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Abstract

Sugar based bio-surfactants are green alternatives to synthetic surfactants which
have gained increasing interest over the past 20 years. In this thesis, lauric acid
and vinyl laurate has been investigated as acyl donor and galactose as acyl ac-
ceptor. The solvent of choice was acetone and the catalyst was Novozyme®
435. A new reaction was discovered from vinyl laurate to lauric acid and methyl
laurate which was further investigated through response surface methodology.
The chosen independent variables were reaction time and catalyst amount,
the resulting equation was Conversion = 53.168 —4.54795- cat + 32.283 - t +
0.160424 - cat® +0.043 - cat - t —4.79922 - t? with an R? = 0.899. The optimum
value for conversion based on this model was 88.47 % with ¢ =3.46 h and cat =
22.0711 %. The trial at the optimum confirmed the model with conversions as
high as 94 % and 96 %.
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Sammendrag

Sukkerbaserte biologiske surfaktanter er et alternativ til syntetiske varianter.
Disse har fatt okende oppmerksomhetilopet av de siste 20 arene i vitenskapelig
forskning. I denne masteroppgaven er vinyllaurat og laurinsyre undersokt som
acyldonor og galaktose som acylakseptor. Lasemiddelet som ble brukt var ace-
ton og den biologiske katalysatoren var Novozyme®435, N435. Det gnskede
produktet var en ester av galaktose og laurinsyre. Gjennom forsgk pa & re-
produsere litteratur, ble en bireaksjon mellom vinyllaurat og aceton oppdaget,
katalysert av N435. Produktene som ble funnet fra denne reaksjonen var metyl-
laurate og laurinsyre. Denne reaksjon ble videre undersgkt med et design av
eksperimenter, DOE, og med respons overflate metodikk, RSM. De to uavhengige
variablene var mengde katalysator og reaksjonstid. Den optimerte likningen
for omgjering ble Omgjoring = 53.168 —4.54795- cat + 32.283 -t + 0.160424 -
cat’>+0.043-cat -t —4.79922 - t> med en R? = 0.899. Den optimale verdien for
omgjoring i folge modellen var 88.47 % med de uanhengig variablene 1=3.46/h
and cat =22.0711 %. To reaksjoner med disse initialbetingelsene ble gjennom-
fort og resulterte i en gjennomsnittlig omgjoring pa 95 %, som er innenfor stan-
dardavviket til modellen.






Nomenclature

CALB Candida Antartica Lipase B
DOE Design of Experiments

ESI Emulsion Stability Index
Ewt% Enzyme Weight %

FID Flame Ionization Detector

GC  Gas Chromatograph

HLB Hydrophilic Lipophilic Balance
IS Internal Standard

MS  Mass Spectrometer

N435 Novozyme® 435

RSM Response Surface Methodology
SFAE Sugar Fatty Acid Ester

t—BuOH Tertiary Butanol
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Chapter 1

Introduction

In recent years with global temperature increase, the need for greener alter-
natives are becoming more evident. In the field of green chemistry, 12 princi-
ples were proposed in 1998 by Anastas and Warner [1] as guidelines to shift the
chemical industry into a more environmentally friendly direction. The prin-
ciples are listed in Appendix A. Among these principles, the utilization of re-
newable feedstocks are specifically addressed to make the chemical industry
greener. In addition to be renewable, the origin of the reaction components
should not be in competition with food production, but rather attempt to uti-
lize waste products from different industries and densely populated areas when
possible. Many chemical processes utilize dangerous and hazardous compo-
nents and effort should be made to minimize the overall toxicity of chemical
processes and to prevent spillage. A major factor to accomplish the 12 princi-
ples lies in the shift from a petrochemical based to a bio-based economy, in ad-
dition to further develop the industrial production by environmentally friendly
standards.

The synthesis of different Sugar Fatty Acid Esters, SFAEs, has been subject to
attention in the scientific community due to bio-biodegradability, non-toxicity
and low environmental impact [2]. A key aspect that makes this synthesis pos-
sible is the shift in equilibrium towards the synthesis of esters when free or
immobilized lipases are employed in anhydrous reaction media, e.g. organic
solvents, ionic liquids and super critical fluids [3]. More over, a single step re-
action helps to reduced the overall energy consumption in the process along
with relatively low reaction temperatures and ambient pressures. These esters
are usually synthesised by esterification where a free fatty acid and a sugar are
dissolved or suspended in an anhydrous solvent in the presence of the selected
bio-catalyst. Trans-esterification with vinyl esters is also a possible route to ob-



tain such esters. Based on their favourable properties of being non-toxic and
an antimicrobial agent [4], they can be used as an emulsion agent in the food
industry and for various creams. For these uses the hydrophilic liphophilic bal-
ance, HLB, which is based on the size of the polar sugar and non-polar fatty
acid, synthesised in the ester. In other words the desired HLB can be engineered
through substrate selection. Under the trademark name RYOTO™ SUGAR ES-
TER, Mitsubishi Chemical Corporation has done just this by offering varieties of
SFAE based on sucrose and different fatty acids to cover most of the HLB-scale.
This process however is operating in the absence of lipase and it’s of interest to
investigate the possibility to synthesise these with a bio-catalyst.

In this thesis galactose has been investigated for the production of SFAE with
both lauric acid and its vinyl ester. The solvents employed included t-BuOH
and acetone with Novozyme®435, N435, as the bio-catalyst. During trials to
reproduce the results from Universidad Complutense Madrid by Monreal (5]
and Alonso [6], a reaction to methyl laurate catalyzed by N435 were discovered.
The reactions of the sugar esters described by the authors from Spain were not
successfully reproduced. The methodology developed at Norwegian University
of Life Sciences, NMBU, let us investigate this side reaction that involved vinyl
laurate and acetone catalyzed by N435 solved in acetone. With the parameters
catalyst amount and reaction time, the side reaction was investigated in a 22
factorial design of experiments, DOE, with star points and four central points.
Each reaction at the desired encoded variables, 12 in total, were measured on
the conversion of vinyl laurate and used in the response surface methodology,
RSM, to produce a quadratic model of optimal conversion. The optimum from
the model were at 88.57%, and at the optimal conditions two reactions were
conducted and resulted in an average of ~ 95% which is within the standard
deviation on the model.

This thesis first present the theory on SFAE in Chapter 2, where the different
components in the reaction are presented with a literature search of prior re-
search in the field. The reaction principles and theory on modeling and analyt-
ical equipment are also presented in the second chapter. In Chapter 3, equip-
ment, materials and methodology used and/or developed in this thesis are pre-
sented. In Chapter 4, the important results are presented with corresponding
discussion in Chapter 5. Finally, in Chapter 6 the conclusions from this thesis
are listed, with suggestions for further work on SFAE syntheses at NMBU.



Chapter 2

Theory

The theory part of this thesis gives a basis for the synthesis of sugar fatty acid
esters, SFAEs, with references to prior work in the field. The raw materials are
presented in Chapter 2.1 and 2.2. Then the solvents are presented in Section
2.3 and the enzyme in Section 2.4. Furthermore, Section 2.5 gives a basis for
the chemical reactions in question and in Section 2.6, the proposed product
is presented with properties and applications. In the final part of the theory,
Section 2.7 gives a basic understanding of the analytical tools used in this work.

2.1 Sugar

Carbohydrates is a vast group of organic molecules and the most important
source of energy for animal metabolism. The carbohydrate group governs four
major sub-groups: mono-, di-, poly-, and oligo-saccharides. Sugars are simple
carbohydrates of mono- or di-saccharides. In this work a simple sugar, galac-
tose, were investigated for SFAE synthesis.

2.1.1 Galactose

Galactose is a mono-saccharide which can be found in most living organism
and is displayed in figure 2.1a with some physical properties in table 2.1b. Al-
though the abundance of galactose, it is rarely found on its own, but rather
bonded in longer carbohydrate chains. For instance di-saccharides, lactose,
and polysaccharides, galactans and chitosan. Galactose can also be found in
combination with other molecules for instance lipids also called galactolipids.



OH (b) Physical properties of galactose

OH
Property Value
0 Molecular Weight [g/mol] | 180.16
HO OH Flash Point [°C ] 410.8
OH Melting Temperature [°C | | 167
(a) B-D-Galactose molecule Relative Density 1.732

Figure 2.1: B-D-galactose, a) molecule and b) physical properties

2.1.2 Sugars Used for SFAE Synthesis

Prior to this thesis a wide variety of sugars have been tested to produce bio-
surfactants. An overview is presented in table 2.1. From this table the sug-
ars that have been investigated extensively are glucose, fructose and sucrose.
Sucrose esters are already been commercialized by Mitsubishi Chemical Cor-
poration with a patent to produce SFAE, under the trademark name RYOTO™
SUGAR ESTER. This process however is without a bio-catalyst.

Table 2.1: A collection of sugars used for SFAE synthesis, with the addition of
longer chained saccharides.

Sugar ref
Monosaccharides Galactose [5]-[8]
Glucose [4], [9]-[15]
Xylitol [12], [16]
Fructose [11], [12], [17], [18]
Disaccharides Lactose [3], [19], [20]
Sucrose (4], (111, [12], [17], [21]
Sorbitol [12]
Maltose (4]
Polysaccharides Fructans [22]
Chitosan [23]
Oligosaccharides | Oligofructose [24]




2.1.3 Feedstock

Promising feedstocks for the production of galactose are macro- and micro-
algea. Amongst the micro-algea C. Vulgaris contains high content of galactose,
bound in polysaccharides and galactolipids . The production of this strain has
an annual yield of about 2000 tonnes (2004). In the family of macro-algeas, or
seeweeds, the red strain in particular show high yields of sugars. This strain
contains high amounts of carrageenan and agar which both are built up of
galactose. The production of macro-algea outcompetes micro-algae by 4 or-
ders of magnitude. Sea-based production of algae is a promising feedstock for
carbohydrates and in particular galactose. [25]-[27]

Some major benefits of algae is as mentioned that they need an hydrous en-
vironment to grow and there is no shortage of water-based environments on
earth. The sea-based plants can grow in numerous environments for instance
sewage, fresh water, saline water, acidic/basic to mention some. Another ad-
vantage is rapid growth and how well the plants utilize cultivation area com-
pared to land based crops. Algae can grow in numerous environments and can
grow relatively fast. [28]

An overly simplified method to extract simple sugars from algae is by drying the
algae and then extract the oil contents. After the oil has been extracted, a dry
carbohydrate mass is left which then can be hydrolysed to obtain shorter sugar
strains and finally simple sugars. [29]



2.2 Free Fatty Acids and Their Vinyl Esters

The organic group of oils consists of mono-, di- and tri-glycerides, where one,
two and three fatty acid chains are linked to a glycerol molecule respectively.
The configuration of the fatty acids is dependent on the type of oil in addition
to the specific fatty acid chain that is attached. When the glyceride is sub-
ject to cleavage at the ester bond, free fatty acids will separate from glycerol.
The free organic acids are further divided into three subgroups: saturated-,
unsaturated- and monounsaturated fatty acids. In this work lauric acid, a free
saturated fatty acid with 12 carbons, have been investigated for SFAE synthesis.
The vinyl ester of lauric acid, vinyl laurate, have also been investigated for the
same purpose.

2.2.1 LauricAcid

Lauric acid is a free saturated fatty acid with 12 carbons, see figure 2.2a and
table 2.2b for molecular structure and key information. This fatty acid has
favourable properties for the use in especially food-industry as it has been shown
to inhibit bacterial growth both in its natural form [30], [31] and when the fatty
acid is synthesised into different sugar esters [32]. This fatty acid is mainly pro-
duced from palm kernel- and coconut oil [33] by hydrolysis of the triglyceride
to separate the free fatty acid from the ester bond. Lauric acid can also be found
in other plant oils such as arecanut oil and mandarin oil [34].

WAV VANV VN

(a) Lauric acid molecule

(b) Physical properties of lauric acid

Property Value
Molecular Weight [g/mol] | 200.322
Flash Point [°C ] 112.8
Melting Temeprature [°C] | 43
Relative Density 0.883

Figure 2.2: Lauric acid, a) molecule and b) physical properties



2.2.2 Vinyl Laurate
Vinyl laurate is the vinyl ester of lauric acid, more precisely a double bonded
carbon-carbon molecule as the second organic group in the ester-bond. The

molecule is drawn in figure 2.3a with the addition of some physical properties
in Table 2.3b.

WA VAV VA VA VN

(a) Vinyl laurate molecule

(b) Physical properties of vinyl laurate

Property Value
Molecular Weight [g/mol] | 226.35
Flash Point [ °C ] 125
Melting Temperature [°C] | 7.22
Relative Density 0.873

Figure 2.3: Vinyl laurate, a) molecule and b) physical properties

2.2.3 Acyl Donors Used for SFAE Synthesis

A good variety of fatty acids and some vinyl esters have been tested before to
produce SFAE and some are presented in Table 2.2. From the Table, saturated
fatty acids have been tested extensively as acyl donors for the esterification-
reaction with carbon-chain length ranging from 4 to 18. Within this group
lauric- and palmitic acid are the most tested. In addition to the saturated fatty
acids, a mono-unsaturated fatty acid, oleic acid, have been tested as acyl donor.

When the raw material is changed for a vinyl ester, the reaction is changed to a
trans-esterification. Unlike the saturated fatty acids in this collection, the vinyl
esters have not been tested in such extent as only two different vinyl esters are
in this compilation. Among the two, vinyl laurate have gained more interest in
the scientific community than vinyl palmitate.



Table 2.2: Collection of fatty acid and vinyl esters used for SFAE synthesis.

Name Carbons Ref.
SFA Butyric acid 4 [16]
Hexanoic acid 6 [13], [15]
Caprylic acid 8 (31, [5], [13], [24]
Decanoic acid 10 [13]
Lauric acid 12 (3], [11], [13]-[17], [19], [20], [24], [35], [36]
Myristic acid 14 [13]
Palmitic acid 16 (3], [10], [13], [15], [17], [18], [24]
Stearic acid 18 [24]
MUFA Oleic acid 18, cis-9 (6], [12], [16], [23], [37]
VE Vinyl laurate 12 (4], [11], [21], [22]
Vinyl palmitate 16 (4], [9], [21]
Other FAC 10,12,14,16 [8]

SFA - Saturated Fatty Acids, MUFA - Mono-Unsaturated Fatty Acids,
VE - Vinyl esters, FAC - Fatty Acyl Chlorides



2.3 Solvent

The solvents used in these trials were acetone and tertiary butanol with the ad-
dition of some solvent less systems. Organic solvents are characterized by hav-
ing at least one carbon and one hydrogen atom and being able to solve other
compounds. Other than these, organic solvents comes with a wide variety in
functional groups and molecular shapes. Acetone is the simplest ketone and
tert butanol is the simplest tertiary alcohol. Interest in such solvents has in-
creased the last 20 years in the field of biochemical synthesis.

There lies an important decision in choosing the reaction medium, as organic
solvents are generally hazardous and in many cases hostile to the environment.
A survey of solvent selection guides has been published where a collection of
solvent guides are considered and concluded with a ranking of selected sol-
vents [38]. The final results has ranked solvents from "recommended" to "highly
hazardous" based on considerations of health effects, safety and impact on the
environment. It is of interest to investigate greener alternatives to hazardous
solvents such as pyridine, hexane and tetrahydrofuran. Acetone and tert bu-
tanol are ranked as "recommended or problematic?" and both can be produced
through a fermentation process of biomass [39].

2.3.1 Tertiary Butanol

Tertiary Butanol, or t-BuOH, is the simplest tertiary alcohol and can be seen
in Figure 2.4a with some key properties in Table 2.4b. This tertiary alcohol is
shown to not partake in enzymatic reactions even though an hydroxy group
is present [5], [8], [12], which makes t-BuOH advantageous as solvent for en-
zymatic reactions. More over, t-BuOH can be produced by both fermentation
with the Clostridium bacteria and from ethanol by an aldol condensation over
special metal oxide catalyst [39].

(b) Physical properties of t-BuOH

OH
Property Value
Molecular Weight [g/mol] | 74.1
Flash Point [°C ] 11
Melting Point [ °C ] 25
(a) t-BuOH molecule Boiling Point [ °C] 82
Relative Density 0.8

Figure 2.4: t-BuOH, a) molecule and b) physical properties



2.3.2 Acetone

Acetone is the simplest ketone with three carbons and a double bond to oxygen
at the second carbon. The molecule and key information can be seen in Figure
2.5a and in Table 2.5b. As for t-BuOH, acetone is put in the category of "recom-
mended or problematic?" as it is a volatile solvent, but to a lower degree than
the ones categorized as "problematic" to "highly hazardous".

Acetone can be produced by fermentation of biomass by the bacteria Clostrid-
ium. This bacteria also ferments biomass into t-BuOH, as mentioned above,
and ethanol. By obtaining acetone this way, the need for a petrochemical pro-
cess is eliminated and the solvent can be produced from a renewable feed stock,
and hence makes the process greener.

(b) Physical properties of acetone

0 Property Value
Molecular weight [g/mol] | 58.08
/\ Flash point [°C ] -18
Melting point [ °C'] -95

(a) Acetone molecule Boiling point [ °C ] 56
Relative density 0.8

Figure 2.5: Acetone, a) molecule and b) physical properties

2.3.3 Solvent Less Systems

In solvent less systems one of the reactants acts as the solvent. Some advan-
tages with a system like this is the deselection of possibly dangerous solvents,
and in most cases less challenging to purify. On the other hand, to use raw ma-
terial as solvent can become expensive as solvents are relatively cheap which
is not always true for the reactants. The process has the potential to become
greener, depending on the raw material selected as solvent.

2.3.4 Solvents Used for SFAE Synthesis

Table 2.3 presents a compilation of selected organic solvents that have been
applied to synthesis for SFAEs. In this Table, molecular weight, melting tem-
perature, boiling point, vapor density, XlogP3 and their rating are denoted. The
XlogP3 is a coefficient for the octanol-water partition which characterizes the

10



solvents by their lipophilicity. The XlogP3 is based on the log3 [40]. The rating
of the solvents are from "A Survey of Solvent Selection Guides" [38]. The rating

’ !

ranges from "recommended" through "recommended or problematic?", "prob-
lematic", "problematic or hazardous?", "hazardous" and finally "highly hazardous".
The solvents used in this thesis, acetone and t-BuOH, are both in the "recom-

mended or problematic?" category.

Table 2.3: Collection of organic solvents used for SFAE synthesis.

Solvent MW[%] Tu(°C] | Tel°C] | pyap(air=1) XlogP3 | Rating
t-BuOH 74.1 25.4 82.3 2.55 (AA) 0.5
Acetone 58.08 -95 56 2.0 (AA) -0.1
EMK 72.1 -86.6 79.5 2.41 0.3
ACN 41.05 -43.8 82 1.43 (AA)O
Heptan 100.205 -90.6 98.4 3.5 4.4
Pyridine 79.102 -42 115 2.73 0.7
THF 72.107 -108 65 2.5 0.5
Hexane 86.18 -95.3 69 2.97 3.9
2M2B 88.15 -9 102 1.6kpa (20C) 0.9 NA

EMK - ethyl methyl ketone, ACN - acetonitril, 2M2B - 2-methyl 2-butanol,
THEF - tetrahydrofuran.

- "recommended or problematic?", "problematic",

"problematic or hazardous?", g "hazardous".

2.3.5 Solubility of Sugars in Organic Solvents

The solubility of sugars in organic solvents are low due to the slight polarity of
sugar-molecules that is being dissolved in a non-polar solvent. In a system with
sugar suspended in an organic solvent, most of the sugar will be in the solid
phase and small amounts will be dissolved into the liquid. The dissolved sugar
will have access to the active site on the enzyme and when sugar is consumed
in a reaction, the equilibrium of solved sugar allows the suspended phase to
dissolve incrementally. The initial amount of dissolved sugar have been shown
to affect the final conversion in some degree, but it is not clear if the solved
sugar or the dissolution rate is governing the reaction [14].
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2.4 Enzyme

In this work an immobilized form of a Candida Antartica Lipase B, or CALB,
has been investigated for the synthesis of SFAE and the bio-molecule of CALB
is shown in Figure 2.6. The commercial name of the immobilized lipase is
Novozyme 435 or N435, and lipases are generally extracted from yeast culture
in fermentation of biomass [41]. In such an aqueous media the role of lipases
are generally to hydrolyze oils and fats into free fatty acids and glycerol [42].
When this enzyme is extracted and purified it can catalyze reactions with high
regio- stereo and chemoselectivity in reactions such as hydrolisis of esters, es-
terification and the trans-esterification [3]. Furthermore when immobilized,
the system sees an increase in thermal stability and structural rigidity.

Enzymes are complex bio-molecules that catalyzes highly specific reactions. In
general for enzymatic synthesis specific substrates are adsorbed onto the ac-
tive site and creates an enzyme complex. This complex will then catalyze the
reaction on the substrate or substrates and when done, release the product or
products. The enzyme is then ready to undergo the same reaction again and
again. Enzymes are known to deactivate at certain conditions especially high
temperatures, usually above 60 °C .

2.4.1 Anhydrous Solvent

In an aqueous reaction system, as mentioned above, lipases hydrolyzes the
breakdown of oils and fats. Opposed to this, specific enzymes show catalytic
activity in anhydrous solvent which drives the equilibrium in the opposite di-
rection of hydrolysis, towards esterification and trans-esterification. In such
solvents different lipases have shown to exhibit selectivity towards carbohy-
drates and fatty acids among others. In the field of enzymatic synthesis, there
have been much attention to synthesis of bio-based chemicals solved in or-
ganic solvents. Examples of some organic solvents which have been tested with
an enzymatic bio-catalyst are presented in Table 2.3 on the previous page. [41],
[43]

It has been discovered that enzymes suspended in anhydrous solvents retain
and even improve their catalytic behaviour. Even though the enzymes doesn’t
deactivate in pure anhydrous solvents, low percentages of water in the solution
are necessary for "lubrication" of the enzyme. The water will help with the sub-
strates access to the active site. Different methods to control the water content
has been studied, where the most common one are the employment of molec-
ular sieves. [44]-[46]
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Figure 2.6: Bio-molecule of the lipase CALB [42]

2.4.2 Immobilization

As mentioned, an immobilized form of the lipase CALB, commercially known
as 435 has been chosen as the enzyme. Immobilization of the enzyme has
been shown to improve the thermal- and physical stability in addition to make
recovery easier after reactions [3]. N435 is prepared by suspending CALB onto
a hydrophobic acrylic resin carrier [47].

2.4.3 Production

Lipases is a natural building block of many microorganism which allows the
organism to metabolize substrates i.e. break down larger molecule chains by
hydrolysis. To obtain the enzymes one can grow such cultures in vast range
of viable substrates, which includes by-products from different areas of food
industry [41]. The two most employed methods to produce these bacteria cul-
tures are by submerged cultures and solid state fermentation [41], [48]. CALB
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can be produced from yeast and bacteria. More over, the extraction of this en-
zyme is easier to do from yeast. [42]

2.4.4 Enzymes in Literature

The selection of enzyme in this thesis is based on the extensive research of an
immobilized form of CALB, the N435, which have been employed for SFAE-
synthesis in many articles with positive results [3], [4], [10]-[12], [14]-[19], [23],
[24], [36], [37]. In addition, CALB have been tested in its free form [3], [9] and
other enzymes such as Lipozyme RM IM [22], [37], Lipozyme TL IM [8], [19],
[22], [37] and lipase from Mucor meihei [9], [19] have showed positive results as
a bio-catalyst in the field of SFAE-synthesis.
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Figure 2.7: Reaction schemes of a) esterification and b) trans-esterification. R1,
R2 and R3 are arbitrary organic molecules.

2.5 Reaction Principles

To synthesise an ester, two different reaction principles, an esterification and a
trans-esterification, have been investigated. These reactions can be conducted
through enzymatic catalyzation and also with an inorganic catalyst, such as a
strong acid or a strong base.

Esterification Figure 2.7a shows a simplified esterification reaction. Here an
alcohol reacts with a carboxylic acid in the presence of a catalyst to produce
an ester and water as a by-product. The reactants can be categorized as acyl
acceptor and acyl donor where the carboxylic acid is regarded as the acyl donor
and the alcohol as the acyl acceptor.

Trans-esterification Figure 2.7b shows a simplified trans-esterification reac-
tion. In such a reaction an alcohol-group reacts with an ester in the presence of
a catalyst. The resulting products are an ester and an alcohol. The side group
R1, which was bonded to the oxygen atom in the ester bond, is substituted with
the R3-group.

2.5.1 Advantages of Enzymatic Synthesis

The use of enzymes in the esterification or trans-esterification of SFAEs have
some advantages over traditional chemical routes. Firstly, the reactions with
enzymes are usually conducted at lower temperatures which decreases the en-
ergy consumption of the process. The need for lower temperatures are due
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to the deactivation of enzymes at higher temperatures, above 60-70 °C . Sec-
ondly, elevated pressures are not needed, but can be employed to increase the
yield to the desired product. If ambient pressure-systems are used, the energy
consumption are further decreased. Thirdly, in chemical synthesis, protective
groups of other reactive sites are usually needed due to the lack of regio-, stereo-
and chemo selectivity of the selected catalyst. With the use of an enzyme which
can catalyse reactions with high selectivity, the need for protective groups are
minimized or eliminated altogether. Such groups can introduce impurities and
possible require extra purification steps to obtain the product. By the use of an
enzymatic catalyst, the reaction can be conducted at lower temperatures, am-
bient pressure and generally without the need for protective groups to increase
the selectivity. [2]
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2.6 Sugar Fatty Acid Esters

Sugar fatty acid esters, or SFAEs, have been given much attention in recent years
based on their favorable properties as an environmentally friendly and non-
toxic bio-surfactant. As mentioned in the previous chapter, these ester can
be synthesised by enzymes in anhydrous solvents. Furthermore the reaction
conditions are less energy intensive with a single-step reaction at relatively low
temperatures and ambient pressure. In this work galactose laurate was the de-
sired product and can be seen in figure 2.8.

O
VAV AVANVEvY
OH
0
HO OH
OH

H

Figure 2.8: Molecule of f— D — galactose—6—-O—laurateester

2.6.1 Properties and Functions

The properties of this class of surfactans can be characterized by the hydrophilic
lipophilic balance, HLB, and the emulsion stability index, ESI. The HLB value
is a measure of the surfactans emulsification ability in different mixtures of oil
and fat, whereas the ESI is how well the surfactant can stay in a mixture over
time.

HLB

One of the properties SFAE holds is not only their ability to emulsify, but also
the ability to engineer the SFAE to have the desired emulsifying property. The
HLB value will characterize the ability of a given agent on how well they mix
different mixtures of oils in water and visa verse. The scale ranges from 0 to
20, where a low HLB value indicates solubility in oil and a high value indicates
solubility in water. The values in between can be seen in 2.9 with some appli-
cations. This scale is only valid for non-ionic surfactants.
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Figure 2.9: HLB scale

The HLB value for a specific emulsifier can be calculated with Griffin’s method
from 1954 [49].
My,
HLB=20-—- (2.1)
M
Where Mj, is the molecular mass of the hydrophilic site and M is the total molec-
ular mass. Another way of calculating it is by Davies method from 1957 [49].

m
HLB=7+) h;—nx0.475 (2.2)
i

Where m is the total number of hydrophilic groups, h; is the i’ th hydrophilic
group and 7 is the number of lipophilic groups. The advantage of this method
is that the it takes into account that the molecules can have more than one
hydrophilic site.

With HLB determined one can make emulsions for differents uses with the right
viscosity. The scale is also additive, meaning one can choose two or more emul-
sifiers and obtain the desired HLB value for a given emulsion.
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ESI

Emulsion stability index, ESI, is a way to measure how good an emulsion holds
after it is formed. There have been reported more ways to calculate the stability,
here only the volumetric method is shown:

Vi
ESI=(1-—)%100 2.3)
Ve
Where V, is the volume of emulsion and V,, is the volume of the separated bot-
tom layer after a set storage time-period. This method comes with some error
as the volume is read with the naked eye and can be difficult to measure the
correct boundary between the phases due to blurry interfaces [50].

2.6.2 Applications

Properties of SFAE makes them suitable for applications across different fields

such as in pharmaceutical industry, food manufacturing, cosmetics and as de-

tergents. In common for these fields are the need for emulsifying agents that

can allow mixing of insoluble phases of water and oil. The galactose laurate es-

ter have also been shown to inhibit bacterial growth towards the Streptococcus

mutans [32], which makes it suitable both as a emulsifying agent and preser-

vative. In addition to being anti-bacterial, the shape of the galactose ester-

molecule resembles an anti-tumor agent, the 3—O—-f—-D—-galactopyranosyl—
sn—glycerol [5].

2.6.3 Prior Research on SFAE

A selection of papers on SFAE synthesis is collected in table 2.4. Across these
papers a wide variety of different SFAEs have been synthesised and the prod-
uct in Table 2.4 are the most successful esters synthesised in each reference.
In the solvent-column the selected reaction medias are shown and a key part
of this type of synthesis is to select a solvent with favourable properties. The
primary aspect in the solvent selection is to find a solvent, in which the bio-
catalyst doesn’t deactivate. When such a solvent has been found, other aspects
regarding toxicity and risk for the environment can be considered. In addition
to the organic solvents, ionic liquids and solvent mixtures have also been suc-
cessfully employed. In the following column, the volumes in the enzymatic re-
actions are denoted and across the table, quite low volumes have been tested.
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It’s only in later studies that this volume has been increased, and the highest in
this collection are from [5] and [6] with 250 and 100 m! respectively.

Across this collection, N435 have been employed as catalyst in the majority of
the selected references. Other bio-catalysts such as TL IM, lipase from Mucor
meihei and free lipase of CALB have showed positive results. Even the em-
ployment of non-enzymatic zeolites have been shown to work as an alternative
route to obtain SFAEs.

The results obtained are generally high and results above 50 % are observed
across the collection. The results are measured in conversion or yield depend-
ing on the measuring methodology selected. One draw-back in this type of syn-
thesis of sugars and fatty acids are the seemingly long reaction time to obtain
acceptable conversions or yields. The time spent for synthesis are usually above
1 day and in the longest cases the reaction was let to run in up to 14 days.
In the other end of the spectre, good conversions have been accomplished in
hours.
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2.7 Modeling and Analytical Theory

2.7.1 Gas Chromatography

The Gas Chromatography, GC, is an analytical tool used to quantify what a
given sample contains by separation based on molecular weight among other
factors. The working principle is separation of chemicals through a GC-column
with a carrier gas at a set volumetric velocity. When the given sample have
drifted through the column, an electric pulse is recorded in the flame ioniza-
tion detector, FID, as the chemicals are combusted. The energy released re-
lated to the quantity of the compound is graphed with its retention time in a
chromatogram. By employing an internal standard in the samples the response
factor for a given chemical can be estimated with Equation 2.4

_AIS_ n

Ry (2.4)

As mys
Where Ry is the response factor for a given chemical, A;s and Ag corresponds
to the area in the GC-spectres of internal standard and sample respectively, n;
and mjg are the mass of sample and the mass of internal standard. When a
retention factor has been calculated, Equation 2.5 is used to calculate the mass
percentage of the chemical in an unknown sample.

Fomy = — 2. —> (2.5)

Where %my, is the mass percentage of the chemical in question, Ay, and Ajg are
the areas of the sample and the internal standard respectively and the masses
of sample and internal standard are denoted by mg, and ms.

Conversion and Yield

The conversion is calculated based in the mass percentage of the reactant by
m = %my * msx at given time steps. The change in mass of reactant in the
sample can then be calculated with Equation 2.6.

. mo—m;
Conversion=————-100 (2.6)
my

Where my and m; is the mass of reactant at the 0'th and i’th time step. 100
is a conversion factor for percentage. In addition, the yield of the reaction is
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calculated based on the areas of the peaks in the GC-spectres with equation
2.7.

A .
Yield = Desired -100 @2.7)

ADesired + Z AOthers + Z ARm

Where Apesireq is the area of the desired product at a given time step, Aothers
is the area of other materials and Ag)s is the area of raw materials. 100 is a
conversion factor. The yield to a desired product takes into account possible
side products.

2.7.2 Mass Spectrometry

Mass spectrometry, MS, is an advanced method to classify molecules by ion-
ization and detection of these ions. The working principle of this tool starts
with separation of molecules through an MS-column. The next step is to ionize
the separated molecules in a vacuum-chamber, into ions and radicals. Then
only the ions are accelerated and concentrated before they are deflected off in
amagnetic field. After deflection, the ions are detected and their mass to charge
ratio, m/ z, is calculated based on the curved path of the ions. The spectra ob-
tained by the MS are the m/z versus the relative abundance of the ions. The
highest peak is by convention set to 100 %, all other peaks are related to the
highest peak. Each chemical is ionized differently and consequently will pro-
duce unique spectra that can be used for classification. [51]

2.7.3 Titration

Titration is an quantitatively analysis-method to investigate acidity index in a
given solution. The main principle is to neutralize an acidic solution with a
base or vice versa. The system consists of a titration burette where the titrator
with a known concentration is contained. This titrator is then added in small
volumes at a time to the unknown solution, the analyte, that is comprised of
the unknown sample, a mixture of solvents and an indicator. This indicator
changes the color of the analyte at a given p H-value and the volume used to
reach this point is called the titration volume. When the color of the analyte
changes, the acidity index in the sample can be calculated with Equation 2.8

v,
A= M, (1)-1000-C, - — (2.8)
w

N
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where A; is the acidity index, M, (¢) is the molecular weight of the titrator, 1000
is a conversion factor, C; is the concentration of titrator, V; is the titration vol-
ume and w; is the weight of the sample added to the analyte solution. From
this equation the change in acidity index across different solutions can be cal-
culated based on Equation 2.9

: Ao — A
Conversion= ——— (2.9
Ao
where Conversion is the change of raw material, Ay is the initial acidity index
at time zero and A; is acidity index at each given time step.

2.7.4 Response Surface Methodology

Response surface methodology shortened as RSM is a method that uses statisti-
cal and mathematical tools to determine the influence of different variables on
the response in a process. For simplification the process described here is an
arbitrary chemical reaction investigated through a central composite design.
To build such a model central points are needed to "benchmark" the reaction.
The next step is to decide the other trials, and for the linear stage the number
of trials needed are decided by trials = 2k where k is the number of indepen-
dent variables. These trials are combinations of the high and low levels of the
variables. A linear stage is usually not enough to capture all the interactions
amongst the variables therefore star points are introduced, usually denoted by
a, calculated with a = +2"/4, where n is the number of variables in the de-
sign. The star points introduce curvature to the model. In figure 2.10 a design
of experiments, DOE, with two variables and star points is shown. Here one can
see the different encodings needed to investigate the variables and to build a
quadratic model that takes the form of equation 2.10.

k k
y=Po+ Y Bixi+) Puxi+). Y Bijxixj+e (2.10)
i=1 i=1 i<j
The Bo, Bi, Bii and B;; are regression coefficients, y is the response of the
model, the independent variables are denoted with x; and x; and finally the
deviation in the model is captured by the e-term. The regression coefficients
are found by solving the system of linear equations with the method of least
squares, and in linear algebra denotation the equation to solve takes the form:

y=XpB+e (2.11)
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Figure 2.10: Scheme of a DOE with 22 factorial design with star-points

Here f is the vector of all the coefficients, y is the response vector, X is the ma-
trix of all variables and € is the residual-vector. Such a quadratic model can ap-
proximate the variation in a reaction in a given domain for the parameters, but
with approximations, errors are introduced. The sum of squares of the errors,
or SSE, denoted by € can be calculated with the following equation:

Where y; is the true value obtained trough trial and y; is the predicted by the
model. The model should find regression coefficients that minimizes the SSE.

IDJ -ﬂ.]

n n
SSE=Y e2=Y (y;— y)?

i

lll-ll

Other statistics on the model are shown in Table 2.5. [52], [53]
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Table 2.5: Statistical formulas used in the RSM analysis

Parameter

Formula

Description

1 «N
N2iz1 Vi

y - average of linear points,
yi - predicted response
N - the total number of linear points.

) L Omi—y-1)

Variable significance in x;, where y are
the responses at the linear stage and
i is an integer with the condition i # 0

I, i in—yi-1)

Variable significance in x, where y are
the responses at the linear stage and
i is an integer with the condition i #0

1 M .
A_/Izjzly]

y - average of central points
yj - response of central points
M - the total number of central points

s - standard deviation of the central points

Students— t is obtained through
statistical table with a 0.025 confidence
intervaland D.f.= M - 1.

C.I.

C.I. - confidence interval
t,s and M from above.

Curvature

y and y from above. This number
describes the curvature in the model.

C.C.I. tz-

C.C.I. - the curvature confidence interval.
The curvature in the model is significant
if C.1. is outside the confidence interval.

D.f. is degrees of freedom, C.I is confidence interval, C.C.I is the confidence

curvature interval.
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Chapter 3

Equipment, Materials and
Methodology

3.1 Equipment

All the equipment used in this study was kindly lend to me by the Reaction En-
gineering and Catalysis group, REC, at the Norwegian University of Life Sciences,
NMBU.

3.1.1 Reactors

In this work three different type of reactors were used:

Parr Batch Reactor

One of the reactors used in this work was a Parr batch reactor, the reactor sys-
tem consisted of a heavy steel vessel, a lid and side equipment, and is shown
in Figure 3.1a. The vessel had a maximum volume of 500 m!. Equipped in the
lid was a stirrer with two separate fins, cooling tube, sampling valve, a pressure
release valve, pressure meter and thermocoupling. Connected to the reactor
system was a controller that regulates the heating jacket around the reactor and
the flow of cooling fluid inside the vessel. Two waterbaths were connected, one
to the vessel and one to cool the pressure meter.
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Quark Glass Reactor

Another reactor used in this work was the Quark glass reactor and is shown in
Figure 3.1b. The reactor had a maximum volume of 500 m! and around the
reactor, a heating jacket connected to a temperature controlled waterbath in-
sured good temperature control. Connected to the lid was a thermocoupling,
a sampling syringe and a cooling column for condensation of any solvent that
evaporates. The reactor plate underneath showed the temperature of the reac-
tion solution and was equipped with a magnetic stirrer.

\ |
‘ ,

(a) Parr batch reactor (b) Quark glass reactor

Figure 3.1: Picture of two reactors used for syntheses, a) Parr batch reactor b)
Quark glass reactor
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Figure 3.2: Picture of the plate reactor setup

Plate reactors

Five plate reactors were used in this work, namely a Heidolph magnetic stirrer
with active temperature control, a Heidolph MR 3003, a RCT basic IKA labortech
and two AREC.X Heating Magnetic Stirrer from Velp Scientifica. The reactor ves-
sel that was chosen on top of these reactors were 50 m! Erlenmeyer flasks with
rubber lids. The plates with the flasks can be seen side by side in Figure 3.2.

3.1.2 Analytical Instruments
Gas Chromatograph

In this work two GC instruments were used, they were of the type Bruker Scion
436-GC, equipped with an auto sampler CP-8400. One of them had a side mod-
ule with mass spectrometer attached which was a Scion TQ/SQ. The systems
can be seen in figure 3.3. The injection syringes were supplied by Hamilton.
Before and after a sample, the syringe was cleaned ten times with the two dif-
ferent solvents acetone and methanol, five times each. In addition to the clean-
ing of the syringe, the plunger drew and pushed back 1 u! of sample five times
before it was injected in a split/splitless regime. This regime starts with a split
ratio of 1:10, then for 1 minute there is no split followed by a 1:10 split for the
remainder of the run.
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Figure 3.3: Picture of GC setup, GC to the left and GC-MS to the right.

GC

The column in the GC on the left in figure 3.3 was supplied by Agilent technolo-
gies and was the DB-5HT column. The specifications on the column were 15
m in length, 0.32 mm in diameter and 0.10 um in film thickness. The poly-
mer used as film in this column was 5-phenyl-methylpolysiloxane. A flow of 1
ml/min of hydrogen was used as carrier gas and combustion gas. The injector
and detector temperatures were set to 275 °C and 380 °C respectively.

GC-MS

The GC-MS used two different columns, one for the FID and one for the MS. The
FID column was the same as in the GC described above. The column on the MS
was supplied by Phenomenex and was of the type ZB-5HT Inferno. The specifi-
cations was 15 m in length, 0.32 mm in diameter and 0.1 um in film thickness.
The film was a polyimide-coated fused silica phase. The carrier gas was helium
for both pieces of equipment, but hydrogen was used for the combustion in the
FID and vacuum pressure was used in the MS. The flows were 1 ml/min and 3
ml/min to the FID and MS respectively. The injector temperature was 275 °C
for both the GC and the MS. The detector temperature in the FID was 380 °C .
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3.1.3 Purification Equipment
Rotary Evaporator

A Rotavapor R-3 from Buchi was used for extracting solvents after the experi-
ments. The water bath were set to a desired temperature for specific solvents
and the cooling fluid in the condensation column had a constant temperature.
Furthermore a vacuum pump from Eyela was used to reduce the pressure in
the system. The setup is shown in figure 3.4 with the vacuum pump to the left,
water bath in the middle and the condensations system above the waterbath.

Figure 3.4: Picture of the Rotavapor R-3, with the vacuum pump to the left.

Filter Paper
The filter papers were supplied by VWR and two sizes were used, 150 mm and

90 mm in diamater. The papers were of the type qualitative filter paper, 410
with a particle retention of 2 um that resulted in a slow filtration rate.

3.1.4 Other Equipment

u-Pipette. In this work a u-pipette from VWR was used and is shown in the top
of Figure 3.5. The range of the pipette was from 1 to 100 ul.
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Prep Bench. The preparation of samples were done in Agilent Technologies
7696A Sample Prep Workbench utilising a mixing program. The prep bench is
shown in the bottom left of Figure 3.5.

Glassware, Plastics and Metallic Equipment. All of the other equipment, e.g.
Erlenmeyer flasks, beakers, spoons, funnels etc. were lend by the REC group at
NMBU.

Scale. Scale from A&D were used for GC samples and weighting of the raw
materials. The scale had a maximum capacity of 210 g and a minimum of 1
mg. The standard deviation in the scale was 0.1 mg. The scale used in this
work is shown in the bottom right in Figure 3.5.

Camera. The camera that was used to document this work was the mobile cam-
era on a Samsung S8. The resolution in the pictures were 4032x2268.

3.2 Materials

The materials used in this thesis were purchased by the REC group at NMBU
and are listed in Table 3.1 with manufacturer and purity. The enzyme was
kindly donated by Novozymes A/S, (Bagsveerd, Denmark).

Table 3.1: Materials used in this work with its manufacturer and chemical pu-
rity.

Material Manufacturer | Purity
Reaction D-(+)-Galactose | Sigma Aldrich | =98%

Components Lauric Acid Sigma Aldrich | =98%
Oleic Acid Sigma Aldrich 90%

Vinyl Laurate | Sigma Aldrich | =99.0%

Solvents t-BuOH Sigma Aldrich | =99.0%
Acetone Sigma Aldrich | =99.8%

Analysis Pyridine Sigma Aldrich | =99.8%
Hexane Sigma Aldrich 95%

Tetradecane Sigma Aldrich 99%
Catalyst Novozyme®435 | Novozymes N.A.
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Figure 3.5: Pictures of some equipment used. pu-pipette at the top, filter papers
below, prep-bench at the bottom left and the scale in the bottom right.
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3.3 Methodology

3.3.1 Reaction Procedure

The reaction procedures were as follows: for the Parr batch reactor all the com-
ponents were weighted and poured into the reactor with the selected solvent.
Then the reactor was heated to the desired temperature and sample 0 was with-
drawn. When the reaction was finished the reactor was turned off and the re-
action solution was let to stay overnight in the reactor. The vessel was cleaned
with hot water and detergent.

For the Quark glass reactor the solvent was first poured into the reactor and
the temperature was set to stabilize. When the temperature was close to the
desired set point, the components were weighted in plastic trays then added
one at a time and re-weighted. After the components were added, sample 0
was taken followed by the addition of the enzyme and the start of the reaction.
When the desired reaction time was reached, the waterbath was turned off and
the reaction batch was collected. The reactor was cleaned with hot water and
detergent, it was let to air dry after rinsing with alcohol.

For the Erlenmeyer flasks on Plate reactors, desired volume of solvent was mea-
sured and poured into the flasks followed by the raw materials, which were
weighted in plastic trays and re-weighted. After the solution had been prepared
the flasks were heated to the desired temperature and when it was reached,
sample 0 was collected. The reaction started with the addition of desired amounts
of enzyme and ended when the reaction time was reached and the final sample
had been withdrawn.

3.3.2 Reaction Sampling

Aliquotes were withdrawn from the reactors at given time intervals and stored
in anice bath or moved to a fridge. The procedure of taking samples were a little
different amongst the reactors: in the Parr batch reactor the sampling system
relied on sufficient pressure in the reactor to push a sample out. If the system
were set to run at above ambient pressure, aliquotes could be withdrawn with-
out further actions. On the other hand, if a reaction was set to run at ambient
pressure, the system had to be pressurized with air to extract the sample fol-
lowed by the release of the air to the desired running pressure. For the Quark
glass reactor a syringe was connected to the reactor, in which the samples were
extracted and collected. The syringe was then cleaned with 1-3 volumes of rec-
tified alcohol followed by a push-back of air trough the sampling syringe. Fi-
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nally for the Erlenmeyer flasks, the sampling was done with the u-pipette, here
only sample zero and the final sample was taken.

Modified Sampling Procedure

During the trials, new methods for extracting samples in Quark glass reactor
were developed. The need for a new method arose when particles got stuck in
the sampling needle and consequently extraction of sample became an obsta-
cle. Two new methods were developed, one involved the push-back of more
air, around 3 syringe volumes. In the other method, the syringe was cleaned
with acetone followed by the addition of acetone into the reactor. The volumes
pushed back into the reactor were recorded.

3.3.3 GC and MS Samples

The samples from the reactions were prepared for GC and MS by weighting
0.001-0.002 g of both sample and the internal standard tetradecane. Then 1.8
ml of pyridine was added to obtain a concentration between 0.55-10"3g/ml
and 1.11-103g/ml. The samples were then mixed at ambient temperature at
3000 r pm in the Agilent Technologies Prep Bench. When the samples were done
mixing, they were set to run on the GC and/or MSwith the selected temperature
ramp.

Dilution of GC and MS Samples

The dilution of GC samples were used to test the scales accuracy in the low
range or when the areas in the spectres became too wide. The procedure con-
sisted of making a sample with the desired amount of reaction sample and
tetradecane. To this sample, 1 m! of pyridine was added. The concentration
of tetradecane in the resulting solution was calculated with Equation 3.1.

Crp= Mo 3.1

prridi ne
Here Crp is the concentration of tetradecane in the sample, mrp is the mass
of tetradecane added to the vial and V},;,;qine is the volume of pyridine. From
this new concentration 100 ul were extracted with the u-pipette and moved to
a new vial with the addition of 1 m! pyridine. The mass of tetradecane in the

new sample is calculated with Equation 3.2.
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mrp = 100,Ltl . CTD (3.2)

With this new mass of tetradecane equation 3.1 was used again to get a new
concentration in the sample. For repeated dilution these two equations were
used to first obtain the concentration and then the mass in the new vial. Note
that the volume of pyridine was 1.1 m! for all dilutions, except the first one.
For simplicity the equations were based on the concentration of tetradecane
rather than the sample, but both the mass and concentration of tetradecane
and sample can be calculated with these equations.

3.3.4 GC and MS Method

A method for the GC and MS were developed and by using the methodology
described in Section 3.3.3 GC and MS Samples and a quite fast ramping pro-
gram, the decrease of reactant could be observed. The temperature ramp that
was used is presented in Figure 3.6, which started at 90 °C and for 6.43 min
increased with 7 °C /min to 135 °C . After this a steep increase of 80 °C /min
was initiated until the temperature was 330 °C at 8.87 min. The temperature
was further increased to 360 °C at 10.87 min and plateaued until the run was
completed at 17.87 min.

3504
300
~. 250
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= 200 4
150

100

(mir)

Figure 3.6: GC-ramp used in analysis

3.3.5 Titration

To investigate the acidity index in a solution titration was performed. Potas-
sium hydroxide, KOH with Cxory = 0.02043M, was used as titrator and in the
analyte, differing amounts of sample was solved in a 10 m! mixture of 50:50
ethanol:diethyl ether. A few droplets of indicator solution, ~ 0.5g of Phenolph-
thalein dissolved in rectified alcohol, was added. The titration started by slowly
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adding droplets of KOH until the solution had a slight stable change to purple.
The titration volumes were recorded as well as the sample weights. With Equa-
tions 2.8 and 2.9 the acidity indices and the conversions respectively could be
determined.

3.3.6 Processing of Reaction Solutions

The reaction batches were filtrated with VWR filter papers to remove the solid
particles in the suspended phase. The reactions in Parr batch reactor and Quark
glass reactor were analysed separately. The solutions from the Erlenmeyer flasks
were collected together into a bottle. The solvent was then removed and the
resulting concentrate was tested on GC and MS. The solutions were stored in
the fridge.
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Chapter 4

Results

This chapter presents and documents the results used to understand the chem-
ical reaction and serves as a foundation for the discussion in Chapter 5. The
results are divided into four sub chapters: Batch I, the attempted reproduction
of literature, Batch 2, investigates the key result from batch 1, Batch 3, investi-
gates reproducibility and in Batch 4 a DOE-analysis was done on the discovered
side-reaction with RSM. All reactions conducted are presented in appendix B,
including failed trials.

4.1 Batch 1, Reproduction of Literature

The first batch of experiments consisted of 18 reactions and the main focus
were to develop methodology with the equipment available at NMBU. With the
developed methodology it was attempted to reproduce Monreal [5] and Alonso
[6] work. The most promising result was observed in reaction 1.14.

Reactions 1.2-1.8. The concentration of raw material in the GC samples were
too high, which resulted in wide peaks on the spectra and inconsistent conver-
sion calculations.

Reactions 1.9-1.11. This set of reactions was to test out vinyl laurate as replace-
ment for lauric acid in different solvents. The solvents tried were t-BuOH, ace-
tone and a solvent less system, with vinyl laurate as both solvent and raw ma-
terial. These reactions resulted in the development of new methodology, see
Sections 3.3.3 and 3.3.4 for how the GC samples were prepared and the temper-
ature ramp in the machine.
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Reaction 1.14. The results from 1.14, a reaction between vinyl laurate and
galactose solved in acetone in the presence of the enzyme, resulted in a fast
reaction to an unknown product. The yield of reaction was at the most just
under 90 % after 1.5 hours of reaction. The yield fluctuated for the rest of the
reaction time and ended up between 70 % and 80 %. Both conversion and yield
were calculated and they were similar. The yield of reaction can be seen in fig-
ure 4.1. The calculations are based on GC spectra, where vinyl laurate showed
up at 6.84 min and the product was assumed to be the peak that showed up
at 7.01 min. Selected GC-spectra from this trial are shown in Figure 4.2, with
sample 0 at the top and the fourth sample at the bottom.

Reaction 1.15-1.18. These reactions did not show any noteworthy spectra,
therefore 1.14 was selected as the reaction to optimize.
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Figure 4.1: Yield of Reaction 1.14
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Figure 4.2: Comparison of GC spectra in reaction 1.14, where sample 0 is at the

top and the fourth sample at the bottom.
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4.2 Batch 2, Optimization of Reaction 1.14

The second batch of experiments consisted of five reactions and were con-
ducted to reproduce the results from reaction 1.14. Reactions 2.1-2.3 investi-
gated different molar ratios of the raw materials. These reactions yielded in-
consistent results and with reactions 2.4 and 2.5 the reproducibility of trial 1.14
were investigated without success. Trial 2.3 confirmed the presence of one or
more side reactions.

Reactions 2.1-2.3. The results from 1.14 were not managed to be reproduced
in neither 2.1 nor 2.2. Here, the yield dropped from 80 % to 30 %, the yield
of the reactions are presented in Figure 4.3. Reaction 2.3 was conducted at a
later time point due to the inconsistent results from 2.1 and 2.2. The yield were
higher and somewhat stable, yet contained big outliers.

Reactions 2.4 and 2.5 The reproduction of 1.14 was attempted in 2.4 and 2.5.
The yield of the reactions can be seen in Figure 4.3. Although the yield in-
creased and reached quite high values, there were outliers and the reaction
was slower. The reaction solution from 2.4 was stored in the fridge and had
a pale yellow shimmering. After the evaporation of solvent a yellow concen-
trate emerged, which was tested with MS. The concentrate contained methyl
laurate, vinyl laurate and lauric acid.
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Figure 4.3: Results, in yield, of trial 2.1-2.5.
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4.3 Batch 3, Reproducible Results

The third batch consisted of 10 reactions and investigated the reproducibility
of the second batch. Reactions 3.1-3.5 and reactions 3.6-3.10 were conducted
simultaneously in smaller volumes in an attempt to obtain consistent results.
Reactions 3.1-3.5 resulted in varying conversions and yields and therefore re-
actions 3.6-3.10 investigated possible side reactions. The key discovery in this
batch was the confirmation of a reaction of vinyl laurate and acetone catalyzed
by N435 with the resulting products: methyl laurate and lauric acid.

Reactions 3.1-3.5. These five reactions conducted simultaneously on plate re-
actors showed the same reaction, but with different yields and conversion, as
seen in table 4.1. Similarities were observed across the GC spectra and in Fig-
ure 4.4 reaction 3.2 is presented. The conversions are based upon the decrease
of vinyl laurate, which shows up at 6.89 min, and the yield on what was as-
sumed as the product, at 6.6 min. After the reactions, the solutions were col-
lected together into a glass balloon and the solvent was extracted. The remain-
ing concentrate presented itself as a pale yellow solution, with precipitate of
white flake-like particles. The solution color from 3.1-3.5 was similar to the so-
lution in reaction 2.4. The MS spectra of the concentrate is presented in figure
4.5, with the retention time above and the three individual MS spectra for the
components below.

Table 4.1: Result in conversion and yield of 3.1-3.5

# | Conversion [%)] | Yield [%]
3.1 33.9 36.5
3.2 72.8 16.0
3.3 31.2 11.7
3.4 24.1 20.2
3.5 82.7 12.5
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Reactions 3.6-3.10. As mentioned, reactions 3.6-3.10 were used to investigate
side reactions and resulted in the confirmation of a reaction to methyl laurate
and lauric acid. The reactions measured in yield to different products are pre-
sented in Table 4.2. This table shows that the reaction to methyl laurate was
observed when vinyl laurate was solved in acetone with N435. In reaction 3.10,
methyl laurate was only observed after solvent removal.

Table 4.2: Results from 3.6-3.10 in yields to different products.

# Solvent Raw Product Yield Yield
Material of ML [%] | of LA [%]
3.6 | Acetone | VL+G ML, LA 39.7 57.76
3.7 | t-BuOH | VL+G | unknown - -
3.8 | Acetone G - - -
3.9 | Acetone VL ML, LA 27.8 72.2
3.10 | Acetone LA ML - -

VL vinyl laurate, ML methyl laurate, G galactose. In 3.10, methyl laurate was

only observed after solvent removal
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4.4 Batch 4, Design of Experiments

The reaction of vinyl laurate and acetone in presence of the enzyme Novozyme®
435 solved in acetone was investigated. A design of experiments, DOE, was
done with the two independent variables catalyst amount and time. The val-
ues with the corresponding encoding for the model is presented in Table 4.3.
The operating conditions for temperature, stirring and molar ratio, were set to
constant values of 50 °C , 400 r pm and 1:1 respectively. The response surface
model was done using Statgraphics XVII and was a central composite design
with two variables, four central points and quadratic terms. The data used to
build the model are presented in Table 4.4 and the statistical analysis in Table
4.5. A quadratic model is required to explain the data because the curvature in
the data is outside the curvature confidence interval, as presented in the statis-
tical Table.

Table 4.3: Encoded values for DOE, a-values are calculated with a = +2"/4,
where 7 is number of variables in the design.

-a | -1 0 1 a
Catalyst [wt%] | 7.9 | 10 | 15 | 20 | 22.07
Time [h] 017 | 1 3 5 5.8

Table 4.4: DOE with 12 reactions. The independent variables, their encoding
and the conversion used in the response surface analysis.

# | Ewt% | Time [h] | Cat | t | Conversion [%]
Central points 1 15 3 0 0 79.16
2 15 3 0 0 74.33
3 15 3 0 0 73.96
4 15 3 0 0 79.09
Linear points 5 10 1 -1 | -1 56.73
6 20 1 1 -1 57.36
7 20 5 1 1 79.19
8 10 5 -1 1 76.84
Quadratic points | 9 7.9 3 -a| 0 74.06
10 | 22.07 3 a 0 83.09
11 15 0.17 0 -a 23.61
12 15 5.8 0 a 40.71
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Table 4.5: Statistical analysis on the model.

Parameters Response
Estimated effects and interactions
7=61.45
I; =16.53
Significance test: c confidence level: 95%
Mean response (only central points) 76.63
Standard deviation §=2.88;t=3.18;
Confidence interval +4.58
Significant variables time [t]
Significance of curvature
Curvature -9.10
Confidence curvature interval +6.48
Significance Yes

The resulting equation was 4.1 with an R? = 0.899. With this equation theoreti-
cal conversions were calculated and plotted against the experimental data and
the result is presented in figure 4.6. As can be seen the fitting is accurate within
the expected deviation in the model.

Conversion =53.168—-4.54795-cat+32.283-t

(4.1)
+0.160424 - cat® + 0.043 - cat - t — 4.79922 - 1

Residual Plot of Experimental vs.
Theoretical Conversions

T

70

Experimental (%]

Figure 4.6: Experimental conversion plotted against theoretical conversion
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The surface of the predicted model is plotted as a wire frame in Figure 4.7 with
the addition of contours at the base. The shape of the model takes on a saddle
like shape where time gives a negative curvature and catalyst a positive curva-
ture. There is an increase in conversion when time increases, but only to the
saddle point marked with red. After this the conversion is predicted to drop
as the reaction time increases further. For the catalyst, there is initially a drop
in conversion as the amount of catalyst increases until the saddle point. Be-
yond the saddle-point the conversion increases to its maximum at the a-value
of enzyme amount.

Estimated Response Surface

100F°
80

Conversion

15
Catalyst

19

23 o0 1 2Time

Figure 4.7: Surface plot of the RSM as a wire frame with contours at the base

At the top in Figure 4.8, a response surface of the model with continuous values
is presented and at the bottom in this Figure, the contours of the estimated re-
sponse surface are shown. This plot shows the contours with distinct levels that
makes it easier to see the regions of different conversion. The optimal point is
marked with a red circle. To the right of the optimal point there is a region of
higher conversion, but this was not taken into account as the amount of en-
zyme needed for this conversion is above the amount used in the a points and
hence outside the factorial design.

The optimal value for the response was 88.47 % and the optimal value for time
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and catalyst amount were 3.46 h and 22.07 %. Optimal values were obtained
with Statgraphics. Two reactions at the optimal values had a conversion of 94.87
% and 96.48 % which is above what the model predicted. The difference from
88.58 % to these results are within the expected deviation in the model.

Estimated Response Surface
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Figure 4.8: Estimated response surface at the top and contours of estimated
response surface at the bottom.
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Chapter 5

Discussion

The literature on the synthesis of SFAE describes a broad range of successful
enzymatic reactions. The main challenge in this work was to find methodology,
raw materials and solvents to produce a sugar based ester with the equipment
available. The first challenge was to find a reactor for this kind of reaction, sec-
ondly to find a working reaction procedure and thirdly develop a consistent
methodology to measure the reaction. The first part of this chapter will dis-
cuss the four reaction batches. The second part presents a general discussion
regarding methodology and reaction procedure.

5.1 Batchl

The first batch of experiments were used to develop methodology in an attempt
to reproduce the literature. The methods that were developed are described in
detail in Section 3.3.2 Reaction Sampling, 3.3.3 GC and MS samples and 3.3.4 GC
and MS Method. The spectra from reaction 1.14 looked promising and similar
to the spectra from Spain [5], [6]. These spectra however, were not managed to
be reproduced in later reactions.

Reactions 1.1-1.13 and 1.15-1.18. The results from these reactions were mostly
inconclusive. These reactions however were used to develop methodology. Dur-
ing the first reactions disadvantages of t-BuOH were discovered, which led to
testing of other solvents. After trials with different solvents, acetone was se-
lected as the solvent. Acetone has also been successfully employed in enzy-
matic synthesis of SFAE in the literature. The reactors used during these trials
were first the Parr batch reactor, then in 5 ml vials and finally in the Quark glass
reactor.
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Reaction 1.14. This reaction consisted of galactose and vinyl laurate in the
presence of the enzyme, N435, solved in acetone at 60 °C under constant stir-
ring. In figure 4.1, a yield of around 80 % was obtained after one hour of re-
action. In later trials the reaction time was shortened based on these results.
The consistent results observed in 1.14 were not managed to be reproduced in
later stages of this work. One explanation could be that this was a false positive
where an impurity or noise was interchanged with the peak that was assumed
to be the product. The peak at 7.01 min, shown below in Figure 4.2, was not
observed to this extent again. This unknown peak was confirmed not to be lau-
ric acid, based on the lauric acid standard in GC. Therefore the galactose ester
can not be ruled out as the product in this reaction.

Table 5.1: Key changes made during the first batch of reactions.

Reaction Result Changes on the Reaction Improved
Methodology
1.1-1.5 | inconclusive - GC
1.6-1.8 | inconclusive solvents GC
1.9-1.11 | inconclusive solvents, raw material GC
1.12-1.13 | inconclusive solvent, raw material GC
1.14 promising solvent, raw material Quark
1.15-1.18 | inconclusive solvent, raw material Quark
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5.2 Batch?2

The second batch of experiments, in particular trial 2.3, led us to the discovery
of a side reaction. In general this batch yielded quite poor results in the context
of reproducibility, as can be seen in Figure 4.3. Although the results were not
in accordance with each other, this batch gave the first indication that one or
more side reactions were present.

Molar Ratio Investigation 2.1-2.3. The conversion calculations for 2.1 and 2.2,
based on the GC spectra, had negative values. These negative values implied
that the raw material, vinyl laurate, was produced in the reactions, however no
chemicals were present in the solution that could react to vinyl laurate. With
these results, 2.1 and 2.2 were regarded as inconsistent. Furthermore, reaction
2.3 suggested that one or more side reactions were present in these trials, which
was based upon the decrease of vinyl laurate. In this reaction, the molar ratio
were 1:5, galactose:vinyl laurate, and the spectra showed high conversion of
vinyl laurate. The reaction to the galactose ester should use equimolar parts
of the raw material and therefore side reactions could explain the inconsistent
and non-reproducible results observed.

Titration of 2.3. In reaction 2.3 vinyl laurate was consumed in larger extent
than was presumed when considering the reaction to the galactose ester. To
test if vinyl laurate had reacted to lauric acid, titration was done. The acid-
ity index in the samples were investigated without any significant change dur-
ing the reaction. In the reaction solution, the concentration of vinyl laurate
was 0.0628 g/ml and if lauric acid was a product, the concentration should be
lower. The volumes used to titrate were low, less than 1 m!, which suggests that
the base concentration, 0.02043 M of KOH, was too high. This does not neces-
sarily mean that the solution is neutral, but may be explained by a sub optimal
base concentration.

Reaction 2.4 and 2.5. For these trials a new methodology for sampling was
developed which can be seen in Section 3.3.2 Modified Sampling Procedure.
This method was developed because the sampling became nearly impossible
due to insufficient pressure drop in the syringe. An explanation for this could
be that particles got stuck in the sampling syringe and blocked the needle. This
could compromise later samples, which was shown to not be the case, but the
developed methodology helped to reduce the amount of broken syringes. The
result in reaction 1.14 were neither reproduced in 2.4 nor 2.5, which could be
explained by possible side reactions.
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5.3 Batch3

The third batch of experiments were separated into two parts, the first part, 3.1-
3-5, was to investigate the reproducibility of the reactions and the second part,
3.6-3.10, was to investigate side-reactions. In the third batch the reactor was
changed from the Quark glass reactor to five Erlenmeyer flasks that ran simulta-
neously. The first part showed inconsistencies, therefore the reactions 3.6-3.10
were conducted with different raw materials and solvents and an overview is
shown in Table 4.2. The second part resulted in the discovery of a side reaction
with methyl laurate and lauric acid as products.

Reactions 3.1-3.5. The conversions and yields of these reactions showed in-
consistent results, as presented in Table 4.1. The weighting of enzyme was not
especially accurate, however the differing amount added to the reactions were
unlikely to explain the inconsistency observed.

Reactions 3.6-3.10. From table 4.2 it can be seen that the reactions investigated
only took place when vinyl laurate and acetone reacted in the presence of the
enzyme. The product from these reactions were methyl laurate and lauric acid.
In general for the reactions without vinyl laurate, methyl laurate was not ob-
served as a product. When lauric acid was the raw material there was some
yield of methyl laurate, but at a much lower value. In addition, methyl laurate
was not observed as a product when t-BuOH was used as solvent.

Four samples were taken from each trial. The first two samples, sample 0 and
the sample before filtrate, were used to calculate conversion and yield. In ad-
dition, two more samples were taken, one after filtration and one after solvent
extraction. The latter two samples could not be used for conversion calcula-
tions, but were used to investigate the reaction solution on the MS.
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5.4 Batch4

The DOE was performed on the reaction with vinyl laurate and acetone in the
presence of Novozyme 435 solved in acetone. The results are presented in Sec-
tion 4.4 Batch 4, Design of Experiments. To summarize: the results showed a
model with adequate fit based on an R? = 0.899, the quadratic terms are needed
to describe the reaction because the curvature value is outside the curvature
confidence interval, £6.48 > —9.10, and the optimal values to obtain the high-
est response within the parameter range were 3.46 h, 22.0711 wt% and 88.46 %
for time, enzyme and the conversion respectively.

For the mathematical model, the central points are crucial as the statistical
properties on curvature are based on the standard deviation in the central points,
as can be seen in table 2.5. The central points used in the design had a standard
deviation of 2.88%. It should be mentioned that four central points were cho-
sen out of eight points. The four central points excluded had large deviation
from the average of the eight points. In Figure 5.1 the comparison of the sam-
ple 0 and the final sample from the first central point is presented. The decrease
of vinyl laurate was clearly observed with a growing peak of methyl laurate at
7.2 min. During the DOE analysis, the spectra changed and in the later stages
of the analysis, vinyl laurate was observed with a split peak. This split can be
seen in Figure 5.2, where the second peak in the split was confirmed to be lau-
ric acid. The conversion calculations were based on both of the peaks due to
difficult separation of them.

In equation 4.1 the terms with time have more influence on the conversion in
the model than the terms with catalyst. The ¢ and #? influences the model dif-
ferently as ¢ have a positive influence on the conversion and ¢?> had negative
influence. These results might be due to the alpha point in time, (0,a), which
showed significantly lower yield than expected. The reaction was run in dupli-
cate and also run twice on the GC with two different sample methods described
in Section 3.3.3 GC and MS Samples and Dilution of GC and MS Samples. The
result used in the model were from the dilution method, which eliminates pos-
sible errors on the scale in the lower weight range, even though the conversion
was 40.71 %. The scale was shown not to be faulty at lower weights as the results
from the different methodologies showed similar conversion.

As mentioned the catalyst terms showed low significance on the conversion
and the linear points was a good example for this. From the low to high val-
ues of enzyme where time is constant the conversions differentiated with 1-3
%, from Table 4.4. An explanation for these results could be that in the investi-
gated enzyme range the solution is already saturated at the lower encoding for

57



enzyme amount.

The residual term, €, contains the errors in the trials and the real and predicted
values are plotted against each other in Figure 4.6. The certain errors to be
contained in € are the measurement errors from each trial, the GC-sampling
and the deviation in each GC-run.

o ] FID; 1.0.run [o[4
S 404 -
E 3 |
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g 404 Vinyl Lam ate 3
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Figure 5.1: GC spectra of sample 0 and the final sample from the first central
point, reaction DOE 1.
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5.5 General Discussion

In this section aspects regarding the methodology, reaction components and
side reactions are discussed.

Change of reactors

The reactions, 1.1-1.8, 1.12 and 1.13, were conducted in the Parr batch reactor,
but due to heterogeneous reactions, the sampling was not optimal as particles
could get stuck in the sampling valve. In addition the temperature control was
unstable and varied too much for these enzymatic reactions. In reactions 1.9-
1.11, smaller vials, 5 ml, were tested based on the volumes used in the liter-
ature, see Table 2.4. These vials were changed for the Quark glass reactor in
reactions 1.14-1.18. Reaction 1.14 showed promising results and therefore this
reactor was used in the second batch. During testing with this reactor, new
methodology had to be developed due to difficulties with the sampling, where
particles could get stuck in the sampling needle. The reactors used for all the
remainder of the reactions, in the third batch and the DOE, were Erlenmeyer
flasks on Plate reactors. The sampling regime was changed to sample 0 and the
final sample to eliminate possible errors in the sampling. With this sampling
regime, the reaction was no longer monitored and the results are based on the
difference from sample 0 and the final sample.

Solvents

As mentioned earlier, one of the challenges in this work was to select an optimal
solvent. The solvents tried was t-BuOH and acetone, with the addition of a sol-
vent less system using vinyl laurate. Due to difficulties with t-BuOH, acetone
was selected. Further analysis revealed that acetone played a role in the syn-
thesis of methyl laurate, see the section discussing side reactions on the next
page.

Challenges with t-BuOH Early in the initial experiments a major drawback of t-
BuOH was discovered. When t-BuOH was extracted from the reaction solution,
this solvent froze around the cooling column, shown in Figure 5.3. The cool-
ing fluid used had a constant temperature below the freezing point of t-BuOH.
Later t-BuOH was tried in the Quark glass reactor in reactions 1.16-1.18, where
t-BuOH froze inside the sampling needle and consequently made sampling dif-
ficult.
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Figure 5.3: Picture of icing of t-BuOH in the cooling column inside the rotary
evaporator

Opposed to prior arguments, the freezing temperature of t-BuOH, 25 °C, is op-
timal for storage and to ensure no or insignificant reaction when stored even
at room temperature. If t-BuOH is to be selected for further trials, measures
should be made to optimize the extraction procedure for this solvent, for in-
stance to use cooling medium at around the freezing point of t-BuOH.

Side Reactions

The side reactions were first discovered in the second batch and confirmed in
the third batch. In reaction 2.3, where the molar ratio was 1:5, galactose:vinyl
laurate, the conversion of vinyl laurate approached 100 %, but the yield fluctu-
ated, as shown in Figure 4.3. This suggested that vinyl laurate was consumed in
a side reaction without galactose.

In reaction 3.9, the only raw material was vinyl laurate and here it was con-
firmed by MS that the products were methyl laurate and lauric acid. Two pro-
posed reactions that could explain these results are presented in Figures 5.4a
and 5.4b. In these proposed reactions it was hypothesised that acetone acted
as a reactant. This was confirmed in the third batch when the reaction only
happened in reactions 3.6 and 3.9 when acetone was used as solvent. The con-
firmed products were methyl laurate and lauric acid and the acetone derivates
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were proposed to be 4-pentene-2-one and 3-butene-2-one to balance the chem-
ical equations.

=
L—1 A

(a) Reaction of acetone and vinyl laurate  (b) Reaction of acetone and vinyl laurate to
to 4-pentene-2-one and lauric acid 3-butene-2-one and methyl laurate

VNV VA VN

Figure 5.4: Proposed side reaction schemes for trials with acetone and vinyl
laurate

A SN NN,

‘N435 ‘N435

O

Scale

In addition to the standard deviation of the scale, it would from time to time
measure different weights for the same sample. An explanation for this could
be the evaporation of solvent, especially when acetone was used. The scale
was shown to measure with adequate accuracy at lower weights by comparing
a normal sample with a diluted sample. The two sampling methods are de-
scribed in Section 3.3.3.

Enzyme

Enzymes are proteins and by incorrect handling they may deactivate or denat-
urate and consequently lose activity. The enzyme, N435, used in this work has
an optimal storage temperature between 0 and 10 °C . During the thesis the
enzyme was stored for extended periods, 2-3 months, in room temperature at
about 20 °C . If the storage temperature exceeds 25 °C , the enzyme should
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be used within 3 months. Based on this information it is unlikely that the en-
zyme has been deactivated during storage. If further analysis is to be done and
the same enzyme is selected, a new bottle should be purchased as each batch
of enzyme lasts about 2 years. The storage information was gathered from the
manufacturer, Novozymes A/S.

The deactivation of the enzyme was also investigated by conducting a control
reaction without the catalyst. This trial showed no reaction as opposed to all the
other trials where the conversion of vinyl laurate was observed in the presence
of N435. On the other hand there is a possibility that the enzyme has changed
its catalytic effect and can work on other reactions than has been shown in the
literature, but this was not tested for.

Figure 5.5: Picture of enzyme pre- and post use. From left to right: unused cat-
alyst, used catalyst without breaking of beads and enzyme crushed to powder
by stirring.

It is previously reported that the acrylic resin used in immobilization of CALB
has a tendency to break when subjected to vigorous stirring [54]. This was also
the case in this work and enzyme pre- and post-use is shown in figure 5.5. To
the left in the figure are the unused beads of N435, in the middle is used enzyme
without the beads breaking and with coloring, and finally the filtrated powder
after a reaction, the powder can contain other precipitates from the reactions.
The breaking of the beads is not necessarily a bad thing as the mass transfer
limitation into the beads and onto the enzyme is greatly reduced when broken.
Even though it doesn't affect conversion when the beads break, it is harder to
re-use the bio-catalyst. To re-use the enzyme, the beads or the fine powder is
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filtrated out and collected. The test for the re-use of enzyme, powder or beads,
were not conducted in this work.

The weighting of the enzyme was not optimal as the beads of the immobilized
enzyme had electrostatic properties which made it hard to handle. When trying
to weight, the gravitational forces were exceeded by the electrostatic forces and
consequently the beads had a tendency to fly out of the measuring trays. In
appendix B it can be seen that the first batches for both the central- and linear
points were all discarded, this was because the weight of the enzyme were not
adequately measured.

GC and MS Spectra

The methodology for the GC and MS setup is described in Section 3.3.4 and for
all the DOE reactions the GC-MS was used. With the developed methodology,
the conversion of vinyl laurate could be measured. In Figure 5.1 this conversion
can be observed with an adequate separation of components. During the trials
for the DOE analysis, lauric acid and methyl laurate could show up in the same
spectre, but this was not consistent as both of them was observed alone or not
at all. Vinyl laurate was consistently observed to decrease during the reactions.

During the DOE reactions, vinyl laurate had little change in its retention time.
In Figure 5.1 vinyl laurate appeared at 7.38 min compared to in Figure 5.2
where it showed up at 7.35 min. However, in the bottom spectre, vinyl laurate
is observed with a split peak that was confirmed to be lauric acid. This split was
observed more consistently in the later runs and the conversion of vinyl laurate
was calculated with the assumption that both vinyl laurate and lauric acid was
vinyl laurate. By assuming such, the conversions will have an extra known error
with unknown quantity.

Across all spectra, noise was observed consistently, but differing in size from
spectre to spectre. More over, the noise appeared between 7.8 and 10 min.
For the reactant, vinyl laurate, this timing did not compromise the conversion
calculations. The noise can have its origin in impurities from one or more of
the sample components, for instance from the pyridine or the tetradecane.
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Evolution of the GC-ramp

The development of a good temperature profile in the GC oven is of great sig-
nificance for the observation of a reaction. Presented in Figure 5.6 are the first
four ramps tested in chronological order. The bottom ramp, was the developed
profile in which the decrease of vinyl laurate could be observed, the methodol-
ogy of this setup is described in Section 3.3.4. In the other ramps the separation
of components close to vinyl laurate was not adequate to measure the reaction.

During testing of samples with the method selected it was discovered that this
ramp was not adequate for separation as the reaction seemed to produce lauric
acid, quite close or even as a split peak to vinyl laurate, as showed in Figure 5.2.
With this in mind, four new ramps presented in Figure 5.7, were also tried out,
but due to time limitations they were not investigated further. The idea behind
these new ramps were to start a platou when vinyl laurate was expected to show
up, which in itself can take a number of iterations to get the timing correct. If
further work is done, the latter ramps are a good start.
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Figure 5.6: GC-ramp development 1, where the top ramp is the first profile

tested and so on.
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Chapter 6

Conclusion

The most important conclusions from this thesis on bio-catalytic synthesis were
as follows:

* The enzyme Novozyme 435 was discovered to catalyze the reaction of
vinyl laurate and acetone to methyl laurate and lauric acid as the prod-
ucts.

* A DOE was performed on this reaction, the selected independent vari-
ables for the 22-factorial design were reaction time and catalyst amount.

e Based on the DOE, a RSM was performed that resulted in an R?> = 0.899
between the experimental and predicted data. It was found that the quadratic
model was required to describe the data and the significance of the vari-
ables from most important to least were as follows: ? > t > cat® > cat >
cat-t.

* A GC-ramp, described in Section 3.3.4, was developed and used to inves-
tigate the reaction of vinyl laurate and acetone.
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Further Work

1 Further Investigation on the reaction to methyl laurate and lauric acid
by:

- looking for other products, especially if the proposed derivates of
acetone are present.

- trying other solvents for the reaction between acetone and vinyl lau-
rate.

- investigating more parameters, e.g. reaction volume, temperature,
enzymes etc.

2 Synthetization of Galactose Laurate where parts of the methodology de-
veloped here can be used.

3 Reaction Kinetics on any of the reactions and to do this a sampling method-
ology needs to be developed. With kinetics, continuous flow schemes for
instance a packed bed reactor, can be proposed.
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Appendix A

The 12 Principles of Green Chemistry

These 12 points were introduced in 1998 by Anastas and Warner [1]

1.

10.

Prevention. It is better to prevent waste than to treat or clean up waste
after it is formed.

. Atom Economy. Synthetic methods should be designed tomaximize the

incorporation of all materials used in the process into the final product.

. Less Hazardous Chemical Synthesis. Whenever practicable, synthetic

methodologies should be designed to use and generate substances that
pose little or no toxicity to human health and the environment.

. Designing Safer Chemicals. Chemical products should be designed to

preserve efficacy of the function while reducing toxicity.

Safer Solvents and Auxiliaries. The use of auxiliary substances (e.g. sol-
vents, separation agents, etc.) should be made unnecessary whenever
possible and, when used innocuous.

Design for Energy Efficiency Energy requirements of chemical processes
should be recognized for their environmental and economic impacts and
should be minimized. If possible, synthetic methods should be conducted
at ambient temperature and pressure.

. Use of Renewable Feedstocks. A raw material or feedstock should be re-

newable rather than depleting whenever technically and economically
practicable.

. Reduce Derivatives Unnecessary derivatization (use of blocking groups,

protection/ deprotection, temporary modification of physical/chemical
processes) should be minimized or avoided if possible, because such steps
require additional reagents and can generate waste.

Catalysis Catalytic reagents /as selective as possible) are superior to sto-
ichiometric reagents.

Design for Degradation. Chemical products should be designed so that
at the end of their function they break down into innocuous degradation
products and do not persist int he environment.
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11.

12.

Real-Time Analysis for Pollution Prevention Analytical methodologies
need to be further developed to allow for real-time, in-process monitor-
ing and control prior to the formation of hazardous substances.

Inherently Safer Chemistry for Accident Prevention Substances and the
form of a substance used in a chemical process should be chosen to mini-
mize the potential for chemical accidents, including releases, explosions,
and fires.
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Appendix B

Conducted Reactions

All the reactions conducted to investigate the SFAE production, reproducibility
of trials and investigation of side reactions are presented in Table B1. The reac-
tions used to build a conversion based model with DOE are presented in Table
B2. The tables are on the following pages due to size.
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Table B1: Reactions conducted before the DOE analysis

# Miz‘:i al MR | T[°C] | Plbar] | Solvent | Enzyme | E wt% | Reactor | Time [/]
1.1 LA+G 1:1 60 0.5 - - - Parr 6
1.2 LA+G 1:1 60 0.5 t-BuOH N435 15 Parr 6
1.3 LA+G 1:1 60 7 t-BuOH N435 15 Parr 6
14 LA+G 1:1 60 7 t-BuOH - - Parr 6
1.5 LA+G 1:1 60 0.5 t-BuOH - - Parr 6
1.6 LA+G 1:1 60 1.4 Acetone N435 15 Parr 6
1.7 LA+G 1:1 60 1 MeCarb N435 15 Parr 6
1.8 LA+G 1:1 60 1.4 Acetone N435 15 Parr 6
1.9 VL+G 1:1 60 AP t-BuOH N435 15 Vial 6

1.10 | VL+G 1:1 60 AP Acetone N435 15 Vial 6
1.11 | VL+G 1:1 60 AP VL N435 15 vial 6
1.12 | LA+G 1:1 60 AP Acetone N435 15 Parr 6
1.13| VL+G 1:1 60 AP Acetone N435 15 Parr 6
1.14 | VL+G 1:1 60 AP Acetone N435 15 Quark 6
1.15| TA+G | 111 60 AP Acetone N435 15 Quark 6
116 | LA+G 1:1 60 AP t-BuOH N435 15 Quark 6
1.17 | VL+G 1:1 60 AP t-BuOH N435 15 Quark 6
1.18 | OA+G 1:1 60 AP t-BuOH N435 15 Quark 6
2.1 VL+G 1:1 60 AP Acetone N435 30 Quark 2
2.2 VL+G | 31 60 AP Acetone | N435 30 Quark 2
23 | VL+G | 51 60 AP Acetone | N435 30 Quark 2
2.4 VL+G | 111 60 AP Acetone | N435 15 Quark 6
2.5 VL+G | 111 60 AP Acetone | N435 15 Quark 3
3.1 VL+G | 1:1 50 AP Acetone | N435 15 EF 3
3.2 VL+G 1:1 50 AP Acetone N435 15 EF 3
33 | VL+G | 11 50 AP Acetone | N435 15 EF 3
3.4 VL+G 1:1 50 AP Acetone N435 15 EF 3
3.5 VL+G 1:1 50 AP Acetone N435 15 EF 3
3.6 VL+G | 111 50 AP Acetone | N435 15 EF 3
3.7 VL+G 1:1 50 AP t-BuOH N435 15 EF 3
3.8 Gal 1:1 50 AP Acetone N435 15 EF 3
3.9 VL 1:1 50 AP Acetone N435 15 EF 3
3.10 LA 1:1 50 AP Acetone N435 15 EF 3
5.0 VL 1:1 50 AP Acetone - - EF 3

G is galactose, LA is lauric acid, VL is vinyl laurate, OA is oleic acid and AP is
ambient pressure. The volumes used were 100, 5, 200 and 40 m! in the parr
batch reactor, vials, quark glass reactor and Erlenmeyer flasks, EF, respectively.
Generally 1 g of the galactose was used.
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Table B2: Reactions conducted to build the DOE analysis.

# Encoding Mo?::l;la; tio Enzyme Used in DOE
Central Points (Cat,Time) | VL:Acetone wt%
4.1 (0,0 1:1.21 17.8 % No
4.2 (0,0 1:1.08 13.4 % No
4.3 (0,0 1:1.03 13.4 % No
4.4 (0,0 1:0.98 13.4 % No
4.5 (0,0 1:1.00 15.3 % No
DOE 1 (0,0 1:1.01 15.8 % Yes
DOE 2 (0,0 1:1.01 (13.5,17.2) % No
DOE 3 (0,0 1:1.01 16.27 % Yes
DOE 4 (0,0 1:1.01 15.0 % Yes
DOE 1.R (0,0 1:1.01 15.8 % Yes
DOE2.R 0,0 1:1.00 ~16.8 % No
DOE 3.R (0,0 1:1.01 14.5% No
DOE 4.R (0,0 1:1.01 15.2 % No
Linear Points
5.1 (-1,-1) 1:0.98 11.8% No
5.2 1,-1) 1:0.99 12.4% No
5.3 1,1 1:1.00 23.5% No
5.4 (-1,D) 1:0.99 25.3% No
DOE 5 (-1,-1) 1:1.01 9.7% Yes
DOE 6 1,-1) 1:1.02 19.2% Yes
DOE7 1,1 1:1.02 20.4% Yes
DOE 8 (-1, 1:1.00 10.8% No
DOE 8.R -1,1) 1:1.02 9.6% Yes
Quadratic Points
DOE9 (—a,0) 1:1.02 8.3% Yes
DOE 10 (a,0) 1:1.01 21.8% Yes
DOE 11 0, -a) 1:1.01 15.4% Yes
DOE 12 0, a) 1:1.00 15.6% No
DOE 12.R 0, a) 1:1.02 15.9% Yes
DOE 12.R2 0, a) 1:1.02 15.4% No

For all the reactions the raw material and solvent were vinyl laurate and acetone
in the presence of Novozyme 435. Stirring, molar ratio and temperature were
set to constant values of 400 rpm, 1:1 and 50 °C respectively. The volume of
solvent in each reaction was 40 m! and the weight of vinyl laurate was 1 g.
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