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Abstract

The aim of the present work was the development of a metallosurfactant as catalyst
for the reactive separation of carboxylic acids from wastewater through biphasic
esterification.  The  catalyst was  synthesised from the  surfactant
4-Dodecylbenzenesulphonic acid (4-DBSA), which has already been successfully
used in catalysis, and the transition metal nickel. Certain requirements must be fulfilled
by the catalyst in order to be utilised effectively for biphasic esterification of carboxylic
acids. These include the low solubility of the catalyst in water and the catalytic activity
without formation of an emulsion in the reaction system. Due to the self-assembling
properties at the interface and the associated reduction of interfacial tension, a
sufficiently large mass transfer area could be provided. The synthesis of the catalyst
must be simple without unnecessarily expanding the reaction system. The catalytic
activity of the novel catalyst [Ni(DBSA)2] was tested for the biphasic esterification
reaction of acetic acid with n-octanol to n-octyl acetate. Conversions of acetic acid of
up to 37 % and separation efficiencies of up to 55 % were achieved. The interfacial
tension between the aqueous and the solvent phase was reduced by up to 75 % by
the metallosurfactant.



Kurzfassung

Ziel dieser Arbeit war die Herstellung eines Metalltensides als Katalysator fir die
Abtrennung von Carbonsauren aus Abwasser. Dieser Katalysator wurde aus dem
Tensid 4-Dodecylbenzolsulfonsaure (4-DBSA), das bereits in der Katalyse
Anwendung findet, und dem Ubergangsmetall Nickel entwickelt. Um fur die
Veresterung von Carbonséauren im zweiphasigen System als Katalysator eingesetzt zu
werden, muss das Metalltensid gewisse Anforderungen erfilllen. Dazu zahlen die
geringe Wasserldslichkeit des Katalysators, sowie die katalytische Aktivitat ohne
Ausbildung einer Emulsion im Reaktionssystem. Durch die Selbstorganisation an der
Grenzflache und der damit einhergehenden Verringerung der Grenzflachenspannung,
kann eine ausreichend groRRe Flache fur den Massentransfer zur Verfigung stehen.
Die Herstellung des Metalltensids soll moglichst einfach sein, ohne das
Reaktionssystem unnotig zu erweitern. Die katalytische Aktivitdt von [Ni(DBSA)2]
wurde anhand der Veresterung von Essigsdure mit n-Octanol zu n-Octylacetat im
zweiphasigen System Uberprift. Dabei konnten Umsétze an Essigsaure von bis zu
37 % und Trenneffizienzen von bis zu 55 % erzielt werden. Die Grenzflachenspannung
zwischen der wassrigen und der Lésungsmittelphase wurde durch das Metalltensid

um bis zu 75 % verringert.
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1 Introduction and Motivation

Green chemistry is one of the catchphrases of our time. The United States
Environmental Protection Agency (EPA) was founded in the 1970s to protect human
health and the environment. It defines green chemistry as follows: "Green chemistry is
the design of chemical products and processes that reduce or eliminate the use or
generation of hazardous substances. Green chemistry applies across the life cycle of
a chemical product, including its design, manufacture, use, and ultimate disposal.” [1]
With the Pollution Prevention Act that was passed in the USA in 1990, the avoidance
of chemical pollution and hazardous substances was brought to the fore. Before that
the focus laid on reprocessing and disposal. The EPA played a central role to move

green chemistry forward in its early developments. [2, 3]

At that point, there were already existing ideas and solutions to combat environmental
pollution and the depletion of resources. By the mid-1990s, the different concepts
developed into what we now roughly refer to as green chemistry. In 1998 Paul Anastas
and John Warner published in their work "Green Chemistry: Theory and Practice" the
12 principles of green chemistry, which resulted in an established guideline for
chemists. [4] The avoidance of waste is preferred to subsequent disposal or processing
of waste. Other important points are the usage of safe chemicals and solvents, energy

efficiency, but also the utilisation of renewable raw materials, and catalysts. [2, 5]

Chemical technology is evolving, and so is green chemistry. Anastas and Zimmerman
suggested the 12 principles of green engineering in 2003. [6] In addition to the common
standards for quality and safety, the focus lies on social, economic and, above all,
environmental aspects. The two most important points are the life cycle assessment
and the use of non-hazardous materials. The optimisation of already established, non-

sustainable processes is described as a short-term goal. [6]

The pulp and paper industry produced more than 419 metric tons of paper and
cardboard in 2018. [7] 42 % of the world's industrial wastewater which equal to three
trillion tons come from this branch of industry alone. [8] In terms of a holistic,

sustainable approach, as many by-products as possible should be recovered or
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processed. Carboxylic acids are obtained as by-products during the Kraft pulping
process. [9] Since the separation of the condensate from the black liquor is not
economically viable, the condensate is usually burned to generate energy. [10, 11]
However, carboxylic acids such as acetic acid and formic acid are important raw
materials for fine chemistry, polymer production, the food industry, and also

pharmaceuticals. [9, 10]

The isolation of formic acid and acetic acid from wastewater is difficult due to the
formation of a ternary saddle point azeotrope. Painer et al. found the ternary saddle
point azeotrope with a composition of 49.8 mole % formic acid, 39.0 mole % water and
11.2 mole % acetic acid at a pressure of 950 mbar and a boiling temperature of
105.2 °C. [12] Reactive separation methods have already proven successful
separation of these two acids in dilute systems. However, reactive distillation has only
been utilised for carboxylic acid concentrations above 30 w%. [13] In contrast, reactive
extraction is suitable for lower concentrations of carboxylic acids. In reactive extraction
mainly phosphorous and amine-based reactive extractants are employed. Talnikar et
al. published a review on the recovery of carboxylic acids from wastewater including
reactive distillation and reactive extraction. [14] Toth et al. used the tools of process
intensification and combined liquid-liquid extraction with esterification successfully.
[11] The surfactant 4-dodecylbenzenesulphonic acid (4-DBSA) served as a catalyst for
the esterification of acetic acid with n-octanol. A separation efficiency of 57 % was
achieved and a conversion of acetic acid to n-octyl acetate of 54 %. The downdraw of
the surfactant-type catalyst lies in the formation of a stable emulsion that cannot be
broken down by centrifugation. As a result, the catalyst cannot be recycled, nor is it
possible to separate the phases and recover the solvent. [11] The esterification
reaction does occur uncatalyzed but was found to reach its equilibrium only after a few
days. Sulphuric acid is a well-known catalyst for the esterification of carboxylic acids.
Unfortunately, water has shown to drop the catalyst’s activity up to 90 % and the
catalyst is therefore not suitable for this application. [15] That leaves 4-DBSA as a
promising candidate for further investigation provided that the hurdle of the formation

of stable emulsions can be overcome.

In the present work, an attempt was made to modify 4-DBSA and develop a

metallosurfactant catalyst that combines the advantages of a surfactant and a
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transition metal. In order to be utilised as a catalyst, a few requirements must be fulfilled
by the metallosurfactant. These are low water solubility, self-assembling at the

interface, catalytic activity without emulsification, and simple synthesis.
2 Theoretical Background

2.1 Metallosurfactants

One of the first mentions of metallosurfactants was in the early '90s. Metallosurfactants
were described as amphiphilic compounds that behave like surfactants, yet also
contain a metal ion in their structure. The metal ion is either located in the head group
or tail of the surfactant with the first one being the more common. It may also act as a
counter ion. Combining the properties of a surfactant and a (transition) metal, these
compounds form a new class of advanced materials. Metallosurfactants enable the
utilisation of transition metal properties such as magnetic properties or catalytic activity
at an interface. Therefore, metallosurfactants have been examined for a wide range of
applications such as catalysis, anticancer agents, interfacial photophysics, magnetic

resonance imaging. [16—18]

2.2 4-Dodecylbenzenesulphonic Acid

4-DBSA belongs to the group of sulphonic acids and is, therefore, a strong acid. As
shown in Figure 2-1 4-DBSA consists of a long hydrocarbon chain and the functional
group sulphonyl hydroxide. Due to its structure, the acid behaves like an anionic
surfactant. Thus, the acid is used as a Bronsted acid-surfactant-combined (BASC)
catalyst in various reactions to accelerate the reaction rate. Arising thereby is an

emulsified system that is not desirable for liquid-liquid extractions.

Figure 2-1 Structural formula of 4-dodecylbenzenesulphonic acid
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2.2.1 Sulphonic Acids

The functional SOsH-group is characteristic for sulphonic acids. In this functional
group, the sulphur atom is directly bonded to the carbon atom, and not only to the
oxygen as in the case of sulphonic acid esters. Sulphonic acids are regarded as strong
acids, comparable to sulphuric acid in this respect. Aromatic sulphonic acids are often
not the final product but are rather used to produce colourants, drugs, or detergents.
Such acids are synthesized via the sulphonation of benzene with electrophilic sulphur
trioxide. Usually, oleum (sulphur trioxide dissolved in concentrated sulfuric acid) is
used for this procedure. This reaction is called an electrophilic aromatic substitution.
Due to their strong electrophilicity, sulphonic acid groups are frequently used as
leaving groups. The reversibility of this sulphonation enables the introduction of other
groups and therefore makes the acids relevant for a wide variety of syntheses. The
salts of sulphonic acids are soluble in water, which is why long-chain alkyl benzene
sulphonic acids react further with sodium hydroxide to form sulphonates and are used
as surfactants, for example in detergents. Branched alkyl chains may no longer be
used for over-the-counter products due to their long biodegradation time. Today,

sodium dodecylbenzene sulphate is one of the most used anionic surfactants. [19, 20]

2.2.2 Surface-active Substances

Surface-active substances (surfactants) are amphiphilic compounds. The compounds
consist of a hydrophobic part in the form of hydrocarbon chains and a hydrophilic part,
a polar group. These molecules reach their energetically most favourable state when
they are positioned on surfaces or interfaces so that the polar and non-polar part is in
the respective preferred environment. These monolayers that are formed at interfaces
can change the properties of interfaces and form micelles. The interfacial tension is
thereby reduced. Because of these properties, such compounds are used e.g. to
modify the wettability, like detergents, or to stabilize or destabilize dispersions. The
adjustment of the interface state presupposes the equilibrium between adsorption and

desorption, which is why the surface activity is a dynamic phenomenon. [21]

The range of surfactants is large with molecular weights from a few hundred to several
thousand grams per mole. The surfactant classes are divided by the hydrophilic, polar

group. A distinction is made between anionic, cationic, non-ionic, and amphoteric
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(zwitterionic) surfactants. The different classes, their polar group and examples are
shown in Table 2-1. [21]

Table 2-1 List of surfactant classes with the charge of their polar group and examples

Surfactant Class | Charge of the Polar Group Example
- . sulphates, sulphonates,
anionic negative

carboxylates
cationic positive guaternary ammonium salts
non-ionic uncharged glycol ether

amphoteric positive and negative carboxybetaine, sulphobetaine
2.2.3 Micelles

Diluted surfactants in low concentrations behave in agqueous solutions like electrolytes
— small, charged, dissolved ions. In contrast, higher concentrations with fully occupied
interfaces cause the formation of organized aggregates, so-called micelles. If the
formation occurs in non-polar media, one speaks of inverse micelles. Figure 2-2
displays a drawing of a micelle and an inverse micelle. Micelle formation is referred to
as a compromise behaviour to avoid the energetically unfavourable water contact of
the hydrophobic groups but to leave the polar groups in the aqueous environment. The
hydrophobic effect is responsible for the association of the non-polar groups. 50-1000
surfactant molecules can be arranged in micelles. Different classes of surfactants form
different micelles in terms of size and shape. lonic surfactants build spherical micelles
due to the electrostatic repulsion of the polar group with one another, whereas
non-ionic surfactants preferably form cylindrical micelles. Micelle formation starts when
the concentration of surfactant is above the CMC (critical micelle concentration). This
specific concentration characterises the activity of the surfactant and is, therefore,
relatively high for ionic surfactants compared to non-ionic surfactants, due to the
repulsion of the same charges. The CMC depends on parameters such as pressure,
temperature, and additives. For most industrial applications, the CMC must be
exceeded to achieve the maximum surfactant effect, be it for lowering the interfacial
tension, emulsification, or suspension stabilisation. A further increase in surfactant
concentration leads to orderly packing of the micelles with packs called liquid crystals.
Such micelle arrangements increase the viscosity. [21, 22]



Figure 2-2 Drawing of a micelle (left) and an inverse micelle (right)

2.2.4 Emulsion

An emulsion is a colloidal dispersion of two immiscible liquids. One of the liquids/fluids
is finely distributed in the continuous phase. The finely divided droplets are called the
disperse phase, while the continuous one is also called the outer phase. In principle, a
distinction is made between organic droplets dispersed in water (O / W) and aqueous

droplets dispersed in the organic phase (W / O). [21, 22]

Most emulsions are thermodynamically unstable, except for microemulsions. The
addition of emulsifiers, usually surfactants, facilitates the formation and makes it
difficult to split the emulsion. Since emulsions are not desirable everywhere, they must
be split to achieve phase separation. In order to separate the phases, the droplets must
first agglomerate or coagulate and these droplet agglomerates then coalesce. These
steps can be initiated using various splitting methods. Chemical splitting processes are
carried out either with the help of acids or salts. In thermal processes, energy is
supplied to the system in form of heat. A widespread physical splitting process is
centrifugation. [21, 22]



2.3 Nickel

Nickel with the atomic number 28 is a ferromagnetic element. The silvery-white metal
is counted as heavy metal due to its density of 8.908 g/cm? [23]. As a transition metal
nickel has valence electrons in two shells (s and d). The electron configuration of nickel
is [Ar] 3d® 4s. Its most common oxidation state is +2. In Pearson’s Hard Soft Acid-Base

(HSAB) principle Ni 2+ is seen as a borderline case.

2.3.1 Transition Metals — The d-block Elements

All transition elements are metals. Therefore, these elements are also called transition
metals. The International Union of Pure and Applied Chemistry (IUPAC) regards
transition elements as elements with an incompletely filled d-shell or elements that
form ions with an incompletely filled d-shell. [24] There are four typical characteristics
for transition metals: formation of colourful compounds, good catalytic activity, the
ability to have many different oxidation states and the ability to form coordination
complexes.

Transition metals are classified as Lewis acids which like to form coordination
complexes with Lewis bases. According to the acid-base concept by Lewis, a Lewis
acid is defined as an electrophilic electron pair acceptor and a Lewis base as an

electron-pair donor.

2.3.2 Complex Chemistry

In general, a coordination complex consists of a central atom M and ligands Xa, Lb (a
and b represent the number of the ligand). Central atoms are Lewis acids, i.e. transition
metals, other metals and, more rarely, non-metals with an electron deficit. Ligands are
Lewis bases, basically molecules with a free electron pair. Unlike in a normal atomic
bond, the bonding electron pair comes from the ligand only. The valence of the central
atom influences the thermodynamic stability of such a complex. With the same ligand,
the central atom M?2* is more stable than M3*. The Irving-Williams series (Mn?* < Fe?*
< Co?*< Ni?* < Cu?* > Zn?*) represents another indicator for the stability of transition
metal complexes regardless the type of ligands or their molecule number. [25]

According to the HSAB (Hard Soft Acid-Base) principle, the following applies to the
stability of complexes and the prediction of reactions: hard acids preferably react with
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hard bases and soft acids with soft bases. The bond formed between hard species has
an ionic character and the bond formed between soft species has a more covalent
character. Yet predictions are hard to make in inorganic chemistry. Predictions based
on HSAB should not be considered carved in stone, but rather as guidelines. Hard
acids are hard to polarise, are small and more highly charged. If a cation has more
than one oxidation state, its higher one is considered as the harder acid (Fe3* harder
than Fe?*). Soft acids are easily polarisable, large and have low oxidation states such
as Pd?* and Pt?*. There are also borderline cases like Ni?* that lie in-between. [26]

The coordination number (CN) and the coordination polyhedron are decisive for the
structure of the complex. The CN is the number of ligands bound to the central atom,
two being the lowest and nine the highest. The most common CNs are six and four.
The geometric figure of the ligands around the central atom is called a coordination

polyhedron.

Possible coordination polyhedrons for CNs from two to six are:
e CN=2: linear
e CN=3: trigonal planar
e CN=4: tetrahedral or square planar
e CN=5: trigonal bipyramidal or square pyramidal

e CN=6: octahedral or trigonal prismatic

The following represent coordination complex possibilities for nickel:
e CN=6: octahedral, paramagnetic
e CN=4: square planar, diamagnetic; tetrahedral, paramagnetic

e CN=5: trigonal bipyramidal; square pyramidal

2.3.3 Structural Elucidation

With the help of spectroscopic methods, it is possible to determine the structure of a
molecule. This usually requires a combination of several spectroscopic methods to
make a reliable statement. Problems with this type of structure elucidation arise for
molecules with many similarly bonded carbon atoms or few hydrogen atoms, but also

with metal complexes. In the case of paramagnetic metals, nuclear magnetic
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resonance (NMR) spectroscopy can only provide partial structures or no information at

all. In this case, an X-ray structure analysis can be carried out on a single crystal.

2.4 Esterification Reactions

In general, a reaction is called esterification when an organic acid reversibly reacts
with an alcohol to form an ester while eliminating water. This reaction belongs to
nucleophilic substitutions. Carboxylic acids are only suitable for esterification if an
acidic catalyst is used since carboxyl groups can only be protonated by strong acids.
Even small proportions of protonated carbonyl groups are enough to accelerate the
substitution reaction considerably since the protonated group is a very strong
electrophile. The protonation by the acid is reversible. Protonated carboxylic acids can

even be successfully attacked by a weak nucleophile such as alcohols. [19, 27]

Hydroxide ions are considered as poor leaving groups. To be more suitable as a
leaving group the hydroxide ions are protonated with the aid of acidic catalysts — so
not hydroxide but water is split off. The reverse reaction of esters with water to form

carboxylic acids and alcohols is known as the hydrolysis reaction. [27]

Since these are equilibrium reactions, it is necessary to shift the reaction equilibrium
to the side of the ester. Either an excess of alcohol (carboxylic acid would also be
possible) can be used, or one of the products can be separated off. Figure 2-3 shows
the reaction equation of the esterification reaction used in this work with acetic acid as
carboxylic acid and n-octanol as alcohol. The newly developed catalyst (4-DBSA

modified with nickel) was tested for this esterification reaction. [27]

Esterification

O 0
OH —— 0
- /”\ . LNV AV - )‘Ln + 7N
HO CHy O H H
acetic acid n-octanal Hydrolysis n-octyl acetate water

Figure 2-3 Reaction equation of the esterification of acetic acid and n-octanol to n-octyl acetate and water, and its
backward equilibrium reaction



3 Current Scientific Knowledge

3.1 4-Dodecylbenzenesulphonic Acid as Catalyst

4-Dodecylbenzenesulphonic acid (4-DBSA) is a strong sulphonic acid that, due to its
structure, has the properties of an anionic surfactant. Its applicability as a catalyst has
been shown for Mannich-type reactions [28], etherification reactions [29, 30],
esterification reactions [30—32] and the Biginelli reaction [33] amongst others. For this
work, 4-DBSA is used to catalyse carboxylic acid esterification reactions. Various
publications show that 4-DBSA accelerates the reaction rate and thus the equilibrium
conversion can be achieved more quickly even at low temperatures than with
non-catalysed reactions. This is made possible by the formation of a microemulsion.
Accordingly, 4-DBSA is counted as a Bronsted acid-surfactant-combined (BASC)
catalyst. [30, 34]

Saam et al. described the direct polyesterification of diols in agueous emulsion utilising
sulphuric acid, 4-DBSA, and the sodium salt of 4-DBSA as catalyst. The use of a
surfactant was decisive for cation exchange across the oil-water interface. According
to the authors, the degree of polymerisation surpassed expectations compared to

experiments in a similar environment. [35][30]

In 2002, Manabe et al. carried out the esterification of lauric acid with 3-phenyl-1-
propanol using various surfactants at 40° C for 24 h in water. Among the catalysts
used, 4-DBSA performed best with a 60 % yield, which is attributed to the combined
effect of the BASC catalyst. In contrast, the esterification reactions using simple
Bronsted acids such as sulphuric acid or p-toluene sulphonic acid (TsOH) proceeded
very slowly with 1 and 4 % yields. The course of the reaction of the 4-DBSA sodium
salt was just as ineffective. 4-octyl benzene sulphonic acid (OBSA), whose only
difference to 4-DBSA is a shorter alkyl chain of 8 and not 12 carbon atoms, resulted in
a significantly slower reaction rate with 39 % conversion. This suggests that the chain
length of the alkyl chain plays an important role in the catalytic effect. 4-DBSA
catalysed biphasic reaction systems form emulsions which are not desirable for every
application. The formation of the emulsion has already been observed for different

reactions such as the Mannich reaction. This is caused by the surfactant properties of
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the 4-DBSA and thus also contributes to the acceleration of the biphasic reaction since

the acid is present in the aqueous phase and the alcohol in the organic phase. [30, 36]

In 2017, Zheng et al. described BASC as a new catalytic system in his publication. He
referred to 4-DBSA and its usefulness as a catalyst for esterification. The formation of
sufficient hydrophobic emulsion droplets on the inside enables the water to be
excluded during the reaction. The acid catalyst sites at the micelle boundaries promote
catalysis. Yet Zheng et al. interjected that although 4-DBSA brings advantages, it is
not a catalyst that is easy to recycle due to the complicated separation process.

Therefore, greener catalysts should be sought. [37]

3.2 Catalyst Modification

There is hardly any literature on the modification of the catalyst 4-DBSA with a metal
to form a so-called metallosurfactant. To modify the catalyst, two different approaches
were followed. One is a simple approach where 4-DBSA and the nickel salt are mixed
in a mortar to react. The other is inspired by the separation of heavy metals from
wastewater. For the second approach, different methods were tested. When
performing these individually, parameters such as temperature, concentration, and
pH-value were varied, as well as the applicability of the method and the use of different
metal ions. These parameters were influenced by the literature of the following

paragraphs.

In 2009, Landaburu-Aguirre et al. investigated the separation of zinc from wastewater
through micellar-enhanced ultrafiltration (MEUF) using sodium dodecyl sulphate (SDS)
as a surfactant. The anionic surfactant was used above its critical micelle concentration
(CMC). The process was carried out at room temperature. When using SDS as a
surfactant, the authors recommended a surfactant to metal ratio of over 5 to be able to
separate zinc effectively. This recommendation, which Huang et al. experimentally

confirmed, was advocated by the results of Landaburu-Aguirre. [38]

With the help of MEUF, Samper et al. separated the metal ions Cd?* Cu?*, Ni%*, Pb?*
and Zn?* from synthetic wastewater. SDS and linear alkylbenzene sulfonates (LAS)

were used as anionic surfactants. The selected ratio of surfactant to metal was above
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5 in all experiments. When LAS were used, complete separation was possible for all
metal ions except nickel, even below the critical micelle concentration. In addition to
the metal and surfactant concentration, the membrane parameters were mentioned as
crucial parameters for metal separation in this process since this is a membrane
process. According to the authors, the pH-value of the solution should not play a role

with these two surfactants. [39]

Ferella et al. utilised an anionic surfactant, 4-DBSA, and a cationic surfactant,
dodecyl amine, to separate lead and arsenic ions from wastewater using MEUF. Both
surfactants were added under their CMC. (CMC at 25 °C: 4-DBSA 1.3*10°M and
dodecyl amine 1.5*10M; concentration used: 4-DBSA 10° M und dodecyl amine
10 M). The amount of 4-DBSA used dissolved completely in water, but dodecyl amine
formed lumps. A separation of over 90 % was achieved for lead in contrast to only
19 % for arsenic. The authors noted that the amount of surfactant had to be minimised

to save costs but did not make any specific recommendation. [40]

Another possibility besides MEUF are ion-exchange resins. Many of the strongly acidic
resins in use have sulphonic acid groups as the exchange sites, whereas weakly acidic
ones have carboxylic acid groups. Strongly acidic resins can be operated over the
entire pH range down to pH 1. Weakly acidic resins cannot be used at pH values below
5, as the carboxylic acid group is no longer present in its charged form then and
therefore no longer has any ion exchange capacity. The protons of the acid groups are
used for the ion exchange with the metals. In 2006 Gode et al. published that the ion
exchange depends on the pH value, the temperature, the initial metal concentration,
and the contact time. For the cations examined by Gode et al. the following series was
found: Ce** > Fe 3* > Pb 2*, which suggests that metal ions with a higher oxidation

number are preferred for ion exchange. [41, 42]

In 2006 Gode et al. used the ion-exchange resin Lewatit S100, which has
sulphonic acid in its sodium salt form as a functional group, to remove metal from
wastewater. It was shown that the separation of chromium (1) depends on the contact
time, the pH value and the concentrations at the beginning. For Lewatit S100 the
maximum sorption was reached at a pH of 3.5 to 4, above pH 6 precipitation occurred.

The reaction time until equilibrium was approximately 150 minutes. [42]
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Polyethene-graft-polystyrene sulphonic acids (PE-g-PSSA) were examined for the
adsorption of Co (1), Ni (1), Cu (Il), Pb (II) and Ag (I). It was found that the adsorption
proceeded quickly in the first 15 minutes and that equilibrium was reached for all metal
ions after 30 minutes. The authors ascribed the rapid kinetics to the negatively charged
sulphonic acid groups, which are also responsible for the fact that divalent metal ions
are preferred over monovalent metal ions. Experiments were carried out in a pH range
from 3.1 to 6.6, with any pH adjustments being made with 1 M NaOH or 1 M HNOs.
The optimum pH was found to be 6.6. [43]

Popuri et al. utilised chitosan-coated PVC beads to remove Ni (II) and Cu (Il) by
adsorption. The effect of the pH value on the sorption behaviour was examined. The
maximum sorption of Cu (ll) was reached at pH 4 and of Ni (I) at an initial pH of 5. [44]
When using acidic extractants such as di-(2-ethylhexyl) phosphoric acid (DEHPA) for
wastewater treatment, the following problem arises: With each extracted metal ion of
charge z +, exactly z protons of the extractant are released, which leads to a drop in
the pH value. As the pH falls, the extraction decreases, which means that as the
extraction progresses, the pH falls, and the metal transfer decreases. This can be
counteracted by adding alkalis. Experiments showed that the extraction of divalent
nickel bound with DEHPA fell below 10 % when the pH value reached below 3. [45]

3.3 Solvent Selection — Green Solvents

The problem of the chemical industry not being sustainable is not solely a problem at
an industrial scale. To ensure a future with less organic solvent waste and unnecessary
waste in general, more environmentally friendly choices must already be made at
university level in research and teaching. Besides the fact that organic solvents make
up the majority of synthetic chemical waste, there is also the question of how to dispose
the mostly non-recyclable material. On top of that, the demand for energy to produce
and/or clean the solvent is high. Often reaction conditions in a higher temperature

range are required. [46]

In terms of environmental reasons, safety, and cost-efficiency, water identifies as the
most desirable solvent. After more than a century of synthetic chemistry focusing on

reactions in organic solvents, research in this area is still limited. Yet nature clearly
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shows that chemical reactions in water are possible for water-soluble, as well as

water-insoluble materials. [46, 47]

Various guidelines are available to make an environmentally more conscious decision
when choosing a solvent. In addition to water, liquid polymers, supercritical liquids,
ionic liquids, or supercritical carbon dioxide are generally seen as a greener alternative.
Their sometimes very complex synthesis and the lack of toxicity parameters are major
disadvantages. With the Chem 21 Solvent Selection guide, an attempt was made to
compare already existing guidelines. The guide was created through a collaboration
between various pharmaceutical groups, universities, and companies. Solvents were
evaluated according to the five categories: safety, health, and environment (air, water,
and waste). For each category, specific criteria were established. The colour coding
system gives a quick overview. Each colour code has assigned scores. Solvents with
a score from one to three are assigned the colour green, scores from four to seven are
shown yellow, and scores from eight to ten are shown red. Green represents the
recommended solvents, whereas red is used for overly hazardous ones. Unfortunately,

neither n-undecane nor n-octanol is included in the guide. [46, 48, 49]

Tobiszewski et al. assessed 151 solvents under the aid of “Technique for Order of
Preference by Similarity to Ideal Solution” (TOPSIS) analysis to sort them into three
different clusters. Alternatives such as ionic liquids or eutectic solvents were not listed
due to a lack of data. The division was made into three clusters and rankings within
the clusters. For the division into clusters, variables such as melting point, boiling point,
water-solubility, Henry's constant, surface tension, and others were used. The ranking
within the cluster was in turn determined by variables such as the LDso, flammability,
flash point, half-life biodegradation. n-Undecane stands at the top of cluster two which
consists of water-insoluble compounds with high boiling points. According to this guide,

when a water-insoluble solvent is required n-undecane represents the first choice. [50]
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4 Materials and Analytical Methods

4.1 Materials

Table 4-1 shows the materials used for the preparation of the catalyst and the
subsequent esterification experiments. All chemicals were utilised as supplied without

further purification.

Table 4-1 List of chemicals used for the catalyst preparation and the esterification experiments. The list includes
the names of the chemical compounds, their molecular formula, CAS-number, purity, and the manufacturer

Name of Compound Molecular | CAS-number | Purity | Manufacturer
Formula
Nickel(ll) hydroxide Ni(OH)2 12054-48-7 - Sigma-Aldrich
4-dodecylbenzenesulphonic | C18H3003S 121-65-3 >95% | Sigma-Aldrich
acid

n-octanol CsH170H 111-87-5 >98% | Sigma-Aldrich
n-undecane Ci1H24 1120-21-4 | >99% | Sigma-Aldrich

Acetic acid CHsCOOH 64-19-7 >99% ChemLab

4.2 Analytical Methods

In Table 4-2 an overview of the analytical equipment utilised in this work is shown. The
individual methods were applied for the following: The amount of nickel in the aqueous
phase after the reaction was determined through flame atomic absorption spectrometry
(AAS). Gas chromatography (GC) was used to monitor the reaction progress and
calculate the vyield of carboxylic acid ester. The interfacial tensions of different
liquid-liquid systems were measured with a spinning drop tensiometer. A total organic
carbon (TOC) analyser was utilised to determine the residual organic carbon in the
agueous phase after the reactive separation step. A Karl-Fischer titrator was used to

measure the water content in the organic phase.
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Table 4-2 List of analytical equipment with model and manufacturer

Equipment Model Manufacturer
Flame atomic absorption AAnalyst 400 Perkin Elmer
spectrometer
Gas chromatographer GC 2010 Plus Shimadzu
Spinning drop tensiometer Dataphysics SVT 20N Dataphysics
Total organic carbon analyser TOC-L Shimadzu
Karl- Fischer titrator TitroLine 7500 KF S| Analytics
Densimeter SVM 3000 Anton Paar

4.2.1 Flame Atomic Absorption Spectroscopy (F-AAS)

An atomic absorption spectrometer (AAS) is made up of the following four units:
radiation source, atomisation unit, monochromator, and detector. Hollow cathode
lamps containing the element to be analysed are used as the radiation source. These

emit the line spectrum of the respective element.

In F-AAS a flame is used as the atomisation unit. The liquid sample is sprayed into the
combustion chamber using a nebuliser, where it is mixed with a fuel gas (acetylene)
and oxidant (synthetic air). Only the finest particles of the aerosol get into the flame,
where the sample is atomised. The individual atoms absorb radiation emanating from
the corresponding hollow cathode lamp. Behind it, the monochromator with the exit slit
ensures that the spectral line of the element is selected and can be measured in the

detector placed downstream.

Before the measurements could be started, the samples had to be diluted to the correct
concentration range with dilute nitric acid (if necessary). Also, for each element
separate calibration solutions were prepared which were measured before the actual
samples. The sample concentration should be within the measured calibration range.
For the measurement of the calibration and sample solutions, prefabricated methods
for determining nickel were used. Before starting the measurement, the flame was

burned out for about 15 minutes to remove any impurities.
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4.2.2 Gas Chromatography (GC)

Gas chromatography is based on the principle of the interaction between the analyte
and the stationary phase, the GC column. A precisely defined sample volume is
injected using a heated injector. The sample is completely evaporated and then
transported through the column by a carrier gas (mobile phase). The individual
analytes interact differently with the active layer of the separation column, which means
that the retention times of the substances are different. One (or more) detectors are
attached to the end of the column. In this case, a thermal conductivity detector (TCD)
and a flame ionisation detector (FID) were used in parallel. The peaks caused by the
retention time are characteristic sizes of the individual substances and thus enable

quantification.

A GC 2010 Plus from Shimadzu was used for the analysis. A ZB WAXplusTM column
with a length of 60 m, an internal diameter of 0,32 mm and a layer thickness of 50 um
was selected as the separation column. The method ZB-WAXplus-OcOH was used to
track the reaction progress.

4.2.3 Spinning Drop Tensiometer

Spinning drop tensiometry enables the measurement of interfacial tensions between
immiscible fluids. The measurement is carried out in a horizontally rotating capillary.
As a rule, the denser fluid represents the continuous phase in which there is a drop in
the discontinuous phase. The centrifugal force acts through the rotation of the capillary
and causes a cylindrical deformation of the drop. This occurs since the centrifugal force
pushes the denser liquid towards the capillary walls while the less dense drop is
pushed towards the axis of rotation. The drop deformation leads to an increase in the
drop’s interface. Since the interfacial tension counteracts the centrifugal force, the drop
reaches a stable shape when the forces are in equilibrium. The interfacial tension can

be determined from the drop shape in its equilibrium state. [51, 52]

Bernard Vonnegut developed the classical approach for the determination of the
interfacial tension with the spinning drop method. In this approach, gravitation is
neglected, and the length of the drop is assumed to be significantly larger than its

radius (length to radius ratio of over four). Therefore, the drop's shape in the
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calculations is presented as a cylinder with hemispherical ends. The empirical formula
(Equation 1) for the interfacial tension is derived from the drop’s minimum energy in an

equilibrium state. [53]

3,2
_ ApR°w Equation 1

? 4

o interfacial tension
Ap  density difference between phases
R drop radius

angular frequency

The advantage of the Young-Laplace method is that it takes the curvature of the drop
into account. According to the Young-Laplace equation (Equation 2) the interfacial
tension, the curvature of the drop and the Laplace pressure are related. This approach

can be used for spherical and non-spherical drop shapes. [52]

1 1 .
AP = (_ + _) Equation 2
"R, TR,

AP pressure difference between phases
o) interfacial tension

Ri maximum curvature radii (i=1,2)

While the Young-Laplace method takes the curvature into account, the method by
Cayias, Schechter and Wade is based on the width and the diameter of the drop.

Therefore, this approach is less accurate than the one of Young-Laplace. [54]

To measure the different interfacial tensions a Dataphysics SVT 20N spinning drop
tensiometer was used. The equipment included an adjustable platform (angle) to
position the drop, a moving camera, and a thermostat. For higher temperatures starting

from 50 °C an additional cooling device (a cryostat) was necessary. Detailed
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information on the preparation process, the measuring and cleaning of the capillary

can be found in chapter 5.2.

4.2.4 Total Organic Carbon (TOC)

A TOC measurement determines the total content of organic carbon in a sample. It is
a widely used method in environmental analysis. In water and air, the TOC gives
information about the contamination state with foreign substances. For this research,
the TOC is relevant for the catalyst production to determine how much organic carbon
is still in the aqueous phase after the formation of the metallosurfactant. The
concentration of all species occurring in the aqueous phase, except for 4-DBSA and
[Ni(DBSA):], is determined via GC measurements. With the help of the GC
measurements, the so-called TOCmax can be calculated. Since inorganically bound
carbon is not specified and all other compounds are included in the TOCmax, the

measured TOC value gives information about the consumption of 4-DBSA.

The sample preparation included, if necessary, the dilution of the sample with ultrapure
water. The sample tube was placed in an autosampler and then measured using
TOC-L from Shimadzu. The provided method "nikimet" was used for the

measurement.

4.2.5 Karl-Fischer Titration (KF titration)

The Karl-Fischer titration is a volumetric titration method to determine the water content
in a sample. The water content in the catalyst solution was measured at different
stages of the preparation process (before/after rinsing, after the esterification). The
analysation of the samples was performed with a SI Analytics TitroLine 7500 KF under
the use of a KF1100 electrode. For the titration, the two-component reagents Titrant 5
and Aquastar from Merck were used.

4.2.6 Density Measurements

All density measurements were carried out using Anton Paar’'s SVM 3000 viscometer.
The densities were measured at 25 °C, and for a few selected samples at 60 °C to
provide the necessary data for the spinning drop tensiometer.
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5 Experimental Part

5.1 Preparation of the Nickel-based Metallosurfactant Catalyst

Two different approaches for the preparation of the catalyst were followed:
e Dbiphasic approach with the nickel salt dispersed in water and the surfactant
dissolved in the solvent phase

e direct mixing of 4-DBSA and a nickel salt in a ceramic mortar

5.1.1 Biphasic Approach

Before this thesis, different methods have been tested for the biphasic approach.
Information on this can be found in the Supporting Information of Toth’s publication.
[55] The main findings include: The surfactant 4-DBSA was successfully modified to
lose its emulsifying property. During the experiments, a few problems arose i.e.
instability of the complex, poor catalytic activity, solubility problems, and phase
separation problems. For the modification of the 4-DBSA different metal cations
(Fe(lln), Fe(ll), Ni(ll)) were experimented with. In some cases, iron cations were
successfully used to prepare a catalyst solution. However, the catalytic activity of these
catalyst solutions was negligible which was tested in esterification experiments.
Catalyst solutions made with nickel cations showed to have a higher catalytic activity
and to suppress the emulsifying behaviour almost completely. The best results were
achieved with the method presented in the next subchapter. Therefore, the catalysts
of this approach were all made by this method. The downdraw of this method is that

solubility in the solvent phase (n-undecane) without n-octanol present is low.
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5.1.1.1 Developed Method for Catalyst Preparation as a Solution

This method is applicable for surfactant concentrations from millimoles up to 10 w% of
the solvent phase. Above all, sufficient stirring time and sufficient thermal activation
are decisive. The method includes the following steps:

e 4-DBSA completely dissolved in the solvent phase in a beaker

e Ni(OH)2 is dispersed in deionised water in a separate beaker

e The solvent phase is transferred to the aqueous phase (the reaction mass
becomes viscid).

e The reaction mass is stirred for 10 minutes before it is heated up to ~80 °C
and stirred for another 90 minutes.

e The catalyst solution (solvent phase) is separated from the aqueous phase.
5.1.2 Direct Mixing Approach

This preparation procedure was started by adding nickel(ll) hydroxide in powder form
to liquid 4-DBSA in a porcelain mortar. A pestle was used to mix the chemicals
thoroughly. No change in the temperature of the reaction mixture was perceived during
this step, but bubble formation (presumably due to the inclusion of oxygen) was
observed. Various stoichiometric ratios of nickel to 4-DBSA (1:1, 1:2, 1:4) were tested.
These were chosen under consideration of the possible oxidation states of nickel (+2,
+4). The combination of the educts resulted in a paste. After the mixing process, the
paste was dried at ambient conditions. Varied parameters in this step of the preparation
were the mixing time of the chemicals in the porcelain mortar and the drying time of
the paste. Figure 5-1 shows the paste during different steps of the preparation process:
right after mixing, after 40 minutes of drying and after 210 minutes of drying. At the
surface, a clear change in appearance can be observed. Then the dried paste was

attempted to be dissolved in a solvent.
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Figure 5-1 Metallosurfactant catalyst with the stoichiometric ratio of 1:2 (nickel to 4-DBSA) right after mixing (left),
40 minutes of drying (middle), and 210 minutes of drying (right)

5.1.2.1 Developed method for the catalyst preparation as paste

For the preparation of the catalyst, a stoichiometric ratio of 1:2 of nickel to surfactant
is used. The procedure includes the following steps:

e 4-DBSA is weighed into the mortar

e Ni(OH)2 is weighed in the correct ratio in a weighing boat

e To avoid inhaling of the finely powdered nickel hydroxide, the powder is
transferred into the mortar under the laboratory hood from the weighing boat

¢ When the hood is almost closed, a pestle is used for at least 20 minutes to mix
the reactants.* At the beginning, the nickel hydroxide powder must be mixed
carefully with 4-DBSA to minimise the loss of the powder.

e The paste must now be left to dry for at least 48 hours before it can be
dissolved.

*A 20-minute mixing is sufficient for pastes up to 18 g of 4-DBSAgs%.

5.1.2.2 Solubility

Initially, an attempt was made to dissolve varying amounts of the dried paste in different
solvents and solvent mixtures at ambient temperature. Catalyst pastes with
stoichiometric ratios of 1:2 and 1:4 for nickel to surfactant were tested. No significant
differences were observed between the two ratios. The amount of dried paste is given
in weight per cent. These experiments were carried out with the thought in mind to use
n-undecane as the solvent phase in the subsequent esterification experiments. "Similia
similibus solventur" is a rule of thumb that is regularly used in chemistry to predict
solubility. According to this rule, the compound to be dissolved is soluble in a solvent
with a similar structure to its own. So, to enhance the dissolving behaviour modifying

agents (polarity) and heat were used.
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The catalyst paste is neither soluble in pure n-undecane nor water. As modifying
agents Cyanex 923, di-(2-ethylhexyl) phosphoric acid (DEHPA) and n-octanol were
utilised. Cyanex 923 is a phosphine oxide consisting mainly of a mixture of four
trialkylphosphine oxides. [56] DEHPA is an organophosphoric acid. Both compounds
are used in solvent extraction. [57-61] Cyanex 923 and DEHPA did not qualify as
suitable modifying agents. However, n-octanol was identified as a suitable modifier and
solvent. In solubility experiments with a solvent mixture of 70 w% n-undecane and
30 w% n-octanol, up to 5 w% catalyst was dissolved in the mixture at a temperature of
90 C. In Figure 5-2 the result of the solubility experiment is shown without (left flask)
and with additional heating (right flask). In the round-bottomed flask on the left-hand
side, the catalyst paste is not fully dissolved, whereas in the round-bottomed flask on
the right-hand side the catalyst paste is completely dissolved. Various combinations of
these two solvents were tested, with the mixture 70 w% n-undecane and
30 w% n-octanol identifying as the most appropriate. Mixtures with lower n-octanol
content did not perform as well in terms of catalyst solubility even when substituted
with other modifying agents. Furthermore, tests showed, that the catalyst dissolves in
pure n-octanol when heated. The maximum catalyst load dissolved in pure n-octanol
is 28 w% (Figure 5-3).

- B —

Figure 5-2 Catalyst paste dissolved in the solvent mixture 70w % n-undecane/30 w% n-octanol; left: no additional
heating was used - the paste is not fully dissolved; right: additional heating at 70 °C for 1h - the paste is fully
dissolved
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Figure 5-3 Catalyst solution with a catalyst load of 28 w% in pure n-octanol

Since the alcohol n-octanol qualified as a suitable solvent, other alcohols were also
tested. Methanol and ethanol were found to be suitable solvents even without heating.
Other solvents that were tested were chloroform (soluble), hexane (non-soluble),
dimethyl sulfoxide (colour change, suggests ligand displacement) and isopropanol

(whitish precipitate).

5.1.2.3 Rinsing and Water Saturation

Since the esterification reaction of acetic acid with n-octanol is biphasic the catalyst
solution must not form an emulsion on contact with water. Therefore, deionised water
was carefully pipetted under the solvent phase containing the catalyst to test its
behaviour when in contact with water. As displayed in Figure 5-4, emulsification
occurred at the interfacial surface area (and in some cases over the entire solvent
phase), but the primary phase separation had occurred immediately. Since 4-DBSA
was the only surfactant present in the system, this implied that unbound 4-DBSA was
still present. To wash out the residual unbounded surfactant, the catalyst solution was
rinsed with deionised water in a separating funnel. Besides, the solution was saturated
with water to counteract the co-extraction of water during the esterification reaction.
Consequently, the volume of both phases should stay approximately constant
throughout the reaction. KF-titration, interfacial tension and density measurements
were carried out for two different catalyst solutions before they were rinsed, after they
were rinsed, and after the esterification. These measurements were performed to

document the effect of water saturation on the catalyst solution.
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Figure 5-4 Catalyst solution SS_AT_005_01 (2,5w % catalyst in 70 w% n-undecane/30 w% n-octanol) underlaid
with deionised water. The system is emulsified at the interface and parts of the solvent phase

The executed experiments resulted in the following procedure to dissolve the catalyst

paste:

The dried catalyst is weighed into a beaker

The desired amount of n-octanol is added to the beaker

For catalyst loads up to 5 w% 1 hour of stirring at 70 °C is sufficient. Catalyst
loads above 5 w% require stirring for 1.5 hours at a temperature of 90 °C
Allow cooling to room temperature in air

Rinse the dissolved catalyst once with deionised water in a separation funnel,
await phase separation.

Separate the solvent phase from the aqueous phase to use in the
esterification reaction

5.1.2.4 Crystallisation

Crystallisation techniques used in classical preparative chemistry were tested. The

catalyst paste was dissolved in suitable solvents and solvent mixtures. Then all

possible combinations of the following methods were appraised: The catalyst in

solution was stored open or with a cling film on the beaker and at room temperature or

in the fridge. To initiate the crystallisation process non-soluble solvents were dropwise

added, the beaker glass was scratched, and/or a broken glass tip was added to the

catalyst solution. Various rounds of rinsing the catalyst and drying, filtration through a

filter syringe, or fluted filters didn’t show any results. As solvents, all the solvents

mentioned in chapter 5.1.2.2 were used. (Combinations: different solvents and storing

at room temperature; different solvents and storing in the fridge; different solvents,
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addition of a non-soluble solvent and storing at room temperature; different solvents,
addition of a non-soluble solvent and storing in the fridge; different solvents, scratching
glass, adding a glass tip and storing at room temperature; different solvents, scratching
glass, adding a glass tip and storing in the fridge; different solvents, filtration and
storing at room temperature; different solvents, filtration and storing in the fridge;
different solvents, filtration, dissolving again and storing at room temperature; different
solvents, filtration, dissolving again and storing in the fridge; different solvents,
filtration, dissolving again, addition of a non-soluble solvent and storing at room
temperature; different solvents, filtration, dissolving again, addition of a non-soluble
solvent and storing in the fridge; different solvents, filtration, dissolving again,
scratching glass, adding a glass tip and storing at room temperature; different solvents,
filtration, dissolving again, scratching glass, adding a glass tip and storing in the fridge)

5.1.2.5 Stability

To get a sense of the stability of the dissolved catalyst, an acid or base was added to
the catalyst solution. For this purpose, catalyst solutions with 5w% of catalyst
dissolved in n-octanol were used. The addition of sulphuric acid (concentrated and
diluted) immediately built white flakes, which slowly vanished with time. After standing
for a while, a turquoise, crystalline precipitate formed (same day). The appearance of
the precipitate indicates nickel sulphate hexahydrate. When concentrated acetic acid
was added, a fine, white precipitate formed. Consequently, the catalyst may not be
used for reactions that contain strong acids or weak concentrated acids. The catalyst
solution’s viscosity increased under the dropwise addition of sodium hydroxide and
white, gelatinous precipitate occurred. Thus, the usage of the catalyst is not advised in
the presence of a base.

5.1.3 Biphasic Esterification: Experimental Set-up, Parameters and Method

The biphasic esterification experiments were carried out at 60 °C for three hours. The
ratio of the aqueous phase (water, acetic acid) to the solvent phase ([Ni(DBSA):] in
n-octanol or n-octanol and n-undecane) was 1:1 with a total reaction volume of 300 ml.
As initial concentration of acetic acid 1 mol/l was chosen. The stoichiometric ratio

between the reactants acetic acid and n-octanol was 1:1. 1 mol/l was chosen as the
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initial concentration for acetic acid in the aqueous phase. The stirring speed was varied

between 380 rpm and 800 rpm depending on the stirring bar and catalyst used.

All reactions were carried out in a 500 ml three-necked flask with a reflux condenser in
the middle to minimise evaporation losses. The two outer openings were utilised to
monitor the temperature of the reaction mass with a temperature sensor and for the
addition of the acid through a cannula. As heat source a magnetic stirrer hotplate was
used, and a cryostat connected to the reflux condenser was used for cooling. To make
handling easier and ensure an easy installation and removal of the three-necked flask,
a laboratory scissor jack was placed under the heating plate and a suitable heating

attachment was placed on the heating plate.

Deionised water was placed in the three-necked flask. Prior to installing the
tree-necked flask into the apparatus the solvent phase including the catalyst was filled
into it. The reaction mixture should be heated to 60 °C and stirred. The stirrer speed
was chosen so that the reaction mixture was mixed thoroughly. During the heating
process, the required amount of concentrated acetic acid was weighed into a
disposable syringe. When the reaction temperature was reached, the acetic acid was
injected via the cannula and the reaction started. A sample was taken from the
agqueous and solvent phase every 30 minutes. For this purpose, the stirrer was
stopped, phase separation was awaited, and 0.2 ml samples were taken in each case.
After three hours, the reaction was terminated by turning off the heat source. The entire
product mixture was then weighed and transferred to a separating funnel to
gravitationally settle. Both phases were weighed separately to be able to establish a

mass balance.

The metallosurfactants shown in Table 5-1 served as catalysts for the esterification
reaction. This table shows the metal to surfactant ratio of the catalyst, the amount of
catalyst based on the solvent phase, how the solvent phase is composed and whether

the dissolved catalyst was rinsed with deionised water.
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Table 5-1 List of metallosurfactant catalysts used for the esterification reaction. The list includes the metal to
surfactant ratio of the catalyst, the catalyst loading, the composition of the solvent phase and whether the dissolved
catalyst was rinsed or not. Unless stated otherwise catalyst solutions were prepared via the direct mixing approach.
The mixture solvent phase is composed of 70 w% undecane and 30 w% n-octanol

Experiment | Ni:4-DBSA | w% catalyst Solvent Rinsed
SS AT 015 1:2 5 OcOH yes
SS AT 016 1.2 5 OcOH yes
SS AT 068 1:2 10 OcOH yes
SS AT 069 1:2 10 OcOH yes
SS AT 062 1.2 28 OcOH yes
SS AT 071 1:2 28 OcOH yes
SS AT 063 1:2 28 OcOH yes
SS AT 010 1:4 5 OcOH no
SS AT 070 1:4 5 OcOH yes
SS AT 009 1.2 5 mixture no
SS AT 076 1:2 5 mixture yes
SS AT 012% 1:4 5 mixture -
SS AT 075! 1:4 5 mixture -
SS AT 074 1:4 5 mixture yes
SS AT 073 1:4 5 mixture yes

1catalyst solutions were prepared via the biphasic approach

5.2 Spinning Drop Tensiometer Measurement

For the determination of interfacial tension via spinning drop tensiometry water was
used as continuous phase and the catalyst solution (or solvent) served as
discontinuous phase. The manufacturer describes three ways of filling the capillary,
two of them were tested. One drop of discontinuous phase was placed on the wall of
the capillary with a syringe. Then the continuous phase was tried to be transferred
bubble-free into the capillary, if possible, from the bottom of the capillary to the top.
Thereby the drop must not detach from the wall. It was not possible to fill the capillary
with water without destroying the drop. The second method tested proved to be
successful. Deionised water is placed in the capillary. Bubbles adhering to the bottom
are tapped out. The capillary is placed horizontally, and one drop of the discontinuous
phase is positioned on the wall of the capillary with a GC-syringe.

Before starting the measurements, calibration is necessary. For this purpose, two

methods are available, automatic calibration and manual calibration. For all
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measurements, automatic calibration was used according to the manual of the

manufacturer.

Measurements are taken over a range of rotational speed rates. The rotational speed
must not be too low, otherwise, buoyancy occurs. Therefore, measured values must
be roughly constant. To measure the drop, the drop must be approximately stable.
Three analysing modes are available. Whenever possible Laplace-Young (LY) is
preferred. Cayias-Schechter-Wade (CSW) and Vonnegut (VG) are only used if the
drop shape does not allow a full profile, since LY is the most accurate. While LY does
take the drop’s curvature into account, CSW is based on the width and diameter of the
drop and VG only on the width. CSW is chosen when only one side of the drop is

measurable, and VG is used for drops with a length to radius ratio of over four.

Since the cleanliness of the capillary has a big impact on the results, two procedures
were created for cleaning the capillary. One for cleaning after a successful
measurement of the catalyst solution in water and one for the case of an emulsion
formation in the capillary. For the former, the capillary is flushed two to three times with
isopropanol, two times with tetrahydrofuran (THF), and then placed in the vacuum
drying cabinet to dry for at least one hour. For the latter, a bottle brush and isopropanol
are used to clean the capillary from all visible residuals. Then the capillary is washed
two times with isopropanol and two times with THF. Afterwards, the capillary is dried

in a vacuum drying cabinet for at least one hour.
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6 Results and Discussion

The preparation of a catalyst solution can be seen as successful if the catalytic activity
is sufficient enough, emulsification is prevented, and the experiment is reproducible.
Figure 6-1 displays two different outcomes. In the picture on the left, the whole solvent
phase is emulsified, whereas, in the picture on the right, a clear solvent phase can be

seen. Some experiments proved to be more promising than others.

Figure 6-1 Phase separation after the esterification reaction with two different catalyst
solutions. Left: SS_AT_070; right: SS_AT_015

6.1 Overall Mass Balance

After the esterification, the reaction mixture was weighed to establish a mass balance.
Additionally, the separated phases were also weighed. Table 6-1 shows the initial
weight of the educt, the weight of the product as well as the experimental error for each
esterification reaction. The error is given in percentage and represents the change in
mass. All error values lie below 2 % which is an acceptable deviation. The experimental
run SS_AT_063 (direct mixing approach, 28 w%, Ni:4-DBSA 1:2, n-octanol) stands out
with an error of only 0.2 %. However, this experiment aberrates in terms of reaction
performance from the other two esterification reactions carried out with the same
parameters. Among the preparations for this experiment, an error must have occurred
since the repetition of this experiment (SS_AT_071) matched the expectations and the
results of experiment SS_AT_062. For the rest of the results and discussion part
experiment SS_AT_063 will be excluded.
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Table 6-1 List of esterification reactions with educt weight, product weight, and the error of the mass balance. Unless
stated otherwise catalyst solutions were prepared via the direct mixing approach. The mixture solvent phase is
composed of 70 w% n-undecane and 30 w% n-octanol.

Experiment | Ni:4-DBSA | w% cat | Solvent | Educt [g] | Product [g] | Error
SS AT 009 1:2 5 mixture 259.29 254.4 1.9%
SS AT 010 1:4 5 OcOH 273.6 268.5 1.9%
SS AT 012% 1:4 5 mixture 266.38 261.56 1.8%
SS AT 015 1:2 5 OcOH 274.58 269.31 1.9%
SS AT 016 1:2 5 OcOH 276.07 272.19 1.4%
SS AT 062 1:2 28 OcOH 266.38 262.2 1.6%
SS_AT 063 1:2 28 OcOH 266.38 266.1 0.2%
SS AT 068 1:2 10 OcOH 266.38 261.9 1.7%
SS_AT 069 1:2 10 OcOH 266.38 261.6 1.8%
SS AT 070 1:4 5 OcOH 266.38 261.7 1.8%
SS AT 071 1:2 28 OcOH 266.35 261.3 1.9%
SS AT 073 1:4 5 mixture | 259.99 255.5 1.7%
SS AT 074 1:4 5 mixture 266.39 261.9 1.7%
SS AT 075! 1:4 5 mixture 267.81 262.8 1.9%
SS AT 076 1:2 5 mixture 266.3 261.4 1.8%

1catalyst solutions were prepared via the biphasic approach

6.2 Conversion and Separation Efficiency

As a measure for the catalytic activity, the conversion of acetic acid (Xwac) was
determined. For this calculation Equation 3 was used, in which cHac,0 represents the
initial concentration of acetic acid in the aqueous phase and cuact the total

concentration at the end of the esterification determined in both phases.

C —cC
y. - SHAco ~ CHAct Equation 3

HAc
CHAc,0

The separation efficiency (SEwnac) gives information on the removal of acetic acid from
the aqueous phase. The calculations of Xnuac and SEwnac are very similar. Instead of the
total acetic acid concentration at the end, only the concentration of acetic acid in the

aqueous phase at the end was used (Equation 4).

CHAc,0 — CHAc,aqu,t .
SEqac = Equation 4

CHAc,0

In Table 6-2 the determined conversion and separation efficiency values are listed.
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It can be seen that the separation efficiency is higher than the conversion for all
experiments. In experiments with a mixed solvent phase, the SEnac is around 10 %
higher than Xuac. If only n-octanol was used, the SEHac is up to 30 % higher than Xuac.
Although the highest conversions were achieved in the experiments SS_AT_070
(direct mixing approach, 5 w%, Ni:4-DBSA 1:4, n-octanol), SS_AT_076 (direct mixing
approach, 5w%, Ni:4-DBSA 1:2, solvent mixture), and SS_AT_074 (direct mixing
approach, 5 w%, Ni:4-DBSA 1:4, solvent mixture), the catalysts used are not the most
promising. The phase separation of the three experiments was poor due to the
occurrence of emulsification — the modification of 4-DBSA was not successful in these
cases. From Table 6-2 it can be also seen that increasing the catalyst load from 5 w%
to 28 w% does not change the separation efficiency perceivably, whereas the
conversion increases. Moreover, catalyst solutions by the biphasic approach were
identified as non-further pursuable due to the failed suppression of emulsion formation

and low separation efficiency.

Table 6-2 Conversion of acetic acid (Xnac) and separation efficiency of acetic acid (SEwnac) from the aqueous phase.
Unless stated otherwise catalyst solutions were prepared via the direct mixing approach. The mixture solvent phase
is composed of 70 w% undecane and 30 w% n-octanol

Experiment | Ni:4-DBSA | w% catalyst | Solvent XHAc SEHac

SS_AT 015 1:2 5 OcOH | 27% 53%
SS_AT 016 1:2 5 OcOH | 27% 54%
SS_AT 068 1:2 10 OcOH | 23% 48%
SS_AT 069 1:2 10 OcOH | 26% 49%
SS AT 062 1:2 28 OcOH | 35% 55%
SS AT 071 1:2 28 OcOH | 37% 54%
SS_AT 010 1:4 5 OcOH | 25% 55%
SS_AT 070 1:4 5 OcOH | 54% 67%
SS_AT 009 1:2 5 mixture | 33% 40%
SS AT 076 1:2 5 mixture | 58% 66%
SS AT 0121 1:4 5 mixture | 26% 36%
SS AT 075! 1:4 5 mixture | 21% 32%
SS AT 074 1:4 5 mixture | 45% 52%

SS_AT _073 1:4 5 mixture 18% 27%

lcatalyst solutions were prepared via the biphasic approach

Figure 6-2 depicts the conversion of acetic acid with n-octanol as solvent phase.
n-Octanol acts as reactant and solvent. The Figure clearly shows that catalysts
dissolved in n-octanol with a nickel to surfactant ratio of 1:2 show more consistent

results than catalysts with a ratio of 1:4. Increasing the catalyst load to 28 w% lead to
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a higher conversion of acetic acid. Besides, the utilisation of n-octanol as solvent phase
prevented emulsification completely when using catalysts prepared with a ratio of 1:2.
Consequently, catalysts dissolved in pure n-octanol with a nickel-surfactant ratio of 1:2
identify themselves as most promising.
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=
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5w% 5w% 10 w% 10 w% 28 w% 28 w% 5w% 5w%
12 1:2 1:2 1:2 1:2 1:2 1:4 1:4

Figure 6-2 Effect of n-octanol as solvent phase on acetic acid conversion with different catalysts. All catalysts were
synthesised via the direct mixing approach. For the catalyst preparation nickel to surfactant ratios of 1:2 (green
bars) and 1:4 (yellow bars) were used. The esterification was carried out with an initial concentration of 1 mol/l
acetic acid, and a phase ratio of 1, at 60 °C for three hours.

In esterification reactions using the solvent mixture 70 w% n-undecane and
30 w% n-octanol the formation of an emulsion could not be prevented. Furthermore,
conversion differs greatly for experiments with catalysts prepared via the direct mixing
approach (both nickel to surfactant ratios). This can be seen in Figure 6-3. Catalyst
solutions by the biphasic approach were identified as non-further pursuable. The level
of conversion was comparable to experiments carried out with the same catalyst load

in n-octanol, yet emulsification occurred, and the separation efficiency was lower.
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Figure 6-3 Effect of the solvent mixture 70 w% n-undecane and 30 w% n-octanol as solvent phase on acetic acid
conversion with different catalysts. Catalysts were synthesized either via the direct mixing approach (green bars,
yellow bars) or the biphasic approach (blue bars). For the catalyst preparation nickel to surfactant ratios of 1:2
(green bars) and 1:4 (yellow bars, blue bars) were used. The esterification was carried out with an initial
concentration of 1 mol/l acetic acid, and a phase ratio of 1, at 60 °C for three hours.

To describe the course of the acetic acid concentration during the reaction in more
detail, samples were taken every 30 minutes and measured using GC. Sampling was
started with a staggering time (tstart = 15min, tstat = 30min) so that the sample quantity
taken from each experiment was within a tolerable range. The concentration profile for
the esterification reactions carried out with a 5 w% catalyst loading in n-octanol can be

seen in Figure 6-4.
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Figure 6-4 Concentration course of acetic acid throughout the esterification reaction. GC measurements from
experiments SS_AT_015 and SS_AT_016 were combined to obtain the profile. Catalyst solutions with a catalyst
load of 5 w% in n-octanol and a nickel to surfactant ratio of 1:2 were used. The esterification was carried out with
an initial concentration of 1 mol/l acetic acid, n-octanol as solvent phase and a phase ratio of 1 at 60 °C

6.3 Total Organic Carbon

In order to calculate the maximum TOC value, the carbon content of each compound
was determined first. For this calculation Equation 5 was used. The TOCmax was then
calculated from the sum of the carbon content of the individual compounds Ccontent
multiplied by the concentration of this compound Ccompound in grams per litre (Equation
6). The concentration of the compounds (n-octanol, n-octyl acetate, acetic acid) was

taken from GC measurements of the aqueous phase.

MW, * Numberc_atoms Equation 5

Content —
M WCompound

TOCpax = Z Ceontent * Ccompound Equation 6

If the sample was diluted before the TOC measurement, it had to be calculated back
to the undiluted concentration. Table 6-3 shows the carbon content in the aqueous

phase after the esterification. The determined carbon content is (apart from one value)
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greater than the previously calculated TOCmax. This indicates that there may be a
residue of 4-DBSA in the aqueous phase after the reaction, as this is the only organic

component in the reaction mixture that was not detected by GC analysis.

Table 6-3 List of the calculated TOCmax and the measured TOC in the aqueous phase after the esterification and
their difference. Unless stated otherwise catalyst solutions used in the esterification were prepared via the direct
mixing approach.

Experiment TOCmax TOCmeasured |Difference
[9/1] [9/1] [9/1]
SS AT _009 17.09 19.08 1.99
SS_AT_010 13.70 15.38 1.68
SS AT 012t 18.09 19.24 1.15
SS_ AT _015 12.58 15.01 2.43
SS AT 016 12.80 15.94 3.14
SS AT 062 11.93 14.21 2.28
SS AT _068 12.05 15.12 3.07
SS_AT_069 12.20 15.46 3.26
SS AT 070 8.39 8.29 -0.10
SS AT 071 11.57 13.88 2.31
SS AT 073 16.14 20.66 4.52
SS AT 075% 15.93 21.11 5.18
SS AT 076 8.95 11.50 2.55

Icatalyst solutions were prepared via the biphasic approach

6.4 Nickel in the Aqueous Phase

The nickel content in the aqueous phase was measured via F-AAS. Nickel standard
solutions of 4, 3, 2, 1, and 0,.5 mg/l were used for the calibration. Dilute nitric acid was
utilised as a solvent. In Table 6-4 the concentrations of nickel in the aqueous phase
after the reaction are shown. Instantly noticeable is the nickel concentration of
experiment SS_AT 010 (direct mixing approach, 5 w%, Ni:4-DBSA 1:4, n-octanol) with
a value of 178.3 mg/l. This high concentration is partly due to the excess nickel in the
catalyst preparation. To wash out the residual nickel in further experiments the catalyst
solutions were rinsed with deionized water. The experiments SS_AT 009 and
SS_AT_076 were carried out with the same catalyst solutions (direct mixing approach,
5 w%, Ni:4-DBSA 1:2, solvent mixture) except for one difference. The catalyst solution
for the experiment SS_AT_076 was rinsed with deionised water and SS_AT_009 was
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not. The rinsing led to a significant decrease of nickel from 33.9 mg/l to 4.3 mg/l in the
agueous phase. According to the general wastewater ordinance, the limiting value for
nickel concentrations is 0.5 mg/l. [62] All determined concentrations are distinctly
above this limiting value. The lowest measured concentrations are a power of ten
above the limit. Experiments that performed well in terms of conversion and phase
separation exceeded the limiting value at around two powers of ten. Yet, since rinsing
the catalyst solution with deionised water reduced the nickel concentration in water to
almost a tenth of the initial concentration, it should be investigated whether the rinsing
process can be further optimised (e.g. rinsing several times). Another possibility to
reduce the nickel contamination might lie in using the reactant 4-DBSA slightly in
excess in the catalyst production. Thereby more nickel might be bound to 4-DBSA.
Excessive unbound 4-DBSA is easier removed from the catalyst solution given that

4-DBSA has proven to be easily removed by rinsing.

Table 6-4 Nickel concentrations in [mg/l] in the aqueous phase after the esterification reactions. Unless stated
otherwise catalyst solutions used in the esterification were prepared via the direct mixing approach.

Experiment | Ni:4-DBSA | w% catalyst | Solvent | Rinsed | Ni [mg/I]
SS_AT 015 1:2 5 OcOH yes 58.5
SS AT 016 1:2 5 OcOH yes 57.2
SS_AT 068 1:2 10 OcOH yes 74.8
SS AT 069 1:2 10 OcOH yes 76.9
SS AT 062 1:2 28 OcOH yes 40.2
SS_AT 071 1:2 28 OcOH yes 59.3
SS AT 010 1:4 5 OcOH no 178.3
SS_AT 070 1:4 5 OcOH yes 5.6
SS AT 009 1.2 5 mixture no 33.9
SS AT 076 1:2 5 mixture yes 4.3
SS AT 012% 1:4 5 mixture - 69.7
SS AT 075% 1:4 5 mixture - 76.7
SS AT 073 1:4 5 mixture yes 56.3

lcatalyst solutions were prepared via the biphasic approach

37



6.5 Density Measurements, Water Content and Rinsing

6.5.1 Density Measurements

All density measurements were carried out using Anton Paar’'s SVM 3000 viscometer.
Unless otherwise stated, density measurements were performed at 25 °C. In Table 6-5
the density of the used catalyst solutions can be seen. In comparison the densities of
n-octanol and n-undecane are: pn-ocon=0.86 g/cm?® and pn-undecane=0.74 g/cm?3. Due to
the lower density of the n-undecane, the catalyst solutions with a mixed solvent phase
have a lower density. Furthermore, catalyst solutions with a higher catalyst load also
possess a significantly higher density than catalyst solutions with a lower catalyst load.

This follows from the fact, that 4-DBSA and nickel are inherently heavier compounds.

Table 6-5 List of the measured densities of the catalyst solutions in [g/cm3]. Unless stated otherwise catalyst
solutions were prepared via the direct mixing approach.

Experiment | Ni:4-DBSA | w% cat | Solvent | Density[g/cm?]
SS_AT 015 1:2 5 OcOH 0.847
SS AT 016 1:2 5 OcOH 0.846
SS_AT 068 1:2 10 OcOH 0.861
SS AT 069 1:2 10 OcOH 0.861
SS_AT 062 1:2 28 OcOH 0.912
SS AT 071 1:2 28 OcOH 0.917
SS AT 010 1:4 5 OcOH 0.846
SS_AT 070 1:4 5 OcOH 0.846
SS AT 009 1.2 5 mixture 0.779
SS AT 076 1.2 5 mixture 0.808
SS AT 012% 1:4 5 mixture 0.783
SS AT 075! 14 5 mixture 0.785
SS AT 073 14 5 mixture 0.781

1catalyst solutions were prepared via the biphasic approach

Interfacial tension measurements using spinning drop tensiometry were performed at
25 °C and 60 °C since the esterification experiments were carried out at 60 °C. For the
spinning drop tensiometer, the densities of the catalyst solutions at the measuring
temperatures are necessary. These measurements are listed in Table 6-6. Both
catalysts were dissolved in n-octanol, have a nickel to surfactant ratio of 1:2 and were

rinsed with deionised water before the measurements.
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Table 6-6 Densities of catalyst solutions at various temperatures (25 °C, 60 °C)

Sample w% cat | Temperature [°C] | Density [g/cm?]
SS AT 046 5 25 0.843
SS AT 046 5 60 0.819
SS AT 022 28 25 0.939
SS AT 022 28 60 0.913

6.5.2 Water Content

The water content in the solvent phase was determined via KF-titration. In Table 6-7
the water content of three different catalyst solutions before and after the esterification
reaction can be seen. The difference before and after the esterification reaction is only
for the samples of experiment SS_AT 012 (biphasic approach, 5 w%, Ni:4-DBSA 1:4,
solvent mixture) higher before than after the reaction. Since in this experiment
emulsification was not completely suppressed the slightly higher water content before
the reaction may be accounted to sample taking from a partly emulsified system. In the
case of the other two catalyst solutions, water was co-extracted during the
esterification. For SS_AT_010 (direct mixing approach, 5w%, Ni:4-DBSA 1:4,

n-octanol) the water content increased sevenfold.

Table 6-7 Water content in the solvent phase by Karl Fischer before and after the reaction. Samples ending with K
were taken before the esterification reaction, samples ending with 180 were taken after the reaction.

Sample H20 [%]
SS_AT 009 K 1.20
SS_AT 009 180 2.13
SS AT 012 K 3.06
SS_AT 012 180 2.88
SS AT 010 K 0.97
SS_AT 010_180 6.66

Due to this finding, all following titrations were undertaken with water-saturated catalyst
solutions. Additionally, the triple determination was performed after the esterification
only. In Table 6-8 all catalyst solutions used in esterification experiments are listed.
From this table it can be seen that the water saturation increases with increased
catalyst load. The difference between values obtained for double determined
esterification reactions is insignificant for water-saturated catalyst solutions which can
be seen in Figure 6-5.
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Table 6-8 Water content by Karl Fischer of previously water-saturated catalyst solutions after the esterification

Sample Ni:4-DBSA | w% cat | Solvent | Rinsed | H20 [%)]
SS AT 015 1:2 5 OcOH yes 6,18
SS_AT 016 1:2 5 OcOH yes 6,44
SS AT 068 1:2 10 OcOH yes 8,37
SS_AT 069 1:2 10 OcOH yes 8,42
SS AT 062 1.2 28 OcOH yes 14,77
SS_AT 071 1:2 28 OcOH yes 16,66
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Figure 6-5 Water content in water-saturated catalyst solutions after esterification reactions. Each esterification was
carried out with an initial acetic acid concentration of 1 mol/l, a phase ratio of 1 for three hours at 60 °C. The catalyst
solutions were prepared via the direct mixing approach with a nickel to surfactant ratio of 1:2 and dissolved in
n-octanol.

6.5.3 Rinsing

To rinse the catalyst solution with water as part of the preparation process proved to
be a massive factor in improving the catalyst solution's properties. As stated in the
previous subchapter 5.1.2.3, water is co-extracted during the esterification reaction.
Therefore, two catalyst solutions with 5 w% catalyst loads in n-octanol were prepared
and their water content and densities were measured before rinsing, after rinsing and
after the esterification. Table 6-9 clearly states that the change in water content after
rinsing is negligibly small compared to the change when in contact with water for the

first time.
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Additionally, rinsing also removed nickel and surfactant residues. On the one hand,
this led to a lower nickel load in the aqueous phase and, on the other hand, had a
strong influence on phase separation. Furthermore, water saturation made it possible

to carry out interfacial tension measurements.

Table 6-9 Water content and density of two catalyst solutions before rinsing (K1), after rinsing (K2) and after the
esterification (180). Both catalyst solutions had a catalyst load of 5 w% in n-octanol and a nickel to surfactant ratio
of 1:2.

Sample H20 [%] | Density [g/cm?]
SS AT 015 K1 | 0.83 0.8336
SS AT 015 K2 | 6.81 0.8424
SS AT 015 180 6.18 0.8468
SS AT 016 K1 0.80 0.8336
SS AT 016 K2 | 7.25 0.8422
SS AT 016 180 | 6.44 0.8455

6.6 Interfacial Tension

Initially, a few problems arose when trying to measure the interfacial tension of catalyst
solutions in water with the SVT 20N spinning drop tensiometer. After figuring out how
to fill the capillary with both phases, the next challenge emerged. The measurement
itself turned out to be difficult because either the entire system began to emulsify
(Figure 6-6 a) or the interior of the drops (Figure 6-6 b.). In the second case, it was
possible to obtain measured values, but they were not constant and therefore could
not be further used. The picture in Figure 6-6 ¢ depicts a well-shaped drop without any
signs of emulsification. A rinsed catalyst solution was used for this measurement.
Rinsing removed residual 4-DBSA, hence no emulsification occurred. The CMC of
4-DBSA lies at 5.5 * 10* mol/l [63] and is, therefore, quickly exceeded.
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a) Complete emulsification of 4-DBSA in the solvent mixture in the measurement capillary

:99-00c0

b) Drops of unrinsed catalyst solution with a catalyst load of 5 w% in n-octanol. The internal emulsification of the

drops is due to residual surfactant.

|

c) A stable drop of rinsed catalyst solution with a catalyst load of 5 w% in n-octanol.
Figure 6-6 Pictures of the capillary during spinning drop measurements with deionised water as continuous phase
at 25 °C. a) Complete emulsification of the capillary with 4-DBSA dissolved in the solvent mixture as discontinuous

phase. b) Internal emulsification of unrinsed catalyst solution drops (5 w% in n-octanol) used as discontinuous
phase. c) Stable drop of rinsed catalyst solution with a catalyst load of 5 w% in n-octanol as discontinuous phase.

When using the solvent mixture as the discontinuous phase in the spinning drop
experiments, a change of up to roughly 65 % in interfacial tension was found. All three
catalyst solutions lowered the interfacial tension significantly compared to the system
using solely the solvent mixture. The interfacial tension values according to the
methods of LY, CSW and VG can be taken from Table 6-10.
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Table 6-10 Interfacial tensions determined via spinning drop tensiometry. Interfacial tensions are given according
to the methods of LY, CSW and VG. Deionised water was used as a continuous phase for all measurements. The
solvent mixture consists of 70 w% n-undecane/30 w% n-octanol. Measurements were performed at 25 °C.

Sample LY [MN/m] | CSW [mN/m] | VG [mN/m]
solvent mixture 10.9 10.87 10.68
SS AT 008 3.4 3.48 3.42
SS AT 009 7.77 7.77 7.6
SS AT 012 3.89 3.92 3.86

As catalyst solutions prepared by the direct approach with a nickel to surfactant ratio
of 1:2 in pure n-octanol showed the overall best performance in terms of phase
separation behaviour and conversion, interfacial tension measurements were carried
out at 25°C and 60 °C. 60 °C being the temperature were the esterification is
executed. Measurements were taken for catalyst loads of 5 w% and 28 w% at both
temperatures. For the catalyst solutions, no significant temperature dependencies
were found, as can be seen in Figure 6-7. Reduction of interfacial tension was found
up to 33 % for the lower catalyst load and up to 75 % for the higher catalyst load. This
reduction in interfacial tension leads to a high mass transfer area at the interface, which

is vital for the catalytic activity in a biphasic system.
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Figure 6-7 Interfacial tensions of the system water/ n-octanol, water/ n-octanol with 5 w% catalysts and water/
n-octanol with 28 w% catalysts at 25 °C and 60 °C. Interfacial tensions are given based on the models of LY, CSW
and VG
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6.7 Structural Elucidation

To determine the structure of the catalyst, an attempt was made to obtain information
through NMR measurements. Assoc. Prof. Dipl. Ing. Dr. tech. Fischer kindly performed
a 1H NMR measurement of the 4-DBSA and the catalyst and a 13C NMR
measurement of 4-DBSA. Unfortunately, it was not possible to obtain a 13C spectrum
of the catalyst. Additionally, no clear proposition for a structure of the metallosurfactant
could be given. Yet the spectra indicated that some kind of reaction had happened and
the 1H spectrum of the catalyst also showed its paramagnetic property given by the
nickel.

Toth et al. were able to propose a structure for the nickel-based metallosurfactant. The
catalyst was analysed via inductively coupled plasma optical emission spectroscopy
(ICP-OES) and infrared (IR) spectroscopy. ICP-OES was utilised to measure the
sulphur and nickel content in the catalyst samples. The content of these two elements
made it possible to infer a stoichiometric ratio which is 1: 2 of nickel to sulphur. The IR
spectra imply a bonding between the nickel and the SOz group. Therefore the proposed
structure is built by a nickel ion and two molecules of 4-DBSA as illustrated in Figure
6-8. [55]

07\
8]

Figure 6-8 Proposed structure of the metallosurfactant [Ni(DBSA)2] built by a nickel cation and two molecules of
4-DBSA
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7 Conclusion and Outlook

A novel metallosurfactant catalyst for the reactive separation of acetic acid from water
through biphasic esterification was developed. For this purpose, 4-DBSA was modified
with the transition metal nickel to suppress the emulsifying property of 4-DBSA. The
metallosurfactant catalyst [Ni(DBSA)2] was obtained by combining nickel hydroxide
and 4-DBSA. It was possible to prevent the emulsification of the biphasic reaction
system of aqueous acetic acid and n-octanol for esterification while achieving
conversions of acetic acid up to 37 %. For the synthesis and further processing of the
catalyst, the aim was to keep both steps simple and the additional energy consumption

low.

During the experiments, it became clear that the simple approach of direct mixing is
superior to the biphasic preparation procedure. The esterification experiments with
catalysts of the second approach were not reproducible. Besides, the first variant
impresses with its simplicity. A procedure was developed to dissolve the catalyst. As a
solvent phase, pure n-octanol is preferable to a mixture of n-undecane and n-octanol.
On one hand, pure n-octanol shows better results in terms of phase separation, and
on the other hand, since n-octanol is used as alcohol in the esterification, no additional
component is added to the system. Subsequent recovery of the solvent is thus

facilitated.

Rinsing the dissolved catalyst with deionised water in a separating funnel was
identified as a key step in the preparation of the catalyst solution. Rinsing removes
residues of 4-DBSA and nickel. Thereby the emulsification of the system was
prevented and, supplementary the content of nickel in the aqueous phase was
significantly reduced. Since the nickel content was still above the legal limit of 0.5 mgl/l,
there is an urge for optimisation regarding this matter. [62] Besides, the catalyst
solution was saturated by being washed out with water, which counteracted the

co-extraction of water during the esterification.

With the aid of spinning drop tensiometry, the interfacial tension between the aqueous
and various solvent phases were determined. Using the metallosurfactant, it was
possible to measure reductions in interfacial tension both for mixed solvent phases (up
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to 65 %) and n-octanol (up to 75 %). No temperature dependency was found for the
catalyst solutions. These results clearly show that the surfactant property of 4-DBSA
is still present in the metallosurfactant. Thus, by reducing the interfacial tension, a large
area is available for mass transfer. This is important because the reactants are present
in different phases and the esterification reaction takes place at the agueous-solvent
interface. Acetic acid is present in the aqueous phase while n-octanol acts as a
reactant and forms the solvent phase. The converted compound n-octyl acetate is
dissolved in the solvent phase.

Keeping sustainability issues in mind, the next step must be the recovery of the solvent
n-octanol. For this purpose, the transesterification of n-octyl acetate into a lower-boiling
acetate as part of reactive distillation might be a possibility. In the course of this, the
suitability of the catalyst [Ni(DBSA)2] for transesterification might be tested as well. The

aim is a high solvent recovery rate.

With the potential shown, [Ni(DBSA)2] might be investigated to be utilised as a catalyst
for further reactions. Therefore, reactions in which 4-DBSA has already been tested or
those that take place in a biphasic reaction system are particularly suitable. Also,
experiments of [Ni(DBSA)z] in other solvents would be of interest. As part of the
sustainability aspect, the behaviour of the catalyst should also be examined for greener

alternatives.
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ABSTRACT: A metallosurfactant catalyst was developed to
address the requirements for the utilization of low-molecular-
weight carboxylic acids from dilute effluents. The catalyst
Ni(DBSA), combines transition-metal catalysis of nickel ions
and surfactant catalysis of 4-dodecylbenzenesulfonic acid (4-
DBSA). Requirements for the metallosurfactant catalyst are low
water solubility, high catalytic activity in biphasic esterification,

and self-assembling properties at the interface. Ni(DBSA), was \ . \~

tested for applicability in the interfacial catalysis of @ i, o}
esterification of dilute acetic acid with the solvent 1-octanol . ‘ . ‘ \
and resulted in an octyl acetate yield of 31.3%. Under identical |queous phase . |aqueous phase .
reaction conditions, Ni(DBSA), performed better than sulfuric

acid with a yield of 1.7%. The limited catalytic performance of

sulfuric acid is caused by the presence of sulfuric acid mainly in the aqueous phase. In contrast, Ni(DBSA), is dissolved in the
solvent and assembles at the aqueous/solvent interface where the reaction takes place. Additionally, the metallosurfactant lowers
the interfacial tension between Il-octanol and deionized water by up to 75%, thus enhancing mass transfer. Compared to
catalysis with 4-DBSA in emulsion, the catalytic performance of Ni(DBSA), dropped by 62%, but this drawback is compensated
by the complete suppression of emulsification. With Ni(DBSA),, the development of a catalyst was achieved, which self-

enhances its catalytic performance in the interfacial catalysis through increased mass transfer area due to its surfactant
properties.

(a) before the reaction (b) after the reaction

KEYWORDS: esterification, transition-metal, reactive extraction, metallosurfactant, interfacial catalysis

Bl INTRODUCTION undecane, and the catalyst 4-dodecylbenzenesulfonic acid (4-
DBSA). Due to esterification, acetic acid, which is almost
insoluble in the solvent, is transformed to octyl acetate, which
shows higher solubility in the solvent phase. The concept relies
on the Bronsted-acid catalytic activity and surfactant capability
of 4-DBSA.”® Emulsification caused by this anionic surfactant
generates a quasi-homogeneous reaction regime. Such a regime
provides negligible mass transfer control of the reaction
combined with the advantages of qua51 homogeneous catalysis
of the biphasic esterification reaction.””* Acetic acid esterified
to octyl acetate with 1-octanol with a conversion up to 54%
and an overall acid separation efficiency of 57% underlines the
applicability of the proposed concept.” However, the deploy-
ment of 4-DBSA is highly limited, as increased concentrations
cause the formation of stable emulsions. Splitting of stable
emulsions cannot be performed by a simple centrifugation
step. The ambivalence of emulsification providing the
intensifying part of the process concept yet causing the huge
obstacle of formation of stable emulsions inspired the search

Low-molecular-weight carboxylic acids are formed during the
processing of biomass, such as pulping of wood, and are mostly
present at low concentrations in aqueous effluents. These
carboxylic acids represent a potential source for renewable
products and holistic use of biomass feedstock. Acetic acid as a
platform chemical is one of the main low-molecular-weight
byproducts formed during pulping via the cleavage of the
acetyl group from hemicellulose. Common practice in industry
to treat these byproducts is to thicken the effluent containing
mainly lignin and carboxylic acids followed by incineration.
Referring to the global annual pulp capacity, the incineration of
such valuable constituents represents a huge waste of resources
but is accepted state of the art due to economic reasons. Using
this source requires appropriate process technologies. High
excess of water, low concentration of the carboxylic acids, and
formation of (quasi-)azeotropic mixtures specify the major
problems to be tackled for distillative or reactive separation.'
Esterification combined with simultaneous extraction of the
low-molecular-weight carboxylic acids, i.e., formic acid, acetic

acid, propionic acid, and butyric acid, with 1l-octanol in an Received: August 9, 2019
emulsified regime is a promising technological approach.” The Revised:  September 10, 2019
solvent is a mixture of the reactant I-octanol, the diluent n- Published: October 12, 2019
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a) 4-DBSA

b) catalyst paste after
mixing

c) catalyst paste after d) catalyst paste cut for
drying dissolution

Figure 1. Preparation steps of the nickel-metallosurfactant catalyst Ni(DBSA),: (a) 4-DBSA before admixture of Ni(OH),; (b) catalyst paste right
after mixing of 4-DBSA and Ni(OH),; (c) catalyst paste after 3 days storage at ambient conditions; and (d) cut catalyst paste prepared for

dissolution in the solvent phase.

for a more convenient catalyst. This preferably water-insoluble
catalyst is sought to show catalytic activity at the interface in
biphasic esterification without the formation of stable
emulsions, while maintaining a high mass transfer area through
reduced interfacial tension. The concept of combined
extraction/transesterification was also successfully applied by
Likozar et al.”~” for utilizing high-molecular-weight fatty acids
as biofuels. Likozar et al. developed a model capable of
describing the superposition of extraction and reaction and
implemented the process in a continuous tubular reactor.

Transition-metal ions catalyze esterification reactions as
shown by Liu et al'’ for noble metals like palladium and
rhodium, or by Weires et al.'! for nickel. With the surfactant
catalyst 4-dodecylbenzenesulfonic acid as a basis, the most
obvious approach was to make use of its ion-exchange
capability, as already applied in transition-metal extraction
and to, thus, control the surfactant properties with transition-
metal ions. Exemplarily, transition-metal extraction has been
published by Samper et al."* and Ferella et al."> Samper et al.
used sodium dodecyl sulfate and linear alkylbenzene sulfonate
to perform micellar-enhanced ultrafiltration to remove divalent
heavy-metal ions like Zn**, Ni*, and Pb** from aqueous
effluent. The metal ions are fixed to the anionic surfactant in
micelles and then separated from the effluent via ultrafiltration.
Ferella et al. used dodecylbenzenesulfonic acid (anionic) in
comparison to dodecylamine (cationic) for the separation of
Pb*" and As™ in a similar approach. Both used the surfactants
at concentrations below their respective critical micelle
concentration (CMC) and reported an effective separation
for the use of anionic surfactants. The chemical interaction
between metal ions and the surfactant molecules leads to an
immobilization of the resulting compounds. This immobiliza-
tion allows selective positioning of these compounds. In the
present case, the metal ions fixed to surfactant molecules may
either be soluble in the solvent phase or in the aqueous phase
and therefore be immobilized in the respective phase.'” The
thus produced substances are called metal—surfactant com-
plexes or metallosurfactants.

The self-assembling capability of the metallosurfactant
molecules in micelles or other nanostructures allows
application in various fields such as preparation of nano-
particles, in medicine, and in catalysis.">~'” Most effort has
been made in the development of water-soluble metal-
losurfactants for systems where the respective reactants are
dissolved either in the aqueous or in the organic phase and
reaction takes place at the interphase.wilg

In the present work, the reactants for esterification are
dissolved in different phases (carboxylic acid mainly in the
aqueous phase; alcohol in the solvent phase). Based on the
emulsification process concept,2 1-octanol was chosen as the
alcohol for esterification and acetic acid as model carboxylic
acid. Acetic acid was used at 1 mol L™ to mirror the harsh
reaction conditions for esterification due to a high water
excess. Together with the reactant 1-octanol, the ester octyl
acetate forms the solvent phase, meeting the aim of removing
and upgrading the low-molecular-weight carboxylic acid from
the aqueous phase. It is desirable to keep the catalyst in the
solvent phase to avoid contamination of the aqueous phase and
to enable recycling of the catalyst with the solvent phase.
Therefore, a metallosurfactant catalyst based on 4-dodecyl-
benzenesulfonic acid and nickel ions was developed. This
catalyst is capable of catalyzing biphasic esterification at low
temperatures, which are essential in aqueous effluent treatment
to minimize the energy demand. The combination of two
nontoxic components allows the suppression of emulsification
and therefore energy-efficient phase separation after reactive
extraction.

B EXPERIMENTAL METHODS

Materials. 4-Dodecylbenzenesulfonic acid (>95%, mixture of
isomers, 4-DBSA, Sigma-Aldrich), nickel(II) hydroxide (Ni(OH),,
Sigma-Aldrich), sulfuric acid (96%, H,SO,, Carl Roth), n-undecane
(>99%, Sigma-Aldrich), 1-octanol (>98%, Sigma-Aldrich), and acetic
acid (>99%, ChemLab) were used as supplied without further
purification.

Preparation of Metallosurfactant Catalyst. The metallosur-
factant catalyst was synthesized by adding nickel(II) hydroxide
powder to liquid 4-dodecylbenzenesulfonic acid (4-DBSA) in a
ceramic mortar. Different stoichiometric ratios of nickel to 4-DBSA
were used corresponding to the possible oxidation states of nickel
(+2, +4). After thorough mixing, the obtained paste was dried at
ambient conditions for three days. The dried paste was then admixed
to a solvent and heated to 90 °C with constant stirring until it was
fully dissolved. For solvent selection, mixtures of n-undecane with
Cyanex 923 or di-(2-ethylhexyl)phosphoric acid (DEHPA) together
with 1-octanol as well as pure n-undecane and pure l-octanol were
tested. Figure 1 displays the catalyst preparation steps from pure 4-
DBSA (a) to admixing nickel(IT) hydroxide (b), drying (c), and
cutting (d) for dissolution in the solvent phase. In a separating funnel,
the catalyst solution was rinsed with deionized water to wash out
unreacted nickel and 4-DBSA. Additionally, the solution was saturated
with water to reduce loss of aqueous phase due to co-extraction of
water during kinetic experiments.

Alternatively, the transition metals iron(II) chloride hexahydrate,
iron(II1) chloride tetrahydrate, and nickel(I) sulfate hexahydrate
were tested but not further used due to undesired dissolution
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behavior (e.g., iron(IIT) chloride), instability of the produced
metallosurfactant (e.g., iron(II) chloride), and incapability to prevent
the formation of emulsions. Additional information can be found in
the Supporting Information (Table SI and Figure S1).

Biphasic Esterification in Batch Experiments. Kinetic
performance of the synthesized metallosurfactant catalysts was
evaluated for the biphasic esterification of acetic acid as a model
compound in the aqueous phase (deionized water) and 1-octanol as
the reactant in the solvent phase. This biphasic esterification was
performed in a batch setup consisting of a 500 mL three-neck flask
with a condenser atop. The latter was operated at 2.5 °C to reduce
losses through evaporation. A magnetic stirrer (Heidolph MR Hei-
Standard) with a heating plate stirred and heated the reaction mass
with a total volume of 300 mL. Temperature of the reaction mass was
controlled with a temperature sensor (Heidolph EKT 3001). Sulfuric
acid was chosen as a standard mineral acid catalyst for carboxylic acid
caltalysis.lO Further, 4-DBSA served as a benchmark for surfactant
catalysis. For catalyst load, a low level and a high level were chosen,
equivalent to 5 and 28 wt % of Ni(DBSA),, respectively. The high
level represents the maximum catalyst load in pure 1-octanol due to
its solubility characteristics. A phase ratio (solvent to aqueous feed) of
1, initial acetic acid concentration of 1 mol L7}, a reaction time of 3 h,
and a reaction temperature of 60 °C were kept constant for all kinetic
investigations. A stirrer speed of 500 rpm was chosen to ensure
thorough mixing of the two phases.

The catalyst was dissolved in the solvent and filled into the three-
neck flask together with deionized water. This biphasic mixture was
then heated up to the desired reaction temperature. Acetic acid was
added with a syringe to the aqueous phase, initiating the reaction after
the reaction temperature was reached. For sampling, every 30 min, the
stirrer was stopped and after phase separation, samples were taken
from both phases (0.2 mL each). Sampling from emulsion was done
from the center of the reaction broth (1 mL) immediately after
stopping the stirrer. The thus obtained emulsion sample was
centrifuged for 10 min to obtain clear samples of both phases for
gas chromatography (GC) analysis. At the end of each experiment,
phases were separated either by gravitational settling in a separating
funnel or in a benchtop centrifuge (Heraeus Labofuge 400) at rcf
2383 for 30 min in case of emulsification. The overall mass balance
error was below 1.8%.

B ANALYSIS TECHNIQUES

Inductively Coupled Plasma Optical Emission Spec-
troscopy (ICP-OES). Catalyst solutions were analyzed for
nickel and sulfur content in an inductively coupled plasma
optical emission spectroscope (ICP-OES) performed by
BIOENERGY 2020+ GmbH. Solvent samples were prepared
via acid digestion.

Infrared (IR) Spectroscopy. As nickel excludes NMR
analysis due to its paramagnetic properties, structure character-
ization was performed using IR spectroscopy. A Bruker Alpha
II spectrometer was used with a Platinum ATR. A spectral
range of 4000—400 cm™ was analyzed with a spectral
resolution of 2 cm™.

Spinning Drop Tensiometry. Interfacial tension between
solvent/catalyst mixtures and deionized water was measured
with a Dataphysics spinning drop video tensiometer SVT20.
The measuring chamber with the rotating capillary was
temperature controlled to ensure accurate results. For the
calculation of the interfacial tension o, three different models
were applied, depending on the drop shape: Vonnegut (VG),
Laplace—Young (LY), and Cayias—Schechter—Wade (CSW).

Gas Chromatography. Samples of liquid phases were
analyzed in Shimadzu GC2010plus equipped with a flame
ionization detector (FID) and a thermal conductivity detector
(TCD) in parallel operation. A Zebron ZB WAXplus column
with 60 m length, 0.32 mm inner diameter, and a film thickness

18549

of 0.5 pm was used. The gas chromatograph was operated in
split mode (split ratio 120) with helium as the carrier gas.
Injection via AOC 20i/s autosampler was done at 250 °C; the
detectors were operated at 270 °C. The oven program started
with a hold at 40 °C for 6.5 min and a temperature plateau at
60 °C for 2.5 min. This was followed by another temperature
plateau at 120 °C held for 2 min and a final increase to 200 °C
without a hold time. The heating rate in between the
temperature plateaus was 20 °C min~'. The samples were
precooled to 5 °C in the autosampler and injected undiluted.
The relative standard error of the measurements was in the
order of 1.3% for the analysis with FID and 2.5% for TCD.

B RESULTS AND DISCUSSION

Catalyst Selection and Characterization. 1-Octanol
exhibited outstanding performance as a solvent with respect to
extraction efficiency, catalyst load and stability, and phase
separation behavior compared to the other tested solvents (n-
undecane, Cyanex 923, DEHPA, I-octanol, and mixtures
thereof; further details in the Supporting Information).
Extraction efficiency for metallosurfactant experiments with
1-octanol as solvent was above 53%. Metallosurfactant catalysts
with nickel are best suited for the biphasic esterification of all
investigated transition-metal ions (Fe(III), Fe(1I), and Ni(II)),
as the complexes offer high stability in the solvent phase
coupled with almost no tendency to emulsify. Only the nickel-
metallosurfactant with a stoichiometric ratio (4-DBSA to
nickel) of 2 exhibits appropriate stability and catalytic
performance together with the desired prevention of
emulsification.

The nickel-metallosurfactant catalyst Ni(DBSA), dissolved
in l-octanol was analyzed via ICP-OES and IR spectroscopy.
The former confirmed a stoichiometric ratio of nickel to sulfur
in the catalyst solution of 2 even after rinsing with deionized
water. Figure 2 displays the IR spectra of 4-DBSA, 1-octanol,
and two concentrations of Ni(DBSA), dissolved in 1-octanol
including the bands involved in the bonding of nickel and 4-
DBSA. In the 4-DBSA spectrum, these bands show up at 573,
831, 90S, 1004, and 1034 cm™. The band at 573 em™ is
assigned to the bending and the bands at 1004 and 1034 cm™'
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Figure 2. IR spectra of 4-dodecylbenzenesulfonic acid (red), 1-
octanol (blue), 5 wt % Ni(DBSA), in 1-octanol (light green), and 10
wt % Ni(DBSA), in 1-octanol (dark green). Inset: focused areas of
wavenumbers 1050—800 and 650—500 cm™".
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Figure 3. Proposed structure of the nickel-metallosurfactant Ni(DBSA), with a divalent nickel ion and two 4-DBSA molecules.

to the symmetric stretching of the sulfonic acid group. The
out-of-phase bending of the OH group in the sulfonic acid
group is represented by bands at 831 and 905 cm™.*'
Resulting from the jon-exchange bonding of two sulfonic acid
groups to a single nickel ion, the sulfonic acid group bands are
slightly shifted to 582, 834, 1010, and 1037 cm™. The band at
905 cm™" disappears completely, indicating a bonding between
SO;™ and the nickel ion, suggesting a structure as displayed in
Figure 3.

Kinetic Performance of Ni(DBSA), in Biphasic
Esterification. The kinetic performance of Ni(DBSA), was
evaluated based on the octyl acetate yield and compared to
that of sulfuric acid and 4-dodecylbenzenesulfonic acid as
catalysts. Octyl acetate was only detected in the solvent phase
by GC analysis as described in the analysis techniques section.
Table 1 summarizes the excess of water in the reaction system,

Table 1. Summary of Initial Molar Excess of Water and 1-
octanol and Total Amount of Catalyst with Low Level and
High Level Equivalent to 5 and 28 wt % of Ni(DBSA),,
Respectively

molar excess  molar excess of

of water to 1-octanol to total amount of
acetic acid acetic acid catalyst [cat];
Ni(DBSA), low 517 6.1 0.0070 moly,”
high 51.8 43 0.0323 moly”
sulfuric acid ~ low 52.0 6.4 0.0084 mol,;""
high 52.1 6.4 0.0397 moly "
4-DBSA low 52.5 6.4 0.0089 moly”
high 517 6.4 0.0395 moly;™”
uncatalyzed - 522 6.4 -

“Basis for the calculation is the amount of nickel from ICP-OES
analysis with 3260 ke, kgimw soution for low level and 16300 kegy,
Kg3eui56 solution fOT high level. “Basis for the calculation is the number of
H*-ion equivalents: for sulfuric acid 0.019588 equiv gﬁigow%% and for

4-DBSA 0.003154 equiv g5 bpgaose

the excess of 1-octanol to acetic acid, and the total amount of
catalyst used in equivalent to S wt % (low level) and 28 wt %
(high level) of Ni(DBSA),. The basis for the calculation of
catalyst load of sulfuric acid and 4-DBSA is their H*-ion
equivalent and for Ni(DBSA), the amount of nickel
determined by ICP-OES. Selection of the amount of nickel
as the basis for the metallosurfactant calculation was performed
with the assumption that the catalytic activity of the
metallosurfactant is based on the Breonsted acid/base
interaction.

Figure 4 compares the octyl acetate yield achieved by the
different catalysts with the uncatalyzed reaction. Sulfuric acid is
widely used in the esterification of carboxylic acids, as it is
highly efficient for concentrated reaction systems. In contrast,
sulfuric acid is nearly inactive in the present system with a
molar excess of water beyond 52 (see Table 1). Addition of
sulfuric acid to the aqueous phase improves the extraction
efficiency of acetic acid, as more undissociated and therefore
extractable acetic acid is available. However, the achievable

100
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Figure 4. Octyl acetate yield Yo, and turnover number (TON) for
low and high levels of different catalysts. Catalysts used: H,SO, (blue
bars), Ni(DBSA), (green bars), and 4-dodecylbenzenesulfonic acid
(red bars) at 60 °C, l-octanol as solvent phase, acetic acid
concentration of 1 mol L™, phase ratio 1, stirrer speed 500 rpm,
and error bars determined from three parallel experiments.

yield of octyl acetate for sulfuric acid catalysis is in the same
order of magnitude as the uncatalyzed reference with 0.4% for
the low level and 1.7% for the high level catalyst load. Location
of the catalyst within the biphasic reaction system explains this
effect. In contrast to the self-assembling (metallo)surfactant
molecules, sulfuric acid is preferably present in the aqueous
bulk phase and not at the interface, where the reaction takes
place. Performance of 4-DBSA on the other hand is the upper
benchmark in this case. The strong acidic properties and the
emulsification induced by its surfactant ability allow yields
between 60.5% (low level) and 82.1% (high level). The latter
seems to be the maximum achievable yield from the
interpretation of the octyl acetate concentration curve, The
difference in the catalytic performance is also displayed by the
difference in the turnover number (TON). The TON was
calculated as the ratio of the amount of octyl acetate produced
(ocac) to the amount of catalyst used (nc,r) according to eq
1.

MocAc

NeaT (1)

TON =

For the given reaction conditions, the TON for low level of 4-
DBSA with 10.7 is 2 orders of magnitude higher than the TON
of sulfuric acid with 0.1. Regardless of its catalytic activity, 4-
DBSA faces the problem of the formation of stable emulsions
in the used load range. Emulsions formed by both levels of
catalyst load cannot be split solely by gravitational force.
Centrifugation or other means of emulsion splitting needs to
be applied, increasing the complexity of the process and
preventing the use of standard equipment (e.g, stirred
extraction columns).

The nickel-metallosurfactant Ni(DBSA), clearly exhibits
catalytic activity, as confirmed by 19.5% octyl acetate yield for
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the low level and 31.3% for the high level catalyst load. Yields
are below that of low level 4-DBSA catalysis (60.5%), but
clearly above the uncatalyzed reaction (0.2%) and the high
level of sulfuric acid catalysis (1.7%). TON for Ni(DBSA), of
4.1 and 1.5 for low and high level catalyst load, respectively,
lies between sulfuric acid and 4-DBSA. Tt should be noted that
the ratio between TON of Ni(DBSA), and 4-DBSA is better
for the high catalyst load, as TON highly decreases from low to
high level of 4-DBSA.

The advantage of Ni(DBSA), compared to the other
catalysts lies in the complete prevention of emulsification, at
the same time allowing intensive phase contact as a
consequence of low interfacial tension. Adjustment of
interfacial tension through the nickel-metallosurfactant enables
a quasi-homogeneous state during reaction, with phase
separation behavior comparable with the surfactant-free
system. Interfacial tension of pure 1-octanol as well as of low
and high metallosurfactant load in 1-octanol in water was
measured with spinning drop video tensiometry. The measured
interfacial tension o; for 25 and 60 °C is shown in Figure 5. A

Figure 5. Interfacial tension o, between solvent/metallosurfactant
mixtures and deionized water at 25 and 60 °C evaluated with models
of Vonnegut (VG), Laplace—Young (LY), and Cayias—Schechter—
Wade (CSW). Pure 1-octanol (OcOH) in gray, low level load of
Ni(DBSA), in l-octanol in light green, and high level load of
Ni(DBSA), in 1-octanol in dark green.

reduction of the interfacial tension between solvent phase and
deionized water between 34 and 44% for low metallosurfactant
load and between 70 and 75% for high metallosurfactant load
was observed. While measurement with 4-DBSA containing
solvent was not possible due to immediate emulsification in the
measurement capillary, the high metallosurfactant load with a
0; of 2.1 mN m™' showed a phase separation behavior similar
to that of the surfactant-free reference system. Additional
information regarding spinning drop measurements can be
found in the Supporting Information. The immediate
emulsification can be explained by the catalyst load of 4-
DBSA, which is orders of magnitude higher than the critical
micelle concentration of 4-DBSA (CMC = 5.51 x 107* mol

L") for both levels of catalyst load. Within the investigated
temperature range, no significant temperature dependency of
the metallosurfactant containing solvent phases was observed.

Order in Catalyst. The order in catalyst was determined by
applying the graphical method proposed by Burés.”*** Main
advantage of this straightforward method is that it uses the
experimentally derived reactant concentration to determine the
order in catalyst without further calculations. In addition, this
method equally works for experiments with a low number of
data points or data with a high experimental error. Reaction
profiles of the investigated catalysts at both load levels are
combined with a normalized time scale. For that purpose, the
product concentration (concentration of octyl acetate in the
solvent phase o) is plotted over a time normalized by the
total amount of catalyst raised to the power of y, which
represents the order in catalyst. This normalized time [ cat;]% is
adjusted until the reaction profiles are overlapping. Figure 6

5.0 ™ T T T g T T T
s o H,S80, low for y=1.0
’ = H,S80, high for y=1.0
40 | ! ! :
35 |

flcat]}

Figure 6. Octyl acetate reaction profiles from bighasic esterification
with normalized time scale according to Burés® ! for catalysis with
low and high level sulfuric acid load; order in catalyst y = 1.0; reaction
temperature 60 °C.

shows the results of this method for sulfuric acid, Figure 7 for
Ni(DBSA),, and Figure 8 for 4-DBSA as catalysts. Table 1
depicts the total amount of catalyst used for this analysis
method.

Both, sulfuric acid and 4-DBSA have an order in catalyst of ¥
= 1.0. This suggests that all active sites of these two catalysts
are involved in catalysis. Nevertheless, the maximum
concentration of octyl acetate for the sulfuric acid catalyzed
experiments was at about 2.9 g L™, while in 4-DBSA catalyzed
experiments, the maximum concentration was around 129 g
L~". This remarkable difference is a consequence of the catalyst
location in the system. While 4-DBSA molecules are located at
the interface and therefore available for catalysis, sulfuric acid
(and its H* ions) are distributed mainly in the aqueous phase.
An estimated partition coefficient™ log Koy of —2.2 supports
this assumption. It follows, that the active sites of sulfuric acid
are not available at the place of reaction (at the interface) in a
sufficient quantity. In contrast to sulfuric acid, the nickel-
metallosurfactant is located at the interphase as 4-DBSA.
Despite a reduced catalytic activity indicated by an order in
catalyst of y = 0.4, the maximum concentration of octyl acetate
was at 59 g L7\
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Figure 7. Octyl acetate reaction profiles from biphasic esterification
with normalized time scale according to Burés™** for catalysis with
low and high level Ni(DBSA), load; order in catalyst y = 0.4; reaction
temperature 60 °C.
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Figure 8. Octyl acetate reaction profiles from biphasic esterification
with normalized time scale according to Burés™>** for catalysis with
low and high level 4-DBSA load; order in catalyst y = 1.0; reaction
temperature 60 °C.

B CONCLUSIONS

A metallosurfactant based on the anionic surfactant 4-
dodecylbenzenesulfonic acid and divalent nickel (Ni(DBSA),)
is suitable for the interfacial catalysis of biphasic esterification
of low-molecular-weight carboxylic acids with 1-octanol.
Although the catalytic performance is below that of 4-
dodecylbenzenesulfonic acid, the metallosurfactant shows
excellent characteristics, as it does not induce emulsification.
With this catalyst, an octyl acetate yield of up to 31.3% was
obtained, compared to 0.2% yield in the uncatalyzed reference
experiment. Even a reduction of the interfacial tension of
around 75% to 2.1 mN m™' due to the metallosurfactant load
did not result in emulsification nor hindered the phase
separation. 1-Octanol as a solvent for Ni(DBSA), prevents the
metallosurfactant from precipitating during reaction and shows
satisfying extraction performance for carboxylic acids extrac-

tion. Utilizing 1-octanol as a reactive solvent provides sufficient
excess for the esterification of the carboxylic acid and driving
force for the extraction of carboxylic acid. Biphasic
esterification enhanced by interfacial catalysis with Ni(DBSA),
allows the utilization of dilute low-molecular-weight carboxylic
acids for holistic use of biomass feedstock.
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