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Kurzfassung/Abstract

Kurzfassung

Die Reaktivextraktion ist ein wichtiger Trennprozess in der chemischen Industrie. Ziel
dieser Arbeit ist es, experimentelle Daten zu sammeln, um Reaktivextraktionsprozesse
modellieren zu kdnnen.

Die Kinetik der Aldolselbstkondensation von Aceton in einem Wasser/Toluol System
wurde untersucht. Als Reaktionsprodukt bildet sich Diacetonalkohol unter Verwendung
von Natriumhydroxid (NaOH) als Katalysator. Experimente zu Reaktionskinetik, Flis-
sig-Flussig-Gleichgewicht und Grenzflachenspannung im extraktiven quaternaren
System (Wasser/Toluol/Aceton/Diacetonalkohol) und dem Stoffiibergang bei 25°C und
40°C werden im Rahmen dieser Arbeit durchgefihrt und diskutiert.

Die Modellierung der Kinetik ergibt eine Reaktion zweiter Ordnung fur die Hinreaktion
und eine Reaktion erster Ordnung fiir die Rickreaktion. Die Ergebnisse der Gleichge-
wichtsversuche zeigen, dass die Loslichkeit von Aceton in beiden Phasen fast gleich
grof3 ist, wahrend die Loslichkeit von Diacetonalkohol in der wéassrigen Phase etwas
hoher ist. Dies zeigt sich auch in den Stoffiibergangsversuchen in der Nitsch Zelle. Fur
die Grenzflachenspannung ergeben sich geringere Werte bei héherem Anteil der
Ubergangskomponente. Die Werte der Grenzflachenspannung &andert sich zwischen
25°C und 40°C nicht signifikant, da das bestimmende System Wasser/Toluol ist. In der
Nitsch Zelle wurden Versuche zum diffusiven Stoffibergang an der Grenzflache und
zum Stoffibergang an der Grenzflache mit Gberlagerter Reaktion durchgefihrt. Die
Versuche bei rein diffusivem Stoffiilbergang zeigen einen steigenden, parabelférmigen
Verlauf der Ubergangskomponente bis zum Erreichen des Gleichgewichtes. Die Ver-
suche mit Uberlagerter Reaktion zeigen einen S-formigen Verlauf in der organischen
Phase, der vom Stofftransport der wassrigen Phase in die organische Phase bestimmt

wird.



Kurzfassung/Abstract

Abstract

Reactive extraction is an important separation process in the chemical industry. This
thesis aims to acquire experimental data to model mass transfer in reactive extraction
processes.

The kinetic of the self-condensation of acetone in a water/toluene system is deter-
mined. The reaction product is diacetone alcohol. At 25°C and 40°C reaction kinetic
experiments, LLE experiments for the quaternary system (water/toluene/acetone/diac-
etone alcohol) and mass transfer experiments were conducted. Sodium hydroxide
(NaOH) was chosen as catalyst.

The model for the reaction kinetics is based on a second order forward reaction and a
first order reverse reaction. For the liquid-liquid-equilibrium the data show that acetone
is distributed almost equally between the two phases and the solubility of diacetone
alcohol is higher in the aqueous phase. This is also shown by the mass transfer exper-
iments in a Nitsch cell. The interfacial tension of the liquid-liquid-equilibrium samples
were measured. The interfacial tension decreases with an increasing amount of target
component. The phase forming components are water and toluene, hence between
25°C and 40°C the values of the interfacial tension are almost the same. In a Nitsch
cell diffusive interfacial mass transfer and interfacial mass transfer with the overlaid
reaction of the self-condensation of acetone was examined. The comparison shows
that the composition of the target component over time is different for both cases. The
mass transfer experiments result in an increasing, parabolic development of the con-
centration until the equilibrium is reached. The experiments with overlaid reaction show
an s-shaped development of diacetone alcohol in the organic phase. This results from

the mass transfer from the aqueous phase to the organic phase.
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1 Introduction 1

1 Introduction

Liguid-liquid-extraction is one of the most common and relevant separation processes

in the chemical and pharmaceutical industry.

A special form of the liquid-liquid-extraction is the reactive extraction. In this case the
transmitting component in the system is chemically modified in favor of the separation
process. This allows for separation of mixtures that cannot be achieved by a standard

extraction, for example azeotropic mixtures. [1]

To save time and effort whilst finding the most suitable process, nowadays computer
simulations are very common in the industry. With rigorous simulations it is possible to
predict the development of the bulk phase concentrations of an extractive process, as
well as to weigh the alternatives. It can also bring a financial advantage, due to the fact

that complicated and expensive laboratory experiments can be avoided. [2]

To establish a suitable thermodynamic model for a reactive liquid-liquid-extraction, dif-
ferent kinds of experimental data are necessary. The reaction has to be studied to
determine the reaction rate law and the temperature dependency. Moreover, the liquid-
liquid-equilibrium (LLE) of the reactive system as well as its associated interfacial ten-
sion has to be determined experimentally. Only with this data a thermodynamic model,

which links simultaneous reaction and extraction, can be validated.

The chosen reaction for these experiments is the aldol self-condensation of acetone in
the gquaternary system water/toluene/acetone/diacetone alcohol. The aldol self-con-
densation is a catalytic reaction, where acetone dimerizes to diacetone alcohol (DAA)
and can subsequently form mesityl oxide (MO) and water [3]. Diacetone alcohol is a
common solvent in the chemical and pharmaceutical industry and environmentally
friendlier compared to acetone due to its low volatility. It is used as a cleaning solvent
for cellulose acetate, nitrocellulose and epoxy resin, as well as, in hydraulic fluids, as
bactericide to staphylococcus and in styrene-butadiene latex paints. Mesityl oxide is
used as a solvent for phenol-formaldehyde resins, in PVC compositions and as urea

derivatives as feed for cattle, sheep and poultry. [3]
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Previous works within this project have investigated the reaction kinetics for the aldol
self-condensation and equilibria data for ternary systems. Within this thesis experi-
mental data are collected to establish a kinetic model for the aldol self-condensation of

acetone in a quaternary system [4].

Furthermore, experiments to determine the liquid-liquid equilibria in the quaternary sys-
tem and experiments in a Nitsch cell to determine the mass transfer within the phases
are conducted. Within the scope of this project the collected data will be used to de-

velop a computer-based model to simplify applications in reactive extraction.
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2 State of the art

This chapter gives an overview of reactive extraction, aldol self-condensation of ace-
tone, reaction kinetics, liquid-liquid equilibria (LLE), interfacial tension and the Nitsch

cell.

2.1 Reactive extraction

Reactive extraction is a form of extraction where the target component is chemically
changed. This kind of extraction is usually a fluid-fluid extraction, in which the compo-
nent is transferred from an aqueous phase to an organic phase.

Applications for reactive extraction are separation processes which involve thermally
instable substances or unintended by-products at high temperatures. Furthermore, re-
active extraction is employed for mixtures in which one of the components has a very
high or a very low boiling point, contains a very small amount of a target component or

for azeotropic mixtures. [1]

Other examples where reactive extraction is used are separation of carboxylic acids
and metal salt extraction. The latter is used to separate metals from wastes or diluted
leaching liquor. It is based on the different distribution of metal salts in water and or-
ganic phases. The separation of carboxylic acids in aqueous phases is complicated
due to its low activity coefficient. The activity coefficient describes the deviation of an

ideal and a real mixture. [5]-[7]

The self-condensation of acetone takes place in the agueous phase. Solvent and feed
are not or only slightly miscible. Therefore, a miscibility gap emerges. To increase the
mass transfer, it is important to increase the mass transfer area. This can be obtained
by dispersion of one phase into small droplets. The distribution coefficient is crucial to
determine the separation factor. The distribution coefficient indicates the distribution of

the target component between the phases. [1]

The ingoing stream loaded with solutes is called feed whilst the outgoing stream which
is enriched with solutes after the process is called extract. The raffinate is an outgoing

stream, which is almost free from solutes.
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In Figure 2-1 the scheme of a reactive extraction is shown. After the extraction an ion
exchanger is often used to recreate a certain salt form. The re-extraction uses ions,
concentrated acids or salts as stripping-agents. To improve the product quality a reflux
is fed back to the scrubber. The raffinate stream is loaded with residues of solvent. The
scrubber conditions are different to the extraction and re-extraction conditions. There-
fore, certain process parameters like temperature, concentrations or pH-value have to
be adjusted accordingly. [1], [5]

pH adjustment
aqueous scrub

ceq raffinate _ product reflux 4
eedr® scrubbing [ product
f————— P 1 solution
I I
| I
| I
] \ 4
extraction re-
extraction
7Y T
I I
| I
| I
(pp—— N SR ]
regenera- [¢
tion stripping
v raffinate solution

I neutralisation

Figure 2-1: Scheme of a reactive extraction with scrubbing section and pH adjustment accord-

ing to [5].

Reactive extraction is a viable alternative to common distillation, because it is viable at
ambient temperature and environment-friendly due to its low energy consumption. It is

often conducted prior to a rectification. [1]

2.2 Self-condensation of acetone

The self-condensation of acetone is a catalyzed aldol condensation reaction, where
two acetone molecules form one diacetone alcohol molecule. Furthermore, mesityl ox-

ide can be formed from diacetone alcohol in a subsequent elimination reaction. [8]
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During the first step of the reaction, two acetone molecules dimerize to 4-methyl-4-
hydroxy-2-pentanone (diacetone alcohol). In the second step of the reaction, 4-methyl-
3-penten-2-one (mesityl oxide) is formed by an elimination process, where water is
eliminated from the diacetone alcohol molecule. This elimination is an E1cB mecha-
nism. E1 denotes an elimination process where the rate-determining step involves only
one molecule. cB stands for conjugate base, since the elimination starts with a depro-
tonation and the leaving group (OH") is lost from the conjugate base. The choice of the
catalyst and process parameters influences the formation of mesityl oxide in this reac-
tion. [4], [9], [10]

In Figure 2-2 the reaction mechanism is shown. In the first step diacetone alcohol is
formed out of two acetone molecules. During the subsequent step water is eliminated

and mesityl oxide is formed. [9]

0
O -
P N HOM %M
H™H
H,0

Figure 2-2: Reaction of the aldol self-condensation of acetone with diacetone alcohol as aldol

with two a-H-atoms for deprotonation and elimination of water to mesityloxide.

The aldol which is formed during the first step has two a-H-atoms, which can be with-
drawn as protons from the base. The pKa value is ~19. Therefore, this elimination can
only take place with a strong base. For weak bases it only happens slowly or not at all.
The selectivity depends on the chosen catalyst. The stronger the base, the faster is
the reaction. [3], [4]

For the formation of diacetone alcohol as the main product, the reaction has to be
stopped after the first step. One way is to remove the catalyst to avoid the condensation
of water. Adding water shifts the equilibrium to the side of diacetone alcohol. Therefore,

mainly diacetone alcohol is formed with a minimal amount of by-products. [3]

Other by-products that could be formed during the aldol self-condensation are

phorones, mesitylene, isophorones, and 3,5-xylenol. The formation can be influenced
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by the choice of the catalyst and experimental parameters, like temperature and pres-

sure. [3]

The reaction of the aldol-condensation can also take place as an acid-catalyzed reac-

tion. The same product forms as with the base-catalyzed reaction. [8]

2.3 Reaction kinetics

The field of reaction kinetics is crucial for designing a process. It gives information
about the reaction rate and the equilibrium as well as the conversion of a reaction.
Influence factors on the reaction are for example temperature, pressure, solvents and

catalysts. [11]

The reaction rate r is defined as the change of the concentration over time. Equation
2-1 depicts a simple irreversible reaction with two educts A and B and two products C
and D. The reaction rates of the different components are calculated by equations 2-2
to 2-5.

aA+ bB - cC+dD (2-1)

The reaction rate of each component results in:

= () 2-2)

-7 == () 23
and

e = (%) (2-4

= () (25

For determining a rate law, the reaction rate constant k and the reaction order n are

needed. They can be empirically or arithmetically ascertained. [11]

For a reversible reaction aA + bB < cC + dD (2-6)

the rate law can then be determined as
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d
—rA=—(%)=k1*c§*cg—k2*cg*cg (2-7)

The reaction order results in the sum of the exponents of the concentrations.
n=a+pf+y+-- (2-8)
The equilibrium constant can be obtained from the reaction rate constants ki and ka.

_ ]
K= (2-9)

In case of a heterogeneous reaction the catalyst is in a different state than the reaction
mixture. The most common case is a solid catalyst in a liquid or gaseous phase.

The catalyst lowers the activation energy Ea of the reaction through weakening the

bonding or changing the mechanism of the reaction. [11], [12]

The examined reactions for the purpose of this thesis are all catalyzed. To ensure
reproducibility also for mass transfer experiments in the Nitsch cell, the catalyst has to
be dissolved in the aqueous phase. This results in a homogeneously catalyzed reac-
tion. To model the reaction kinetics, experiments with different temperatures and con-

centrations have to be examined.

2.3.1 Homogeneously catalyzed reactions

In a homogeneously catalyzed reaction the catalyst is in the same state as the reactant.

The equations 2-10 and 2-11 show reactions from A to R with and without catalyst.

ky
A-R (2-10)
ki
A+CSR+C (2-11)

C is the catalyst, which is not used up during the process. The reactions have different
reaction rate constants, since the catalyst accelerates the reaction. Reaction 2-10 has
a reaction rate constant k; and reaction 2-11 has a reaction rate constant ki’. The

reaction rate arises from the sum of k; and k.

The reaction rates for the reactions from above result in:
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— (%“)1 =k, *cy (2-12)

da '
— (%)2 =k'; xcy *xcc (2-13)

This means that the reactions would also take place without the catalyst. The reaction
rate behaves in relation to the concentration of the catalyst. These equations are valid

for irreversible reactions.
Adding formula 2-12 and 2-13 results in:

—(52) =tawca+Krxeance= U+ Ky x o) * s (2-14)

Which, after integration, results in:
—in (£2) = —in(1 = X,) = (ky + K'y % €0) * £ = kyeyy %t (2-15)
C4ao

With this formula 2-15 ki1 and kz can be determined from various experiments with

different amounts of catalysts. [11]

In case of the aldol self-condensation the reverse reaction has to be taken into account

as well and the kinetic modeling is adapted accordingly as described in 4.1.3. [13]

2.3.2 Influence of temperature

The Arrhenius equation shows the correlation between reaction rate and temperature.
B,

k=Axerr (2-16)
Ea is called the activation energy, R the gas constant, T the temperature and k the
reaction rate constant. The activation energy indicates how much energy is needed to
start a reaction, the unit is [J/mol]. A is called the frequency or pre-exponential factor.
The unit is always the same as the reaction rate constant k, generally [mol™/(I(™1 *s)].
Usually an increase of temperature also increases the reaction rate. The Arrhenius
equation shows that this increase is not linear. The determination of the activation en-
ergy and the frequency factor is achieved experimentally by varying temperature and

determining the reaction rate constants. [11], [12]
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2.4 Liquid-liquid equilibria

For thermal separation processes heat and mass transfer proceed until the phase equi-
librium is reached. The system has reached the equilibrium when there are no more
mass or heat shifts between phases respectively the transfer through the phase bound-
ary is reversible. For a closed system without any mass or energy transfer, the condi-
tions for the equilibrium are constant pressure, temperature and chemical potential

over time and location. [1]

dp=0orp, =p;=-- (2-17)
dT = 0 or TI = TII B (2'18)
dp = 0oru = py = (2-19)

To determine the degrees of freedom F of a system, the Gibbs phase-rule is used.
F=K-P+2 (2-20)

In equation 2-20 K stands for the number of components and P is for the number of
phases. For a pure substance the system is fully defined at the triple point, since there
are three phases and one component. A two-phase system with four components, as
in the quaternary system of the aldol self-condensation, would yield four degrees of
freedom. In this case more information is necessary to describe the system. This
means thermodynamic parameters such as temperature, pressure, concentration or

volume have to be set. [14]

2.4.1 Nernst law

Irrespective of the amount of phases the concentration between two liquid phases dis-
tributes in the same ratio, which is constant as long as temperature and pressure do

not change. [1]
The activity of the component i according to Lewis is known as

fi Pi
== =Xi*_~ (2-21)
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and the activity coefficient is the ratio of fugacity coefficients

yo =2 S (2-22)

Qoi  Xi*foi

Where a; is the activity of i, yi is the activity coefficient for the component i, fi is the
fugacity for the component i and foi the fugacity for the pure component i, ¢ and ¢oi the
fugacity coefficients for i in the mixture and for a pure component and x; is the sub-
stance amount fraction. The fugacity is a measure of the deviation of the behavior of a

real fluid from an ideal gas behavior. [15]

The activity is defined as
ai =VYi* X (2-23)

The distribution of a solute substance i in two immiscible liquid solvents can be de-

scribed as
Hoir + RT Ina;; = fig;;; + RT Ina; (2-24)

Whereby R is the gas constant, T is the temperature, uos is the standard chemical

potential and a; is the activity of i.
For phase equilibrium the following relation is valid.
Hip = Hin (2-25)
and therefore:
ai; = Ain (2-26)
Nernst law can be applied for small concentrations ci, and ci,i between the two phases.
Cill __ Ciextract __
Cull _ Ciextract _ () (2-27)
Cil Ciraffinate

K is the phase equilibrium constant.

This law describes the equilibrium between raffinate and extract phase, if both solvents
are immiscible. It is, however, only valid for small concentrations, for example for up to
100 pg/ml for metal ions. [1], [16]
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2.4.2 Binary systems

The description of liquid-liquid systems requires concentrations of both liquid phases
and mutual solubility in the equilibrium state.

For liquid-liquid extraction it is crucial that the solvents are not miscible. This property
results in a miscibility gap in the phase diagram. There are different kinds of miscibility
gaps according to the different behaviors. The extraction also depends on the width

and the temperature range of this gap. [1], [14]

In Figure 2-3 plots of the solubility of different systems are shown. On the ordinate the
temperature is plotted, whilst on the abscissa the mass fraction z is plotted. The first
plot shows the system benzene/formic acid, which has an open miscibility gap and an
upper critical solubility temperature. The plot in the middle shows water/di-n-propyla-
mine, which has a lower critical temperature. The third system is water/nicotine, which

shows a closed miscibility gap and an upper and lower critical temperature. [14]

R 120 ——— UM —T— T
c °C °C
70 100}— TP

60

| , 200{—/~ >
_ - - / \
o ! } 180 2
2 O F 60 i
& 0" 140t
= : o) L
! i 100 ‘
20— H WL /
p yilf* 80 7 :
10 [ ’ _puit! -2 o \ ‘“\qu‘:\x‘-‘ / |
0 02 04 06 08 1 0 02 04 06 08 | 0 02 04 06 08 1
benzene formic acid ~ water di-n-propylamine  water nicotine
mass fraction z z z

Figure 2-3: Binary miscibility gaps for different systems with upper, lower and both critical sol-

ubility temperatures according to [14].
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2.4.3 Ternary systems

To depict the thermodynamics of an extraction process, a triangular concentration di-
agram is usually used. It has the advantage that all components are shown, as the

raffinate and the extract are ternary mixtures. [14]

In this kind of diagram, the corners of the diagrams represent pure components and
the sides of the triangle represent binary mixtures. The inner part of the triangle repre-

sents the ternary mixture. [12]

The binodal curve marks the border of the homogeneous area and the heterogeneous
area. The area of the phase diagram which is enclosed by the binodal curve is the
concentration range where the mixture falls apart into two conjugated liquid phases.
These points are parts of the binodal curve. Outside that curve the mixture is homoge-

neous. [1]

In Figure 2-4 different kinds of miscibility gaps are shown. The homogeneous areas
are marked with I, the two-phase areas are marked with Il and the area with three
phases is marked with 1ll. Type A shows the most common miscibility gap between the
components A and B. Type B and C show a closed system with miscibility gaps be-
tween the components A and B and A and C. Type C shows a system where the mix-
ture separates into three phases in area lll. Type D shows an open system with a

miscibility gap between component B and C. [1]
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Figure 2-4: Four types of phase equilibria for ternary systems with partially immiscible com-

ponents.

2.4.4 Quaternary systems

For a quaternary system the triangular diagram is extended to a tetrahedron diagram.

As for the triangular diagram the corners are pure components and the sides are binary

mixtures. The triangular areas are ternary systems. The inner part consists of the qua-

ternary system. In this case the binodal curve extends to an area which spans the

miscibility gap where the mixture separates into two or more phases. The shape of the

miscibility gap depends on the ternary systems. In Figure 2-5 an example of a tetrahe-

dron diagram for a quaternary system is shown. [17]
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W

Figure 2-5: Schematic depiction of a quaternary system water(W)/ethanol(E)/1-buta-

nol(B)/chloroform(C) according to [17].

2.5 Interfacial tension

In a liquid phase, molecules are surrounded by the same kind of molecules so that
their gravitational attraction is canceled out. At a phase boundary the molecules are
not surrounded by each other. The interface has less or different molecules on the
other side depending on the medium of the second phase. There is a resulting force
acting on the molecules of the phase boundary pulling to the inside of the liquid. This
is the reason for phase boundaries as well as for formation of droplets. This phenom-
enon is called interfacial tension. The dimension of interfacial tension is [N/m]. To en-
large the interfacial area, the molecules have to be moved from the interior of the phase
to the boundary. [15]

Molecular interactions hinder the motion of fluids. This explains the tenacity of a fluid,
also called viscosity. To represent the viscosity, the viscosity coefficient n is used. The

unit of this coefficient is [Pa*s]. n describes the resistance of the fluid to the movement
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and is generally known as the dynamic viscosity. In order to obtain the kinematic vis-
cosity v, knowledge of the medium’s density is required as shown in equation 2-28.

The respective unit is [m?/s]. [12]
_n -
v=" (2-28)

In liquid media the viscosity decreases with rising temperature, due to the more intense

movement of the molecules at higher temperatures. [18]

To increase the mass transfer in a system, the interfacial area of two immiscible phases
has to be increased. The formation of small droplets will lead to an increase in the
transfer area. That can be achieved by continuous stirring, packed columns or cross-

flow reactors. [1]

2.6 Mass transfer

Reactive extraction as well as other thermal separation technologies are mass transfer
operations. To determine the mass transfer in a system it is therefore essential to an-

alyze and design a separation process. [1]

There are various methods to determine the mass transfer. One of which is per diffu-

sion coefficient D in Fick’s law.

. de;
Ji = =Dy * d—cs (2-29)

The first Fick law (2-29) describes the component flux along the concentration gradient
dc;/ds. Whereby jiis the flux of component i and Dj is the binary diffusion coefficient of
the component i and the medium j. The diffusion coefficient is dependent on tempera-

ture, pressure, concentration and components that diffuse in the system. [1]

Another way is via the mass transfer coefficient, which describes diffusion in multi-

phase systems. The flux equation for the mass transfer is

N, =k *Ac; = k *(cq; —¢q) (2-30)
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Whereby N1 is the flux at the interface, cii and c1 are the concentrations at the interface
and in the bulk phase and k is the mass transfer coefficient. The mass transfer coeffi-
cient k describes the rate for the transfer of a target component from the phase bound-

ary into the bulk phase. A high value for k means that the transfer is fast.

This approach applies under the estimation that the concentration is constant for most
of the phase’s volume and the change in concentration is limited to the phase bound-
ary. [19]

There are different theories to describe the mass transfer at fluid-fluid interfaces, which
are commonly used in the industry. The two-film theory, which is based on diffusion
across a thin film, and the penetration theory, which describes diffusion into a semi-
infinite fluid, are the most common ones. The density gradient theory (DGT) is used
within the scope of this project. This theory determines the gradient of the chemical
potential within the interface as driving force for the mass transfer through the phase
boundary. [18]-[20]

The two-film theory is the simplest way to describe mass transfer across liquid inter-
faces. But since the coefficients have to be determined empirically, the two-film theory

mostly serves as a basis for other theories. [19]

2.6.1 Experimental determination of mass transfer

The most common way to determine interfacial mass transfer in liquid-liquid systems
is with small batch vessels with two phases in a thermostatic condition. Subsequently

samples from both phases are taken and analyzed.

Another way to determine mass transfer is nuclear magnetic resonance (NMR) spec-
troscopy. A small sample volume is put into a sample tube and shaken. After the equi-
librium is reached, both phases are analyzed consecutively. The advantages of this
method are that the sample volumes are smaller and the analysis method is not inva-
sive, hence the samples can be reused. It is also faster than the common method and

no calibration is needed, hence the work effort is much lower. [21]
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Microfluids and Raman microspectroscopy are also used to determine mass transfer.
This method is also fast and has the advantage of good fluid flow properties. Microflu-
ids are mostly laminar, whereas macro fluids are more likely to develop a turbulent flow
regime. For this method two fluids are fed into a micro H-cell. The dimensions of this
cell are 1 m in length, 400 um in width and 40 um in height, with two inlets for the
different fluids. One fluid is a mixture of at least two liquids of the investigated system
and the second fluid is the target component. Due to the small volumes the retention
time is small. The analysis of the samples is conducted via Raman microspectroscopy
which is based on the scattering of light. This allows in situ analysis of the concentra-
tions. The advantages of this method are, due to the fact that phase separation can be

avoided, faster results with lower effort. [22]

2.7 Nitsch cell

To determine the diffusive mass transfer through the phase boundary and the influence
of the chemical reaction on the mass transfer, experiments are performed in a Nitsch
cell. This device ensures a stable phase boundary and therefore allows to minimize

the calculative effort due to the known surface area. [23]

In Figure 2-6 the sketch of a Nitsch cell is shown. The equipment inside the cell is
designed to keep the phase boundary stable and also to ensure homogeneous phases
in both sections. To stabilize the phase boundary, stirring speeds are set so that the

Reynold numbers in both phases are the same. [20], [24]
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Figure 2-6: Sketch of a Nitsch cell with heating jacket (1), stirrer (2), sampling openings (3),
flow breakers (4) and liquid—liquid interface (5) according to [24].

The Reynolds-number is defined as

Re = vsLxp _ inertia force (2-31)

n viscous forces

where v is the velocity, L is a characteristic length, n/p is the kinematic viscosity. [12],
[14]

The velocity is calculated from the diameter d and the rotational speed n of the stirrer.

v=mx*xd*n (2-32)
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3 Experimental methods

In this chapter preparing measures, setups and procedures for the conducted experi-

ments regarding reaction kinetics, liquid-liquid equilibria and mass transfer are de-

scribed.

3.1 Materials

The used materials for all experiments are given in Table 3-1. For the aqueous phases

ultrapure water purified by Barnsted E-pure is used.

Table 3-1: Materials used with the purities.

Substance Fabricator Purity
Acetone Honeywell 299,8%
Toluene Honeywell =299,9%

Sodium hydroxide Carl Roth =99%
Barium hydroxide pro analysi MERCK 98%
Sulfuric acid Chem-Lab 98%
0-Phosphoric acid Carl Roth 285%
Hydrochloric acid Chem-Lab 37%
Potassium hydroxide Pro analysi MERCK 285%
Diacetone alcohol Acros Organics 99%
Mesityl oxide Alfa Aesar 290%
Tetrahydrofuran Carl Roth 299,9%
Amberlyst 15 Sigma Aldrich hydrogen form

3.2 Analytical methods

To analyze the samples, different methods for different purposes are used. Gas chro-

matography (GC) is used mainly for analyzation. Since water cannot be detected with
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a GC, Karl Fischer titration is used to determine the amount of water in organic sam-
ples. For measuring the interfacial tension of the LLE samples, a spinning drop tensi-

ometer is used.

3.2.1 Gas chromatography

All samples are analyzed by gas chromatography. The gas chromatograph Shimadzu
Nexis GC-2030 is used. The specifications of the gas chromatograph are shown in
Table 3-2.

Table 3-2: Operation parameters for GC analysis.

Column
ZB-WAX plus Length 30 m
Diameter 0.25 mm
Film thickness 0,5 um
Method parameters
Split Ratio 1:10
Injection temperature 250 °C
Injection pressure 40 kP
Injection volume 1l
Duration 22 min
Detector FID 280 °C

This device uses an FID (flame ionization detector) to analyze the samples. The sam-
ples are burnt with hydrogen and air. This method is applied for detecting organic sub-
stances. Water is not detectable by the FID [25]. The reactive samples are stored in

the sample tray at 5°C.
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3.2.2 Karl Fischer titration

Karl Fischer titration is used to determine the amount of water in the organic samples.
Only small amounts of water can be determined with the SI analytics Titroline 7500

KF, which is used. All samples are measured at least twice.

The titration is based on a chemical redox reaction, where the conductivity is constantly
measured, while |2 is added. When an |2 excess is reached, the tension decreases

suddenly, which marks the end of the reaction.
2H,0+S0,+1, > S0?~ +2I" +4H* (3-1)

Sulfur dioxide and iodine only react when water is present. For every mole of water a

mole of Iz is consumed. [25]

3.2.3 Spinning drop tensiometry

To determine the interfacial tension of two liquids, a spinning drop tensiometer can be
used. This device measures the drop size and the shape of a droplet in the heavy
phase. During these experiments the aqueous phase is the heavy phase. The droplet
is located in a rotating capillary to apply centrifugal forces and eliminate the gravita-

tional force.
The spinning drop video tensiometer Dataphysics SVT 20 is used for this analysis.

Prior to the spinning drop tensiometry, the density and refractive index of the samples
have to be measured. For the density measurement at a certain temperature (25°C or

40°C corresponding to the LLE temperature), the SVM 3000 from Anton Paar is used.

To measure the interfacial tension between the aqueous and the organic phase, a
small droplet of the organic phase is put into a glass capillary filled with the heavy
phase, the aqueous sample. The temperature can be set and controlled via a cryostat.
The actual temperature is given in the software of the spinning drop tensiometer. When
the cartridge is spinning, the camera is adjusted, so that the droplet is in the middle of

the picture. In Figure 3-1 an example is shown.
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Figure 3-1: Droplet from the spinning drop tensiometry, LLE at 40°C, sample 10.

The software recognizes the shape and the ratio of the droplet. Pixel errors are also
recognized. Methods according to Young-Laplace, Vonnegut or Cayias-Schechter-
Wade can be chosen to evaluate the interfacial tension. For this work the Young-La-

place method is used.

This method is based on the Vonnegut correlation and is a viable method for low inter-

facial tensions. For a non-spherical shape, the Young-Laplace equation [26] is
AP = 0% (= +— 3-2
= 0x Gty (3-2)

AP is the pressure difference between the phases, o is the interfacial tension and R:

and R: are the radii 1 and 2. The ratio is shown in Figure 3-2.

( _______ t . ) ______

Figure 3-2: Cylindrical droplet shape in the spinning drop method according to [26].
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This term is extended to (3-3), when hydrostatic pressure caused by a gravitational

field and the force of a centrifugal field applies.

g*(i+i)=i—a+Ap*g*y+Ap*g**/1 (3-3)
0

R1 Ry
Where g is the gravity constant, y is the liquid column height relative to the sphere, g*

is the acceleration due to the rotational field (w?*A) and A is the potential distance.

Since the rotational field acceleration is determining in the spinning drop method, the

gravitational term can be neglected. [26]

g >g (3-4)
o1y _20 2,92 -
0*(R1+R2)—R0+Ap*w * A (3-5)

After usage the capillary is rinsed with solvent and dried in a vacuum oven at 75°C for

20 minutes.

3.3 Calibration

Prior to the experiments a calibration for all components, acetone, toluene, diacetone
alcohol and mesityl oxide is carried out for the gas chromatograph. Nine different
standards are prepared in a range from 50 ppm to 10,000 ppm and each standard is

injected three times.

Previous experiments showed that DMSO (dimethyl sulfoxide) is not a suitable solvent,
because the peaks of the gas chromatography are overlapping, result in a shoulder
peak and cannot be analyzed correctly. Therefore, the chosen solvent is THF (tetrahy-
drofuran). Another experiment series is prepared with water as a solvent to evaluate

the samples from the aqueous phase.

The conversion of the calibration lines is provided in mass-related ppm, mol/mol and
mol/l for each component. In Figure 3-3 the calibration line for diacetone alcohol in
mol/l is shown exemplarily. The coefficient of determination equals 0.9996, which indi-

cates a good calibration line. The other data can be found in the Appendix B.


https://www.linguee.de/englisch-deutsch/uebersetzung/dimethyl+sulfoxide.html
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Figure 3-3: Calibration line for diacetone alcohol in THF in mol/l.

3.4 Error discussion

For every measured value there is a measurement inaccuracy. Experimental errors
can be divided into systematic and random errors. Systematic errors originate from
faulty devices or incorrect implementation of an experiment and therefore, can be
avoided. Random errors cannot be corrected. They can occur from reading a scale or
from measurement noise of analytical equipment. All used devices show random er-
rors. [25]

The sources of errors are discussed in this section. The accuracy and deviation of all

used scales are shown in Table 3-3.
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Table 3-3: Accuracies of used scales.

Purpose Device Accuracy
Calibration standard Sartorius BP 121 S 0.1 mg
Dilution Sartorius 1801 0.1 mg
Components Sartorius Universal U6100 S 0.01¢g

The gas chromatograph has a certain measurement accuracy. To keep this error small,
the calibration is repeated in frequent time gaps and after changes to the device have

been made.

To minimize the analytical error, all stable samples are injected twice and the mean

value is taken for further work. The error bars result from the standard deviation.

The calibration curve is fitted according to the results from the calibration standards
without intercept. Therefore, small deviations can occur. To keep them as small as

possible, the coefficient of determination R2 should be close to 1.

NaOH is very hydroscopic. This can lead to agglomeration while weighing and mixing

the component.

During the first experiments, discrepancies in the results are noticed. After a series of
experiments, it is found that the error has been caused by deposition of basic catalyst
on the column in the GC. Therefore, causing the samples to react further before being
analyzed. This causes a significant increase of acetone and a decrease of diacetone

alcohol in the results.

To avoid this problem, the reactive aqueous samples are neutralized before being an-
alyzed in the GC. Amberlyst 15, an ion exchange catalyst, is used to neutralize the
samples. The procedure is described in 3.5.2. The procedure cannot be automated in
the laboratory, hence possible problems can occur. Due to the short time gaps, the
amount of catalyst and the contact time are not exactly the same for all experiments.
A point of reference is used for both parameters, time and mass. The pH value can

only be measured by pH-indicator strips, which are not very accurate. The indicator is
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always checked by the same person in order to reduce the inaccuracy. The influence

of this procedure on the reaction progress is tested and documented.

Since the pH value is approximately 7 when filling the sample into the vial, the reaction
does not proceed. This cannot be guaranteed, but the reaction is slowed down to a
minimum. To ensure a deceleration of the reaction, the vials are additionally quenched
with ice and cooled at 5 °C in the sample tray until analyzation. To determine the influ-
ence of this procedure, experiments are conducted and repeated with double injec-

tions.

For the kinetic experiments, a constant temperature is important. The temperature sen-
sor measures within a deviation of 0.1°C. Any variations of the temperature have been

documented.

Simplifications that are made for the calculation and modeling of the kinetics lead to
errors. Choosing wrong starting values for models can also lead to errors. Therefore,

starting values from the work of Maple and Allerhand [13] are chosen to begin with.

3.5 Kinetic study

This chapter describes the determination of the reaction kinetics.

3.5.1 Setup

To determine the reaction rates, constant temperature and pressure are crucial.

For these experiments a three-neck flask is placed on a heating plate. On top of the
flask a reflux condenser is mounted to help control the temperature and condensate
rising vapor. The reflux condenser is connected to a cryostat, which is set to 5°C. As
coolant isopropyl alcohol is used.

The other two necks are used to measure the temperature and to take samples. A
temperature sensor is measuring the temperature of the mixture constantly and con-

trolling its set point.
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The mixture is stirred with a magnetic stirrer at 1000 rpm at all times to ensure sufficient

mixing between the two phases.

The setup is shown in Figure 3-4.

I

\_Illl-)

I

Figure 3-4: Kinetic experiment setup for the temperatures 25°C and 40°C.

3.5.2 Procedure

Firstly, the kinetic experiments are implemented. For this procedure different catalysts
are tested to compare the different results with regard to the conversion and the selec-
tivity. The basic catalysts are sodium hydroxide (NaOH), barium hydroxide (Ba(OH)z2)
and potassium hydroxide (KOH). The acidic catalysts are sulfuric acid (H2SOa4), o-
phosphoric acid (HsPO4) and hydrochloric acid (HCI). All catalysts are tested at 40°C
to compare the results and see whether diacetone alcohol is the sole product or if

mesityl oxide is formed.
To ensure the reproducibility every experiment is examined twice.

As a reference the work of Kustrowski et al. [4] is used to examine the procedure and
validate the methodology. During previous works within this project this experiment
was already implemented for a catalyst screening with NaOH, Ca(OH)2 and Ba(OH)2,
where NaOH is found to show the most preferable development of concentration. Since

Ca(OH)2 showed the slowest reaction rate it is excluded from further testing.
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For the procedure the catalyst is dissolved in the aqueous phase. A mixture of toluene
and water in a volume ratio of 1:1 is heated to the set temperature and stirred con-
stantly at 1000 rpm. When the set temperature is reached, acetone is added to the
mixture. This is the start of the reaction (t=0 s). From this point on, samples are taken
in constant time gaps according to the duration of the GC analysis. The samples are
put into precooled sample bottles to slow down the reaction immediately. After phase
separation (< 1 min) the samples are transferred into the GC vials. The aqueous phase
has to be neutralized first, to protect the column in the GC from basic residues. This is
achieved by the use of an ion exchange catalyst. 1 g Amberlyst 15 is brought into
contact with 3 ml of the aqueous phase until a pH of 8-7 is reached (< 2 min). During
that time 1 ml of the organic phase is put into the GC vial. Afterwards 1 ml of the
neutralized aqueous phase is put into another GC vial. The rest of the untreated mix-
ture is put back in the flask, so that the volume change over time can be neglected.
The GC vials are still cooled to make sure the reaction is not proceeding.

The experiments run for at least 3 hours to ensure that the equilibrium is reached. This
has also been tested in preliminary experiments. In Table 3-4 the parameters of the
catalyst screening experiments are shown.

After usage Amberlyst 15 is washed out and dried at 60°C to recover.

Table 3-4: Parameters for the catalyst screening for the kinetic experiments.

Substance m T p t
[9] [°C] [atm] [h]

NaOH 0.41 40 1 3
NaOH 2.05 40 1 3
NaOH 0.205 40 1 3
Ba(OH)2 0.41 40 1 3
KOH 0.68 40 1 3
H2S04 5.13 40 1 3
HsPOa4 1.18 40 1 3
HCI 1.01 40 1 3
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Afterwards experiments on the influence of the temperature and concentration are ex-
amined. To be able to model the kinetics accordingly, the experiments are examined
only in the aqueous phase to disregard the influence of the mass transfer between the

phases. The procedure remains the same.

3.6 Liquid-liquid equilibria

To establish a suitable thermodynamic model, data about the equilibrium state in the

liquid-liquid-equilibrium (LLE) of the reactive system are necessary.

3.6.1 Setup

Prior to the mass transfer experiments in the Nitsch cell, the liquid-liquid equilibrium
between the organic phase and the aqueous phase has to be determined. With this
data the tie lines, the binodal curve and the shape of the miscibility gap in the tetrahe-

dral diagram can be evaluated.

Eleven mixtures with an overall weight of 40 g are prepared in 100 ml Schott flasks.
The water to toluene mass ratio is 1:1. The eleven mixing points in 3 planes and 3 to

5 tie lines per plane can be seen in Table 3-5.

Due to the small concentrations in preliminary experiments in the Nitsch cell, the con-

centrations for the mixing point are selected from the lower range of concentration.
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Table 3-5: Mixtures for LLE experiments.

Sample Plane Tieline (A+DAA) Acetone DAA Water Toluene Overall

[wo%o] [0] [a] [0] a] a]
1 1 1 5 1.0 1.0 190  19.0 40
2 1 2 10 2.0 20 180  18.0 40
3 1 3 20 4.0 40 160  16.0 40
4 1 4 30 6.0 6.0 140 140 40
5 1 5 35 7.0 70 130 130 40
6 2 1 5 0.5 1.5 190  19.0 40
7 2 2 15 1.5 45 17.0  17.0 40
8 2 3 25 2.5 75 150  15.0 40
9 3 1 5 1.5 05 19.0  19.0 40
10 3 2 15 45 1.5 17.0  17.0 40
11 3 3 25 7.5 25 150  15.0 40

3.6.2 Procedure

The components are weighed with a scale with a deviation of 0.02 g. Afterwards all

samples are stirred with 450 rpm for 5 hours to ensure a sufficient mass transfer area.

Subsequently the bottles are put into a tempered water bath (25°C or 40°C) for 68
hours to obtain phase separation. After 68 hours samples from both phases are taken.
According to prior experiments the concentration is expected to be too high for the GC
calibration. Hence, the samples have to be diluted. The organic phase is diluted with
THF at a ratio of 1:100 and the aqueous phase is diluted with THF at a ratio of 1:20.
An internal standard of DMSO is added to normalize the results after analyzation. To
ensure the equilibrium after 68 hours, the bottles are left in the water bath for another

24 hours and analyzed afterwards.

To avoid errors from the analytic evaluation, every sample in the gas chromatograph

is injected twice and the mean value is used for further calculations.
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The concentration of water in the organic samples is determined by Karl-Fischer titra-

tion. This is also examined twice for every sample.

3.6.3 Interfacial tension

To determine the interfacial tension, all samples which reached the equilibrium are
tested. After 92 hours in the tempered water bath, samples are taken and analyzed

with the spinning drop tensiometer, which is described in 3.2.3.

Before measuring the interfacial tension, density and refraction of the samples have to
be determined at the according temperature (25°C or 40°C). In Table B-6 and Table
B-7 in Appendix B the according data are given. As described in 3.2.3 the SVT 20N is
used to determine the interfacial tension. This device can be set to a specific temper-

ature, so that the samples are examined at the experiment’s temperature.

Rotational speeds of 5,000 to 18,000 rpm are used to keep the droplet of the light
phase stable. The shape of the droplet changes with the rotational speed. The rota-
tional speed is increased constantly. With every step at least five measurements are
taken until the values are constant. This adds up to around 30 measurements per sam-

ple, which are averaged in the end.

3.7 Interfacial mass transfer

To examine the mass transfer, a Nitsch cell is used. The experiments are conducted
at 25°C and 40°C.

3.7.1 Nitsch cell

The setup of the used Nitsch cell is shown in Figure 3-5. A glass cylinder isolates the
inner cell from ambient conditions, especially the temperature. Two stirrers on top and
bottom of the cell keep the axial flow constant and ensure a homogeneous distribution

for each phase. The Nitsch cell has an inner diameter of 75 mm. To keep a stable flow
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regime, internal fittings are installed. A flow tube with an inner diameter of 50 mm and

12 radially installed baffles prevent tangential and radial flow in the cell.

Figure 3-5: Sketch of a Nitsch cell according to [20]; (a) double-walled glass cylinder; (b) stirrer;
(c) flow tube; (d) baffles and the Nitsch cell setup for experiments.

To keep the interface between the organic and the aqueous phase stable, a constant
laminar flow regime is necessary. Both phases have to match the same Reynolds num-

ber, which is described in chapter 2.7, to reach this condition.

In this case, the kinematic viscosity is assumed to be constant for both phases and
equal to the viscosity of the pure components at the according temperature. The bulk
phase in the aqueous phase is water with a viscosity of 0.89 mPas. For the organic
phase toluene is the phase forming component with a viscosity of 0.56 mPas. The
velocity is calculated from the rotational speed of the stirrer. As a characteristic length

the inner diameter of the cell is given.

To ensure both sufficient mixing and a stable and stationary interface, the rotational
speeds of the stirrers are tested empirically. The highest possible rotational speed ratio
to ensure a stable interface is chosen. This results in a stirrer speed of 175 rpm for the

agueous phase.
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Seeing as the condition

Regqu = Regrg 0
must be fulfilled. This results in

Yaqu _ Yorg (3-7)
Vaqu Vorg

and the rotational speed of the stirrer in the organic phase can be put as

019 (3-8)

Vaqu

Vorg = Vaqu *
The rotational speed in the organic phase results in 127 rpm.

In Figure 3-6 the flow regime in the Nitsch cell is shown.

Interface

Figure 3-6: Flow regime in a Nitsch cell according to [23].

3.7.2 Procedure

At first a ternary system has to be in equilibrium to evaluate the mass transfer of the
quaternary system water/toluene/acetone/diacetone alcohol. The procedure is ex-
plained exemplarily for the case of the experiment with water/toluene/acetone as ter-

nary system and diacetone alcohol as target component.
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In Table 3-6 the implemented experiments in the Nitsch cell to determine the mass

transfer are shown.

After adjusting the Nitsch cell and the cryostat to the set temperature, the two phases
are added. First the heavy, aqueous phase and then the top phase, here toluene, are
filled into the Nitsch cell. The stirrer speed is set according to the conditions described
in chapter 2.7. Both phases are stirred at a constant temperature for 5 hours. After-
wards the stirrers are turned off and the system is kept inoperative at a constant tem-
perature overnight. During this time the equilibrium within the ternary system is

reached.

The next day, the target component is added either in the top or the bottom phase,
according to the experiment series. Before the component is added, sample O is taken
from the ternary system to ensure the equilibrium state of the ternary system has been
reached. During the mass transfer experiment, samples are taken from the organic
and agueous phase simultaneously. At first the time intervals are shorter and with run-
ning time the interval increases, due to the slower mass transfer resulting from the
decreasing concentration gradient. After 8 hours the last sample is taken and the ex-

periment can be stopped.

The concentrations of the components are above the calibration limits of the GC.
Hence, all samples are diluted. The organic samples are diluted with THF at a ratio of
1:100 and the aqueous samples are diluted at a ratio of 1:10. For the reactive experi-
ments the dilution of the organic phase is 1:10 and the aqueous phase is analyzed

without further dilution.

The water concentrations in the organic samples are determined with Karl Fischer ti-

tration. All analyses are double determinations to minimize error sources.
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Table 3-6: Mass transfer experiments in the Nitsch cell.

Experi- T Ternary Target Injection Catalyst
ment system component phase
[°C]
1 25 W/T/Acetone DAA top -
2 25 W/T/Acetone DAA bottom -
3 25 WI/T/DAA Acetone top -
4 25 WI/T/DAA Acetone bottom -
5 40 W/T/Acetone DAA top B
6 40 W/T/Acetone DAA bottom .
7 25 W/T/Acetone - bottom NaOH
8 40 W/T/Acetone - bottom NaOH
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4 Results and Discussion

In this chapter the results of the experiments are shown and discussed.

4.1 Kinetic study

Within the kinetic study a catalyst is chosen, the reaction kinetics are determined and

modeled, and the influence of the temperature is examined.

4.1.1 Screening of catalysts

The aldol self-condensation of acetone is a reaction that can be induced with an acidic
as well as a basic catalyst. To determine the catalyst with the best results regarding
reaction rate and yield of DAA, experiments with different kind of catalysts are made.
All experiments are conducted at a temperature of 40°C in a system with both phases,
water and toluene. The catalyst is only present in the aqueous phase, where the reac-

tion takes place, and therefore diacetone alcohol forms.

Selectivity and yield of DAA with different basic and acidic catalysts were determined
in the work of Salvapati et al. [3]. Based on that the catalysts NaOH, Ba(OH)2, H2SO4,

H3sPO4, HCI and KOH are chosen to compare different outcomes.

Challenging conditions regarding the reactive substances and the catalyst caused
some difficulties with the analytical method. Due to the different substances, especially
NaOH which is dissolved in the aqueous phase, the results are distorted. The assump-
tion is that the substances deposited on the liner and the column in the GC, which
would cause further reactions during the analysis. Due to this the amount of diacetone
alcohol in the results seemingly reduces over time. After these experiments, the liner

is replaced to avoid similar problems during subsequent experiments.

Figure 4-1 shows developments of the concentration in the aqueous phase in [mmol/l].

Figure 4-2 shows the mass transfer from the aqueous phase to the organic phase in
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[mmol/l], where the concentration increases until the equilibrium between the two

phases is reached.

The experiments that show almost no formation of DAA due to the analytical problem

described above, are excluded in both diagrams.

The experiments that are conducted with KOH show an unusual development of DAA
concentration. The concentration increases beyond the equilibrium first, but subse-
quently decreases before finally reaching the equilibrium. In this case, the strong ac-
tivity of the catalyst leads to a very high reaction rate. Therefore, the initial formation of
diacetone alcohol seems to be faster than the mass transfer into the organic phase,

hence the process is mass transfer limited.

concentration (mmol/l)

0 50 100 150 200
time (min)
= 0.fIMNaOH ¢ O05MNaOH v 0.05MNaOH 4 Ba(OH)2 e KOH

Figure 4-1: DAA concentration over time in [mmol/l] for different catalysts in the agueous
phase.



4 Results and Discussion 38

3-
s . *
o 24 = &
E = [ A g [ ]
£ " X & X ® .
8 L B [ ] v 2 | .
B v .
£ . ; ‘
Q |
2 14 *
Q
1)

I

v ¥ 2 v v v v
0 2 2 T ¥ T = T ] 1
0 50 100 150 200
time (min)

= 0.fMNaOH ¢ O05MNaOH v 0.05MNaOH a4 Ba(OH)2 e KOH

Figure 4-2: DAA concentration over time in [mmol/l] for different catalysts in the organic phase.

The experiment with 0.41g NaOH (0.05M) shows the most promising results. The
acidic catalysts show almost no yield of DAA. KOH, as described before, causes a very
fast formation of DAA and therefore a mass transfer limited procedure. The formation
of DAA with Ba(OH):2 as catalyst proceeds slower and therefore, reaching the equilib-
rium takes longer. Moreover, experiments with different amounts of NaOH are con-
ducted to determine the optimal amount of catalyst. Due to the analysis method the
time gaps cannot be smaller than 25 minutes. The beginning period of the experiment
is crucial, because the concentration gradient is bigger than at the end. To describe
this period sufficiently, a small amount of NaOH has to be chosen, because then the
reaction proceeds slower and the development of concentration of DAA can be ob-
served. NaOH with a concentration of 0.05M is chosen as a catalyst to perform the
kinetic experiments and furthermore the modeling of the reaction kinetics, as well as

the reactive mass transfer experiments in the Nitsch cell.
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4.1.2 Experiments

The reaction rate is determined through experiments in the aqueous phase with NaOH
as a catalyst at temperatures of 25°C and 40°C and with different starting amounts of
acetone, 3 w%, 6 w% and 12 w%. The different amounts of acetone are important for
the reaction rate. The influence of the amount of reactant can be considered in the rate

law separately, otherwise it would be implemented in k.

In Figure 4-3 the DAA concentration over time of the aldol self-condensation of acetone
at 25°C with 6 w% starting concentration of acetone and 0.05M NaOH as catalyst is

shown exemplarily. All other results can be found in Appendix C1.

Diacetone alcohol is formed during the reaction. At the beginning, the slope of the
curve is steeper because of the higher concentration gradient. When reaching the equi-

librium state, the concentration gradient and the reaction rate decrease.

The amount of acetone in the system is very high. The conversion of acetone, however,
is very low, hence almost no changes of the composition of acetone over time are

observed. For a better overview, only the DAA concentration over time is shown.

0.03
35 0.02 E
£ 1
o
2
[
2 t
e 0.014
8" ]

000 '|'r T T T T T T T T T

0 20 40 60 80 100 120 140 160 180
time (min)
= 25°C

Figure 4-3: DAA concentration over time at a temperature of 25°C and 1 atm with 6 w% starting
concentration of acetone and 0.05M NaOH as catalyst.
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At a higher temperature the reaction rate increases. This is shown in Figure 4-4. It
shows that the equilibrium is reached at 25°C after 2 hours and after 1.5 hours at 40°C.
DAA is formed faster, hence in the beginning the slope of the experiment is steeper at
40°C than at 25°C. With 1.88% the conversion at 40°C is lower than at 25°C, where
the conversion results in 2.50%. This is in good agreement with the results of
Kustrowski et al. [4].

) SE SREIRE A

go.oz- } % ii { { } { } } { E } {
R

0'005[' 20 40 60 80 100 120 140 160 180

time (min)
= 25°C e 40°C

Figure 4-4: DAA concentration over time at a temperature of 25°C and 40°C at 1 atm with 6

w% starting concentration of acetone and 0.05M NaOH as catalyst.

4.1.3 Rate law

To model the reaction kinetics of a system, a mathematical model is established. The
rate of reaction is dependent on the concentration of the components and the reaction

rate constants. The values of the constants are fitted to the experimental data.

As described in chapter 2.2, the chemical equation for an aldol self-condensation is

based on the following form:

0
24 «— C (4-1)
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For the self-condensation of acetone, A stands for acetone and C stands for diacetone

alcohol.

According to the chemical equation, the reaction rate for component C may be written
as an equation with ki and the concentration of A to the square for the forward reaction,

and k> and the concentration of C for the reverse reaction.

_ dcc

rc—?:lﬁ*cf—kz*cc (4-2)

These assumptions result from the reaction equation and have been validated in the

works of Maple and Allerhand [13], Podrebarac et al. [9] and Kustrowski et al. [4].

For the calculations the volume can be assumed to be constant, since the sample
volume during the experiments is very small in relation to the overall volume.

Additionally, at the time t=0 the concentration of C is 0.

The concentration ca of component A at the time t is defined as:
Ca = Cao—2%C¢ (4-3)
Cco =0 (4-4)

When in equilibrium, the reaction rates of the forward and the reverse reaction are
equal, and therefore the overall reaction rate is 0. The equilibrium concentration cc-

can be defined with ki and ka.

ki * (Cap— 2 * Ccoo)? = ky *ccoo  (With this, the equation for the reaction rate
can be rearranged and integrated. When equations 4-3 and 4-4 are applied to equa-

tion 4-2, the following approach results:

dcc

T kq = [(CAo — 2 Cc)z - ccc_io * (Cpo — 2 % CCOO)Z] (4-6)

After integration this results in:

2 T
__ Cap“*Ccoo*(eF-1) )
et = eT*Ch02—4*Ccoo? (4 7)
with
kixtx(cao®—4*Ccoo?)
T= (4-8)

CCoo



4 Results and Discussion 42

The reaction rate constants ki and k2 can be determined by measuring values for cc.

For that purpose, the least squares method is applied by minimizing the residual sum
between measured and calculated values for cc. Starting values for this operation are
taken from previous works within this project and furthermore from the work of Maple
and Allerhand [13].

For an initial mass concentration of acetone of 6 w% at 25°C, the result of the modeling

is shown exemplarily in Figure 4-5. All results can be seen in the Appendix C1.

The dots in the diagram are the measured points from the experiment and the line is
the fitted curve of the model. The deviation with a mean of 7.81*10* [mol/l] results from
the simplifications and assumptions of the model. For all experiments the first measur-
ing point is above the curve of the model. This results from the model, which factors in
the equilibrium very strongly. Therefore, the measuring points at the beginning of the
experiment, before equilibrium is reached, are underestimated, while the measuring
points close to the equilibrium or in equilibrium are fitted very well. To counteract this

effect, the values in equilibrium state are weighted differently.

In Table 4-1 the results of all experiments for the reaction rate constants k1 and k2 are

shown.
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Figure 4-5: Composition of DAA over time at 25°C and 1 atm with 6 w% starting concentration

of acetone and 0.05M NaOH as catalyst and the fitted curve of the model.

Table 4-1: Reaction rate constants k; and ks for 3 w%, 6 w% and 12 w% starting concentration
of acetone at 1 atm and the temperatures of 25°C and 40°C with 0.05M NaOH as catalyst.

Co, acetone T k1 k2 Ccalc-Cexp
[W9%)] [°C] [I/mols] [1/s] [mol/l]

40 4.7E-06 8.7E-04 1.34E-04

° 25 4.5E-06 4.7E-04 2.25E-04

40 5.2E-06 8.0E-04 6.67E-04

° 25 3.4E-06 4.0E-04 7.81E-04

40 6.3E-06 7.9E-04 2.84E-03

e 25 5.1E-06 4.2E-04 2.39E-04
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4.1.4 Influence of the temperature

Additionally, an Arrhenius diagram is created to illustrate the influence of the tempera-
ture on the reaction kinetics and to determine the activation energy. In this diagram the
linearization of the Arrhenius equation is shown. This results from the Arrhenius equa-
tion as mentioned in chapter 2.3.2.
B,
k=Ax*e&RrrT (4-9)
Applying the natural logarithm results in

In(k) = In(4) + ‘R—'“’TA (4-10)

In Table 4-2 the results for the activation energy and the frequency factor for the for-

ward as well as the reverse reaction are shown.

Table 4-2: Values for Ea and A from the Arrhenius equation.

Co, acetone Ea A
[wo%o] [J/mol] [I/mols]
K1 2642 1.310E-05
° k2 31865 179.873
K1 22882 3.444E-02
° k2 35870 770.128
k1 11592 5.449E-04
12

k2 32694 224.566
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The straight line that results from the Arrhenius equation is shown in Figure 4-6 exem-
plarily for the 6 w% starting concentration of acetone. To determine the activation en-
ergy and the frequency factor from the Arrhenius equation, three values at three differ-
ent temperatures are usually measured. To examine a third temperature for the aldol
self-condensation of acetone would go beyond the scope of the discussion of this the-

sis. These are results for estimating the activation energy and the frequency factor.

0.0031 0.0032 1T (1/K) 0.0033 0.0034
_4 T T 1
-6
% 8 ’\—0
= y=-3,832.7x + 5.19
o
£
=
= -10
12 y=-317.81x-11.24ﬂ
-14
= Ink1) ¢ Ink2) In(k1) In(k2)

Figure 4-6: Arrhenius plot for 6 w% starting concentration of acetone.

4.2 Liquid-liquid equilibria

For an accurate representation of a system for a reactive extraction, the liquid-liquid-
equilibria (LLE) data are necessary. The investigated system is the quaternary system
of reactive components, acetone and DAA, in the extractive system water + toluene.
Water and toluene are the phase forming components and acetone and DAA are the
target components. The experiments are conducted at 25°C and 40°C. The equili-
brated samples are subsequently used to determine the interfacial tension at the re-

spective tie lines within the phase tetrahedron.
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42.1 LLE

In Figure 4-7, the tie lines 1-5 of plane 1 of the quaternary system water/toluene/ace-

tone/DAA at 25°C are shown. The ratio of acetone and DAA in this plane is 1:1.

The grey spheres show the mixing points for the original mixtures. The tie lines result
from the separated phases after equilibrium is reached. On the top of the tetrahedron
diagram acetone is plotted, on the left corner DAA is plotted. The spheres in the front
of the tetrahedron represent the composition in the aqueous phase, the spheres in the

back right corner represent the composition in the organic phase.

» 25C plane1
—o— 25C plane1

Figure 4-7: LLE at 25°C, plane 1, tie lines 1-5, after 68 hours and 92 hours.
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In Figure 4-8, the tie lines 1-3 of plane 2 of the quaternary system at 25°C are shown.

The ratio in plane 2 for acetone and DAA is 1:3.

The difference between the results after 68 hours and 92 hours are within reasonable
deviation. This deviation is shown by the difference between the corresponding lines
for each mixing point. The deviation of tie lines and mixing points, especially for plane
2 and 3, where the ratio of acetone and DAA is not equal, is likely caused by the ana-
lytical method (GC). DAA is not measured properly by the GC, the results show an
acetone peak for pure DAA. This can result from DAA conversion to acetone over time
due to the high temperature in the GC or from interaction between the target compo-
nents in the mixture. The higher the amount of target components in the system, the

higher the deviations are.

o 25C plane2
—o— 25C plane2

Figure 4-8: LLE at 25°C, plane 2, tie lines 1-3, after 68 hours and 92 hours.



4 Results and Discussion 48

In Figure 4-9, the tie lines 1-3 of plane 3 of the quaternary system at 25°C are shown.
In plane 3 the ratio of acetone to DAA is 3:1. The mass ratios of all components are

shown in Table 3-5.

The tetrahedron diagrams show that the solubility of acetone is similar in both phases,
hence the tie lines are almost horizontal. The solubility of DAA is slightly smaller in the
organic phase than in the aqueous phase. Due to that, the tie lines are slightly tilted.
This tilting effect is more pronounced at 40°C. The phase forming components of the
mixture are water and toluene. Since the properties of these components do not
change significantly at a higher temperature, the difference between the results at 25°C
and 40°C is minor. The higher the amount of target component in the system, the more
water is soluble in the organic phase and the higher the amount of toluene in the aque-
ous phase. The red spheres connecting the tie lines show the border of the miscibility

gap in the quaternary system.

» 25C plane3
25C plane3

Figure 4-9: LLE at 25°C, plane 3, tie lines 1-3, after 68 hours and 92 hours.
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For a better overview, the results for the conducted LLE experiments at 40°C after 92

hours are shown in Table 4-3 and Table 4-4.

Table 4-3: Results of LLE at 40°C in the organic phase after 92 hours.

Plane  Sample Water Toluene DAA Acetone
w -] W] W] w -]
1 1 0.0016 0.9602 0.0160 0.0223
1 2 0.0023 0.9128 0.0389 0.0460
1 3 0.0063 0.7903 0.0980 0.1054
1 4 0.0117 0.6702 0.1474 0.1707
1 5 0.0183 0.6122 0.1779 0.1917
2 6 0.0011 0.9548 0.0268 0.0173
2 7 0.0033 0.8635 0.0833 0.0498
2 8 0.0076 0.7266 0.1708 0.0951
3 9 0.0015 0.9573 0.0093 0.0318
3 10 0.0038 0.8578 0.0321 0.1063
3 11 0.0081 0.7500 0.0587 0.1832
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Table 4-4: Results of LLE at 40°C in the aqueous phase after 92 hours.

Plane  Sample Water Toluene DAA Acetone
w -] W] W] w -]
1 1 0.9514 0.0001 0.0274 0.0211
1 2 0.8994 0.0002 0.0552 0.0452
1 3 0.8060 0.0001 0.1174 0.0764
1 4 0.7331 0.0015 0.1427 0.1227
1 5 0.7031 0.0036 0.1582 0.1351
2 6 0.9401 0.0001 0.0430 0.0168
2 7 0.8300 0.0004 0.1218 0.0479
2 8 0.7296 0.0001 0.1940 0.0763
3 9 0.9571 0.0001 0.0148 0.0280
3 10 0.8868 0.0001 0.0385 0.0746
3 11 0.8138 0.0007 0.0604 0.1251

4.2.2 Interfacial tension

In Figure 4-10 the interfacial tension in correlation to the weight percent for DAA in the
organic phase at 25°C is shown. The higher the concentration of the target component
is in the system, the closer the tie lines are to the critical point. At the critical point there
is only one thermodynamically stable phase, hence the interfacial tension decreases
with increasing concentration of the target component and approaches zero at the crit-
ical point. Figure 4-11 shows the interfacial tension for plane 1 at 25°C and 40°C with
respect to DAA in the organic phase. Between 25°C and 40°C almost no changes are
observed in the interfacial tension. For the subsystem water/toluene, the influence of
the temperature on the LLE and the interfacial tension is very small. The phase forming
components are water and toluene, hence the temperature has a small impact on the
interfacial tension. The interfacial tension displayed in the organic phase at 40°C

seems to be slightly higher than at 25°C, which can be due to the measuring tolerance.
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Figure 4-10: Interfacial tension with respect to DAA concentration in the organic phase at 25°C.
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Figure 4-11: Interfacial tension with respect to DAA concentration for plane 1 in the organic
phase at 25°C and 40°C.
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4.3 Interfacial mass transfer

As described in chapter 3.7.2, eight different experiments are conducted to determine
the mass transfer between the organic and the aqueous phase. First, the purely diffu-
sive mass transfer in the water/toluene/acetone/DAA system is investigated. Subse-
quently, the mass transfer for simultaneous diffusion and reaction is studied by con-
ducting mass transfer experiments in the presence of NaOH as a catalyst for the aldol

self-condensation reaction.

4.3.1 Diffusive interfacial mass transfer

In Figure 4-12 the development of the concentration over time for both phases and
both target components, acetone and DAA, is shown. In experiment 1 the ternary sys-
tem water/toluene/acetone is in equilibrium when the target component DAA is injected
into the top (organic) phase. Therefore, the composition of acetone in both phases is
relatively constant over time. The composition of DAA in the organic phase decreases
over time, due to the transfer into the aqueous phase. In the aqueous phase, the
amount of DAA is increasing until the equilibrium is reached. The DAA concentration
in both phases levels off after 3 hours, when the equilibrium composition is ap-

proached.

It is also shown that the equilibrium value of DAA in the aqueous phase is higher than
in the organic phase. The equilibrium value of acetone is roughly the same in both

phases.

To improve the readability, the error indicators are not shown in the diagrams. All ex-

periments with error indicators are shown in Appendix C3.
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Figure 4-12: Composition over time for Nitsch cell experiment 1, 25°C, 1 atm, ternary system

water/toluene/acetone, target component DAA injected in the organic phase.

In Nitsch cell experiments 1 and 2 DAA is the target component at 25°C. In experi-
ment 1 DAA is injected in the organic phase, in experiment 2 DAA is injected in the
agueous phase of the pre-equilibrated ternary system water/toluene/acetone. The

comparison of these two experiments is shown in Figure 4-13.

The composition of acetone over time is constant for both phases and experiments,
whereas the composition of DAA changes over time. In experiment 2, DAA is injected
into the aqueous phase. Therefore, due to the interfacial mass transfer, the composi-
tion in the organic phase increases, while it decreases in the aqueous phase. The
equilibrium is reached after 3 hours in both experiments. The equilibrium value for DAA
in the organic phase is lower than in the aqueous phase. The development of the con-
centration of DAA in the organic and aqueous phase converge to the same value for

both experiments.
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Figure 4-13: Composition over time for Nitsch cell experiment 1 and 2, 25°C, 1 atm, ternary
system water/toluene/acetone, target component DAA injected in the organic phase and the

agueous phase.

In experiment 1 DAA is injected into the organic phase, while in experiment 3 acetone

is injected into the organic phase. In Figure 4-14 the results are shown.

As previously described, the composition of acetone is constant for experiment 1. In
experiment 3 the pre-equilibrated ternary system is water/toluene/DAA, hence the
composition of DAA is constant in both phases. The decreasing compositions in the
organic phases are DAA in experiment 1 and acetone in experiment 3. The increasing
compositions in the aqueous phases are DAA in experiment 1 and acetone in experi-
ment 3. The concentration of DAA in the agueous phase is again higher when in equi-
librium than the concentration of DAA in the organic phase. The equilibrium values for
acetone approach the same value in each phase for both experiment 1 and experi-

ment 2.
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Figure 4-14: Composition over time for Nitsch cell experiment 1 and 3, 25°C, 1 atm, ternary
system water/toluene/acetone for 1 and water/toluene/DAA for 3, target component DAA or

acetone injected in the organic phase.

As the results from the kinetic study in chapter 4.1.2 show, higher temperature in-
creases the reaction rate. This is also valid for the mass transfer experiments. In Figure
4-15 the results of experiment 2 and 5 are shown. Experiment 2 is conducted at 25°C
and experiment 5 is conducted at 40°C. The target component DAA is injected into the
agueous phase in both experiments. Since the values for acetone are almost constant
over the whole running time, only the composition for DAA is shown in the graph. Due
to the mass transfer to the organic phase, the concentration of DAA in the aqueous
phase decreases after the injection. This is valid for both temperatures. The equilibrium
is reached faster with higher temperature and the difference between the starting val-

ues and the equilibrium values is smaller at 40°C than at 25°C.
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Figure 4-15: Composition over time for Nitsch cell experiment 2 and 5, 25°C and 40°C, 1 atm,

ternary system water/toluene/acetone, target component DAA injected in the aqueous phase.

4.3.2 Interfacial mass transfer with overlaid reaction

After determining the purely diffusive mass transfer of acetone and DAA, another set
of mass transfer experiments is conducted to determine the influence of the reaction
kinetics of the aldol self-condensation on the overall mass transfer. For these experi-
ments, NaOH is added to the aqueous phase and the concentration of formed DAA in

both phases is investigated.

In Figure 4-16 the development of DAA concentration for experiment 7 at 25°C is
shown. The amount of acetone is much higher than the formed amount of DAA and it
is almost constant. Due to that, only the composition of DAA is shown in the graph. In
the aqueous phase the development of DAA concentration over time resembles the
kinetic study described in chapter 4.1.2. At first the amount of DAA increases fast,
yielding a steep DAA concentration curve. When reaching equilibrium after 2 hours,
the concentration levels off. In the organic phase DAA increases even after the equi-
librium value is reached in the aqueous phase, because the mass transfer continues

and the true equilibrium in both phases has not been reached yet. The development in
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the organic phase shows an inflection point at the same time as the slope of DAA in
the aqueous phase levels off. It can be concluded that the more DAA is formed, the

faster the mass transfer to the organic phase takes place.

The interfacial mass transfer with overlaid reaction is investigated at 25°C and 40°C.
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Figure 4-16: Figure 4 14: Composition over time for Nitsch cell experiment 7, 25°C, 1 atm,
ternary system water/toluene/acetone, target component DAA, with NaOH injected in the

agueous phase.

Experiment 8 is conducted with NaOH being injected into the aqueous phase of a pre-
equilibrated ternary system water/toluene/acetone. The comparison of experiment 7 at

25°C and experiment 8 at 40°C is shown in Figure 4-17.

Experiments 7 and 8 both show similar results for the composition of DAA. With higher
temperature the reaction is faster. The comparison of the concentration of DAA shows
again, that the equilibrium value for DAA in the organic as well as the aqueous phase
is lower at a higher temperature. At 40°C the equilibrium in the aqueous phase is
reached after 1 hour, while in the organic phase the equilibrium, and therefore the

overall equilibrium, has not been reached after 8 hours of running time.
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Figure 4-17: Composition over time for Nitsch cell experiment 7 and 8, 25°C and 40°C, 1 atm,
ternary system water/toluene/acetone, target component DAA, with NaOH injected in the

agueous phase.

The concentration of formed DAA in the experiments with ongoing reaction is very
small, hence a comparison of experiment 2 and experiment 7 is plotted with a second-
ary axis. On the left side of the diagram, the concentration of DAA for experiment 7 is
plotted, while on the right side, the concentration of DAA for experiment 2 is plotted. In
experiment 2, DAA is injected into the aqueous phase at 25°C and in experiment 7,
DAA is formed in the aqueous phase in the presence of NaOH at 25°C. In Figure 4-18

the comparison is shown.

DAA is transferred from the aqueous to the organic phase in both experiments. The
increase of DAA in the organic phases without ongoing reaction is similar to composi-
tion of DAA in the aqueous phase with ongoing reaction, where DAA is formed. The
mass transfer from the aqueous phase to the organic phase in experiment 2 leads to
a steep curve for the DAA concentration at the beginning in the organic phase. At the
same time, the DAA concentration in the aqueous phase decreases. In experiment 7
DAA is formed from acetone in the agueous phase and then transferred into the or-
ganic phase, hence the DAA concentration in both phases increases over time. The

increase of DAA concentration in the organic phases is different for each experiment.
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Experiment 7 shows that the formation of DAA in the aqueous phase is faster than the
interfacial mass transfer, which leads to an inflection point in the curve.
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Figure 4-18: Composition over time for Nitsch cell experiment 2 and 7, 25°C and 40°C, 1 atm,

ternary system water/toluene/acetone, target component DAA, with NaOH injected in the
agueous phase.
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5 Summary and outlook

Within the scope of this thesis a kinetic study of the aldol self-condensation of acetone
to diacetone alcohol in a water/toluene system was conducted. The reaction kinetics
and LLE in the quaternary system were investigated and mass transfer experiments in
a Nitsch cell with and without overlaid aldol self-condensation of acetone were con-
ducted.

At first, a catalyst screening with basic and acidic catalysts was conducted. After

choosing 0.5M NaOH as catalyst, the reaction kinetics were determined.

The experiments to determine the reaction rate constants at different temperatures and
with various amounts of acetone were conducted in the aqueous phase. The catalyst
is only soluble in water, hence the reaction only takes place in the aqueous phase. The
chosen reaction was investigated at 25°C and 40°C. The amounts of acetone in the
agueous phase were varied for both temperatures between 3 w%, 6 w% and 12 w%
with respect to the overall mass. The results showed that a higher temperature leads
to a higher reaction rate and a smaller conversion. The activation energy and the fre-

qguency factor were determined from the Arrhenius equation.

The model for the reaction kinetics was based on the work of Kustrowski et al. [4]. The

results showed good accordance with the experimental data.

For the LLE , eleven different mixtures were prepared and analyzed. Due to the catalyst
and the reactive substances, the analytical procedure was challenging. Therefore,
some deviations were observed in the results. Despite the difficulties with the analytical
method, the mixing points were met in good accordance. It was observed that the sol-
ubility of acetone is almost the same in the aqueous and organic phase, whereas the
solubility of DAA is higher in the aqueous phase than in the organic phase. The solu-
bility increases slightly with higher temperature. The interfacial tension is also depend-
ent on the amount of target component (acetone and DAA) in the system. The higher
the concentration of target component, the lower is the interfacial tension. The impact
of the temperature on the interfacial tension is very small, due to the low influence of

temperature on the subsystem water/toluene.
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These data are important to design a reactive extraction process and the conclusions

can also be observed in the results of the mass transfer experiments.

A Nitsch cell was used to determine the interfacial mass transfer of the target compo-
nents in a quaternary system between the aqueous and the organic toluene phase.
These experiments were conducted at 25°C and 40°C with an amount of 6 w% starting
concentration of acetone with respect to the overall mass. The results showed that at
a higher temperature, the mass transfer as well as the overlaid aldol self-condensation
of acetone was faster. The equilibrium conversion, however, decreased with increasing
temperature Moreover, the overlaid reaction led to a different development of bulk
phase composition compared to the purely diffusive mass transfer. It showed an inflec-
tion point in the organic phase at the same time as the equilibrium concentration was
reached in the aqueous phase. In the aqueous phase the formed DAA concentration
resembles the kinetic study. After two hours the equilibrium concentration was reached
in the aqueous phase. In the organic phase the equilibrium concentration was not
reached within that time, because the mass transfer continued and the overall equilib-
rium was not reached yet. After eight hours the overall equilibrium was approximated

in the organic phase.
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Abbreviations

ICVT
LLE
DAA
MO
ElcB
OH-
DGT
NMR
GC

FID
DMSO
THF
NaOH
Ba(OH)2
KOH
H2S04
H3PO4
HCI
Ca(OH)2
A

W

T

aqu
org

exp

std

Institute of Chemical Engineering and Environmental Technology

liquid-liquid-equilibrium
diacetone alcohol
mesityl oxide
elimination mechanism
hydroxide ion

density gradient theory
nuclear magnetic resonance
gas chromatography
flame ionization detector
dimethyl sulfoxide
tetrahydrofuran
sodium hydroxide
barium hydroxide
potassium hydroxide
sufuric acid
o-phosphoric acid
hydrochloric acid
calcium hydroxide
acetone

water

toluene

aqueous

organic

experiment

standard
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Symbols
Symbol unit
a -
a,b,cd -
ABCDR -
A mol/(I*s)
c mol/l
D m2/s
Ea J/mol
f Pa
g m/s?
g m/s?
| -
j mol/m?s
k mol/(I*s)
k m/s
K -
L m
n -
n rpm
N mol/m?s
p MPa
r mol/m3s
R J/(mol*K)
R mm
t S
T °C
% m/s
X mol/mol

x

description

activity

stoichiometric coefficients
components

frequency factor
concentration

diffusion coefficient
activation energy
fugacity

gravitational force

force due to rotational acceleration

phase in a system

flux

reaction rate constant
mass transfer coefficient
equilibrium constant
length

reaction order

rotational speed

flux at interface
pressure

reaction rate

gas constant

radius

time

temperature

velocity
amount-of-substance fraction

conversion
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Greek symbols

a, By -

y -

0 mm

n Pa*s
A mm
9 °C

M J/mol
p kg/m?
o kg/s?
v m?2/s
® -

Subscript character
0
0
[
[
j

reaction order
activity coefficient
layer thickness
dynamic viscosity
potential distance
temperature
chemical potential
density

interfacial tension
kinematic viscosity

fugacity coefficient

start value

pure component
component in the system
interface

medium

equilibrium

phase I, phase Il
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Appendix B
Weighing

All devices that are used have a specific deviation. The accuracy and deviation of all

scales are shown in Table 3-3. The weighing cannot be completely exact, therefore

the actually weighed masses are shown in the following tables.

Table B-1: Weighed masses for the kinetic experiments.

T c Acetone Water NaOH
[°C] [wo] (9] (9] (9]
8.98 149.93 0.3081
3
8.95 149.73 0.3070
18.01 151.14 0.3068
25 6
17.99 149.78 0.3078
35.83 149.91 0.3077
12
35.88 150.41 0.3085
8.99 150.96 0.3079
3
8.95 150.08 0.3081
18.07 150.01 0.304
40 6
17.99 149.81 0.3082
35.92 149.95 0.3065
12
35.86 149.90 0.3078
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Table B-2: Weighed mixing points for the LLE at 25°C.
Plane  Sample Water Toluene DAA Acetone
[9] [a] [a] [a]

1 1 19.02 19.04 1.01 1.01

1 2 18.02 18.03 2.03 2.00

1 3 16.01 16.03 4.09 4.01

1 4 14.01 14.01 6.01 6.24

1 5 13.02 13.01 7.01 7.00

2 6 19.02 19.05 1.56 0.51

2 7 17.01 17.01 451 1.56

2 8 15.02 15.01 7.68 2.52

3 9 19.04 19.02 0.51 1.68

3 10 17.04 17.02 1.59 4.52

3 11 15.04 15.00 2.60 7.51
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Table B-3: Weighed mixing points for the LLE at 40°C.
Plane  Sample Water Toluene DAA Acetone
[9] [a] [a] [a]

1 1 19.81 19.20 1.02 1.00

1 2 18.19 18.05 2.04 2.03

1 3 16.00 16.02 4.04 4.69

1 4 14.14 14.04 6.01 6.06

1 5 13.25 13.02 7.18 7.02

2 6 19.11 19.25 1.51 0.49

2 7 17.03 17.05 4.56 1.50

2 8 15.04 15.05 7.51 2.52

3 9 19.02 19.09 0.51 151

3 10 17.01 17.14 1.49 4.50

3 11 15.06 15.08 2.50 7.50
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Table B-4 Weighed masses for the mass transfer experiments in the Nitsch cell.

Number T Water Toluene Acetone DAA NaOH
[°C] (9] (9] (9] (9] (9]
1 25 348.58 3045 45.68 45.35 -
2 25 354.17 308.9 395 39.49 -
3 25 354.02 309.2 39.79 39.66 -
354.48 308.79 39.7 39.48 -
4 25
354.23 308.51 39.53 39.57 -
5 40 352.9 301.73 39.18 39.37 -
6 40 352.28 301.89 39.07 39.21 -
358.06 299.83 78.05 - 0.72
7 25
358.15 301.36 78.2 - 0.72
355.47 293.91 77.25 - 0.72
8 40
355.96 294.6 77.58 - 0.72

Calibration lines

All calibration lines are straight lines through the origin, which results in an intercept of

0. All values apply to the unit ppm.
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Table B-5: Slopes for all calibration lines used for this thesis.

Use Calibration Component Slope
Acetone 1815.80
Acetone, DAA, Toluene, Toluene 4044.10
MO in Water MO 963.89
Cata|yst DAA 112.66
screening Acetone 1859.50
Acetone, DAA, Toluene, Toluene 4229.40
MO in THF MO 2664.46
DAA 1729.40
Acetone 1218.03
Reaction ki- Acetone, MO, DAA in
_ MO 1225.80
netics Water
DAA 1269.51
Acetone 1549.88
e Acetone, Toluene, DAA, Toluene 3644.95
DMSO in THF DAA 1837.77
DMSO 1512.07
Acetone 2093.40
Acetone, Toluene, DAA
_ Toluene 5720.79
in THF
DAA 2565.42
Mass transfer Acetone 1369.97
_ _ Acetone, Toluene, DAA
in the Nitsch . Toluene 3645.39
in THF
cell DAA 1874.13
Acetone 1793.66
Acetone, Toluene, DAA
_ Toluene 4258.70
in THF
DAA 1995.06
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Density and refraction

Before determining the interfacial tension, the density of all samples and the refraction

of the aqueous samples have to be determined.

Table B-6: Density and refraction for the LLE samples at 25°C.

Phase Sample Density Phase Sample Density  Refraction
[9/cm?] [9/cm?] [-]

1 0.8614 1 0.9942 1.3383
2 0.8604 2 0.9914 1.3450
3 0.8591 3 0.9852 1.3560
4 0.8586 4 0.9771 1.3643
5 0.8597 5 0.9736 1.3697

organic 6 0.8628 aqueous 6 0.9962 1.3408
7 0.8635 7 0.9886 1.3542
8 0.8664 8 0.9908 1.3647
9 0.8596 9 0.9913 1.3383
10 0.8567 10 0.9825 1.3475
11 0.8518 11 0.9730 1.3550
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Table B-7: Density and refraction for the LLE samples at 40°C.
Phase Sample Density Phase Sample Density  Refraction
[9/cm?] [9/cm?] [-]
1 0.8464 1 0.9860 1.3373
2 0.8460 2 0.9852 1.3433
3 0.8109 3 0.9792 1.3513
4 0.8323 4 0.9694 1.3603
5 0.8458 5 0.9653 1.3428
organic 6 0.8486 aqueous 6 0.9912 1.3385
7 0.8495 7 0.9865 1.3513
8 0.8530 8 0.9823 1.3623
9 0.8454 9 0.9864 1.3364
10 0.8400 10 0.9783 1.3443
11 0.8355 11 0.9671 1.3514
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Appendix C
Appendix C1

The corresponding results of the kinetic experiments and the modeling are shown in

this section.

12

10~

concentration (mmol/l)

60 80 100 120 140 160 180
time (min)
= 25°C—— model
Figure C-1: Composition of DAA over time at 25°C and 1 atm with 3 w% starting concentration

of acetone and 0.05M NaOH as catalyst and the fitted curve of the model.
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Figure C-2: Composition of DAA over time at 40°C and 1 atm with 3 w% starting concentration
of acetone and 0.05M NaOH as catalyst and the fitted curve of the model.
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Figure C-3: Composition of DAA over time at 40°C and 1 atm with 6 w% starting concentration
of acetone and 0.05M NaOH as catalyst and the fitted curve of the model.
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Figure C-4: Composition of DAA over time at 25°C and 1 atm with 12 w% starting concentration
of acetone and 0.05M NaOH as catalyst and the fitted curve of the model.
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Figure C-5: Composition of DAA over time at 40°C and 1 atm with 12 w% starting concentration
of acetone and 0.05M NaOH as catalyst and the fitted curve of the model.
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Appendix C2

The corresponding results of the LLE experiments and interfacial tension are shown in

this section.

o 40C plane1
——40C plane1

Figure C-6: LLE at 40°C, plane 1, tie lines 1-5, after 68 hours and 92 hours.
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o 40C plane2
—o—40C plane2

Figure C-7: LLE at 40°C, plane 2, tie lines 1-3, after 68 hours and 92 hours.
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o 40C plane3
——40C plane3

Figure C-8: LLE at 40°C, plane 3, tie lines 1-3, after 68 hours and 92 hours.
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Table C-1: Results of LLE at 25°C in the organic phase after 68 hours.
Plane Sample Water Toluene DAA Acetone
w -] w -] w -] w[-]
1 1 0.0017 0.9639 0.0129 0.0215
1 2 0.0019 0.9237 0.0303 0.0441
1 3 0.0046 0.8166 0.0762 0.1026
1 4 0.0101 0.6941 0.1273 0.1686
1 5 0.0141 0.6323 0.1585 0.1951
2 6 0.0012 0.9653 0.0195 0.0140
2 7 0.0024 0.8873 0.0663 0.0440
2 8 0.0060 0.7572 0.1512 0.0856
3 9 0.0016 0.9576 0.0071 0.0337
3 10 0.0031 0.8742 0.0289 0.0938
3 11 0.0075 0.7570 0.0552 0.1803
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Table C-2: Results of LLE at 25°C in the aqueous phase after 68 hours.
Plane Sample Water Toluene DAA Acetone
w[-] w[-] w[-] w[-]
1 1 0.9420 0.0003 0.0317 0.0259
1 2 0.8891 0.0005 0.0607 0.0498
1 3 0.7956 0.0010 0.1130 0.0904
1 4 0.7074 0.0022 0.1534 0.1370
1 5 0.6695 0.0030 0.1764 0.1510
2 6 0.9306 0.0002 0.0496 0.0197
2 7 0.8120 0.0001 0.1339 0.0540
2 8 0.7049 0.0017 0.2082 0.0851
3 9 0.9503 0.0001 0.0155 0.0340
3 10 0.8641 0.0005 0.0449 0.0904
3 11 0.7881 0.0013 0.0678 0.1428
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Table C-3: Results of LLE at 40°C in the organic phase after 68 hours.
Plane Sample Water Toluene DAA Acetone
w -] w -] w -] w[-]
1 1 0.0012 0.9625 0.0153 0.0211
1 2 0.0019 0.9184 0.0352 0.0446
1 3 0.0053 0.8007 0.0943 0.0997
1 4 0.0105 0.6969 0.1378 0.1548
1 5 0.0159 0.6306 0.1673 0.1862
2 6 0.0010 0.9599 0.0240 0.0151
2 7 0.0025 0.8662 0.0827 0.0486
2 8 0.0060 0.7612 0.1474 0.0854
3 9 0.0011 0.9601 0.0088 0.0300
3 10 0.0029 0.8711 0.0294 0.0966
3 11 0.0073 0.7672 0.0583 0.1671
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Table C-4: Results of LLE at 40°C in the aqueous phase after 68 hours.
Plane Sample Water Toluene DAA Acetone
w[-] w[-] w[-] w[-]
1 1 0.9513 0.0001 0.0272 0.0214
1 2 0.8987 0.0005 0.0555 0.0454
1 3 0.8049 0.0001 0.1152 0.0797
1 4 0.7316 0.0024 0.1432 0.1228
1 5 0.6965 0.0039 0.1622 0.1375
2 6 0.9384 0.0003 0.0445 0.0168
2 7 0.8306 0.0005 0.1213 0.0475
2 8 0.7310 0.0017 0.1916 0.0756
3 9 0.9551 0.0010 0.0157 0.0283
3 10 0.8830 0.0003 0.0391 0.0776
3 11 0.8143 0.0011 0.0606 0.1240
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Table C-5: Results of LLE at 25°C in the organic phase after 92 hours.
Plane  Sample Water Toluene DAA Acetone
w[-] w -] w -] w[-]
1 1 0.0017 0.9639 0.0129 0.0215
1 2 0.0019 0.9237 0.0303 0.0441
1 3 0.0046 0.8166 0.0762 0.1026
1 4 0.0101 0.6941 0.1273 0.1686
1 5 0.0141 0.6323 0.1585 0.1951
2 6 0.0012 0.9653 0.0195 0.0140
2 7 0.0024 0.8873 0.0663 0.0440
2 8 0.0060 0.7572 0.1512 0.0856
3 9 0.0016 0.9576 0.0071 0.0337
3 10 0.0031 0.8742 0.0289 0.0938
3 11 0.0075 0.7570 0.0552 0.1803
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Table C-6: Results of LLE at 25°C in the aqueous phase after 92 hours.
Plane  Sample Water Toluene DAA Acetone
w[-] w -] w -] w[-]
1 1 0.9420 0.0003 0.0317 0.0259
1 2 0.8891 0.0005 0.0607 0.0498
1 3 0.7956 0.0010 0.1130 0.0904
1 4 0.7074 0.0022 0.1534 0.1370
1 5 0.6695 0.0030 0.1764 0.1510
2 6 0.9306 0.0002 0.0496 0.0197
2 7 0.8120 0.0001 0.1339 0.0540
2 8 0.7049 0.0017 0.2082 0.0851
3 9 0.9503 0.0001 0.0155 0.0340
3 10 0.8641 0.0005 0.0449 0.0904
3 11 0.7881 0.0013 0.0678 0.1428
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Table C-7: Results of LLE at 40°C in the organic phase after 92 hours.
Plane  Sample Water Toluene DAA Acetone
w[-] w -] w -] w[-]
1 1 0.0016 0.9602 0.0160 0.0223
1 2 0.0023 0.9128 0.0389 0.0460
1 3 0.0063 0.7903 0.0980 0.1054
1 4 0.0117 0.6702 0.1474 0.1707
1 5 0.0183 0.6122 0.1779 0.1917
2 6 0.0011 0.9548 0.0268 0.0173
2 7 0.0033 0.8635 0.0833 0.0498
2 8 0.0076 0.7266 0.1708 0.0951
3 9 0.0015 0.9573 0.0093 0.0318
3 10 0.0038 0.8578 0.0321 0.1063
3 11 0.0081 0.7500 0.0587 0.1832
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Table C-8: Results of LLE at 40°C in the agueous phase after 92 hours.
Plane  Sample Water Toluene DAA Acetone
w[-] w -] w -] w[-]
1 1 0.9514 0.0001 0.0274 0.0211
1 2 0.8994 0.0002 0.0552 0.0452
1 3 0.8060 0.0001 0.1174 0.0764
1 4 0.7331 0.0015 0.1427 0.1227
1 5 0.7031 0.0036 0.1582 0.1351
2 6 0.9401 0.0001 0.0430 0.0168
2 7 0.8300 0.0004 0.1218 0.0479
2 8 0.7296 0.0001 0.1940 0.0763
3 9 0.9571 0.0001 0.0148 0.0280
3 10 0.8868 0.0001 0.0385 0.0746
3 11 0.8138 0.0007 0.0604 0.1251
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Table C-9: Interfacial tension at 25°C for DAA and acetone in the aqueous phase.
Sample DAA Acetone Interfacial tension  Deviation
w [-] w [-] [MN/m]

- 0 0 35.50

1 0.0317 0.0259 19.49 0.856

2 0.0607 0.0498 12.97

3 0.1130 0.0904 7.43

4 0.1534 0.1370 4.13

5 0.1764 0.1510 3.04

6 0.0496 0.0197 16.79

7 0.1339 0.0540 8.82

8 0.2082 0.0851 5.10

9 0.0155 0.0340 18.69

10 0.0449 0.0904 10.10

11 0.0678 0.1428 6.53
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Table C-10: Interfacial tension at 40°C for DAA and acetone in the aqueous phase.
Sample DAA Acetone Interfacial tension  Deviation
w [-] w [-] [MN/m]
- 0 0 35.50
1 0.0274 0.0211 18.42 0.181
2 0.0552 0.0452 13.40
3 0.1174 0.0764 9.55
4 0.1427 0.1227 5.08
5 0.1582 0.1351 3.51
6 0.0430 0.0168 18.02
7 0.1218 0.0479 9.98
8 0.1940 0.0763 5.90
9 0.0148 0.0280 19.26
10 0.0385 0.0746 12.35
11 0.0604 0.1251 7.33
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Figure C-9: Interfacial tension with respect to DAA concentration in the organic phase at 25°C
and 40°C.
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Figure C-10: Interfacial tension with respect to DAA concentration in the aqueous phase at
25°C and 40°C.
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Appendix C3

The corresponding graphs from the mass transfer experiments in the Nitsch cell are

shown in this section.
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Figure C-11: Composition over time for Nitsch cell experiment 1, 25°C, 1 atm, ternary system
water/toluene/acetone, target component DAA injected in the organic phase.



Appendix

98

"t
L]

2 4

6 8
time (h)
= exp2 org Acetone ¢ exp2org DAA < exp2 aqu DAA

o exp2 aqu Acetone
Figure C-12: Composition over time for Nitsch cell experiment 2, 25°C, 1 atm, ternary system

water/toluene/acetone, target component DAA injected in the aqueous phase.
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Figure C-13: Composition over time for Nitsch cell experiment 3, 25°C, 1 atm, ternary system
water/toluene/DAA, target component acetone injected in the organic phase.
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Figure C-14: Composition over time for Nitsch cell experiment 4, 25°C, 1 atm, ternary system

water/toluene/DAA, target component acetone injected in the agqueous phase.
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Figure C-15: Composition over time for Nitsch cell experiment 5, 40°C, 1 atm, ternary system

water/toluene/acetone, target component DAA injected in the aqueous phase.
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Figure C-16: Composition over time for Nitsch cell experiment 6, 40°C, 1 atm, ternary system
water/toluene/acetone, target component DAA injected in the organic phase.
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Figure C-17: Composition over time for Nitsch cell experiment 7, 25°C, 1 atm, ternary system

water/toluene/acetone, target component DAA, NaOH injected in the aqueous phase.
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Figure C-18: Composition over time for Nitsch cell experiment 8, 40°C, 1 atm, ternary system
water/toluene/acetone, target component DAA, NaOH injected in the aqueous phase.
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