°C.

0.00

1.00

Table 16: LLE data for system A at 90°C. Superscript | denotes the oil rich phase and superscript Il denotes the

aqueous phase.

T/°C WI{IZO WcI:uEg W;IIZO WéizEs
90 0.0003 0.0591 0.9999 0.0001
90 0.0024 0.0287 0.9999 0.0001
90 0.0555 0.0876 0.9999 0.0001
90 < 0.0001 0.0452 0.9999 0.0001
90 0.0061 0.0603 0.9999 0.0001
90 0.0861 0.1316 0.9999 0.0001
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90 0.0345 0.122 0.9999 0.0001

90 < 0.0001 0.22 > 0.9999 < 0.0001

90 0.0803 0.1719 0.9999 0.0001

The obtained results depicted from Figure 49 to Figure 54 and Table 14 to Table 16 show an excellent
agreement with the expected phase behavior. With increasing the temperature at a constant
surfactant feed concentration, the solubility of Ci,Es must decrease in the aqueous phase and
increase in the oil rich phase, since the surfactant solubility in the latter phase is increasing with
temperature. In Figure 55 the C;,Eg mass fraction is plotted at a constant feed concentration within

the aqueous phase in dependency of temperature.
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Figure 55: C;)Eg weight fraction in the aqueous phase at a constant feed (wc p, =~ 0.04) in dependency of

temperature.

Vice versa the Cy,E;g solubility in the oil rich phase is increasing with increasing temperature as shown
in Figure 56. The data plotted in Figure 55 and Figure 56 are not only useful for estimation of the
measurement quality. They can help to estimate in a first approximation the catalyst loss if one

assume that the catalyst + ligand is following the surfactant in the solubility behavior. For operating
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the technical process e.g. in a miniplant these data can set the basis for choosing the different
temperatures for phase separation, reactor temperature and so on. Furthermore, the surfactant loss
with the product phase can be estimated and the amount of surfactant make up can be valued.
Alongside a big amount of surfactant in the product stream can affect the product purification in a
negative way. It is also possible to estimate the amount of recycled product within the aqueous

phase; of course this amount has to be as low as possible for an economic process.
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Figure 56: w(_, i, in the oil rich phase at a constant feed (w , g, =~ 0.04) in dependency of temperature.

5.3.4 Genapol X080® + technical 1-dodecene + water

The next step is the investigation of the phase equilibrium in the pseudo ternary system Genapol
X080® + technical 1-dodecene + water in order to compare it with the LLE data for system A. As
depicted in Figure 57 at 30°C only a slight difference between system B and system A can be

recognized. Both systems are in the Winsor | phase region.
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0.00 0.25 0.50 0.75 1.00 .

Figure 57: Tie lines for system A [squares and solid line] and system B [open triangles and dashed line] at 30°C.

With increasing the temperature up to 40°C the overall phase behavior for both systems does not

change as depicted in Figure 58.

0.00 0.25 0.50 0.75 1.00

water

Figure 58 Tie lines for system A [squares and solid line] and system B [open triangles and dashed line] at 40°C

The surfactant is mostly located in the aqueous phase for system A as well for system B. With further
rise of temperature up to 50°C both systems stay in the Winsor | region as it is clearly visible in Figure

59.
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Figure 59: Tie lines for system A [squares and solid line] and system B [open triangles and dashed line] at 50°C.

Equally at 60°C no significant difference in the phase and aggregation behavior of system A and

system B could be recognized. In Figure 60 the Gibbs’s triangle at 60°C is shown.

WWater

Figure 60: Tie lines for system A [squares and solid line] and system B [open triangles and dashed line] at 60°C.

At 70°C the phase behavior for system A has changed and now the surfactant is mostly dissolved in
the middle phase. However, in system B now three phase equilibrium is evolving with one water and
one 1-dodecene excess phase. In Figure 61 the triangle for both systems is plotted. At high surfactant

concentrations a one phase region could be found.
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Figure 61: Tie lines for system A [solid triangles and black line] and system B [open triangles and dashed line] as well

as one phase compositions for system B [open circles] at 70°C.

At this temperature the technical grade surfactant is able to solubilize a noteworthy amount of
technical grade 1-dodecene within the aqueous phase. At 80°C system A remains still in the Winsor I

region and until this temperature there is no change in the phase behavior of system B as depicted in

Figure 62.

water

Figure 62: Tie lines for system A [solid triangles and black line] and system B [open triangles and dashed line] as well

as one one phase composition for system B [open circles] at 80°C.
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The measured data points for the Winsor | of system B are given in Table 17 and for the Winsor IV

region in Table 18.

Table 17: Measured LLE data for system B in the Winsor | phase region. Superscript | denotes the oil rich phase and

superscript Il denotes the aqueous phase.

T/°C WII-IZO Wéenapol X080® WI{IIZO W(I;Ienapol X080®
30 < 0.00001 0.0005 0.99668 0.00303
30 < 0.00001 0.0002 0.99031 0.00951
30 < 0.00001 0.0006 0.98996 0.00951
30 < 0.00001 0.001 0.98219 0.01697
30 < 0.00001 0.0031 0.95552 0.04179
30 < 0.00001 0.002 0.97515 0.023514
30 < 0.00001 0.0019 0.95351 0.04531
30 < 0.00001 0.0017 0.97319 0.02615
30 < 0.00001 0.0019 0.92103 0.07771
30 < 0.00001 0.005 0.89247 0.10356
30 < 0.00001 0.0034 0.87452 0.12252
30 < 0.00001 0.0028 0.89587 0.10211
30 < 0.00001 0.0074 0.80787 0.19012
30 < 0.00001 0.0063 0.9747 0.01531
30 0.001 0.0068 0.7774 0.22174
30 0.002 0.00838 0.73453 0.26063
40 0.00019 0.00126 0.9888 0.09933
40 0.00014 0.00086 0.9951 0.00466
40 0.00015 0.00062 0.99644 0.00249
40 0.00017 0.0039 0.98078 0.01794
40 0.00023 0.00402 0.97842 0.0201
40 0.00018 0.00402 0.8657 0.13012
40 0.0002 0.00402 0.96228 0.03542
40 0.00021 0.00513 0.95377 0.04406
40 0.0002 0.00504 0.97843 0.0194
40 0.00023 0.00455 0.92505 0.07396
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40 0.00026 0.00804 0.9003 0.09685
40 0.00024 0.00548 0.80343 0.19607
40 0.00023 0.00486 0.87133 0.12725
40 0.00023 0.00861 0.72444 0.27516
40 0.00024 0.00511 0.85006 0.14922
40 0.00022 0.00587 76706 0.23278
40 0.00025 0.00636 0.75263 0.24709
40 0.00015 0.01423 0.60065 0.39702
40 0.00022 0.00175 0.69928 0.30045
50 0.00021 0.00512 0.96089 0.03794
50 0.00018 0.00231 0.99459 0.00506
50 0.00027 0.00667 0.92233 0.07595
50 0.00026 0.00840 0.75531 0.24429
50 0.00028 0.00754 0.8327 0.16699
50 0.00024 0.0032 0.98303 0.01604
50 0.00027 0.00861 0.71385 0.28589
50 0.00029 0.01214 0.71385 0.25589
50 0.00026 0.00775 0.91753 0.08034
50 0.00025 0.01242 0.6819 0.3177

50 0.00044 0.0194 0.58084 0.41916
50 0.00042 0.02107 0.42959 0.57024
50 0.00038 0.01864 0.54831 0.45169
50 0.00037 0.00664 0.60653 0.39312
60 0.00039 0.00528 0.982 0.01628
60 0.00048 0.00932 0.91716 0.07488
60 0.00034 0.01653 0.84694 0.1342

60 0.00046 0.0184 0.78504 0.18957
60 0.00054 0.02042 0.7456 0.23307
60 0.00051 0.02234 0.6594 0.3164

60 0.00055 0.02044 0.6687 0.33086
60 0.00087 0.02537 0.43127 0.54611
60 0.00058 0.02751 0.63761 0.34175
60 0.0005 0.02377 0.86766 0.11678
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60 0.00036 0.00484 0.98961 0.00936
60 0.00037 0.00004 0.99983 <0.00001
70 0.00146 0.02878 0.81917 0.15459
70 0.00097 0.03133 0.75298 0.21819
70 0.00133 0.03108 0.6321 0.32872
70 0.00105 0.02344 0.89081 0.07189
80 0.0082 <0.00001 0.98805 0.00701
80 0.00444 0.02044 0.89219 0.07931
80 0.00305 0.20801 0.8685 0.10033
80 0.00579 0.02881 0.78189 0.16

80 0.0016 0.03518 0.77617 0.1758
80 0.00228 0.0466 0.76086 0.17828
80 0.00078 <0.00001 <0.99999 <0.00001

Table 18: Phase composition for system B in the Winsor IV region at 70°C and 80°C.

T°C W11120 WCI;enapolX080®
70 0.34927 0.34609
70 0.34056 0.36218
80 0.33373 0.33553

At 90°C system B has reached the Winsor Ill region with the microemulsion as the middle phase and
in system A the Winsor Il phase behavior is existent. This is in good agreement with Kahlweit’s fish
depicted in Figure 39. In Figure 63 the phase behavior for system B is compared to the phase

behavior in system A.
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water

Figure 63: Tie lines for system A [solid squares and black line] and system B [open triangles and dashed line] at 90°C.

In Table 19 the measured data points are given.

Table 19: LLE data for system B at 90°C. Superscript | denotes the oil rich phase, superscript Il denotes the

microemulsion phase and superscript Il denotes the aqueous phase.

T/OC WI{IZO WCI;enapol X080® WI{IIZO Wgenapol X080 ® WII-IIZIO WCI;IeInapol X080 ®
90 0.00234 0.01997 0.67941 0.15203 0.99981 < 0.00001

In addition to the determination of the phase compositions in the three phase area at 90°C tie lines
for the binary system attached to the three phase area at the technical 1-dodecene side were
measured at 85°C and 90°C. It was not possible to determine tie lines for the binary system attached
to the three phase area at the Genapol X080® side due to the tremendous equilibration time. The
knowledge of the binary systems attached to the ternary LLE is necessary for the application of these
systems. Given that the optimal reaction temperature for hydroformylation is between 80°C and
90°C it is necessary to have a nearly complete overview about the phase behavior in whole
concentration range. The measured tie lines are plotted in Figure 64 and Figure 65 the data points

are given in Table 20.
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Figure 64: Tie lines [solid squares and black line] attached to the three phase LLE [dashed line and open triangles] at

85°C.

Figure 65: Tie lines [solid squares and black line] attached to the three phase LLE [dashed line and open triangles] at

90°C. Open circles specify single phase compositions.
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Table 20: Phase compositions for the binary systems attached to the three phase region at temperatures 85°C and

90°C.
T/°C WII-IZO Wéenapol X080® WI{IIZO W(I;Ienapol X080®
85 < 0.0001 0.0501 0.4647 0.3168
85 < 0.0001 0.089 0.363 0.3488
85 < 0.0001 0.0421 0.4678 0.2685
90 < 0.0001 0.0513 0.5711 0.2338
90 < 0.0001 0.0737 0.5311 0.2465
90 < 0.0001 0.0931 0.4574 0.3273
90 < 0.0001 0.08 0.5007 0.2689

Measurements at higher temperatures than 90°C were not possible due to boiling retardation. As

demonstrated in 5.3.3 the solubility of Cy,Es within the aqueous phase is decreasing with increasing

temperature. The same behavior is expected for the technical grade surfactant. In Figure 66 the

surfactant solubility in the aqueous phase at constant feed mass fraction is plotted.
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Figure 66: Wgenapol x0s0 in the aqueous phase at a constant feed (Wgenapol xos0 <0.04) in dependency of temperature.
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When temperature is increasing the solubility of surfactant in the aqueous phase is decreasing this is
in good agreement with the results obtained from measurements with the pure substances. Vice
versa the solubility of the technical surfactant has to be enhanced in the oil rich phase. This is the
case as depicted in Figure 67. The data plotted in Figure 66 and Figure 67 can be used for verifying
the catalyst loss in a technical scale process. The data obtained in 5.3.3 gave a first hint about the
estimation of catalyst loss in the oil rich phase as well as the surfactant loss with the product phase.
It turned out that there are large differences in the phase behavior in system A and system B.
Therefore it is necessary to estimate the catalyst loss and the surfactant loss with technical grade
substances again. In addition to that the amount of product which cannot be separated in the phase

separation step can be estimated, too.
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Figure 67: Wgenapol xoso0 in the ail rich phase at a constant feed (Wgenapol xos0 <0.04) in dependency of temperature.

In addition to that the mass balance has to be fulfilled. The mass balance was checked by plotting a

single tie line and the corresponding feed point as shown in Figure 68.
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Figure 68: Single tie line (solid line), phase compositions within the coexisting phases (open squares) and feed

weight fraction (solid square) at 30°C for system B.

5.3.5 Four phase LLE in the system Genapol X080® + 1-dodecene +

water

Let us assume a system containing three pure substances. According to Gibbs’s phase rule this
system can have a four phase LLE having in mind that under these circumstances the degree of
freedomisone: F =2 —m+n =2 -4+ 3 = 1. F denotes the degree of freedom, 1t the number of
phases and n the number of components. Furthermore, in laboratory experiments usually the
pressure is fixed to atmospheric pressure or in addition pressure has no influence on the system,
then the degree of freedom is reduced to zero. In general systems of the type nonionic surfactant +
water + oil are not depending on pressure in moderate pressure regions (22). Therefore in a three
component system finding a four phase LLE is a rare coincidence or practical impossible.

Nevertheless in system B a four phase LLE was investigated as depicted in Figure 69, because this
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system is a true multicomponent system. To verify the four phase LLE the sample was shaked and the

fourth phase evolved again. Furthermore, the experiment was repeated several times.

Figure 69: Four phase liquid liquid equilibrium in system B at 90°C.

The microemulsion splits into two transparent phases in opposition to Schulman and Riley (269) who
described the microemulsion as a stable, optically transparent phase. This can happen having in mind
a system containing technical grade surfactant is in no case a three component system. Moreover it
is a multicomponent system since the technical grade surfactant contains not converted fatty
alcohol, surfactants with a different degree of ethoxylation and not converted ethylenoxide. Likewise
in technical surfactants a lot of additives could be part of the formulation. This result is also of
importance for the technical application within the miniplant. On the one hand the four phase LLE
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can influence the hydroformylation reaction significantly on the other hand new problems with
phase separation can occur. If the separator is configured to separate a system containing three
liquid phases it would be very difficult to separate four phases. Here always two phases are leaving

the separator together, which has influence of product and catalyst loss.

5.4 Comparison of pure and technical grade surfactant and 1-

dodecene

When technical grade substances are used the number and type respectively the nature of impurities
become more and more evident. Of course this thesis is not targeting a detailed analysis of amount
and structure of surfactant impurities a few hints can be obtained by the performed studies. Beside
this for hydroformylation process for e.g. in a miniplant one has to concern these hints and
furthermore, one must take the long term stability of surfactant into account. A look on the HPLC
chromatogram allows a first evaluation. In Figure 70 the chromatogram for Genapol X080® and C;,Es

dissolved in 1-propanol with a nearly similar mass fraction is plotted.
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Figure 70: Chromatogramm of Genapol X080® (dashed line, Wgenapol x030°=0.00054) and Cj,E3 (solid line,

Wc12e8=0.00058) dissolved in 1-propanol.
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There are significant differences determinable. The Genapol X080® peak is broad compared to the
peak belonging to the pure substance. This is caused by a broad ethoxylate chain length distribution.
Beside this the surfactant decomposes while heating. A hint his given by FTIR measurement depicted

in Figure 71.
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Figure 71: FTIR spectrum for fresh Genapol X080® (dashed line) and Genapol X080® heated for 48h at 90°C (solid
line).
After heating the surfactant a clear increase of the peak within the area between wavenumber 2300
and 2400 ﬁ can be recognized. Normally the band between wavenumber 3300 and 2250 i can
refer to associated OH-groups. Through decomposition of the ethoxylate chain the number of these
groups is increasing. Beside this through surfactant decomposition peroxides are formed. These
peroxides can be determined after several hours of heating. The amount of formed peroxides after

48h hours heating is around 20 mg per liter solution. In case of 1-dodecene also differences in the

HPLC chromatogram could be recognized as depicted in Figure 72.
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Figure 72: Chromatogram of technical 1-dodecene (dashed line, Wi_gogecene, technica=0.00058) and pure 1-dodecene

(solid line, W;_godecene, pure=0-00051).

5.5 Calculation of the binary phase and aggregation behavior: The

Nagarajan and Ruckenstein model

Despite ternary systems containing surfactants, which cannot be modeled with acceptable accuracy
at the moment, the binary subsystem water + surfactant can be modeled with help of the micelle
formation model. The modeled LLE as well as the predicted CMC taken from Dorn et al. (270) are
compared with the cloud point curve obtained in this work given in Figure 73. The results are in good
agreement with the experimental data. One micelle poor phase is in equilibrium with a micelle rich
phase. The free enthalpy of mixing Eq. (4) can be calculated with help of the size distribution function
Eq. (15) and Auyg as function of aggregation number and temperature. Taking a g*-model Eq. (5)
into account with help of three adjustable parameters the equilibrium conditions Eq. (17) and Eq.
(18) can be solved.for the surfactant C12E8 according to Dorn et al. (270) the following paramaters

were used: C; = 0.874, C, = —287.5 and y = 141.625. (,uog)ster was fitted to CMC data obtained

at room temperature. Furthermore, the temperature dependency of the CMC was well described.
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Figure 73: Calculated LLE for the system C;,Ez and water (dotted line modeled cloud point curve from (270), squares

this work). Triangles experimental CMC data from (129), dashed line predicted CMC from (270).
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6. Summary and Outlook

Caused by the high potential of surfactant containing systems in the field of chemical engineering the
knowledge about the phase and aggregation behavior is fundamental. To perform any large scale
process without knowing about the phase behavior is not recommendable. Therefore the
measurement of new thermodynamic data is of major importance as the prediction of LLE for the
system water + nonionic surfactant + oil is still not satisfying. Within this work the LLE for the system
Cy,Es + water + 1-dodecene was measured across a wide temperature range. Several analytical
problems had to be managed and solved within the framework of this investigation. Around one
hundred samples were prepared for phase prism measurement witch implies around 500 single
measurements to detect the phase composition. New methods to handle this huge amount of
samples in an efficient way were developed. Through application of HPLC it was possible not only to
detect the thermal instable component surfactant but also to detect 1-dodecene with one analytical
device. This makes the time efficient measurement of these systems in principal feasible. Moreover,
the sampling has to be carried out at constant temperature. Furthermore, during sampling several
interfaces have to be pushed through with a needle in order to take a small amount of probe of each
phase. Especially in the three or four phase LLE this can cause a relevant measurement error. To
reduce this error a new approach for sampling from the bottom phase was implied and tested
successfully. One other challenge is the measurement of trace components concerning the binary
subsystem water + 1-dodecene. The water solubility of 1-dodecene is far beyond any standard
analytical method. A gas stripping technique was modified and through this additional step of
enrichment the measurement with standard analytical equipment was possible for the first time.
One other important issue is the surfactant quality. To obtain thermodynamic data generally pure
substances are used. For the most LLE measurements with e.g. bulk chemicals the difference
between measurements with pure substances and technical grade substances is small or negligible.
In case of surfactants this is not true. A technical grade surfactant cannot be considered as pure
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substance with some impurities. It is a true multicomponent system containing in general surfactant
molecules with a broad degree of ethoxylation, not converted fatty alcohols and ethylenoxide. The
influence of the surfactant with different degree of ethoxylation and the influence of the technical
grade surfactant were measured by means of the Kahlweit’s fish. Additional the influence of the
technical grade surfactant on the phase composition was studied. The surfactant quality can
influence the LLE drastically. Not only the temperature a three phase LLE is evolving is shifted to
much higher temperatures also the number of coexisting phases is increasing. To the authors
knowledge for the first time a four phase LLE was reported in a system containing technical grade
surfactant + water + oil. The developed methods for rapid measurement of the phase composition in
system containing the pure substances could be adopted for measurements in system containing
technical grade substances. Furthermore, for technical application e.g. the hydroformylation not only
the phase equilibria of technical grade surfactant + water + educt are of relevance also the influence
of the product has to take into account in order to operate the process correct. The phase prism
including the binary subsystems was therefore measured with technical surfactant Genapol X080®
and technical grade 1-dodecene. The product and catalyst influence on the system was successfully
studied in terms of the Kahlwet’s fish. Thereby no catalyst influence on the LLE was detectable. The
formed aldehyde is lowering the temperature of the Winsor Il system significantly and with a further
increased amount of product the temperature of the Winsor Il system can be decreased below the
melting range of the technical grade surfactant. For this reason the reaction temperature has to be
adapted during the process. Given that the prediction of LLE in systems forming a microemulsion is
still not sufficient the focus beside the further development of thermodynamic models should be in

sophistication of measurement.
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