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ABSTRACT

Sugar fatty acid esters (SFAE) are well known as bio-surfactants. Their excellent
biodegradability as well as the fact that they are tasteless, odorless, nontoxic, non-irritant and
non-ionic explains their increasing importance in numerous areas. On the other hand, for a
long time, large scale production of SFAE remained mainly in the reams of organic
chemistry and chemical processing. Chemical methods are mainly performed at high
temperatures in the presence of akaline catalysts. High energy consumption, coloring of
products and low selectivity are major disadvantages of these methods. Moreover, some
chemically synthesized SFAE are toxic and not readily biodegradable, thus causing their
limited application in cosmetics, food industry and pharmaceutics. Enzymatic synthesis offers
an aternative way.

In the present work, a novel and effective enzymatic method eliminating most difficulties was
developed for the production of SFAE. Unprotected sugars and non-activated fatty acids were
directly used as starting materials in order to decrease production cost. The selection of
organic solvent is very crucial. It turned out that only ethyl methylketone (EMK) or a mixture
of EMK and hexane are useful for the production of SFAE, because both organic solvents are
not only easily eliminated and allowed for use in the manufacture of foods and/or food
additives, but also can form an azeotrope with reaction water which is easily removed from
the reaction medium by azeotropic distillation. For the application of the membrane

pervaporation for the solvent regeneration, the selection of membrane materia is quite

important. It was found that Pervap® 2200 membrane is stitable to remove water from EMK.
In order to get high conversion, some important parameters such as reaction time (T;),
substrate ratio (S;, acyl donor to glucose), reaction temperature (R;), solvent EMK or mixture
of EMK and hexane amount (S, based on excess of substrates) and enzyme load (g based on
substrates) were investigated by response surface methodology in this work. In case of EMK,
due to the various parameters to be considered, response surface methodology was used to
identify best process conditions and up to 93 % yield of glucose stearate were achieved under
optimized conditions (T, =58 h; S = 2.7, E =89 % [w/w]; R = 78 °C; S, = 1.9). In the case
of a solvent mixture of EMK and hexane, 93% yield were also achieved at 59°C after 48 h
using an equimolar ratio of glucose and stearic acid.

Since the price of the biocatalyst largely contributes to the overall process costs, the factors
affecting its long-term stability have been investigated in detail. Systematic analyses using

supports of different aquaphilicity were used to find an optimum in enzyme stabilization. For
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the determination of the operation stability, the model production of glucose palmitate was
studied for seven subsequent reaction cycles (each 48 h) at an enzyme concentration of 9%
(w/w) using a 20:80 (v/v) ratio of hexaneeEMK at 59°C. The reaction was terminated by
addition of acetone, the enzyme separated by filtration and dried in vacuo immediately prior
to re-use in the next cycle. It was shown that after 14 days, still about 86% synthetic activity
can be achieved in the mixture of EMK and hexane. In contrast, CAL-B lost about 40%
activity in reactions with pure EMK at 59°C and 80% activity if the ester synthess is
conducted at 75°C.

In this work it was proved that it is suitable a stirred-tank reactor in combination with a
prevaporation membrane-module for the production of SFAE. The yied of 79.2%
glucosestearate was achieved with 2L reactor in preparative scale, although a cheap substrate
D-glucose was used instead of b-D(+)-glucose.

The process for the enzymatic synthesis of SFAE described herein demonstrates a useful
solution to commercialize this technology. This process does not require prior modification of
substrates: the renewable resources sugar and fatty acids. It offers aso a number of
advantages such as high productivity, high ratio of product to reaction mixture and reaction
rate. More importantly, the solvents EMK and hexane are non-toxic, biocompatible and
permitted for the use in food industry by German authorities. Furthermore, usage of only very
small amounts of organic solvents and high reaction rates lead to high space-time yields,
which is a very important factor for the industrialization. In addition, recovery of solvent by
membrane vapour permeation/pervaporation, mild and ‘environmentally friendly’ reaction
conditions result in low energy consumption and high enzyme stability. The reaction is
performed with equimolar reactants, resulting in a more simple downstream processing.

Therefore, this process is of great significance on alarge scale.
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ZUSAMMENFASSUNG

Enzymatische Her stellung von Zucker fettsdur eestern

Zuckerfettsdureester finden breite Anwendung as Detergentien und Emulgatoren. Als
nichtionische, oberflachenaktive und bioabbaubare Substanzen wird dartiber hinaus auch Gber
ihren Einsatz as Pharmazeutika sowie in der Kosmetik- und Nahrungsmittelindustrie
berichtet. Der grofdte Teil der im Handel befindlichen Zuckerfettsaureestern wird derzeit Gber
chemische Verfahren in Ver- oder Umesterungsreaktionen unter Verwendung alkalischer
Katalysatoren bei hohen Temperaturen hergestellt. Das Hauptproblem dieser Verfahren sind
die hohen Energiekosten sowie die mangelnde Regioselektivitét der Synthesereaktionen,
wodurch die Bildung von Strukturisomeren verursacht wird, wenn an den verschiedenen
Hydroxylgrupen der Zuckerkomponenten die Reaktion stattfindet. Auflerdem ist die
Entfernung der toxischen organischen Lésungsmittel (DMSO und DMF) sehr schwer. Dies
beeintrachtigt zudem die Qualitét des Produktes.

Im letzten Jahrzehnt wurden daher eine ganze Reihe von enzymatischen Methoden zur
Synthese von Zuckerfettsdureestern vorgeschlagen. Eine von unserem Ingtitut entwickelte
Methode besteht darin, dass die Lipase-katalysierten Synthese von Zuckerfettsdureestern in
einem System durchgefiihrt wird, welches hauptsichlich aus einer Festphase besteht. Diese
beinhaltet den Zucker, die Fettsdure und das Produkt, wobel as Zuckerkomponente
ungeschiitzte Monosaccharide (in diesem Fal Glucose) eingesetzt werden konnen.
Hauptproblem bei dieser Methode ist jedoch, dass sie sehr schwer im grof3en Massstab
durchzufthren ist. Ein anderes Problem beruht auf der Verwendung von Molekularsieb als
Trocknungsmittel, da hierdurch aufwendige Wiedergewinnungsschritte notwendig sind.

In dieser Arbeit gelang es, en neues effektives enzymatisches Verfahren zur Synthese von
Zuckerfettsdureestern zu entwickeln. Es basiert auf der Umsetzung eines Zuckers (Glucose)
mit einer Fettsdure (Kettenlange Cg-Cig) mittels Lipase-Katalyse (optima: Lipase aus
Candida antarctica B immobilisert an einem Tréger aus Polypropylen) in Gegenwart
geringer Mengen eines L6sungsmittels (optimal: Ethylmethylketon bzw. Mischung von
Ethylmethylketon und Hexan). Losungsmittel und Reaktionswasser bilden ein Azeotrop,
welches aus dem Reaktionsmedium durch Distillation entfernt wird. Das Losungsmittel wird
durch Membran-Pervaporation wiedergewonnen, bevor es in das Reaktionsmedium
zurickgefohrt wird. Nach kurzer Reaktionszeit kommt es zur Verfestigung des
Reaktionsgemisches, wobei die Reaktion jedoch durch die feine Verteilung von Lipase und
Substraten fortschreitet und unter optimalen Bedingungen nach weniger als 48 Stunden
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abgeschlossen ist. Durch NMR-spektroskopische Untersuchung des Produktes wurde
nachgewiesen, dass die Veresterung regioselektiv an der primédren Hydroxylgruppe des
Zuckers erfolgt. Das Verfahren wurde hinsichtlich der Auswahl geeigneter Losungsmittel,
verschiedener Membranmaterialien, Substratverhéltnis, Enzymmenge, Reaktionszeit,
Temperatur und Losungsmitteleinfluss optimiert. Dabei zeigte sich, dass insbesondere die
Wahl und Konzentration des organischen Losungsmittels einen erheblichen Einfluss auf
Umsatz und Selektivitdt in der Reaktion hat. Als optimal erwies sich ein &guimolares
Verhdltnis von Zucker und Acyldonor. Im folgenden wird die Untersuchung und Optimierung

verschiedener Reaktionsparameter ausfthrlicher geschildert:

Auswahl des Losungsmittels. Die Lodlichkeit der Zucker in fur die Lebensmittelindustrie
zugelassenen organischen Losungsmittel wie Aceton, Ethylmethylketon, Hexan, Methanol
wurde bestimmt. Bel Raumtemperatur liegt die Lodichkeit von Glucose in Ethylmethlketon
bei nur 0,06 g/L. Trotz dieser geringen Lodichkeit ist jedoch die enzymatische Reaktion der
geschwindigkeitsbestimmende Schritt, da die Losungsgeschwindigkeit fur Glucose in
Ethylmethylketon bei 60°C ca. 25 ma hoher als die Reaktionsgeschwindigkeit ist. Als Zusatz
gelten organische Flissigkeiten, die in kleinen Mengen zur Modifikation der Reaktionsphase
eingesetzt werden, um die fur den Stofftransport und damit fur den Ablauf der Reaktion
notwendige flissige Phase zu erhalten. Die Verwendung der oben gennanten Losungsmitteln
hat enen weteren Vortel: Ethylmethylketon, Aceton und ene Mischung aus
Ethylmethylketon und Hexan bilden mit dem Nebenprodukt Wasser oder Methanol ein
Azeotrop, das vom Reaktionsmedium durch Distillation entfernt werden kann. Das optimale
Verhdltnis zwischen Reaktanden und Losungsmittel lag in einem Bereich von 1:1,3 bis 1:1,6
(bezogen auf das Substratgewicht). Unter optimallen Bedingungen [EMK:Hexan 4.1 (v/v)],
hohsten so 93% Glucosestearinsdureester dargestellt werden.

Einfluss des Wassergehaltes: Es konnte ein grosser Einfluss des Wassergehates in der
Reaktionsmischung auf die Umsatz festgestellt werden. Dies beweist, dass die effektive
Entfernung des in der Reaktion entstehenden Wassers eine wichtige Rolle spielt. Der

Wassergehalt in der Reaktionmischung muss in einem Bereich von 0,02-0,4% liegen.

Auswahl des Membranmaterials; Nach der Produktinformation des Herstellers und den

Ergebnisse dieser Arbeit, ist das geeignete Membranmaterial zur Wasserentfernung aus

Ethylmethylketon die Pervap® 2200 Membran.
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Acyldonoren: Bei Verwendung langerkettiger, geséttigter Fettsauren (>C10) konnten Umsétze
zwischen 70-100 % mit Glucose als Acylakzeptor erzielt werden. Im Gegensatz dazu lagen
die Umsétze fur kirzere Fettsduren bei lediglich 40-60%. Die erhthte Lodichkeit der
Produkte fdhrt hier zu ener schlechteren Kristallisation bzw. Verfestigung des
Reaktionsgemisches, was sich unginstig auf die Gleichgewichtsage auswirkt. Ferner kann
auch eine Hemmung durch die hthere Konzentration des Produktes in der flissigen Phase

nicht ausgeschlossen werden.

Einfluss des Substratverhéltnisses: Eine Variation des Verhdtnisses zwischen Fettsaure und
Zucker ergab, dass optimae Umsdize und Produktivitéten abhangig von der
Reaktionstemperatur waren, bei 60°C erwies sich ein aguimolares Verhdtnis as am
Gulnstigsten.

Einfluss der Temperatur: Die Reaktionstemperatur konnte durch die Lodlichkeit des
Produktes beeinflusst werden. Der hdchste Umsatz mit langerkettigen, geséttigten Fettsduren
wie Palmitinsdure und Stearinsdure wurde bei 60°C beobachtet, wahrend sich die Bildung von

Zuckerestern aus kurzerkettigen Fettsduren wie Caprylsdure bei 25°C als optimal erwies.

Einfluss der Enzymmengen: Normalweise beschleunigt sich beim Einsatz grosserer
Enzymmengen die Reaktionsgeschwindigkeit, dabel werden aber die Produktionskosten
erhoht. Das optimale Verhdtnis zwischen Reaktanden und Enzyme lag in eéinem Bereich von
8% bis 10% Enzym bezogen auf das Substratgewicht.

Enzymstabilitét: Es konnte gezeigt werden, dass die immobilisierte Lipase CAL-B-EP 100 bei
einer Reaktionstemperatur von 59°C nur geringfligig an Aktivitéat verlor und auch nach ihrem
Einsatz in sieben Batchreaktionen (14 Tage) noch 86% synthetische Aktivitét erhalten bleibt.
Haufig wurde ein starker Einfluss von Temperaturen Uber 60°C bzw. organischer
Losungsmittel auf die Enzymsstabilitdt beschrieben. In dieser Arbeit wurde eine klare
Korrelation zwischen der Polaritét des organischen Losungsmittels und der hydrolytischen
Aktivitét gefunden.

Design eines Bioreaktors. In dieser Arbeit erwies sich der traditionelle Rihrkessel in

Verbindung mit einem Pervaporation-Membranmodul als geeigneter Bioreaktor. Mit diesem
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wurden Versuche im 200 g-Massstab durchgefiihrt und 79% Ausbeute on D-Glucoseestern

der Stearinsduren erzielt.

Ausserdem wurden ungewdhnliche Zuckerester wie z.B. Vitamin C-Fettsiureester, Salicin-
Fettsdureester und Zimtsdure-Glucoseester, die fur medizinische und pharmazeutische

Anwendungen interessant sind, im beschriebenen System erfolgreich synthesiert.

Vorteile der Lipase-katalysierte Produktion von Zucker fettsdureestern:

Zusammenfassend kann festgestellt werden, dass die Lipase-katalysierte Produktion von
Zuckerfettsdureestern als neues Verfahren eine Reihe von Vorteilen gegentiber den bisher
beschriebenen Methoden aufweist. Hervorzuheben sind hier die direkte Verwendung von
Zuckern, einfacher Acyldonoren (freie Fettsaure), relativ hoher Substratkonzentrationen und
die geringen Mengen an fir die Lebensmittelindustrie durch die zustdndige Behdrde
zugelassene Losungsmittel sowie deren Regeneration durch Membranpervaporation. Das hier
entwickelte Verfahren zeichnet sich durch hohe Raum-Zeit-Ausbeuten (0.05-0.12 g/ml*d)
und Produktivitdten (0.56-1.3 mmol/g*h) aus. Die Immobilisierung der Lipase fuhrt zu hohen
Stabilitdten (noch 86% synthetische Aktivitdt nach 14 Tage) und erlaubt eine leichte
Abtrennung vom Reaktionsgemisch.



ABBREVIATIONS

ACN Acetonitrile

ACT Acetone

ANOVA Analysis of variance

ay Thermodynamic water activity

BHA Butylated hydroxyanisol

BHT Butylated hydroxytoluene

b.p. Boiling point

C Carrier

CAL-B Lipase B fromCandida antarctica

CCF Central composite face

DMF Dimethylformamide

DMP Dimethylpyrrolidone

DMSO Dimethylsulfoxide

DS Degree of substitution

E, Enz Enzyme

= Enzyme load

EMK Ethyl methylketone

EMR Enzyme membrane reactor

EP 100 Polypropylene 100

Fa Fatty acid

f.s. Fast solidification

g gram

G.FT. GesdlIschaft fur Trenntechnik

h hour

Hex, HEX Hexane

HLB Hydrophilic-lipophilic balance

HPLC High performance liquid chromatography

Kwm Michaelis-Menten constant

L-2 Chi razymeO L-2 lipase B fromCandida antarctica
Lipozyme IM Lipozyme, immobilized lipase from Rhizomucor miehe
M Molecular mass

2-MBA 2-methyl-2-butanol

M Molecular mass of hydrophilic fraction of surfactant
min minute

n.a not available

n.d. not determined

NMR Nuclear Magnetic Resonance

n.s. No solidification

P Product

PBA Phenylboronic acid complex

PEG Polyethyleneglycol

] Product in liquid phase

Pr. Prediction

Q2 Fraction of the variation of the response predicted by the model
plr Ratio of product to reaction mixture, w/w

R2 Fraction of the variation of the response explained by the model,

RMS Response surface methodol ogy



- Xl -

Temperature

Substrate

Solvent to substrates

Sugar fatty acid ester

Substrates in liquid phase

Novozym SP435, lipase B from Candida antarctica
Free lipase B from Candida antarctica

Acyl donor to glucose

Slow solidification

I ntercept

First order model coefficients

Quadratic coefficients for the ith variable

Interaction coefficients for the interaction of variablesi and |
Reaction time

tert-Butanol

Tausend Deutsche Mark ~ 500 Euro
Tetrahydrofuran

Thin layer Chromatography

Unit of lipase activity

Volume of reaction mixture
Vitamin C

Solubilisation rate

Independent variables

Vaue of the response
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1. Introduction

1.1 General introduction

In the last decade due to raise of labor cost, shortage of available industrial land, and strong
pressure on environmental protection the traditional manufacturing business are no longer as
competitive as used to. Many of them are diminishing and some are being replaced by
emerging technologies. Biotechnology, a potential star industry in the twenty-first century,

has been identified as one of the strategic sciences and technologies by many countries in the
world. High research priority and financial support have been shifted to that area, which has
resulted in development of a new global industry. The sales of bio-products are around US$
500 billion by the end of last century as compared to US$ 25 million in 1980 (Layman 1985),

USS$ 1.7 billion in 1992 and is increasing at a rate of 3-5% annually (Desai and Banat 1997)
(Lin 1996).

The production of surfactants based on fats, oils and carbohydrates is a large industry. In 1995
the worldwide production exceeds 3 million tons per annum (at an estimated value of 4 billion
US$) and was rising to over 4 million tons by the end of last century (Greek 1991) (Sarney
and Vulfson 1995). The non-ionic surfactants occupy 24%. The consumption of surfactants as
household/laundry detergents account for 54% of the total output, with only 32% destined for
industrial use. On one hand, their excellent biodegradability as well as the fact that they are
non-ionic explains their increasing importance in humerous areas. On the other hand, for a
long time large scale production of sugar fatty acid esters (SFAE) remained mainly in the
reaAlms of organic chemistry and chemical processing. Chemical methods are mainly
performed at high temperatures in the presence of akaline catalysts. High energy
consumption, coloring of products and low selectivity are mgor disadvantages of these
methods. Moreover, some chemically synthesized SFAE are toxic and not readily
biodegradable, thus causing their limited application in cosmetics, food industry and

pharmaceutics where excellent toxicological properties are desired. They usually are not
permitted to be used in the food industry. However, rapid advances in biotechnology over the
past decade have led to considerable interest in the development of biological methods for

manufacturing surfactants and other value-added compounds on the industrial scale (Ergan et
al. 1988; Omar et al. 1988; McNeill et al. 1991; Mohamed et a. 1993; Carrillo-Munoz et al.

1996; Otero et al. 1996; Chevandier et a. 1997; From et al. 1997; Gandhi 1997; Okazaki et al.

1997; Polat et a. 1997; Tweddell et a. 1997; Soumanou et a. 1998; Torres et al. 2000). They
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possess many advantages over the chemically manufactured process, including mild reaction

conditions, high selectivity and low toxicity.

1.2 Biosurfactants

Biosurfactants - SFAE - have attracted the great attention of biotechnological researchers
because they consist of two inexpensive, renewable and easily accessible starting agricultural
materials — sugar and fat/oil (Adelhorst et a. 1990; Akoh 1994; Fujii 1996; Ogino 1996;
Arcos et al. 1998). In recent years, growing consumer demand for ‘green’ products has
focused attention on the utilization of carbohydrates as raw materials for speciaty chemicals
(Figure 1.2.1) (Hirota and Sadzuka 1996; Kokubo et al. 1996; Minamikawa and Hato 1996;
Goto et a. 1997; Kim et a. 1997). Carbohydrates are abundantly available, renewable,
resources and carbohydrate-based products are, non-toxic, biocompatible and biodegradable
(Madsen et al. 1996; Baker et a. 2000; Baker et al. 2000; Baker et a. 2000). Moreover,
carbohydrate-based products would qualify for the generally accepted ‘natural’ |abel,
assuming that methods used for their production which are natura, i.e. enzymatic (Riva
1994). This is particularly important in food and personal-care applications (Fujiwara and
Tamura 1996; Hayashi and Itagaki 1996; Bornscheuer 1999; Bornscheuer and Kazlauskas
1999; Hill and Rhode 1999; Bornscheuer 2000) (Kunieda and Hasegawa 1996) (Y ahagi and
Iwai 1996). Another advantage of enzymatic processes for carbohydrate conversions stems
from the fact that carbohydrates are polyhydroxy compounds. Hence, the high regioselectivity
of many enzymatic processes can provide an important advantage over less selective and
more conventional chemical processes (Chopineau et al. 1988; Takeda 1996; Cameotra and
Makkar 1998; Bousquet et al. 1999). Interestingly, these applications aso congtitute a
convergence of the two major classes of renewable raw materias. carbohydrates and
oleochemicals. SFAE possess distinct hydrophilic and hydrophobic moieties. For consistency
in nomenclature it should be taken into consideration the number of hydroxyl groups or

esterification sites available in a molecule prior to the synthesis of the carbohydrate.
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Figure 1.2.1 Applications of biosurfactants [adapted from (Haferburg et al. 1986)].

For example, free glucose has five hydroxyl groups available for substitution with long chain
fatty acids of interest. The degree of substitution (DS) is therefore defined as the number of
hydroxyl groups esterified with long chain fatty acids. SFAE with a degree of substitution 1-3
are highly hydrophilic, digestible, absorbable, and are usable as solubilizing, wetting,
dispersing, emulsifying and stabilizing agents, and as antimicrobial and protective coatings
for fruits. SFAE with a degree of substitution more than 4 are lipophilic, nondigestible,
nonabsorbable fat-like molecules with physical and chemical properties of conventional fats
and oils. These are often referred to as low-calorie fat substitutes (Zunft and Ragotzky 1997).
It should be noted that enzymatic synthesis of sugar polyesters (DS > 4) is extremely difficult

due to its steric hindrance and has not been successfully done so far.

1.3 Property parameter of surfactants--hydrophilic-lipophilic balance (HLB)
HLB is a measure of solubility of surfactants in water and this value often suggest their
potential usefulness. Determination of HLB values for emulsifiers is generally relative to the
emulsifying properties of surfactants with standard HLB values. The HLB of an emulsifier
determines the type of emulsion that tends to form. In the ideal case, the HLB can be
calculated according to the formula:

HLB=20*M/M
Where, My, represents the molecular mass of the hydrophilic fraction in the molecule; M the
total molecular mass of the surfactant.
The HLB vaue is an indicator of the behavioral characteristics and does not indicate

emulsifying efficiency. The selection of a suitable emulsifier for an oil-in-water (o/w) or
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water-in-oil (w/0) emulsion must be determined by experimentation. However, a low HLB
value of 3-6 will promote or stabilize w/o emulsions, an intermediate value (8-13) will

stabilize o/w emulsions, and a high value, such as 15-18, will act as a solubilizer.

1.4 Chemical synthesis of SFAE

The initial reports on the synthesis of SFAE (mono- and diesters) by transesterification
involved the use of toxic solvents such as dimethylformamide (DMF), dimethylsulfoxide
(DMSO0), or dimethylpyrrolidone (DMP) as the mutual solvent for solubilizing sucrose and
free fatty acids. This process, sometimes referred to as the Hass-Snell process, was first
commercialized by Da Nippon sugar manufacturing Co., Ltd. in Japan in 1959 to produce
SFAE as food additives. SFAE manufactured by this technology were not permitted for use in
food industry in most developed countries such as Germany and USA because of their odor

and toxic materials present in the product.

0 2 4 6 8 10 12 14 16 18 20
| | | | | | | | |
Polysorbate
Propylene glycol
fatty acid ester
Sorbitan fatty
acid ester
Glycerin fatty
acid ester
Sugar fatty
acid ester
T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
HLB-Value

Figure 1.4.1 HLB values of food additive emulsifiers.
Osipow and coworkers first described the commercia process for the preparation of SFAE
from methyl ester in DMF (Osipow and Rosenblatt 1967). A relatively safer process known as
the Nebraska-Snell process was developed, which involved reaction of a microemulsion of
sucrose with the fatty acid methyl ester in the presence of propylene glycol and potassium
carbonate as solvent and catalyst. Feuge et al. developed a solvent-free interestification
process, which involved the reaction between molten sucrose (mp 185°C) and fatty acid
methyl ester in the presence of lithium, potassum and sodium soaps as solubilizers and
catalysts at temperatures between 170-187°C (Feuge et a. 1970). The drawback to this
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process is that molten sucrose is rapidly degraded to a black tarry mass at these temperatures.
In both solvent and solvent-free processes, ditillation is often required to remove the
unreacted methyl esters, fatty acids, and alcoholic by-products. At present, mono- to octa-
esters of sucrose and several different esters of sorbitan are commercially available. However,
most of the emulsifiers manufactured by chemical methods using unprotected sugar moieties
and fatty acids may not be used in food applications, because the complete removal of toxic
organic solvents such as DMSO, THF and DMF used for the solubilization of sugar
components is laborious.

The HLB value of SFAE as emulsifiers was reported (Fig. 1.4.1) to be dependent on: i) degree
of substitution, ii) akyl chain length in the ester group, and iii) the presence of acyl double or

triple bonds, i.e., degree of unsaturation (Boge and Tietze 1999).

1.5 Enzymatic synthesis of SFAE

Enzymatic processes offer an alternative way to these surfactants. It is achieved by coupling
of sugar and fatty acid with lipase as biocataysts. The products are nonionic, digestible,
absorbable and biodegradable. Enzymatic esterification of sucrose and of various
monosaccharides with fatty acids in aqueous media has been carried out in the early 1980s,
but the selectivity and the yield obtained were low (Ikeda and Klibanov 1993; Sarney et al.
1994; Redmann et al. 1997; Sarney et a. 1997; Kirk et al. 1998; Kitagawa and Tokiwa 1998;
Sin et al. 1998; Degn et a. 1999; Gao et al. 1999; Garcia et al. 1999; Munoz et al. 1999;
Tsuzuki et al. 1999; Park and Chang 2000). The use of enzymes enables the preparation of a
wide range of monosaccaride fatty acid esters often as single regioisomers and with no
requirement for laborious regioselective protection (Bjorkling et a. 1991; Mutua and Akoh
1993). Because of the different solubilities of sugars and fatty acids in organic solvents, it is
not easy to mix sugars and fatty acids in the reaction medium. By complexation of sugar with
boronic acid derivatives, Schlotterbeck et al. have found that phenyl boronic acid can inhibit
lipase activities (Schlotterbeck et al. 1993).

Different systems based on non-aqueous enzymology have been developed for the synthesis
of SFAE. Due to the low solubilities of sugars in organic solvents, different kinds of
processesfor the enzymatic synthesis of SFAE have been explored: the use of bulky polar
organic solvents such as pyridine or dimethylformamide (Chopineau et al. 1988; Riva et al.
1988; Janssen et al. 1990; Janssen et a. 1991), or the use of activated acyl donors (Therisod
and Klibanov 1986; Pulido et al. 1992),
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Figure 1.5.1 Lipase-catalyzed synthesis of SFAE using modified sugar (Adelhorst et al.
1990).

substrate immobilization (Sharma and Chattopadhyay 1993), or the use of sugar derivatives
(alkyl or acetal) to increase the miscibility of the substrate (Fig. 1.5.1) (Adelhorst et al. 1990;
Fregapane et a. 1991; Fregapane et al. 1994; Fregapane et al. 1994) or the use of solubilizing
agents for sugars like organoboronic acids (Oguntimein et al. 1993; Schlotterbeck et al. 1993).
Unfortunately, the solvents used in the enzymatic synthesis of SFAE are often deleterious to
most lipases, resulting in partial or complete inactivation, and are too harmful for the final
products to be used as food ingredients. Furthermore, synthesizing the sugar derivatives,
protecting and deprotecting steps are laborious and may complicate product purification and
increase process costs. The acylation of non-modified sugars was also studied in a solvent-
free process using molten fatty acids as acyl donors (Adelhorst et a. 1990; Guillardeau et al.
1992). Because of the low solubility of sugar in the molten fatty acid, low reaction rate and
poor regioselectivity has been achieved in this process. To overcome these problems, some
processes for the synthesis of SFAE from the original sugar and long chain fatty acids using a
large amount of solvent and catalyst have been reported (Ljunger et al. 1994; Ducret et a.
1995; Scheckermann et al. 1995; Ducret et a. 1996; Ducret et al. 1997).

Alkyl polyglucosides, derived from starch, are aready produced on a commercial scale by
Henkel for use in detergents (Boge and Tietze 1999). Bjorkling et al. showed that
immobilized Candida antarctica lipase catalyzes the regioselective 6-O-acylation of ethyl
glucose with fatty acids. A yield of over 90% was obtained by performing the reaction at
70°C in a solvent-free system if the water is removed continuously from the reaction by
vacuum distillation. The process has been developed to pilot-plant scale by Novo Nordisk
(Bjorkling et al. 1989; Bjorkling et a. 1991), which was also commercialized by Unichema
International (Bosley 1997). The biodegradable surfactant based on ethyl glucoside esters can
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be made using stirred-tank reactor and the reaction is driven to high conversion by removing
water under vacuum. It has to be pointed out that production costs should aways be
considered in conjunction with actual product performance. Obviously, additional costs would
be justified if the emulsifying properties of these biosurfactants were found to be superior in
specific applications compared with currently used surfactants. The process is laborious with
low yield in the first step and the HLB range of SFAE is aso reduced. Unfortunately,
acylation of sucrose is even more difficult than of glucose, due to its extreme low solubility in
organic media and its large and hydrophilic structure, is generaly not a suitable substrate for

lipases.

1.5.1 Lipase-catalyzed solid phase synthesis of SFAE
In the group of Prof. Schmid, a method for the synthesis of SFAE based on a mainly solid-

phase system was developed, where the acylation of a solid sugar with a fatty acid was
performed via lipase-catalysis in the presence of a small amount of organic solvents fert-
butanol (TBA), acetone] serving mainly as adjuvant and molecular sieves for the removal of
produced water (Cao et al. 1996; Cao et a. 1997; Cao et al. 1998; Cao et al. 1999). In spite of
the fact that the sugar is nearly insoluble, various monosaccharide fatty acid esters were
synthesized with high up to quantitative conversion, which is attributed to the high
solubilization rate of solid sugar and the crystallization of the product from the reaction
mixture (Yang and Robb 1994; Wolff et a. 1997). The principle of lipase-catalyzed solid
phase synthesis of SFAE is represented in Figure 1.5.1.1. This method offers a number of
advantages, in which both substrates (sugar and acyl donor) can be directly used without any
modification. In comparison to other methods such as prior substrate modification methods
(Adelhorst et al. 1990; Fregapane et al. 1991; Pelenc et al. 1993), this novel system is
obviousy more smple. In this system, high reaction rate and high productivity can be
achieved within a few hours, and it is comparable to the use of modified sugars such as
ethylglucoside, butylglucoside or acetalized sugars and the costs for the substrate
modification can be saved. In addition, the enzyme in the solid phase system showed also
high stability which may be related to the use of less organic solvent as adjuvant. Substrate or
product inhibition can be avoided, the use of solid substrates and precipitation of the product
in the reaction mixture and isolation of product by extraction and recrystallisation are also
facilitated, resembling a simple downstream process. It should be emphasized that the
regioselectivity is also adjustable even in the solid phase by selecting suitable lipase,
substrates and adjuvants (Bornscheuer 1995).
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Previous publications on enzymatic acylation of SFAE paid little attention to practical
difficulties associated with the esterification process on a large scale. Such points as solvent
recycling, separation and re-use of enzymes, bioreactor design, overall process modeling, and
most critically removing water continuously during esterification must be addressed prior to
assessing the commercial feasibility of this technology.

Catalytic liquid phase consisting of solvent,
substrates and dissolved product

(solid substrates) (solid product)

Figure 1.5.1.1 Solid phase consisting of solid substrates and solid product.

1.6 Target

The aim of this work is to develop a process to synthesize SFAE using unprotected sugar and
non-activated fatty acids or fatty acid esters on a preparative scale. The reaction system
should be performed in the absence of solvent or the presence of only little biocompatible
organic solvent (mainly solid phase system) whilst removing the generated water
continuously during esterification. The reaction rate, conversion, regioselectivity,
productivity, and catalyst stability should be high. Furthermore, the products have to meet the

requirements of the regulatory authorities to be used in food or food additives.
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2. Lipase-catalyzed solid phase synthesis of SFAE using an azeotropic distillation to
remove by-product generated during esterification or transesterification

2.1 Problemsin the synthesis of SFAE
In previous work of Prof. Schmid's group, a method for the synthesis of SFAE was
developed, based on a mainly solid phase system, where the acylation of a solid sugar with a
fatty acid was performed via lipase-catalysis in the presence of a very small amount of
organic solvents (TBA, acetone) which mainly serves as adjuvant. Water generated during the
esterification was eliminated by direct addition of activated molecular sieves in the reaction
system (Cao et a. 1996; Cao et al. 1997; Cao et al. 1998; Cao et al. 1999). Unfortunately, this
Is not practical on alarge scale since:

Molecular sieves occupy large space of the reactor, leading to a low space-time yields,

when one takes into account that removal of 1 g water needs 17 g molecular sieves,

Mass transfer limitations can occur due to difficult stirring;

molecular sieves are broken due to the strong stirring which is necessary to keep mass

transported in the solid phase system;

The regeneration process of molecular sievesis very laborious and costly.
On the other hand, water removal is critical to achieve high yields in the synthesis of SFAE
and enzyme activity and/or stability are negatively effected by higher concentrations of water
(Dudal and Lortie 1995). Because the esterification is a reversible reaction, the presence of
the reaction by-product water in the media lowers the maximum yield. Furthermore, the water
liberated by the reaction, as a by-product, affects directly the activity of the enzymes which
have their maximum activity within a strict hydration range. In addition, this method uses

TBA as solvent, which is not permitted to be used in food industry.

2.2 Overview of water removal

To date, water removal in solvent-free systems has been achieved by performing reactions in
open test tubes, evacuation in vacuo, pervaporation using special membranes and dry gas
bubbling (Ergan et a. 1990; Padt et al. 1993; Fregapane et a. 1994; Kosugi and Azuma 1994,
Napier et al. 1996; Kim et al. 1998). However, when organic solvents are present in the
reaction medium, the selective removal of water is rather complicated if the boiling point of
the solvent is lower than that of water. For instance, the vacuum evacuation method that was

shown to be very effective in solvent-free systems can not be applied to the solvent-phase
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reactions. Very few water removal methods have been reported for enzyme reactions that

employ an organic solvent as a reaction medium.

Water removal from reactions can be carried out with adsorbents or by distillation methods.

As discussed previously, water remova with addition of an adsorbent is not practical on a

large scale. A close examination of the published work shows that some distillation methods

could be chosen in order to remove the produced water from the reaction system:

1. Bulk solvents such as 2-methyl-2-butanol (2-MBA) have been used since the boiling point
of 2-MBA is 100-103°C under atmospheric pressure so the generated water will be
vaporized first by lowering the pressure (Ducret et a. 1995). Unfortunately, the solvents
with boiling point above 100°C including 2-MBA are not alowed in the preparation of
foods and/or food additives by regulatory authorities.

2. Jeong et al. developed a system in which the water was stripped by continuously sparging
dry air through the reaction medium and was removed by a water trap packed with silica
blue after condensing the effluent gas (Jeong and Lee 1997). The main problem of this
method is the loss of the solvents during operation.

3. Bloomer et al. developed a method for synthesis of fatty acid esters such as fatty acid
ethyl ester, using hexane or pentane as solvents. Water produced during the reaction was
trapped by condensing the refluxing vapor phase and passing it over activated molecular
sevesin areflux trap (Bloomer et al. 1992). One major drawback of this method is that
the reaction temperature should be kept around 100 °C and that still molecular sieves are
necessary (Roure et al. 1997).

4. In recent years, water removal methods by circulating saturated salt solutions (Kvittingen
et a. 1992) through microporous membranes (or gas phase equilibrated with saturated salt
solutions) such as a silicone tube or a hollow fiber membrane have been devel oped
(Rosdll et a. 1996; Ujang et al. 1997). While these systems have several advantages over
the conventional approaches for water removal, the use of these membranes may pose
some difficulties for the solid phase enzymatic synthesis of SFAE because of 1)
precipitation of substrates and product on the membrane surface; 2) difficult mass transfer
in the solid reaction medium, thus leading to difficult release of the water molecules and;
3) abrasion on the membrane surface due to strong agitation of the solid substrates.

Thus, there are always some drawbacks in the literature methods to remove water from the

organic solvent reaction media. It should be noted that most drawbacks are mainly attributed

to the higher boiling point of the by-product water. In order to prevent evaporation of water

generated during the esterification, it was necessary to raise the reaction temperature to above

-10-
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100°C. On the other hand, lower temperatures allow for greater operational stability for
enzymes, and lead to low energy consumption. The reaction temperature should be controlled
from room temperature to 80 °C due to the enzyme stability. However, this would not be

possible if the vapor phase consists of only water under atmospheric pressure.

2.3 Aim

The aim of this work is to develop a novel and effective enzymatic method for the synthesis
of SFAE without any direct addition of molecular sieves in the reaction system. The
development of the synthetic method involved the improvement of reaction rate, conversion,
regioselectivity, productivity, safety and catalyst stability. All this is necessary for the
products to be used in the food industry; On the other hand, the method must fulfil industria
purposes which means no modification of the substrates are needed to keep cost low (neither
the sugars nor the acyl donors). Furthermore, the solvent used in the system should be

recognized as safe in the food industry (Bundesministerium 1991).

2.4 Results

2.4.1 Synthesis of SFAE using fatty acid methyl ester by transesterification

In order to decrease the boiling point of the by-product, methyl palmitate was used instead of
palmitic acid for synthesis of glucose palmitate by transesterification in the reaction medium
consisting of TBA. Since the boiling point of methanol (b.p. 64.5°C) generated by
transesterification is lower than that of TBA (b.p. 83°C), methanol can be removed from the
reaction medium by selective distillation (Fig. 2.4.1.1).

OH

COR
0 . (e]
Lipase, 70°C
Hm% +ROCOCH3 > H%w +  CHgOH
OH tert-butanol
OH

(b.p.83°C) (b.p. 64,5°C)

Figure 2.4.1.1 Fatty acid methyl esters as acyl donor in the synthesis of SFAE.

The reaction was carried out at 70°C for 48 h in a vessal which was connected to a condenser.
The temperature in the condenser had to be adjusted to condense only the solvent TBA while

eliminating the methanol which was kept under gaseous form. A yield of 70% was achieved
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for glucose palmitate. The main disadvantage of this method is, that the products are not
permitted to be used in the food industry by the regulatory authorities.

2.4.2 Selection of suitable organic solvents

To easly redlize complete removal of the by-product water/methanol, initia experiments

were performed using a solvent-free mixture of fatty acid/fatty acid methyl ester and glucose

at 60°C using Novozymeo SP 435 as a catalyst in vacuo. It was found that the reaction
kinetics under these solvent-free conditions were very poor, even when 5~10% glucose fatty
acid ester was initially added to increase the contact interface of both substrates, apparently
due to low miscibility of the reactants. In previous work it was found that the addition of TBA
and acetone give rise to a notable acceleration for the lipase-catalyzed solid phase synthesis of
SFAE. So the solvent can not be avoided in this system. A suitable organic solvent should
dissolve enough substrate to carry out the reaction without affecting the enzyme activity or
stability, and the product solubility should be low to favor an irreversible reaction by
facilitating crystallization (Rubio et al. 1991; Kawashiro et a. 1997; Ke and Klibanov 1998;
Koops et a. 1999).

Tab. 2.4.2.1 Organic solvents permitted for use in the food industry by German authorities.

Solvents for unlimited use

CoO, ethylacetate propane
butylacetate acetone butane
N,O ethanol

Solvents with limited use
2-propanol methylacetate EMK
methanol dichlormethane hexane

Adapted from ‘Verordnung Uber die Verwendung von Extraktiond dsungsmitteln bei der
Herstellung von Lebensmitteln vom 8.11.1991' (Bundesministerium 1991).

It is known that very few organic solvents are recognized to use in the food processing by the
regulatory authorities. TBA is not accepted for use as solvent in the preparation of food or
food additive. From all solvents which are permitted for the use in the manufacture of food
products by the regulatory authorities (Tab. 2.4.2.1) butylacetate, ethylacetate, methylacetate,
methanol, ethanol and 2-propanol can not be used as reaction medium for the synthesis of
SFAE because they are competitive reactants. For the remaining solvents the solubility of

glucose and glucose palmitate was determined (Tab. 2.4.2.2). Sugars are insoluble in
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carbondioxide, butane, hexane, dinitrogenmonoxide and propane under the experimental
conditions. It turned out, that only acetone and EMK can be used for the synthesis of SFAE
since they can dissolve sufficient amounts of glucose and only limited amount of glucose
pamitate. In addition, both solvents form suitable azeotropic mixture allowing the removal of
the by-products generated during the enzymatic reaction.

Tab. 2.4.2.2 Solubility of b-D(+)-glucose and 6-O-b-D(+)-glucose pamitate in organic
solvents at 25°C.

Solvents Solubility [mg/ml]
Glucose Glucose palmitate
Acetone 0.348* 4.60*
Hexane n. d.** n. d.**
EMK 0.079* 2.508*
Dichlormethan < 0.002** n. d.*x*

*: at 60°C; **: at 25°C; n. d.: not determined;

2.4.3 Development of new reaction systems

According to the above findings, the following two reaction systems were devel oped:
esterification
transesterification

For esterification, the reaction system consisted of glucose, fatty acid, lipase Novo SP 435 and

EMK. Water generated during the reaction will form an azeotrope with EMK and can then be
removed from the reaction medium by azeotropic distillation (Fig. 2.4.3.1). (Rdck 1960).

OH

o CO,R
H OH Lipase
: *+ RCOZH — HO oH + Hy0O

OH ethyl methylketone H

(b.p. 78-80°C)

Azeotrope b 67% EMK and 33% water, b.p. 73.5°C

Figure 2.4.3.1 Lipase-catalyzed synthesis of SFAE in EMK.
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For transesterification, the reaction system consisted of glucose, fatty acid methyl ester, lipase
Novo SP 435 and acetone. Methanol generated during the reaction will form an azeotrope
with acetone and can then be removed from the reaction medium by azeotropic distillation
(Fig. 2.4.3.2).

OH

° CO,R
H Lipase O
; oH +ROCOCH3 H \NNOH +  CHZ0H
OH acetone M
OH

(b.p. 56°C) (b.p. 64,5°C)

Azeotrope b 86% acetone and 14% methanol, b.p. 54.6°C

Figure 2.4.3.2 Lipase-catalyzed synthesis of SFAE in acetone.

2.4.4 Design of experimental apparatus on laboratory scale

An apparatus was designed for the synthesis of SFAE (Fig. 2.4.4.1). The reaction mixture
which consisted of reactants and an organic solvent, was incubated in a two-necked round-
bottom flask, placed in an oil bath, and stirred by a magnetic bar under reduced pressure. A
Soxhlet extractor with molecular sieves was used to remove water or methanol produced from
the refluxing mixture. This extractor was connected at the top to a condenser that was
connected to a vacuum controller. The temperature of the reaction was maintained at 25-60°C
and the pressure was progressively lowered so that the solvent and azeotrope in the reaction
mixture were refluxed. The volatile components mixture was dried by passing through
molecular sieves before returning to the reaction system. This provides constant removal of
the water or methanol liberated during the enzymatic reaction forcing the equilibrium

towards synthesis.
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-
[ 50|

Fig. 2.4.4.1 Experimental apparatus for the synthesis of SFAE by removal of by-product
using azeotropic distillation. 1. Heated magnetic stirrer; 2. Oil bath; 3. Soxhlet
extractor; 4. Condenser; 5. Vacuum controller.

2.4.5 Influence of reaction temperature

2.4.5.1 Effect of temperature on solubilities of glucose and products

The solubilities of glucose, glucose pamitate and glucose stearate in acetone and EMK are
shown in Figure 2.4.5.1.1. The solubility of glucose is not affected by temperature, but the
solubilities of the glucose fatty acid esters significantly increased at temperatures above 50-
60°C. Glucose pamitate has an approximately 18-fold higher solubility (4.6 mg/ml) in
acetone at 60°C than at 25°C (0.25 mg/ml). In comparison with EMK, the solubility of
glucose palmitate increases only 10-fold while the temperature increases from 25 ~ 60 °C. For
the enzymatic synthesis of SFAE by esterification reaction in the range of 25-75°C, the
solubilities of glucose, glucose caprylate, glucose pamitate and glucose stearate in acetone
and EMK at 25, 40, 60 and 75°C were determined and are shown in Table 2.4.5.1.1. The
solubility of glucose caprylate at 60°C in acetone is 15-fold higher than the solubility of
glucose palmitate, thus explaining the lower yields obtained in the solid phase synthesis of
SFAE reported previously. The solubilities of al products were dightly lower in EMK than in
acetone.
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Figure 2.4.5.1.1 Influence of temperature on the solubilities of glucose, glucose palmitate and
glucose stearate in acetone (ACT) and EMK.

Tab.2.4.5.1.1 Solubilities of glucose, glucose caprylate, glucose palmitate and glucose
stearate at different temperatures.

Temp. Solubility [mg/ml]

Glucose Glucose caprylate | Glucose palmitate | Glucosestear ate
[°C] ACT EMK ACT EMK ACT EMK ACT EMK
25 0.14 0.06 2.98 1.66 0.25 0.23 0.15 0.13
40 0.21 0.07 17.26 5.59 1.47 0.77 0.36 0.31
60 0.35 0.08 69.30 16.60 4.60 251 1.10 1.03
75 n.d. 0.11 n.d. 51.23 n.d. 11.67 n.d. 8.74

n.d.-- not determined; ACT — acetone.

2.4.5.2 Effect of temperature on reaction rate

Reactions were carried out at three temperatures to evaluate the influence of temperature on
the esterification. The lowest temperature studied was 25°C. Lower temperatures would result
in slower initial reaction rates, since the reaction temperature has a great influence on the rate

constant for esterification. The melting point of palmitic acid (62-63°C at atmospheric
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pressure) also plays an important role. Higher temperatures accelerate reactions, but because
of the increased solubility of SFAE in the reaction medium it might lead to an inhibition.
Figure 2.4.5.2.1 shows a plot of conversion vs time for three different temperatures. As
expected, conversion was found to increase with increasing temperatures. After 50 h, an
increase in product yield of 10.7 % was observed when the temperature was raised from 25°C
to 40°C, whereas an increase from 40 to 60°C led to 14.1 % higher yields.

100 100
—a—60°C
80 |—*—40C — - 80
—A—25°C /“/

. L
o ;/ 0,

Ny .

Time[H]

Molar yield [%]

Figure2.4.5.2.1 Influence of reaction temperature on glucose palmitate synthesis.

Reaction conditions: 0.5 mmol glucose, 0.5 mmol palmitic acid, 50 mg
CAL-B EP 100, 200 rpm in 50 ml EMK.

2.4.5.3 Effect of temperature on product inhibition

The solubilities of SFAE significantly increase with temperature. Indeed, it must be kept in
mind, that the esterification is a reversible reaction. An important feature of the lipase-
catalyzed solid phase synthesis of SFAE is that the SFAE formed during the reaction will
crystallize from the liquid phase, if its saturation concentration, which is highly related to the
temperature, is reached. If the reaction temperature is high, the SFAE concentration in the
reaction liquid phase is aso high thus, the product can not crystallize from the reaction
medium, causing product inhibition. This had been clearly confirmed in the enzymatic
reaction using caprylic acid as acyl donor because glucose caprylate had high solubility in
acetone (69.3 mg/ml at 60°C) or EMK (51.2 mg/ml at 75°C) (Fig. 2.4.5.3.1). 87% conversion
of glucose caprylate was achieved at 25°C, compared to 50% at 60°C. The solidification of
the reaction mixture could be observed at 25°C.

-17 -



Chapter 2 -18-

100+
90 /
//.
2 -

8 I
)
g
[
Q
O

I T I T I T I

40 60 80 100

Reaction time [h]

Fig. 2.4.5.3.1 Synthesis of 6-O-octanoyl-b-D(+)-glucose at different temperatures.
Reaction conditions: 90 mg glucose, 72 mg caprylic acid, 45 mg SP 435, 5 ml
EMK and 600 rpm.
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Fig. 24.5.4.1 Enzymeresidua activity at different temperatures.
Reaction conditions: 90 mg glucose, 128 mg palmitic acid or 135 mg methyl
pamitate, 50 mg EP 100, 200 rpm, 50 ml EMK/acetone, reaction time 48h.
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2.4.5.4 Effect of temperature on enzyme stability

Enzyme stability depends on the reaction conditions such as substrate, solvents, reaction
temperature and reaction time. CAL-B is a very versatile lipase which is catalytically active
even in polar solvents such as acetone or EMK. When immobilized, CAL-B is highly
thermostable. As the price of the biocatalyst is often a significant part of the overall
production cost, stability and re-use of lipases are very important for using this technology in
industry. It was found that the activity loss of lipase immobilized EP 100 is about 60% after
six times re-use in EMK at 60°C for 12 days. In comparison with acetone, the loss of activity
of CAL-B appears dightly higher at the elevalted temperatures (Fig. 2.4.5.4.1).

60 - 60

50 _ [ I glucose palmitate ] _ 50
40 - | 40
=0 - - 30
20 - | 20
o1 i [,

023 033 043 054 075
Initial water activity [a]

Yield[%]

Figure 2.4.6.1 Influence of initial water activities of substrates and enzyme.
Reaction conditions: 90 mg glucose, 128 mg pamitic acid, 50 mg
EP 100, 200 rpm, 50 ml EMK, reaction time 48 h.

2.4.6 Effect of initial water activities

Starting from free fatty acid and glucose, water is one of the reaction products, which has to
be removed by circulating the reaction solvent and the azeotrope through a column of
molecular sieves. The water bound to the reactants and the enzyme were immediately
adsorbed by the molecular sieves, if the influence of initial water activity was studied. The
initial water activities of the substrates and enzyme were adjusted according to Goderis et al.
(Goderis et a. 1986), to pre-equilibrate the desired saturated salt solution, catalyst and
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reactants in a sealed container via the vapor phase before use. The effect of the initial water
activities of the reactants and enzyme on the conversion were studied (Fig. 2.4.6.1). It was
found that the highest yield was achieved at an initial water activity of 0.23. It is also
indicated that esterification reactions are favored at lower initial water activities. Since a
reaction at controlled humidity is impossible due to the use of molecular sieves, the water
content of the reaction mixture was determined by Karl-Fischer titration during the reaction. It
was found that the water content of the reaction mixture was stable between 0.05~0.2%

(Wiw).

2.4.7 Influence of reaction time

As indicated in previous sections, long reaction times normally favor the synthesis of SFAE
and give aso high conversions. Main focus was given on the influence of the reaction time on
the reaction rate with different acyl donors (free fatty acid, a fatty acid methyl ester). It was
found that the initial esterification reaction rate was very fast when free fatty acid was used as
acyl donor, but then the reaction rate decreased progressively after a certain period of reaction
time (Fig. 2.4.7.1). In contrast to the transesterification reaction in acetone, the change of the

reaction rate was irregular under the experimental conditions used.

100

M glucose stearate in EMK - 80

[ glucose palmitate in EMK

- 60

L 40

- 20

Relative reaction rate [ %]

i i R
18-24 2430  30-36  36-42  42-48
Reaction Time [h]

Figure 2.4.7.1 Influence of the reaction time on the reaction rate at 60°C.
Reaction conditions. 90 mg glucose, 128 mg pamitic acid or 142 mg stearic
acid or 135 mg methyl palmitate, 50 mg EP 100, 200 rpm, 60°C, 50 ml
EMK or acetone.

-20-



Chapter 2 -21-

2.4.8 Influence of enzyme load

Lipase catadyzed synthesis of glucose stearate on different enzyme concentrations was
investigated. If no mass transfer limitation is present, the relation between reaction rate and
enzyme concentration should be linear. Due to the nature of the highly concentrated and
mainly solid reaction mixtures, it is obvious that effective mixing of reactants and enzyme is
important to provide good transport and contact of the reaction partners. The optimum
enzyme concentration highly depends on the stirring status. It was found that the yield
increased with increasing enzyme concentration until a maximum value was reached at 8-10%

(w/w) enzyme load (see figure 2.4.8.1).

100
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80—-
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Figure 2.4.8.1 Effect of enzyme load on the product yield.
Reaction conditions: 90 mg glucose, 142 mg stearic acid, 200 rpm, 60°C and
50 ml EMK, 48 h.

2.4.9 Influence of substrateratio
Reaction at different molar ratios of stearic acid to sugar were performed at 60°C (Tab.
2.4.9.1). In this series of experiments, the amount of glucose, EMK, SP 435 and the pressure

were held constant. When the ratio of stearic acid to sugar was 5:1, the solubility of glucose in

EMK at 60°C was sufficiently high to reach amost complete consumption of glucose in 24 h.
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In the presence of a threefold excess of acid, 95% conversion of glucose was achieved after
48 h. When equimolar proportions are employed, a yield of 90% was achieved after 48 h
reaction. With respect to the product purification, reactions at equimolar concentrations of
fatty acid and sugar seems to be the best choice.

Tab. 2.4.9.1 Reaction between glucose and stearic acid at different molar ratios.

Stearic acid /Sugar | Reaction time[h] | Conversion [mol %]
5/1 8 42
16 86
24 100
32 100
31 8 38
16 58
24 80
48 95
V1 8 38
16 53
24 76
32 83
48 90

Reaction conditions. 90 mg glucose, 50-100 mg SP 534, 200 rpm, 60°C
and 50 ml EMK, 450 rpm.

2.4.10 Optimum reaction conditions

The following experiments indicated that two different sets of reaction conditions may be
employed to produce high yields of SFAE: i) for middle chain length fatty acid such as
caprylic acid, room temperature and long reaction time (100 h); ii) for long chain length fatty
acids such as palmitic acid and stearic acid, moderate temperatures (around 60°C) and short
times (48 h). Highest yields (81%) of SFAE were achieved with free pamitic acid, when an
azeotropic distillation was employed to remove the water generated by esterification. Better
results (90%) were found for the synthesis of 6-O-stearoyl- b-D(+)-glucose from stearic acid
(Fig. 2.4.10.1). Considerably lower yields (66% for palmitate, 20% for stearate) were possible
using the corresponding methyl ester, athough the boiling point of the azeotrope using

acetone/methanol is much lower than for EMK/water. In the case of caprylic acid, reactions
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were aso performed at lower temperatures, because the solubility of 6-O-caproyl-b-D(+)-
glucose was very high at 60°C. It turned out that the highest yield 76% was achieved at 25°C,
whereas ayield of 62 % was obtained at 40°C and a 40% yield at 60°C.

100 —
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Fig. 24.10.1 Time course of the synthesis of 6-O-stearoyl-b-D(+)-glucose and 6-O-
palmitoyl- b-D(+)-glucose.
Reaction conditions: 90 mg glucose, 128 mg palmitic acid or 142 mg stearic
acid or 135 mg methyl palmitate or 157 mg methyl stearate, 50 mg EP 100,
200 rpm, 60°C and 50 ml EMK or acetone.

2.5 Discussion

2.5.1 Solubility and reaction temperature

The reaction temperature has a great influence on both, the rate constant of esterification and
the solubility of the glucose fatty acid esters. The solubility of glucose in EMK increases only
0.05 mg/ml with increasing the temperature from 25 to 60°C. In contrast to the glucose fatty
acid esters, their solubilities increase greatly with the temperature rising, for example, the
solubility of the glucose caprylate in acetone increases 2.98 to 69.3 mg/ml with increasing
temperature from 25 to 60°C. It lead to the saturation concentration of glucose fatty acid ester
is too high under the reaction conditions, the product can not or difficulty crystallize from the
reaction medium, shift the reaction equilibrium to undesired direction, namely a product

inhibition. In addition, the high temperature leads to the denaturation of the enzyme. On the
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other hand, the by-product existing in the reaction media significantly influences on the yield.
To eliminate the by-product efficiently from reaction mixture, it is necessary to raise the
reaction temperature above the boiling point of the azeotrope.

Optimum reaction temperatures for lipase catalyzed synthesis of SFAE should be adjusted
depending on chain length of fatty acids. For synthesis of glucose fatty acid ester with a short
chain length such as caprylic acid, lower temperature (25°C) was chosen to remain the low
product concentration in the liquid phase where reaction occurred. Consequently, higher
reaction temperature (60°C) was employed for the synthesis of long chain fatty acid glucose
ester, to accelerate the reaction. Under these fixed reaction temperatures, the reaction pressure
had to be decreased to evaporate the azeotrope and solvent since the kinetics of acylation and
the reaction yield are critically dependent on the evaporation of methanol or water from the

reaction medium.

2.5.2 Acyl donors -- free fatty acid vsfatty acid methyl ester

High yields have been achieved when azeotropic distillation was employed to remove the
water generated by esterification for synthesis of 6-O-pamitoyl-b-D(+)-glucose and 6-O-
stearoyl-b-D(+)-glucose from glucose and palmitic acid or stearic acid. The yield in the
synthesis of glucose palmitate using palmitic acid methyl ester decreased to 67% compared to
the 81% typically obtained using free palmitic acid. Similar results were achieved for the
synthesis of 6-O-stearoyl-b-D(+)-glucose, where yield decreased from 90% to 20%. One
explanation might be that the direct esterification of the free faity acid is faster than
transesterification using the methyl ester. The other explanation might be that
transesterification reaction follows the Ping-Pong-Bi-Bi mechanism and the esterification

reaction obeys an ordered Bi-Bi mechanism.

2.5.3 Substrateratio

In the synthesis of SFAE, the excess of long chain fatty acid did not result in significant
increase of conversion. In the case of synthesis of SFAE with short chain length, the excess of
fatty acid seems to favor higher conversion. For example, caprylic acid is almost completely
dissolved in EMK and the solubility of glucose caprylate in EMK at 60°C is 16.60 mg/ml, the
excess of caprylic acid can drastically change the composition of the liquid phase in which the

reaction occurs.
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2.5.4 Stability of enzyme (temper atur e and solvent)

CAL-B is a 33 kDa protein. Like most carboxylic esterases of known structure, it consists of
the common structural framework such as the a/b-hydrolyze fold and the catalytic triad in the
active site. The immobilized lipase CAL-B was reported to be a very highly thermostable
enzyme and it can be used in continuous operation at 60-80°C without any significant loss in
activity (Arroyo and Sinisterra 1994). Here, it was found that CAL-B is more stable in EMK
than in acetone. This might be attributed to the fact that acetone is more water-soluble
0/100g water) than EMK (26 g/100g water), thus acetone might dissolve water bound to the
enzyme (Klibanov 1997). Studies on the stability of the biocatayst showed that the
immobilized lipase CAL-B was highly stable (12 days, 60% residual activity) in the reaction

medium under the reaction conditions investigated.
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3. Production of SFAE by enzymatic esterification in a stirred-tank membrane reactor

3.1 Possible technologies for solvent regeneration

A close examination of the published work shows that five techniques can be used in the
solvent regeneration, e.g. absorption, distillation, selective extraction, reverse osmosis and
membrane pervaporation. The absorption process is not practical on a large scale due to its
complicate and high-cost regeneration process. Reverse osmosis operation is currently applied
only in the laboratory scale. Digtillation and extraction are the traditional methods for the
recovery of solvents in industry. In the case of the azeotrope mixture of EMK and water,
EMK can be regenerated. In the case of an azeotrope mixture of acetone and methanol,

CH,CI, was added to the azeotrope and extractive distillation was used to break the mixture of

methanol and acetone since methanol can form a new azeotrope (Rock 1960)

(methanol:CH,Cl, 92:8, v:v, b.p. 39.2°C). However, more investment and higher process
costs are needed in distillation than in membrane pervaporation (Tab. 3.1.1).

Tab. 3.1.1 Economic comparison of methods for solvent recovery.

Investment costs [TDM]* Energy costs

10 m3 30 m3 [TDM/year]**
Distillation 1800 3500 700
Membrane 1500 3000 150

*Investment costs based on manufacturer’s prices for skid mounted units, including piping,
process control, cooling units and start up; ** Energy costs based on heating vapor DM
50/metric ton, electricity DM 0.20/kWh (Adapted from the internal data of Langbein
Engelbracht GmbH).

3.2 Membrane pervapor ation

3.2.1Introduction

In recent years, there has been increasing interest in the use of pervaporation membrane
separation technique for the selective separation of organic solvent mixtures due to its high
separation efficiency and flux rates coupled with potential savings in energy costs (Padt et a.
1993; Napier et al. 1996; Ujang et a. 1997). This technigue depends on the fact that ‘non-

porous, water permeable membranes permit easier passage of water than solvent, thus

-26-



Chapter 3 -27-

changing the composition of the mixture (but which does not contain pores extending through
the membrane) (Fig. 3.2.1). A lot of research had clearly demonstrated that pervaporation
could be applied to fractionating mixtures of close boiling-temperature liquids, or mixture
leading to azeotropes (Binning 1961; Nedl et al. 1987). In the beginning of the 80ies this
technology was first commercialized by the German company G. F. T. (Gesellschaft fur
Trenntechnik, Homburg/Saar). After that, about 50 plants with larger productive capacities
(ranging from 2 000 to 15 000 liters/day) were installed by G. F. T. in western Europe and in
USA. In 1988 the first large scale industrial pervaporation plant was operated in the sugar
refinery of Bethéniville, Marne, France. This plant is used for the dehydration of alcohol and
designed by G. F. T. to produce 150 000 liters of refined ethanol per day. The pervaporators
are fed with a 94% acoholic mixture issued from a predistillation column and the residual
water-content in the dehydrated product is less than 2000 p.p.m. (Rapin 1988).

In order to adapt this technique on the production of SFAE, the key problem was to separate
methanol from the azeotrope mixture of acetone and methanol or water from the azeotrope

mixture of EMK and water, before acetone or EMK are returned to the reaction medium.
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Figure 3.2.1 Continuous-flow vacuum pervaporation.

3.2.2 Design of a stirred-tank membrane reactor

In pervaporation, the liquid mixture feed is in contact with one side of a dense non-porous

membrane and is removed from the downstream side in the vapor phase under vacuum after

- 27 -



Chapter 3 -28-

— i —

®

0O

=
1 2

Fig. 3.3.2.1. Process diagram of lipase-catalyzed synthesis of SFAE in a stirred-tank

membrane reactor. 1 pump, 2 water bath, 3 membrane reactor, 4 condenser,
5 permeate container, 6 vacuum pump.

diffusing through the membrane and condensation. This technique depends on the fact that the
given membrane permits easier passage of one liquid than the other, thus changing the
composition of the mixture through passing the permselective membrane. In vapor
permeation, the whole feed mixture is in the vapor phase, so that the separating component
just has to permeate through a permselective, non-porous membrane (Huang 1991). Recently,
Gemert and coworkers reported an enzyme catalyzed process in which reaction water formed
was continuously removed through a non-porous, water permeable membrane and the most
interesting is that the enzyme was immobilized on the membrane (Gemert and Cuperus 1998).
However, in the process of solid phase synthesis of SFAE, using a membrane reactor in which
the membrane was equipped at the bottom side is not suitable because of 1) the risk of
precipitation of substrates and product on the membrane surface; 2) difficult transfer of water
molecules from the solid reaction medium, which can result in very low conversions (data
not shown) and; 3) the abrasion of the membrane surface due to strong agitation of the solid
substrates. As shown in Chapter 2, water generated during esterification can be removed from
the reaction medium by forming an azeotrope with EMK. Thus a membrane reactor was
designed with a membrane located at the top to avoid the problems mentioned above (Figure
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3.3.2.1). In order to obtain good permeation rates and a high degree of separation for a liquid

mixture, it is essential to choose a right membrane as well as best operating conditions.

3.3.3 Membrane selection

For dehydration of an organic solvent, hydrophilic polymers appears to be the most suitable
because the high polarity of water makes hydrophilic membranes more selective towards
water (Jirage and Martin 1999). The main characteristies of the membrane are selectivity and
permeability. Here, a membrane is needed that can separate EMK from water or acetone from
methanol (Figure 3.3.3.1). Unfortunately, a membrane that can be applied to separate the
latter could not be identified. Our previous work showed, that the water content of the
reaction mixture should be in the range of 0.02-0.2%, and that the amount of water generated

during esterification must be reduced to a maximum water content in EMK of 2-4%. It turned

out that a Pervapo 2200 membrane is best as based on the manufacturer’s information. This
membrane is highly selective for separating water from an organic solvent even at elevated
solvent concentrations. This makes its application especialy attractive for the dehydration of

an azeotropic mixture, which cannot be separated by ssimple distillation.

acetone —,
EMK —» methanol —
—> >
O — H.O CH_.OH
3
2 <
EMK € acetone

Figure 3.3.3.1 Membrane selectivity required for synthesis of SFAE.

3.3.4 Parameter s influencing water removal

3.3.4.1 General consideration

The dehydration process can be divided into three steps: i) water sorption into the membrane
a the upstream side; ii) diffusion through the membrane; and iii) water desorption into a
vapor phase at the downstream side. The driving force - the difference of partia pressures of
the permeating components between the feed and permeste sides of the membrane - were
determined by feed concentration, feed flow rate, feed pressure, temperature and permeate
pressure. In the present operating system the feed was not liquid but a mixed vapor and the
feed concentration, feed flow rate and feed pressure depend on the process of esterification. It
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is well known that pervaporation selectivity is not significantly altered by increasing
downstream pressure, as long as the permeate pressure does not exceed the saturated vapor
pressure of the pervaporate evolved. Beyond this limit, the transport selectivity either
increases or decreases, depending on the respective volatility of the two feed components. In
the case of the azeotrope mixture of EMK and water, the faster migrant water is the less
volatile component and an increase of downstream pressure will diminish selectivity.
Therefore, the permeate pressure should be as low as possible to favor removal of water. Thus

the maximum vacuum value of the employed vacuum pump at 10 mbar was chosen.

3.3.4.2 Temperature

Temperature has a great influence on both the permeate flux and the synthesis of SFAE
(Huang 1991; Yan et a. 1999). In general, the permeate flux can be increased by raising the
temperature without any reduction of selectivity because of the higher water vapor partial
pressure of the upstream as well as the simultaneous increase of the diffusion velocity of the
permeate through the membrane. According to results in Chapter 2, 25, 40, 50, 60 and 75°C
were used as test temperatures. The influence of the operating temperature on the water
permeate flux through the membrane is shown in Figure 3.3.4.2.1. The water permeate
amount significantly increases above 1.0% at temperatures above 60°C on the feed water
content in EMK. In the application of the vapor permeation, the temperature was set as high
as possible to achieve maximum permesation rates and minimize the required membrane area
and plant costs. On the other hand, high temperatures lead to low monoester formation due to
higher solubility of the SFAE in the reaction solvent. It is essentia to keep the reaction
temperature above the boiling point of the azeotropic mixture of EMK and water (b.p.
73.5°C) to vaporize the water generated during esterification. However, at 75°C the product
solubilities are too high to ensure crystalization of medium chain fatty acid glucose
monoesters like glucose caprylate, thus avoiding high conversion. In this case, the reaction

and dehydration units should be separated, each operated at different temperatures.
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Fig. 3.3.4.2.1 Relationship between water content in EMK and water permesate at different
temperature. Test conditions. 20 ml EMK with 4.3-4.6% water, membrane
reactor (F 58mm x 8mm, membrane area 23cm¥), vacuum 8-12 mbar
(downstream), collecting container —-8°C, operating temperature (upstream)
25, 40, 50, 60°C, membrane at bottom of reactor; 75°C, membrane at top of
reactor.

3.4 Production of SFAE with continuous dehydration of solvent by membrane vapor
per meation

3.4.1 Influence of fatty acid chain length

From previous studies on the lipase-catalyzed synthesis of SFAE (Cao et a. 1996; Cao et al.
1997; Cao et al. 1998; Cao et al. 1999; Yan et a. 1999) in a solid phase system, it was aready
known that the fatty acid chain length had a considerable influence on product formation. This
was mainly due to the higher solubility of medium chain fatty acids in the reaction system,
thus suppressing the crystallization of product, which is required to achieve high conversions
(Flores et a. 2000). A related pattern was also observed in this process using fatty acids
ranging from Cg-C,g (Figure 3.4.1.1). Highest yields of monoester 73% were achieved using
stearic acid at a fatty acid : glucose ratio of 1:1, whereas conversion of monoester was only

18% in case of caprylic acid.
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100

glucose:acid=1:1
glucose:acid=1:3

Molar yields [%]

C8 C12 Cl6 C18
Chain length of fatty acids

Figure3.4.1.1 Acylation of SFAE with different chain long fatty acids.
Reaction conditions: 0.5 mmol glucose, 0.5-1.5 mmol fatty acids, 50 mg

L-2 lipase, 0.4-1 ml EMK, 75°C, 650 rpm, 48 h.

3.4.2 Influence of substrateratio

In our previous works, an equimolar ratio of sugar to fatty acid was found is sufficient at
60°C, as an excess of acyl donor is not required to achieve a high conversion. In the present
system, however, a considerably higher conversion was observed when the ratio of fatty acid
to glucose was increased from 1:1 to 6:1. Thus the synthesis of 6-O-octanoyl-glucose
monoester increased from 18 to 64% (Figure 3.4.2.1). A possible explanation might be that at
a higher reaction temperature, the equilibrium is shiftted toward the undesired direction
because high product concentration lower precipitation. By increasing the substrate ratio, it
was possible to increase the concentration of substrate in the reaction medium and improve

the glucose transformation rate, shifting the equilibrium to the ester synthesis.
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Fig. 3.4.2.1 Synthesis of SFAE at different substrate ratios.
Reaction conditions. 0.5 mmol glucose, 0.5-3 mmol fatty acids, 50 mg L-2
lipase, 0.4-1 ml EMK, 75°C, 650 rpm, 48 h.

3.4.3 Influence on regiosdectivity

A series of glucose fatty acid esters were produced in the stirred-tank membrane reactor at
75°C. The results are shown in Figures 3.4.2.1 and 3.4.3.1. At a ratio of 3:1 (Stearic
acid:glucose), yields of 90% of stearic acid glucose monoester were achieved. That means, a
two fold excess of stearic acid increased the monoester formation by about 17%. At the same
time, diester formation increased only about 0.5%. The esterification of glucose and fatty acid
produces at first monoester. If the fatty acid is in excess in the reaction system, the monoester
can be further esterified to produce the diester. This can explain why the diester content
increased from 0.45 to 3.21% (Fig. 3.4.3.1) when the glucose:acid ratio is increased from 1:1
to 1:6 as shown capric acid. The rate of diester production increased with increasing
concentrations of fatty acid and the concentration of monoester in reaction media, but with
decreasing chain length of the fatty acid. The fact that different diester formation was
observed for stearic, palmitic and capric acids at same molar ratio of glucose to acid, indicates
that the amount of diester can not be attributed to only acid concentration in the solvent,
because the acid was totally soluble under the experimental conditions. According to Arcos et
al. (Arcos et a. 1998; Arcos et al. 1998; Arcos et a. 2000), another reaction that
simultaneously produces the diester and whose reaction rate does not depend on acid

concentration can occur. They claim that interesterification between two mols of monoester
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produces one mol diester and one mol glucose. This reaction rate depends only on the
monoester concentration in the solvent. The solubility of glucose caprylate of 51.23 mg/ml at
75°C in EMK is about six times higher than the solubility of glucose stearate (8.74 mg/ml).
This explains the results shown in Figure 3.4.3.1. The solubility of monoester in the reaction
solvent plays the key role to achieve a high yield of monoester. If the solvent amount is fixed,
an increase of the reaction temperature leads to significant increases in the solubility of the
monoester. In  contrast, the production of monoester does not aways increase with the

reaction temperature because to dissolve sufficiently fatty acid in EMK needs a certain

temperature.
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Fig. 3.4.3.1 Synthesis of SFAE with various fatty acids.

Reaction conditions: 0.5 mmol glucose, 1.5-3 mmol fatty acids, 50 mg L-2

lipase, 0.4-1 ml EMK, 75°C, 650 rpm, 48 h.
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3.5 Optimization of enzymatic esterification by response surface methodology

3.5.1 Introduction

Since a temperature around 75°C is a pre-condition for a successful azeotropic distillation,
higher yields can only be obtained, if al other reaction parameters (i.e., reaction time,
substrate ratio, amount of EMK and enzyme load) are optimized. Because of the complicated
interaction of these parameters, response surface methodology (RMS) was used to identify
best reaction conditions.

RSM is a useful statistical technique for the investigation and optimization of complex
processes. It enables the evaluation of multiple parameters, alone or in combination, on
response variables. The main advantages of RSM are the reduced number of experiments
needed to provide sufficient data for statistically acceptable resultss RSM has been
successfully applied in many areas such as food process (Vainionpdd 1991), enzymatic
synthesis (Ismail et al. 1998) and enzymatic modification of fats and oils (Huang and Akoh
1996; Xu et al. 1998; Xu et al. 1998; Xu et al. 1998; Xu et a. 1999), the production of SFAE
by lipase-catalyzed esterification has not yet been optimized, in particular for solid phase
synthesis systems.

3.5.2 Experimental design

The experiments consisted of a total of 29 runs with the sets of five factors, which includes
reaction time (T, , h), substrate ratio (S, , acyl donor to glucose, mol/mol), reaction
temperature (R; , °C), EMK amount (S, , wt-% based on fold substrates) and enzyme load (E;,
wit-% based on substrates). These factors had been determined important as shown in chapter
2 and the set ranges of the factors were also based on these findings with each used in three
levels according to the central composite face (CCF) design (Montagomery 1997; Umetrics
1997). The actual variables and their levels are listed in Table 3.5.2.1.

3.5.3 Statistical analysis
Modde 4.0 Umetri, Sweden) was used to analyze the experimental data. Second-order

coefficients were generated by regression analysis with backward elimination. Responses

were first fitted for the factors by multiple regression. The fit of the model was evaluated by
the coefficients of determination (R2 and Q2) and analysis of variance (ANOVA). The
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insignificant coefficients were eliminated after examining coefficients, and the model was
finaly refined. The polynomial equation to be fitted to the measured, dependent variables Y

was of the form:

5 5 4 5
U=bo+ JbCi+ JhbiCi+ § a biCC; [35.3.1]
j=i+l

i=1 i=1 i=1

Where Y is the value of the response, X (i=1-4) is the independent variables, b, is the
intercept, b; is the first order model coefficients, b;; is the quadratic coefficients for the ith
variable and bj; is the interaction coefficients for the interaction of variablesi and j.

The performance of the enzymatic synthesis of SFAE was evaluated by analyzing responses
to the conversion. Optimization of the reaction parameters was calculated using the predictive
models from RSM. The synthesis of SFAE was carried out at the predicted optimal
conditions. The observed responses obtained at these conditions were analyzed and compared
to the predicted values.

3.5.4 Modd fitting

Using the normalized results as the responses for the fitting of the RSM models, the quadratic
relationships required for modeling were set up. The analysis of variance for the five process
variables indicated that the SFAE yields can be well described by polynomia model. The
second-order polynomials fitted to the measured data were computed by stepwise regression
analysis using the standardized variables X; Standardized values were used to attain proper
preference between the variables in the calculation of the models. The equations tabulated in
Tab. 3.5.5.1 are, however, computed with those actual variables which also occur in the
standardized models. The coefficient of determination (R2) of the model for the response is
0.996 (Q2=0.899). According to the ANOVA, there was no lack of fit and there was a
satisfactory coefficient of determination. Prediction results were close to the observed, and all
absolute errors of the predictions were less than 1.0. This indicates that the model represents

the real relationships between reaction parameters well.
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Tab. 3521 Set factor levels, measured responses, and the comparison between the
calculated net incorporation and the predicted results by the RSM-fitted model.

Run Factors Conversion*

No. | No. T, S E R¢ S, [%] Pr.
1 5 24 1 74.5 2.5 52.3 52.3
2 26 60 1 74.5 0.5 64 63.7
3 3 24 3 74.5 0.5 52.8 52.9
4 27 60 3 74.5 2.5 82.3 82.2
5 21 24 1 12 74.5 0.5 57.8 58
6 23 60 1 12 74.5 2.5 73.4 73.4
7 4 24 3 12 74.5 2.5 69.2 69.6
8 25 60 3 12 74.5 0.5 83.2 83.2
9 24 24 1 78.5 0.5 46.3 46.1

10 | 14 60 1 78.5 2.5 83.3 83

11 | 16 24 3 78.5 2.5 67.6 67.7
12 2 60 3 78.5 0.5 75.8 75.5
13 | 17 24 1 12 78.5 2.5 63.5 63.7
14 | 18 60 1 12 78.5 0.5 76 75.8
15 | 29 24 3 12 78.5 0.5 63.9 64.1
16 | 19 60 3 12 785 2.5 85 85

17 | 22 24 2 9 76.5 15 72.9 72

18 | 20 60 2 9 76.5 15 89.5 90.5
19 | 13 42 1 9 76.5 15 80.3 80.8
20 | 10 42 3 9 76.5 15 89.2 88.8
21 42 2 6 76.5 15 78.6 79.4
22 42 2 12 76.5 15 86.4 85.6
23 42 2 9 74.5 15 84.6 84.2
24 8 42 2 9 78.5 15 87 874
25 | 15 42 2 9 76.5 0.5 76.8 77.2
26 7 42 2 9 76.5 2.5 84.7 84.4
27 | 28 42 2 9 76.5 15 87 86.7
28 | 11 42 2 9 76.5 15 86.5 86.7
29 | 12 42 2 9 76.5 15 86.8 86.7

T, --reaction time (24-60 h), S; --acyl donor to glucose molar ratio (1-3), § --enzyme load (6-
12 wt-% of substrates), R, --reaction temperature (74.5-78.5°C), S, --Solvent amount (0.5-2.5
fold of substrates), Pr.-prediction, conversion*--of glucose.

-37 -



Chapter 3 -38-

3.5.5 Main effects of parameterson response

The influence and effects of parameters on esterification of sugar and fatty acid on the product
yield have widely been investigated for the past twenty years. However, only a few reports
have been found that the reaction performed in a mainly solid phase. As expected, the results
obtained from the present work are similar to our previous work (Yan et a. 1999; Yan et al.
1999). The yield of glucose fatty acid monoester was increased by longer reaction time, high
enzyme load and higher substrate ratio. Reaction temperature was kept in a narrow range
between 74.5°C to 78.5°C in order to evaporate the azeotrope and to change the gaseous
EMK to liquid phase when the azeotrope was broken. The different effects of the changing
parameters were showed in Fig. 3.5.6.1. It can be observed that all five

Tab. 3.5.5.1 Regression coefficients and significance values of the second-order polynomials
after backward elimination.

Variable Coefficient Significance
constant 86.6668 5.94293e-018
Tr 9.23333 2.46359e-011
Sr 4.00555 1.87283e-008
El 3.07777 1.48073e-007
Rt 1.6 2.15308e-005
Sa 3.59445 4.39183e-008
TrTr -5.42929 4.01997e-006
Sr*Sr -1.87928 0.00506487
El*El -4.12929 3.06534e-005
Rt* Rt -0.829282 0.130047
Sa*Sa -5.87929 2.19689e-006
Tr*Sr -0.249995 0.230139
Tr*El -1.45 6.70746e-005
Tr*Rt 0.500001 0.0317162
Tr*Sa -0.425002 0.0582344
Sr*El -0.125002 0.53421
S*Rt -1.05 0.000604544
Sr*Sa 1.67867e-006 1
El*Rt -1.05 0.000604539
El*Sa -2.27501 2.40397e-006
Rt*Sa 1.125 0.000384746
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parameters had positive effects. The reaction time had the most significant effects on
conversion for the first-order factors, which indicated that longer reaction times were favored.
For the second-order factors, solvent amount, reaction time and enzyme load had negative
effects on conversion. No significantly effective interactions in the model were observed, that

means the production of SFAE can be optimized by one-factor design.

Effects

S . = + <= @© . — ®©
@ o

PE e EELQY Y

@ w »u £ - - F n n

Figure 3.5.5.1 Main effects of the factors and their significance.

3.5.6 Optimization

The merits of using RMS are to evaluate the relationships between each parameter and predict
the result and behavior under given reaction conditions. Moreover, optimal parameters can be
obtained by iterative calculation with more than one response and targets. Optimization of the
yield of SFAE was performed by taking into account reaction time, temperature,
glucose/stearic acid molar ratio, solvent amount and enzyme load. However, it should be
noticed that the range of each parameter has to be pre-decided before optimization, e.g. a
shorter reaction time always resulting in lower product conversion. But the shorter reaction
time with a sufficient monoester yield can achieve a higher space-time yield which is very
important factor to realize this technology in the industry, thus needs to be pre-decided. To
evaluate the relationships and interactions of parameters, surface plot give the good
prescriptions. The behavior of the product conversion under the above process conditions is
presented in Figures. 3.5.7.1-3.5.7.10. Generally, higher substrate ratio, higher enzyme load
and longer reaction time contribute positively to monoester conversion. The effect of

temperature is not significant to conversion since the given range of temperature here is very
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narrow. The Influence of solvent amount seems to be complex. In the range of 0.4-1.6 wt-%,
the conversion increased greatly, and increasing solvent leads to decreasing monoester yield.
The optimization with the response and five variables can not just be caculated
mathematically through equation 3.5.3.1 as more than one optimum condition may exist. As a
result, possible optimum conditions, however, can be iteratively calculated in the set ranges
and targeted response of conversion (Tab. 3.5.7.1). It shows that optimum conditions are

different and a conversion up to 93% can be achieved under the given reaction conditions.

Tab. 3.5.6.1 Optimum conditions generated by Modde 4.0 in the set parameter ranges and
targets through iterative calculation*.

No Tr S El Rt Sa conversion iteration
1 57.18 2.96 9.38 77.53 181 93.41 226

2 57.35 2.80 9.02 78.18 1.86 93.58 136

3 60.00 2.12 8.01 78.50 2.18 92.11 171

4 58.02 2.72 8.89 78.27 1.86 93.57 129

5 52.80 2.16 9.18 76.62 1.56 91.21 11

6 60.00 2.40 9.00 76.50 150 91.67 0

7 49.20 3.00 9.00 76.50 1.50 91.52 0

8 49.20 2.00 9.00 78.50 1.70 91.14 7

*Set parameter ranges: Tr, 24-60; S;, 1-3; E, 6-12%; R, 74.5-78.5°C; S,, 0.5-2.5. Set targets:

conversion 92.7% (minimum 88.2%). Abbreviations see Tab. 3.5.2.1.
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Figure 3.5.7.1-10 Surface plots for the evaluation of effects of parameters.
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4. Enzymatic synthesis of SFAE in a stirred-tank membrane reactor: Removal of

reaction water using a low-boiling-point azeotrope

4.1 Reault and discussion

4.1.2 Effect of addition amount of hexaneto EMK

After a carefully study of literature, a ternary azeotrope with EMK and hexane was found
(Bludworth et a. 1945, Gmehling e a. 1994) (eg., 56°C b.p. a 26:55:19
EMK:hexane:water) which can realize the removal of reaction water from the reaction media
by azeotropic distillation at 59°C is arround the optimum temperature (60°C) of immobilized
lipase B from Candida antarctica. First, the effect of the percentage of hexane in the reaction
mixture was investigated. Figure 4.1.2.1 illustrated the formation of SFAE with different
percentage of hexane in EMK. At percentages of hexane of 60% or higher, the reaction is
extraordinarily sow, this is probably due to a bad solubilization of sugar in the solvent
medium. If the percentage of hexane increased to 100%, the esterification was not performed
since no glucose was solubilized in hexane. In contrast, at no hexane (pure EMK), the initial
acylation proceeded very fast, but the maximum conversion of monoester did not exceed
52%, and it was reached only after 8 h of reaction. This phenomenon may be related to the
fact that the equilibrium of the esterification is rapidly reached because there is accumulation
of the by-product water in the reaction media under these conditions (no azeotrope was
evaporated from reaction medium). At 20% hexane, athough the reaction is initialy not so
fast, the formation of monoester is almost the best after 48 h reaction. Thus, a medium
containing 20% hexane was chosen for further study. At same time, addition of 20% hexane
can lower the boiling temperature of the solvent mixture by as much as 15°C. This would
have important significance for the synthesis of SFAE on a large-scale operation since low-
temperature evaporation conditions is highly advantageous in term of energy consumption
and enzyme stability. It is also easier to dry the evaporated solvents via a membrane

pervaperator before the solvent was returned to the reaction vessel as mentioned in Chapter 3.



Chapter 4 - 44 -

100 100
80 — - 80
60 — - 60
g
]
K
> 40 - 40
20 - 20
0 T B _
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Percentage of hexane

Figure4.1.2.1 Relationship between product yields and the percentage of hexane in EMK.
Reaction conditions. 0.5 mmol glucose, 0.5 mmol fatty acids, 50 mg

magnet EP 100 lipase, 0.4 ml EMK +/ hexane, 59°C, 650 rpm, 48 h.

4.1.3 Synthesis of SFAE with different fatty acid chain length in the ternary solvent
system

It was observed in this process using fatty acids ranging from Cg-C,g (Figure 4.2.3.1). At an
equimolar of fatty acid to glucose, highest yields of monoester (93%) were achieved using
stearic acid, whereas for caprylic acid the highest conversion of monoester was only 61%.
Compared of the date presented in Fig. 4.1.3.1 indicated that al conversions of monoesters
using mixtures of EMK and hexane were better than those using EMK only, especialy in the
case of caprylic acid. One explanation might be that the solubilities of SFAE are lower in the
mixture of EMK and hexane compared to the pure EMK.

Our previous investigation showed the low solubility of the product in reaction medium can
favor the lipase-catalyzed solid phase synthesis of SFAE. Moreover, the solubility of SFAE in
the liquid reaction phase mainly depends on the solvent used. It is well known that
crystalization can be facilitated by lowering the temperature (decreasing solubility with
decreasing temperature). Alternatively, the "cold crystallization technique" can aso be used
for this purpose, in which two or more organic solvents can be combined to facilitate the
crystallization of the substance without lowering the temperature. This technique was also

implemented for the solid phase synthesis. Two organic solvents -- EMK and hexane were
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mixed together as reaction solvents. One organic solvent EMK offers a little higher product
solubility, the other hexane alows near to non-solubility. A binary mixture of the two
solvents has a low product solubility (0.78 mg/ml 6-O-stearoyl-glucose compared to 0.98
mg/ml in pure EMK) and thus allows high conversion by solidification of the reaction
mixture. It is notable that the highest conversions (99%) to 6-O-stearoyl- b-D-glucose in 48 h

was achieved with this binary solvent mixture.
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Fatty acids with different chain length

Fig. 4.1.3.1 Acylation of SFAE with different chain long fatty acids.
Reaction conditions. 0.5 mmol glucose, 0.5 mmol fatty acids, 50 mg magnet
EP 100 lipase, 0.4 ml mixture of EMK and hexane (4:1, v:v), 59°C, 650 rpm,

48 h.

4.1.4 Enzyme stability

In non-aqueous media such as organic solvent, enzymes retain a high conformational rigidity
from stronger non-covalent interactions than in water (Klibanov 1989). However, the solvent
can cause inhibition or inactivation by directly interacting with the enzyme. As the cost of
biocatalyst is a significant part (85%) of the overal production cost, the stability and reuse of
lipase are very important for using this technology in the industry. Since lipase specificities
are often determined in hydrolysis reactions and the results are frequently directly applied to
biotransformation involving hydrolysis or enzymatic esterification, then the hydrolytic
activity of lipase immobilized EP 100 in different solvent system at different operating
temperature was first investigated. Tab. 4.1.4.1 shows that there is apparent correlation
between the polarity of the solvent, represented as log P, and the hydrolytic activity of lipase,
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but no relationship between log P and conversion. No product can be detected in hexane (log
P = 3.50), 84% conversion in EMK (log P = 0.29), 83% conversion in acetone (log P = -0.23),
86% conversion in mixture of 20 % hexane in EMK (log P = 0.93). It was found that the
enzyme hydrolytic activity lost greatly about 42% after first reaction in the solid phase
synthesis of glucose palmitate at 59°C using acetone (EMK) as reaction solvent, whereas for
hexane the enzyme activity lost 14% only. It was revealed the enzyme hydrolytic activity
generally decreased with increasing polarity of the solvents and is in good agreement with
earlier work, in which has been reported enzyme activity and/or stability correlated with a
number of solvent properties of which the most important and most popular one is log P
(Laane et a. 1987) and either the electron pair acceptance index or the polarizability (Valivety
et al. 1991; Vdlivety et a. 1992; Valivety et a. 1993). The data in Tab. 4.1.4.1 suggested that
both reaction temperature and reaction solvent have greater influence to enzyme stability, thus
resulting in the loss of hydrolytic activity of enzyme. Indeed, in the case of the synthesis of
SFAE, the loss of synthetic activity of lipase is more important than that of hydrolytic
activity.

Tab. 4.1.4.1 Enzyme hydrolytic activity in solid phase synthesis of SFAE.

Solvents Log P |Conversion Enzyme hydrolytic activity (U/g)
value [%]

Cycle number
0 1 2 3 4 5 6 7

EMK, 59 °C 0.29 84% 125 72 | 42 | 41 | 43 | 28 | 27 | 26

Acetone, 60°C | -0.23 83% 1251 63 | 40 | 29 | 24 | 21 | 18 | 18

Hexane, 59°C 3.50 0% 125 | 108 | 104 | 103 | 103 | 101 | 102 | 100

EMK, 75°C 0.29 68% 1251 60 | 39 | 30 | 26 | 23 | 23 | 22

EMK+ 20% 0.93 86% 125 | 84 56 | 45 49 38 30 27
Hexane, 59°C

Reaction conditions: 0.5 mmol glucose, 0.5 mmol palmitic acid, 50 mg EP 100 lipase, 0.4 mi
solvent, 48 h, 650 rpm, at different temperatures.

Then the operationa stability of the lipase was aso investigated (Fig. 4.1.4.1). Asindicated in
Fig. 4.1.4.1, the temperature greatly influences the residual synthetic activity of enzyme. In
contrast to hydrolytic activity, no drastic loss of synthetic activity was observed at 59°C
reaction temperature, but at 75°C the enzyme residual synthetic activity drastically decreased
after every run. At an enzyme concentration of 9% (w/w) using 20% hexane in EMK as
reaction solvent at 59°C. More than 90% of substrates were converted within 48 h in the first
run. Acetone was then added into the reaction medium. The enzyme was separated by
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magnetic filtration and dried in vacuum immediately. It was reused for another synthesis.
After seven runs (336 h), the percentage of substrates converted into esters was over 77%, and
the residual synthetic activity of enzyme was kept to 86%, which demonstrated the excellent
operationa stability of lipase B from Candida antarctica immobilized on the magnetic EP
100 under the experimental reaction conditions. The immobilized lipase Candida antarctica B

used here has high activity even in a very dry organic solvent (water content 0.002%). It

might be that commercia lipase Chirazymeo L-2, Lyo., BM used here is impure. The high
activity of the crude lipase relative to the purified enzyme preparation may be due to the
presence of significant amounts of stabilizers, such as carbohydrates or sugar alcohols in the
crude preparation. These hydrophilic compounds may hold water tightly even during
lyophilization. This provides the enzyme with a suitably hydrated environment associated
with enzyme molecules, stabilizes enzyme structure, and consequently enhances higher
catalytic activity.

100
90 \zﬁ\ﬁ —
80 - \ \.\.
70 4 e
o0 _— \ \.\.
50 4 \A\
40 -
30 i \

Relative synthetic activity [%]

20 —E— EMK+Hex, 59°C A\A
E —0— EMK, 59°C
10 —A— EMK, 75°C
0 y T y T y T y T y T y T T
0 1 2 3 4 5 6 7 8

Cycle number

| 1 1 1 i 1 I I i
(i 41 af 144 192 240 288 336

Accumulatadd hours
Fig. 4.1.4.1. Enzyme operational stability in solid phase synthesis of SFAE.
Reaction conditions: 0.5 mmol glucose, 0.5 mmol palmitic acid, 50
mg L-2 lipase, 0.4 ml EMK or mixture of EMK and hexane (4.1,
V.v), 59 or 75°C, 650 rpm.
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5. Production of SFAE on preparative scale

5.1 Introduction

Given the increasing demand for SFAE, the goal of large-scale manufacturing is to produce
the excellent biodegradable, non-ionic SFAE that can be performed by azeotropic distillation
combining with membrane pervaporation for dehydration of EMK as shown in the previous
chapters. To achieve this goal, the properties of enzyme and the solubilities of substrates in
EMK should be taken into consideration to augment traditional concepts in engineering
design. Production and processing of SFAE is a relative simple process that can be
manipulated at three main levels of process engineering: reactor, solvent recovery and down
stream process (Malcata 1990; Berovic 1999). It is important that critical issues at all of these
levels be addressed simultaneously to achieve maximum productivity and optimal quality of
the final SFAE.

5.2 Bioreactor design
The design of a bioreactor for the production of SFAE must cover three important factors: the

type of reactor, the mode of operation (batch or continuous), and conditions of operation.

5.2.1 Type of bioreactor

The design of a bioreactor for the production of SFAE should support the transformation of
water molecule in a high concentration suspension system and be compatible with the
physicochemical properties of immobilized enzyme abrasiveness, surface, particle size and
sensitivity to inhibitor (Nienow et al. 1996; Wang and Zhong 1996; Wang and Zhong 1996;
Oh et a. 1997; Garcia et al. 2000; Giorno and Drioli 2000). Stirred-tank bioreactor and fixed-
bed bioreactor are the possible candidates for the production of SFAE. Fixed-enzyme-bed
bioreactor have been successfully used in a continuous manner for the enzymatic modification
of fats and oils (Xu et a. 1998; Xu et a. 1999). However, it may present considerable
disadvantages for the synthesis of SFAE in suspension. The possibility of clogging and the
longer residence times due to flow through the enzyme bed will restrict the transport of solid
substrate and product, resulting in lower product yield. These problems may be overcome by
the use of other reactors, such as ceramic matrix reactor, that provide straight channels
through which the particles are converted and provide a narrow residence time distribution
that could be adjusted to minimize the effects of by-product water for the reversible reaction.
Alternatively, conventional stirred-tank bioreactor can be used for the production of SFAE in
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amainly solid phase system. The product at a high yield due to efficient removal of reaction
water by azeotropic distillation, the low investment and the ease of scale-up make this

technology attractive.

5.2.2 M ode of bioreactor operation

At the laboratory scale, the usua mode of operation is batch production. Since the market
demands small amount of various kinds of SFAE (the total market size for SFAE is estimated
to be approximately 4 000 t/a), batch operation can provide a high product flexibility and
simple downstream process due to the high productivity. However, it is labor intensive

compared with a continuous manner.

5.2.3 Conditions of bioreactor operation

As indicated in Chapter 2, in the case of the production of SFAE in a solid phase system, high
by-product water content in reaction medium may limit productivity. In addition,
accumulation of product in the liquid catayzed phase may reduce the sdlectivity and
productivity due to the product inhibition. A key part to consider in the design of a batch
stirred-tank bioreactor for the production of SFAE is the stirrer. The stirring rate affects the
rate of reaction, through the supply of the dissolved sugar and the removal of by-product
water. Furthermore, stirrer affects the enzyme distribution and can cause mechanical damage,
which is of great significance in terms of manufacture cogt, if it was taken into account that
the enzyme cost is approx. 80% of total material costs. The process design parameters such as
temperature, solvent amount, enzyme load, substrate ratio and reaction time should be
evaluated in term of the long-term ability to the immobilized enzyme to produce SFAE.
Process parameters that maximize the long-term productivity will increase the volumes of

production and reduce the operation costs of manufacturing.

5.3 Solvent regeneration

For the separation of the water from EMK, different processes such as water-adsorbing
materials, reverse osmosis and pervaporation could be used. For the methods of addition of
water-adsorbing materias, it is not practica due to its complicated and high-costly
regeneration process. The reverse osmosis has some disadvantages such as time-consuming,
high-energy consumption and difficulty to scale up. In contrast, membrane pervaporation
separation techniques for the recovery of organic solvent has been greatly developed recently
because of its high separation efficiency and flux rates coupled with potential savings in

energy costs as mentioned in Chapter 3 (Schroen and Woodley 1997). In order to obtain a
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suitable pervaporation module, some considerations should be followed: i) requirement of a
low hydraulic resistance on the permeate side of the membrane; ii) optimal energy input; iii).
module costs per membrane area installed. According to the ways of establishing the driving
force for pervaporations, the pervaporations can be divided into vacuum pervaporation, sweep
gas pervaporation and thermopervaporation. A comparison of these three operational modes,
thermopervaporation is favored due to easy operation and extremely simple permeate
transport out of the module. However, it requires more investment since the packing density
has to be kept low and many cooling walls have to be dispersed between the membranes. In
the case of vacuum pervaporation, the same results can be achieved with the additiona
expense of a vacuum pump. The condenser can be placed out side of the module because the
specific downstream transport resistance is lowered at the low pressure. Sweep gas
pervaporation required the cooling of a large gas stream to low temperature, significantly
enlarged condenser area for reasons of decreased condensing efficiency due to the high
concentration of inert gas, and much lower condensation temperatures due to the decreased
pressure of the vapors. Thus it can not be used efficiently in direct organic solvent recovery.
Therefore, the plate-and-frame type of pervaporator under reduced pressure was chosen for
drying EMK for the production of SFAE.

5.4 Downstream processing

Optimal bioreactor design should result in the production of a high proportion of SFAE in
reaction mixture. However, in the case of a solid phase system, the solid sugar and
crystallized SFAE may attach or coprecipitate on the surface of the immobilized enzyme in
the reaction mixture. The main goals of downstream processing of SFAE are: i) collection and
purification of enzyme from the reaction system for re-use of enzyme, ii) elimination of
unreacted substrates to achieve high purity of SFAE.

5.4.1 Collection and purification

On a laboratory scale, processing of collection of enzyme is relatively straightforward.
Following extraction of SFAE with addition of more than 30 times acetone [v/v], the enzyme
and unreacted solid sugar are separated from the product solution by filtration through
filtration paper for qualitative anaysis. The enzyme and unreacted sugar were dried in
vacuum for the re-use. However, this method is time-consuming, difficult to scale-up and
expensive since the concentrated product surfactant solution, which form a protected layer on
the surface of filtration paper, result in the production of a solution difficult to pass through

the filtration material. Some of the criteria for the selection of the appropriate methods for
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enzyme collection and purification include: i) capability of processing a large amount of
SFAE; ii) preservation of enzyme activity; iii) easy scale-up; iv) low cost of operation and; v)
final product SFAE that meets the standards as food grade. On the basis of the above criteria
and preliminary results, the separation technology of magnetic filtration and selective
extraction seems to be promising candidates for use at the industrial scale. Using this
magnetic carrier EP 100 not only can highly catalyze the esterification reaction, but also can

very easily separate the immobilized enzyme from the reaction medium by a magnetic filter.

5.4.2 Elimination of unreacted sugar

Unreacted sugar can be separated from the reaction mixture by selective extraction which
relies on the different solubilities of sugar and SFAE in acetone at mild temperatures
(40~50°C). The separation of solid sugar particles and product solution can be accomplished
in two ways. by settling under gravity or by using centrifugal separators. Separation under
gravity can be carried out in any scale and the process can be handled easily with low specific
energy consumption. The separation velocity and the phase purity of a particle-free system
were investigated. It was found the separation is sufficient under gravity, but the separation
time needed to obtain rather pure phase is quite long (3~5 h). This long process results from
the high viscosity of the detergent-rich liquid phase as well as from the low interfacial
tensions of this detergent-based extraction system. The procedure by sedimentation is time-
consuming, but is not labor-intensive and requires little investment. On the other hand, a
centrifugal separator could be also employed to separate extraction solution containing solid
sugar particles. There are obvious advantages such as continuous processing, large capacity

and high efficiency for separation, however, at expense of high investment.

5.5 Production of SFAE on preparative scale

In this research, SFAE were produced on preparative scale ~200g in a stirred-tank reactor in
combinatoin with solvent recovery by membrane pervaporation in a batch manner (Fig.
5.5.1).
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Condenser EMK container
Collector
V acuum controller
2L reactor Thermostat

Figure5.5.1 Experimental apparatus for preparative synthesis of SFAE.

Table5.5.1. Reaction conditions and yields in the production of SFAE on preparative scale.

D-glucose |Fatty acids | Lipase EMK Temp. Time Yield

[d] [d] L-2 | Flowrate [°C] [h] [%]
[d] [ml/min]

0 Cig142 20 0.7 60 48 79.2
180 Cg 284 40 11 60 48 74.2
90 C16128 20 0.7 60 48 61.8
90 C16128 20 0.7 60 48 62.5
180 Cg 116 40 1.0 60 48 24.4
180 Cg 116 40 1.0 50 48 318

From previous studies on the synthesis of SFAE (Cao et al. 1997; Otto et al. 1998; Yan et al.
1999; Yan et a. 1999; Yan et al. 2000) in a solid phase system, it was already known that the
fatty acid chain length had a considerable influence on product formation. Here, a related
pattern was also observed on preparative synthesis of SFAE using fatty acids with a chain
length of Cg, Ci6, C1g (Table 5.5.1). At an equimolar of fatty acid to glucose, highest yields
of monoester (79%) were achieved using stearic acid, whereas for caprylic acid the highest

yield of monoester was only ~32%.
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6. Lipase-catalyzed synthesis of uncommon SFAE

6. 1 Lipase-catalyzed synthesis of vitamin C fatty acid esters

6.1.1 Introduction

Antioxidants are widely used in foods and cosmetics to prevent oxidation of lipids. Synthetic
antioxidants, such as butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA), are
widely used as food additives, but their application has been reassessed because of possible
toxicity or carcinogenic components formed during their degradation (Kaitaranta 1992). Much
research has been done to develop safe and natural antioxidants in the last decade due to the
tendency of consumer to prefer “natural” products (Bashir et a. 1995; Guyot et al. 1997,
Hubbs 1997; Buisman et al. 1998; Bulter and Elling 2000).

100

Reducing activity (%)

04 F— F1 F1 1 -+
A o=
T T T T T T T T T T
A B C D E F G H | J
Ascorbic acid derivates

Figure 6.1.1.1 Reducing activity of vitamin C and its deviates [adapted from (Nostro 1997)].

A: ascorbic acid, B: 6-O-octanoyl-ascorbic acid, C:. 6-O-dodecanoyl-ascorbic acid, D: 6-O-
tetradecanoyl-ascorbic acid, E: 6-O-octadecanoyl-ascorbic acid, F: 6-O-dodecanedioyl-ascorbic acid,
G: 6-O-docosanedioyl-ascorbic acid, H: 6-O-thapsoyl-ascorbic acid, |: 6-O-suberoyl-ascorbic acid, J.
6-O-adipoyl-ascorbic acid, K: 5,6-O-octylidene-ascorbic acid.

L-ascorbic acid (Vitamin C), one of the most potent dietary antioxidants, provides optimal
nutritional support to al physiological functions, including notably, vascular and capillary
integrity of the circulatory system. Vitamin C has a very efficient antioxidant activity in
aqueous media. It has been recognized to be safe and used as additives in food and food
manufacture for centuries. However, its highly hydrophilic behavior prevents its application
in cosmetics or other products which contain fats and oils. However, this can be circumvented

by using fatty acid esters of vitamin C, which, due to an amphiphilic structure, not has good
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solubility and miscibility in a hydrophobic environment, but also seems to enhance the radical
scavenging performances compared to its free counterpart (Fig. 6.1.1.1) (Liu et al. 1996).
Recent studies indicate that lipophilic vitamin C esters are much more effective in the
prevention of low density lipoprotein peroxidation (Liu et al. 1992; Liu et a. 1996). At
present, 6-O-palmitoyl ascorbic acid is produced commercialy by chemical means. This is
encountered with a number of disadvantages, which reside in the use of less biocompatible
chemicals and solvents, the formation of by-products due to the instability of vitamin C and,
hence, low yields (Chen et al. 1994).

Enzymatic processes offer an alternative way to these antioxidants. Although the lipase-
catalyzed synthesis of vitamin C esters has been already described (Humeau et al. 1995;
Humeau et a. 1998; Gruning and Hills 1999), it is so far hampered by long reaction times or
the use of solvents, which are not permitted for the manufacture of food related products. For
instance, Humeau et al. (Humeau et al. 1998; Humeau et a. 1998) achieved approximately
40% conversion of vitamin C to 6-O-ascorbyl palmitate after 5 h when using a 9-fold excess
of palmitic acid methyl ester in TBA. No significant increase in conversion was observed
after prolonged reaction times and no attempt for production isolation was reported.

In this work, vitamin C fatty acid esters are synthesized in a mainly solid phase system, in the
presence of small amounts of organic solvent (acetone or TBA), catalyzed by immobilized
lipase B from Candida antarctica, followed by a mild downstream processing to reduce the
formation of undesired by-products. To increase the reaction rate and shift the equilibrium
toward product synthesis, activated esters — i.e. fatty acid vinyl esters - are routinely employed
(Fig. 6.1.1.2). This takes advantages of the tautomerization of the vinyl alcohol generated
during the transesterification to the highly volatile acetaldehyde. Thus, the undesired back
reaction is suppressed (Lobell and Schneider 1994; Bornscheuer and Y amane 1995; Shibatani
et a. 1997). As vitamin C and its esters are very sensitive to oxidation, a mild extraction

method for the isolation of reaction products was aso devel oped.

OH S CAL-B OH
HO O R (@) O.
o + )J\ acetone \n/ o
= R 0™ 40°C o —
HO OH - acetaldehyde HO OH

Figure 6.1.1.2 Reaction scheme for the lipase-catalyzed synthesis of vitamin C fatty acid
esters (R = C7-C15)
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6.1.2 Results and discussion

6.1.2.1 Influence of fatty acid chain length

From previous studies on the lipase-catalyzed synthesis of SFAE in a solid phase system, it
was already known that the fatty acid chain length had a considerable influence on product
formation. This was mainly due to the higher solubility of medium chain fatty acids in the
reaction system, thus suppressing the precipitation/crystalization of product, which is
required to achieve high conversions. A related pattern was observed in the synthesis of
vitamin C esters using fatty acid vinyl esters ranging from Gg-Cq¢ (Figure 6.1.2.1.1). At a
fatty acid: vitamin C ratio of 2:1, highest yields (91%) of isolated product were achieved
using palmitic acid vinyl esters, whereas for caprylic acid vinyl esters the highest yield was
63%. It is aso obvious from Figure 6.1.2.1.1 that in TBA aways dightly higher yields can be

achieved compared to acetone.

100 100
t-butanol
[ acetone
80 H - 80
60 H - 60
S,
©
2 40 - 40
.
20 S - 20
0+ 0
C8 C10 Cl2 C16

Fatty acids with different chain long

Figure 6.1.2.1.1 Effect of fatty acid chain length and solvent on product yield.

6.1.2.2 Effect of substrateratio

An equimolar ratio of vitamin C to fatty acid vinyl ester would be sufficient and no excess of
the acyl donor is required to achieve a high conversion. However, a considerably higher yield
was observed when the ratio of vinyl ester to vitamin C was increased from 1:1 to 3:1 (Figure
6.1.2.2.1~ 4). Asto be seen in Figure 6.1.2.2.1~4 the yield of 6-O-pamitoyl-L-ascorbic acid,
6-O-lauroyl-L-ascorbic acid, 6- O-decanoyl-L-ascorbic acid and 6- O-octanoyl-L-ascorbic acid
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in acetone increased from 60 to 86%, 38 to 62%, 40 to 61%, 39 to 60% respectively. It was
also observed from Figure 6.1.2.2.1 to 6.1.2.2.4, that dightly higher product yields in TBA

can be obtained compared to acetone.

100 100
90 t-butanol -90
) acetone r
80 80
701 70
= ] L
é 60 - 60
© 1 L
T 504 —50
> ] L
O 40 40
§ 30 - I 30
@] | L
204 20
10 10
0- 0
1:1 1:1.5 1:2 1:3
Substrate Ratio [Fa:V ]

Figure 6.1.2.2.1 Influence of substrate ratio and solvent on 6-O-octanoyl-L-ascorbic acid yield.
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90_- t-butanol L 90
1 [ acetone 3
804 - 80
70 - - 70
g 60 | L 60
5 | L
T 50 - 50
> ] L
O 404 - 40
& ] I
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1:1 1:1.5 1:2 1:3

Substrate Ratio [Fa:V c]

Figure 6.1.2.2.2 Influence of substrate ratio and solvent on 6-O-decanoyl-L-ascorbic acid yield.
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Figure 6.1.2.2.3 Influence of substrate ratio and solvent on 6-O-lauroyl-L-ascorbic acid

yield.
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Figure 6.1.2.2.4 Influence of substrate ratio and solvent on 6-O-palmitoyl-L-ascorbic
acid yield.
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6.1.2.3 Product isolation

Vitamin C is very sensitive and easily undergoes oxidation, degradation and rearrangements.
Even its esterified counterparts have to be handled carefully to avoid formation of undesired
by-products. Initialy, it was attempted to purify the vitamin C esters from the crude reaction
mixtures by common laboratory-scale methods like silica gel chromatography. However, it
turned out that considerable losses of product occurred (data not shown). It was therefore
focussed on a milder downstream procedure for the separation of vitamin C esters from
unreacted substrates and which should also be applicable on a large scale (Scheme 6.1.2.3.1).
In addition, only those solvents should be used, which are biocompatible with a later
application of the vitamin C estersin food related products or cosmetics.

Best results were achieved, when the crude reaction mixtures was extracted with water, which
not only removes unreacted vitamin C, but also degrades excess vinyl esters to the free fatty
acids. Extraction with n-hexane then alowed separation of free fatty acids from product,
which remained insoluble in this solvent. This procedure enabled the isolation of all vitamin C
esters in excellent purity (>98%) and high yields (Figure 6.1.2.2.1~ 4). NMR spectroscopy
revealed that acylation occurred exclusively at the primary hydroxyl group as shown in Figure
6.1.1.2. It should be emphasized, that the separation of vitamin C esters from remaining fatty
acid methyl esters (Humeau et a. 1995; Humeau et a. 1998; Humeau et a. 1998) is not
practical by simple extraction or separation and would require more laborious procedures,
which might also affect the stability of the vitamin C esters.

Although this method employs the more expensive (commercialy available) vinyl esters
compared to the use of fatty acid methyl esters, it is clearly superior to aready published
procedures for several reasons. i) the vitamin C esters are isolated in high yield and purity
after reasonable reaction times; ii) equimolar amounts (or only a moderate excess of vinyl
esters) of substrates can be used; iii) a mild product isolation is feasible and; iv) the procedure
employs acetone which is easy to be eliminated and recognized as safe for use in the

manufacture of food and food additives by European Community directives.

6. 2 Lipase-catalyzed synthesis of arylaliphatic glycolipids

6.2.1 Introduction

Aromatic glycolipids are of great interest in medical and pharmaceutical field. The glucose
esters of unsaturated aryaliphatic acids like cinnamic acid or its hydroxylated derivatives were
applied in tumor treatment (Kimura et al. 1987; Liu et a. 1992). Furthermore, akyl and

phenolic glucosides (e.g. salicin) are known for their antimicrobial as well as antiviral and
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antiinflammatory activities (Rekker and Kort 1979; Nonaka et al. 1981; Nonaka and Nishioka
1983; Nihro et a. 1992). Combining both aromatic

Reaction mixture

Extraction
acetone 30*
centrifuge

Vc, fatty acid vinyl ester Enzyme, molecular sieves
Vc ester, acetone

Evaporation

H20 washing

H20, Vc Fatty acid, Vc ester

Hexane washing

Hexane, fatty acid | Ve ester

Scheme 6.1.2.3.1 Genera purification scheme of vitamin C fatty acid esters.

glucose esters and phenolic glucosides led to the formation of novel aromatic arylglucoside
esters possessing putative pharmaceutical effects. These kinds of glycolipids were usually
obtained by solvent extraction from plants like certain Prunus spec., Rheum. Spec. and from
the finadly Salicaceae. Some of these compounds can aso be obtained by biotransformations
using plant cell suspension cultures of Glycyrrhza echinata and Aconitum japonicum
(Kashiwada et al. 1984; Ushiyama et a. 1989) as well as by co-factor-dependent enzymatic
synthesis (Corner et al., 1965). The latter appears to be low yields with high undesired side-
reactions and difficult product isolation. Recently, Prof. Schmid's group has reported a
method for the synthesis of simple esters derived from glucose and aliphatic fatty acids (Cao
et al. 1996), in which lipase B from Candida antarctica (CAL-B) was used as biocatalyst.
CAL-B is a very versdtile lipase which is cataytically active even in polar solvents such as

TBA or acetone and alowed access to a wide range of aromatic glycolipids with widespread
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properties. In this work, a process for the synthesis of SFAE based on phenolic glucosides or

unsaturated arylaliphatic acids, which are known to display anticancer activity, was described.

6.2.2 Lipase-catalyzed synthesis of salicin fatty acid esters

Sdlicin fatty acid esters were synthesized by lipase B from Candida antarctica in a mainly
solid phase system (Figure 6.2.2.1), where the acylation of a solid sugar derivative-- natural
occurring drug salicin-- with fatty acids was performed in the presence of a very small amount
of organic solvents (EMK). Water generated during the esterification formed an azeotrope
with EMK and was eliminated from the reaction medium by azeotropic distillation. D-(-)
salicin and non-activated fatty acids with different chain length (Cg, C1g, C14, C16, C1g) Were
used as the reactants.

(@) R
o) Y

OH o . Lipase o T

HO + H,O
H R EMK O O
H OH H
OH HO
OH OH

Figure 6.2.2.1 Reaction scheme for the lipase-catalyzed synthesis of salicin fatty acid esters
(R=C7,Cg, Cy3,Cy5 C17)

6.2.2.1 Results and discussion

6.2.2.1.1 Influence of fatty acid chain length on monoester yields

As indicated in the previous chapters, long chain fatty acids as acyl donors normally favored
the solidification of the reaction mixture and gave also high conversion (Cao et al. 1996; Otto
et al. 1998; Otto et al. 1998; Otto et al. 1998; Otto et al. 1999) (Yan et a. 1999; Yan et 4.
1999; Yan et a. 2000; Yan et al. 2000; Yan et al. 2000; Yan et a. 2000). The influence of the
fatty acids on the synthesis of salicin esters was investigated (Figure 6.2.2.1.1.1). As acyl
donor, fatty acids with different chain length were used in the presence of EMK at a molar
ratio of fatty acid:salicin of 1:1. The highest yield of 6-O-stearoyl-D(-) salicin (67%) was
achieved by the use of long chain fatty acid--stearic acid. Using palmitic acid the sdlicin
monoester yield of 53% after 48 h reaction time at 40°C was obtained. No salicin diester was
detected and solidification was observed after 24 h by the use of long chain fatty acids such as
stearic acid and palmitic acid as acyl donors. With myristic acid the mixture solidified after
about 36 h. In contrast, with short chain fatty acids such as caprylic acid and capric acid no
solidification of the reaction mixtures was observed. A rationa explanation for this

phenomenon is as follows: the different solubilities of the salicin esters of fatty acids with
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different chain lengths in reaction medium. The sdlicin fatty acid ester formed during the
reaction will crystallize from the liquid phase, if its saturation concentration is reached.
Through the crystallization, product inhibition can be avoided and thereby the equilibrium of
the solid phase synthesis is favored. Therefore, higher yields of the salicin esters of long chain
fatty acids were achieved.

80 80
70 - 70
60 - 60
50 monoester | 50

— J [ diester i

c\o

. 40 L 40

)

E - -

> 30 - 30
20 - 20
10 4 10

0 t t -0
C18 C16 Cl4 C10 C8

Fatty acids with different chain length

Fig. 6.2.2.1.1.1 Influence of fatty acids chain length on product yield.
Reaction condition: 0.5 mmol salicin, 0.5~1.0 mmol fatty acids, 50 mg

CAL-B, 200 rpm, 50 ml EMK, temperature 25-40°C, time 24-48 h.

6.2.2.1.2 Regiosdlectivity of salicin by using different acyl donors

As shown in Figure 6.2.2.1.1.1, a drastic change of regioselectivity of salicin was found when
going from stearic acid to caprylic acid. The yields of diester from O increased to 21%. It is
known that the solubility of salicin fatty acid esters depends mainly on the chain length of the
acyl moiety. Generdly, the solubility of salicin fatty acid esters decreased with increasing
chain length and thus for short chain fatty acids the possibility of diacylation increases.
Furthermore, the salicin monoesters of fatty acids with long chains crystallized easily from
the reaction mixture, thus diacylation was not favored. According to the model of Kazlaukas
& Bornscheuer, in a lipase-catalyzed acylation of sugar or sugar derivatives, the primary

hydroxyl groups reacts first, followed by the secondary hydroxyl group (Bornscheuer and
Kazlauskas 1999). Indeed, 1H-NMR and 13C-NMR spectra gave evidence that the acylation
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proceeded first at the primary hydroxyl group of glucoside and then at the primary hydroxyl
group at the aromatic ring of D-(-)-sdlicin.

6.2.3 Lipase-catalyzed synthesis of cinnamic acid glucose ester

CAL-B consists of the common structural framework such as a/b-hydrolyze fold and the
catalytic triad in the active site (Ollis et al. 1992). It allows access to a wide range of aromatic
glycolipids (Otto et al. 1998; Otto et al. 1998; Otto et al. 1998; Otto et al. 1999). Since the
cinnamic acid glucose has antiinflammatory and anticancer activities it was expected to
synthesize it by CAL-B catalyzed esterification (Figure 6.2.3.1), which was based on a solid
phase system.

O¢
OH
H OH
Fig. 6.2.3.1 Reaction scheme for the lipase-catalyzed synthesis of glucose cinnamic acid
ester.

6.2.3.1 Results and discussion

6.2.3.1.1 Solvent choice

Enzyme-catalyzed reactions in organic solvents rather than in agueous media have made it
possible to ater the enzyme properties. It has been shown that organic solvent may have a
profound effect on the solubilization of substrates and products as well as the activity of
enzymes (Rubio et al. 1991; Yang and Robb 1994). In the solid phase synthesis system, the
solvent selection is crucia to achieve a high product yield. For this reason, several organic
solvents were first examined for the synthesis of glucose cinnamic acid ester. It was found
that only very few solvents could be used in the esterification of the glucose with cinnamic
acid (Table 6.2.3.1.1.1).

In these experiments, it was found that a relatively high conversion (43%) could be achieved
in acetone and no solidification was observed, while a relatively low conversion (24%) was
obtained in cyclohexane and fast solidification occurred. This phenomenon let us investigate
the possibility for the synthesis of glucose cinnamic acid ester in two-solvents mixture of
acetone and cyclohexane. A series of experiments for the synthesis of glucose cinnamic acid
ester at different ratio of acetone to cyclehexane were carried out, in order to maximize

conversion and productivity (Tab. 6.2.3.1.2). Best result (70% conversion) was achieved at
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ratio of acetone to cyclohexane of 2:1 [v/v], substrate ratio of 1:2 [glucose:cinnamic acid,
mol/mol] at 55°C for 7 days.

Tab. 6.2.3.1.1 Screening of solvents for the synthesis of cinnamic acid glucose ester.

Solvents Product* Solvents Product*
dioxane + trichlormethane -
acetonitrile - diethyl ether +
acetone +++++ n-hexane +

2,2,4—tr_i methylpentane / - cyclohexane +++
iso-octane

tetrahydrofuran + hexane +
dichloromethane - 1S0-hexane +
TBA ++++ hetpane +
EMK +++ n-pentane -

Reaction conditions: 0.5 mmol cinnamic acid, 0.5 mmol glucose, 50 mg L-2, 100 mg
molecular sieves, 0.6 ml solvents, reaction temperature 55°C, at 500 rpm and reaction time
7 days. * Product detected by TLC.

Tab. 6.2.3.1.2 Relationship between ratio of cyclohexane to acetone and conversion.

Ratio of cyclohexaneto acetone [v/V] Conversion* [%]
4:1 26
31 34
21 43
11 55
12 70
13 62
14 50

Reaction conditions: 0.5 mmol cinnamic acid, 0.25 mmol glucose, 50 mg L-2, 100 mg
molecular sieves, 0.6 ml solvents, reaction temperature 55°C, at 500 rpm and reaction time
7 days. *conversion of glucose.
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6.3 Lipase-catalyzed synthesis of amino-sugar derivatives

6.3.1 Introduction

Esters of akyl glycosylamines are already known as a new generation of nonionic surfactants
with interesting technological and economical properties. They have excellent detergent and
lathering properties and are easy to be rinsed, and not irritating. They even diminish the
irritation of the skin and the mucous membrane of the eye caused by other surfactants used in
combination with them. In addition, they have a low environmental impact because they are
biodegradable.

At present, fatty acid glucamide are manufactured by chemical method at high temperature
employing inorganic alkaline catalyses. Besides high energy consume and low productivity,
the formation of chloride salts by neutralization is the magjor disadvantage of these chemical
approach since they may lead to production of nitrosamine and cause some concern of the
safety of their use in human consumption. Enzymatic processes offer an aternative way to
these surfactants. In fact, the enzymes which are highly regioselective and enantioselective
may be employed for selective acylation of amino-sugar molecules (Zaks and Klibanov 1985;
Oosterom et al. 1996; Valivety et al. 1997; Clapés et a. 1999). Because of the different
solubilities of amino-sugars and fatty acids in organic solvents, it is not easy to mix sugars
and fatty acids in the reaction medium. In the previous work a method for the synthesis of
SFAE was reported, which was based on a mainly solid phase system. The acylation of a solid
sugar (glucose) with afatty acid was performed via lipase-catalysis in the presence of a small
amount of organic solvents (Cao et a. 1996) (Yan et a. 1999; Yan et a. 1999; Yan et 4.
2000; Yan et a. 2000; Yan et a. 2000; Yan et a. 2000), high yields and regioselectivities
were obtained. Here, it was expected to report that lipases not only accept glucose as acyl

acceptor, but also allow the efficient synthesis of amino-sugar fatty acid esters.

6.3.2 Result and discussion

N-methyl-glucamine contains the amine and five hydroxyl functions (one primary hydroxyl
group) that can react with fatty acid. Because of the high activity of lipase for primary
hydroxyl groups and amines, these two groups can be acylated to form either the amide
compound or the N-methyl-glucamine monoester. First the lipase-catalyzed esterification with
equimolar N-methyl-glucamine to palmitic acid in the presence of a small amount of TBA at

40°C was investigated. Under these conditions, only 45% palmitic acid was consumed after
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72 h to yield a product mixture containing 65% pal mitoyl-N-methyl-glucamide and 35% 6-O-
pamitoyl-N-methyl-glucamine. In order to selectively synthesize the targeted N-acylation of
N-methyl-glucamine, it is necessary to optimize the reaction condition such as substrate ratio,

reaction temperature and reaction time.

6.3.2.1 Influence of the substrateratio

Investigating different ratios of palmitic acid and N-methyl-glucamine, it was found that an
increase in the fatty acid concentration led to a considerable increase in productivity of 6-O-
palmitoyl-N-methyl-glucamine and amine conversion (Tab. 6.3.2.1.1). In contrary,
amidification was preponderant when the molar ratio of palmitic acid to amine was lower than
1. In order to improve the efficiency of synthesis, the reaction was carried out at 60°C, with a
molar ratio of palmitic acid to amine of 1:4. The highest conversion of palmitic acid (95%)

was achieved and only palmitoyl-N-methyl-glucamide was detected after 438 h.

6.3.2.2 Influence of fatty acids chain length

N-methyl-glucamine was acylated with various fatty acids under the optimal conditions.
Results are described in Table 6.3.2.2.1. All other fatty acids had a lower reactivity than
palmitic acid. In the case of caprylic acid, a new product was obtained in 7% yield, which was

confirmed as diacylated amide-ester 6-O, N-dioctanoyl-N-methyl-glucamide.

Table 6.3.2.1.1 Influence of substrate ratio on selective acylation.

Palmitic acid/amine Amine conversion Amidification
[mol/mol] [%] %]
41 100 5
21 70 25
11 45 65
1.2 30 88
14 22 100

Reaction conditions: 0.25~1 mmol N-methyl-glucamine, 0.25~1 mmol palmitic acid, 80 mg
L-2, 200 mg molecular sieves, 0.6 ml TBA, 40°C, at 350 rpm and reaction time 72 h.
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Table 6.3.2.2.1 Acylation of N-methyl-glucamine with various fatty acids.

Acyl donor Conversion* [%] Compounds
Stearic acid 93 Stearoyl-N-methyl-glucamide
Palmitic acid 95 Palmitoyl-N-methyl-glucamide
Lauric acid 54 L auroyl-N-methyl-glucamide
Caprylic acid 46 Octanoyl-N-methyl-glucamide,
6- O, N-dioctanoyl-N-methyl-glucamide

Reaction conditions: 1 mmol N-methyl glucamin, 0.25 mmol fatty acids, 2 ml TBA, 200 mg
lipase from Candida antarctica B on EP 100, 1 g molecular sieves, 60 °C, 250 rpm, 24 h.
* conversion of fatty acid.
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7. Materials and methods

7.1 Chemicals

7.1.1 Sugars and sugar derivatives

Table 7.1.1 Characteristic parameters of sugars and sugar derivatives used.

Sugar/sugar derivatives Melting point (°C) Supplier
b -D(+)-Glucose 150 Sigma
D(+)-Glucose 146 Fluka
D(+)-Sucrose 169-170 Fuka
L-ascorbic acid (vitamin C) 160-165 Fluka
D(+)-Trehalose not available Fluka
D(+)-Lactose* HoO not available Fuka

7.1.2 Fatty acids and other acyl donors

Table 7.1.2 Acyl donors used.

Fatty acid or acyl donor Supplier

Oleic acid Sigma

Stearic acid Sigma

Palmitic acid Fluka, Henkel
Myrigtic acid Sigma, Henkel

Lauric acid Sigma

Capric acid Fluka, Henkel
Caprylic acid Fluka, Henkel
Caproic acid Henkel

Stearic acid methyl ester Fluka

Palmitic acid methyl ester Fluka

Palmitic acid vinyl ester Tokyo Kasei Kogyo Co. Ltd.
Lauric acid vinyl ester Tokyo Kasei Kogyo Co. Ltd.
Capric acid vinyl ester Tokyo Kasai Kogyo Co. Ltd.
Caprylic acid vinyl ester Tokyo Kasei Kogyo Co. Ltd.
Tripalmitin Huka
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7.1.3 Organic solvents

The organic solvent used in enzymatic acylation of sugar were dried over activated molecular

sieve. The solvents used for HPLC were filtered over a nitrocealulose filter and then sonicated

in awater bath for 15 minutes.

Table 7.1.3 Characteristic parameters of the organic solvents used in this work.

Organic solvent Log P Supplier

Ethyl methylketone 0.29 Fluka
Dimethylformamide 1.0 Fluka

DMSO -1.3. Fluka

Dioxane -11 Fluka
Acetonitrile -0.36 Riedel-de Haén
Acetone -0.30 Riedel-de Haén
g-Butyrolactone not available Fluka
Tetrahydrofuran 0.49 Riedel-de Haén
Dichloromethane 0.64 Riedel-de Haén
t-Butanol 0.83 Fluka
t-Butylmethylether 1.6 Fluka
t-Amylalcohol 14 Fluka
3-Methyl-3-pentanol 15 Fluka
Ethylacetate 0.68 Riedel-de Haén
Triethylene glycol dimethyl ether -1.74 Fluka

Ethylene glycol -1.93 Fluka

Methanol -0.76 Riedel-de Haén
Chloroform 20 Riedel-de Haén
Acetic acid -2.3. Fluka

Water not available laboratory
1-Butanol 0.8 Fluka
Diethylether 0.85 Riedel-de Haén
Hexane 35 Riedel-de Haén
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7.1.4 Miscellaneous chemicals

Table 7.1.4 Other chemicals used in this work.

Substance Supplier
LiCl Fluka
KCoH302 Fluka
MgCh* 6H20 Fluka
FeSO4 Fluka
Tris (2-amino-2-hydroxymethyl-1,3-propandiol) Fluka
H2S04 Fluka
HCI Fluka
K2CO3 Fluka
NaOH Fluka
Mg(NO3g)2*6H20 Fluka
Triton X-100 Fluka
NaCl Fluka
KCI Fluka
K2SOy4 Fluka
Span 60 Fluka
PEG 2000 monomethy! ether Fluka
Molecular sieve Fluka
Duolite 568 Novo
Polypropylene EP 100 Akzo Nobel
Ambelite XAD-7 Sigma
Celite®545 Fluka
Hyflo Super CeI® Huka
TLC auminium sheet silicagel 60 Fosg Merk
Silica gel 60 (70-230 mesh) Fluka
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7.2 Equipment

Hydrolytic activity
Dosimat 665,
Impulsomat 614,
pH-Meter 632
Stirrer

Recorder

Incubator

Thermostat chamber

Karl-Fisher-Titration
Dosimat 665
KF-Titrino 701

Stirrer Tri Stand 703

Thin-layer chromatography (TLC)
Silicagel plate 60 F2s4

Development chamber

High performance liquid chromatography (HPLC)
HPL C-equipment

Column (Nucleosil Cig 5um, 250 x 4 mm)

RI detector (ERC-7512)

HPLC controller S 2000

Low pressure gradient mixer S 8110

Integrator C-R5A Chromatopac

Solvent delivery system S 1100

Thermomixer

Tensiometer

- 70 -

Metrohm, Switzerland
Metrohm, Switzerland
Metrohm, Switzerland
Metrohm, Switzerland
Linsais, Germany
Metrohm, Switzerland
Lauda, Germany

Metrohm, Switzerland
Metrohm, Switzerland
Metrohm, Switzerland

Merk, Germany

Migge GmbH, Germany

Sykam, Switzerland
Sykam, Switzerland

Sykam, Switzerland
Sykam, Switzerland
Shimazu Europa GmbH, Germany
Sykam, Switzerland

Eppendorf GmbH/Germany

Lauda Tensiometer TD1,

L auda- Konigshofen, Germany
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Rotation vapor Rotavapor R-134, Bchi,
Switzerland
Melting point
Equipment Schmel zpunktbestimmungs-
apparat, Glasapparatfabrik Hawel,
Switzerland
Sonication
Sonorex super RK 514H Bandelin Electronic,
Berlin/Germany
Dessicator Migge GmbH, Leonberg/Germany
Flash liquid column chromatography
Silicagel 60 (70-230 mesh) Fluka, Buchs/Switzerland
Column Migge GmbH, Leonberg/Germany
Experimental apparatus
Soxhlet extractor 30 ml Migge GmbH, Leonberg/Germany
Membrane reactor with area 23 cm? Julich Forschung GmbH/Germany
Membrane Pervapo 2200 Sulzer Chemtech GmbH/Germany

7.3 Screening of lipases

Screening of immobilized lipases was performed according to the following procedure: 1
mmol palmitic acid and 1 mmol b-D(+)-glucose were mixed together in the presence of 0.7
ml t-butanol. The reaction was started by addition of 40 mg immobilized lipases as listed in
Table 7.3.1.1. To remove the water produced in the reaction, 200 mg molecular sieve was
added. The reaction mixture was stirred with a magnetic bar and thermostated to 60°C. After
24 hours the reactions were stopped and the mixture was extracted with 5 ml tetrahydrofuran
at 60°C. 0.1 ml THF solution was sucked into a round bottom flask and the organic solvent
was evaporated under vacuum. The residue was dissolved in 1 ml organic solvent
(methanol:acetonitrile = 70:25) and analyzed by HPLC.
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Table 7.3.1.1 Use of different preparation of immobilized lipases from Candida antarctica.

Trade name Support

SP 435 Acrylicresin
CAL-B-SP525 EP 100
CAL-B EP 100

Chi razymeo L-2, Lyo., BM Magnetic PEG

Chirazymeo L-2

CAL-B Activated silica gel
CAL-B Activated PEG
CAL-B Cdlite

CAL-B Magnetic PEG
CAL-B EP 100

*PEG modified CAL-B

7.3.1 Determination of hydrolytic activity of lipases

Enzyme activity (lipase hydrolytic activity) was determined with a pH-stat (718 STAT
Titrino, Metrohm, Schwitzerland). A certain amount of immobilized lipase (10 mg) was
added to 20 ml aqueous solution (thermostated at 60°C) containing 2% (w/w) gum arabicum
5% (w/w) olive oil and 470 m 22% (w/w) CaClk. This solution was automatically titrated
with NaOH solution (0.1 M) to the desired pH before lipase was added. The consumption of
NaOH was recorded on a recorder as a function of time. The lipase activity is then expressed

in Units (U). One unit corresponds to the liberation of 1 mmol fatty acid per minute.

7.3.2 Determination of synthetic activity of immobilized lipases

20 mg immobilized lipase was added to 2 ml ethyl methylketone or a mixture of ethyl
methylketone and hexane, containing 45 mg b-D(+)-glucose, 64 mg pamitic acid and 50 mg
molecular sieve. The mixture was shaken (12000 rpm) and incubated on a thermoblock at
75°C or 59°C for 2 h. Samples were taken at intervals (20 minutes), centrifuged (14000 rpm,
4 min.) and the supernatants were analyzed by HPLC. The initia reaction rate was taken as

the synthetic activity of immobilized lipases.
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7.4 Deter mination of solubility, solubilisation rate and reaction rate

7.4.1 Deter mination of solubility of sugars

10 mg solid sugar was added to 1 ml organic solvent in a2 ml Eppendorf tube until saturated
solutions were obtained. After incubation at a given temperature for 24 hours on a
thermomixer and centrifugation (14000 rpm, 4 min.), the concentration of the sugar was

analyzed from the supernatant by HPLC.

7.4.2 Deter mination of solubility of SFAE

Pure solid SFAE was slowly added to 1 ml organic solvent and incubated on a thermomixer at
a specified temperature until a suspension was obtained. After centrifugation (14000 rpm, 4
min.), the concentration of sugar fatty acid esters in the supernatant was determined by
HPLC-analysis.

7.4.3 Deter mination of solubilisation rate

1 g solid sugar powder was added to 200 ml organic solvent in a capped glass flask. The
suspension was incubated in an oil bath, thermostated at a specified temperature. 1 ml of the
suspension was taken at intervals, then centrifuged at 14000 rpm for 30 seconds and the
supernatant was analyzed by HPLC.

7.4.4 Deter mination of reaction rate in a solution saturated with glucose

In order to ensure that the reaction takes place at a saturated glucose concentration, 5 mg
glucose, was added to a mixture consisting of 1 mmol pamitic acid and 0.7 ml ethyl
methylketone. The reaction was started by addition of 10 mg immobilized lipase CAL-B-EP
100 and 50 mg molecular sieve (3A, 8 mesh), and stopped by separating the enzyme from the
reaction mixture by centrifugation (14000 rpm, 4 min.). The supernatant was analyzed by
HPLC. The same reaction was repeated several times under variation of the reaction times.

7.5 Determination of saturation concentrations of SFAE

100 mg 6-O-pamitoyl-glucose was added to 500 n1 solvent (in a 2 ml Eppendorf). and mixed
with a thermomixer at 25 °C for 2 hours. After centrifugation (14000 rpm, 10 minutes), the
supernatant was discarded. The residue was weighted. The adsorbed adjuvant was estimated

by controlling the weight. The adjuvant concentration was expressed as a percentage of
adjuvant adsorbed.
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7.6 Screening of water binding materials

400 mg water binding material such as CuSO,*5H,0/ CuSO,* 3H,0, Lactose, N&SO,, and
molecular sieve were added to a reaction mixture containing 2 mmol b-D(+)-glucose, 2 mmol
octanoic acid, 100 mg CAL-B-SP435 and 1.6 ml TBA. The reaction was stopped after 24 h
reaction times. The reaction mixture was extracted with 4 ml THF at 60°C. The conversion
was determined by HPLC.

7.7 Enzymatic reactions

7.7.1 General procedures for enzymatic reactions

The reaction mixture consisted of equimolar free glucose and fatty acid (typically 0.5 mmol)
and an organic solvent (1-3 weight equivalents of substratees), which was incubated in a two-
necked round-bottom flask, placed in an oil bath, thermostated at 25-60°C (depending on the
fatty acid chain length) and stirred by a magnetic bar (250 rpm) under the reduced pressure.
For small laboratory-scale synthesis, a Soxhlet extractor with molecular sieves (4A or 5A 10
mesh, activated at 300°C, 8 h) was used to remove product water or methanol. This extractor
was connected at the top to a condenser that was connected to a vacuum controller. The
reaction was started by addition of the lipase. The temperature of the reaction was maintained
at 25-60°C and the pressure was progressively lowered so that the solvent and azeotrope in
the reaction mixture were refluxed. The condensed solvent was dried by passing through
molecular sieves before returning to the reaction system. This provides constant removal of
the water generated in the reaction, forcing the equilibrium towards synthesis. Samples from
the suspension were taken at intervals, centrifuged and the supernatants analyzed by thin layer
chromatography (TLC) and HPLC to determine enzymatic conversions. Productivities were
calculated from the conversion and expressed as mmol product formed per gram enzyme per

hour (mmol/g*h).

7.7.2 Procedurefor lipase-catalyzed esterification in a stirred-tank membrane reactor

The reaction mixture consisted of equimolar sugar and fatty acid (usualy 0.5 mmol) in a
solvent EMK or a mixture of EMK and hexane (1~2 weight equivalents of substrates) as
adjuvants. The reaction mixture was incubated in a membrane reactor, placed in a magnetic
stirrer and agitated by a magnetic bar (650 rpm). The reaction temperature was kept at 75 or
59°C. At this temperature the azeotrope -- the mixture of EMK and water (b.p. 73.5°C) or the
mixture of EMK, hexane and water (b.p. 56°C) produced during esterification -- was

vaporized. The gaseous mixture was contacted with the membrane Pervapo 2200. Water
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vapor passed through the membrane, leading to break the azeotrope. EMK and hexane vapor
were changed back into a liquid phase and returned to the reaction medium. This provides
constant removal of water generated in the reaction and drives the equilibrium towards SFAE
synthesis. The permeate container equipped with a condenser (temperature kept at -8°C), was
connected to a vacuum pump (maintained on 10 mbar). The reaction was started by addition
of lipase immobilized CAL-B on EP 100 (0.2 weight equivalents of substrates). Samples from
the reaction mixture were periodically collected and analyzed by thin layer chromatography
(TLC) and HPLC as described previoudy (Cao et al. 1997).

7.7.3 General proceduresfor preparative synthesis of SFAE

The reaction mixture consisted of equimolar (typically 1 mol) free carbohydrate (solid
particles), fatty acid and organic solvent (normally 1.0 ml/min EMK). The product was
synthesized using lipase B from Candida antarctica (Chirazymeo L-2) in a mainly solid
phase system in a dtirred-tank reactor under reduced pressure (2 L). Esterification was
performed in the presence of a small amount of EMK maintaining a catalytic liquid phase as
well as forming a suitable azeotropic mixture with the water generated during esterification.
The reaction water was removed from the reaction medium by azeotropic distillation and
solvent was dried by membrane pervaporation before returning to the reaction medium in a
batch manner. The reaction was controlled by HPLC, until the desired conversion was

achieved. In case of glucose fatty acid esters (C12-C1g), the reaction mixture solidified, if

high conversion was achieved. The SFAE were purified by the methods described in chapter
7.

7.7.4 General procedurefor synthesisof vitamin C fatty acid esters

The reaction mixture consisted of vitamin C, lipase, molecular sieves (3 A, activated by
heating overnight to 250°C under reduced pressure) and an organic solvent (TBA or acetone).
The reaction mixture was incubated in a uncapped vial, placed in an oil bath, thermostated at
40°C and stirred by a magnetic bar (450 rpm) for 6 h to dry the reaction medium. The reaction
was started by addition of the fatty acid vinyl ester. The temperature of the reaction was
maintained at 40°C, so that the by-product acetaldehyde was evaporated during the
transesterification. This provides constant removal of the by-product, forcing the equilibrium
towards synthesis. Samples from the suspension were taken at intervals, centrifuged and the

supernatants analyzed by TLC. The products were isolated to determine enzymatic yields.
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7.7.5 General procedurefor synthesis of amino-SFAE

The reaction mixture consisted of equimolar amounts of amino-sugar and fatty acid in an
organic solvent [usualy TBA (one weight equivalents of substrates) as adjuvant, and
activated molecular sieves 3 A, 10 mesh, 0.6 weight of substrates] for the adsorption of water
generated during esterification. The reaction mixture was incubated in a capped vial, placed
in an oil bath thermostated to 60°C and stirred by a magnetic bar (450 rpm). The reaction was
started by addition of the immobilized lipase (0.2 weight equivaents of substrates). Samples
from the reaction mixture were analyzed by TLC. At the end of the reaction, the mixture was
extracted with 20 ml THF by stirring at room temperature for 30 min. The immobilized
enzyme was separated from the reaction mixture by flotation alowing easy recovery of the
biocatalyst. Organic solvent was removed in vacuo by rotary evaporation and the crude

product was purified by silica gel chromatography [ methanol:ethyl acetate=3:7].

7.7.6 General procedurefor synthesisof salicin fatty acid esters

The reaction mixture (5 mmol scale) consisted of free fatty acids and salicin and an organic
solvents (EMK or acetone). The reaction mixture was incubated in a two-necked round-
bottom flask equipped with a Soxhlet extractor on top of a condenser, which was connected to
a vacuum pump. Activated molecular sieves was placed in the Soxhlet extractor for the
removal of by-products (water or methanol). The condensed solvent was dried by passing
through the activated molecular sieves before returning to the reaction system. The apparatus
was placed in an oil bath, thermostated to 40-60 °C and stirred by a magnetic bar under
reduced pressure. The reaction was started by addition of lipase. Samples from the suspension
were taken at intervals, centrifuged and the supernatants were analyzed by thin layer
chromatography. At the end of the reaction, the mixture was extracted with dichloromethane
and filtered to remove lipase and unreacted salicin. The salicin fatty acid esters were purified
by column chromatography.

7.8 Investigation of enzyme stability

7.8.1 Enzyme stability by using different fatty acids

1 mmol different fatty acid was added to a mixture consisting of 1 mmol b-D(+)-glucose, 0.7
ml TBA and 200 mg activated molecular sieve (3A, 10 mesh). The mixture was stirred with a
magnetic bar and incubated in an oil bath thermostated to 60°C. The reaction was started by
addition of 40 mg immobilized lipase CAL-B-EP 100. After 24 h, the reaction was stopped.

To the reaction mixture 40 ml THF was added while stirring and the enzyme and sugar(not
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reacted) were separated by filtration. The residue containing sugar and immobilized enzyme
was dried under vacuum for two hours. The conversion was anayzed by HPLC. The isolated
enzyme was reused for the same reaction under identical conditions. The conversion after the

second reuse was also analyzed by HPLC.

7.8.2 Enzyme stability by using different solvents.

To a mixture containing 2 mmol b-D(+)-glucose, 2 mmol octanoic acid, 100 mg CAL-B on
EP 100 and 500 mg molecular sieves, 1.4 ml solvent was added. The reaction mixture was
stirred by a magnetic bar (200 rpm) and incubated at 60°C in an oil bath. After 24 h, the
reaction was stopped. The immobilized enzyme was isolated and reused. The conversion was
determined by HPLC.

7.8.3 Enzyme stability at different reaction temperatures

The reaction mixture containing 2 mmol b-D(+)-glucose, 2 mmol octanoic acid, 1.4 ml TBA,
100 mg CAL-B EP 100 and 500 mg molecular sieve was incubated at different reaction
temperatures (30-70°C) and, stirred by a magnetic bar (200 rpm). After 24 h, the immobilized

enzyme was isolated and reused. The conversion was determined by HPLC.

7.8.4 Operational stability of immobilized lipase

20 mg immobilized lipase was added to 2 ml EMK or the mixture of EMK and hexane,
containing 45 mg b-D(+)-glucose, 64 mg pamitic acid and 50 mg molecular sieve. The
mixture was shaken (12000 rpm) and incubated on a thermoblock at 75°C or 59°C for 24
hours. Samples were taken at intervals (20 minutes), centrifuged (14000 rpm, 4 min) and the
supernatants were analyzed by HPLC. The initial reaction rate was taken as the synthetic
activity of immobilized lipases. The reaction mixture was solubilised in acetone. The
immobilized enzyme was isolated by filtration. After drying the immobilized enzyme in a
desiccator (under reduced pressure), the used lipase was added to a new reaction mixture and
carried out under identical condition. This process was repeated several times. The conversion
was determined by HPLC. The synthetic activity of immobilized lipase was expressed by the

conversion.
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79TLC-Analysis

7.9.1 TLC-analysisfor glucose fatty acid esters

TLC analysis was performed on activated silica gel plates 60F,,, (Merck) using chloroform,
methanol, acetic acid and water (70:20:8:2) or ethylacetate, methanol and water (80:20:5) as
developing system. The plates were sprayed with 50% sulfuric acid and heated at 110°C on a
heating block for 5 minutes to develop the sugar and sugar ester spots.

7.9.2 TLC-analysisfor vitamin C fatty acid esters

TLC analysis was performed on non-activated silica gel plates 60F,,, (Merck) using
ethylacetate:methanol :water (80:20:5, by vol.) as developing system. Spots were visualized by
dipping into Cer-reagents (25 g molybdophosphoric acid and 10 g Cer(lV)-sulfate are
dissolved in a mixture containing 300 ml water and 80 ml concentrated H,SO, with water
then added to a final volume of 1 L) and heated at 110°C on a heating block for 5 min to
develop the vitamin C, vitamin C ester, fatty acid vinyl esters and/or fatty acids spots.

7.9.3 TLC-analysisfor salicin fatty acid esters

TLC analysis was performed on activated silica plates 60F24g (Merck) using chloroform,
methanol and water (65:15:2) as developing system. The plates were sprayed with
anisaldehyde solution (acetic acid:sulfuric acid:anisaldehyde = 100:2:1) and heated at 110°C

on a heating block for 3 minutes to develop the fatty acid, salicin fatty acid monoester, salicin
fatty acid diester and salicin.

7.10 HPL C-Analysis

All solutions and reaction mixtures were analyzed by a HPLC system (Sykam, Gilching,
Germany) equipped with a Nucleosil 120-5C;g column. For the analysis of 6-O-palmitoyl
glucose ester a mobile phase consisting of methanol:acetonitrile:water (70:25:5) was used;
monoester and fatty acid were detected with a refractive index detector. For the analysis of all
other carbohydrates the mobile phase consisted of the following solvent system: A:
methanol:water:acetic acid (49.5:50:0.5) and B: methanol. For the analysis of 6-O-octanoyl-
glucose, a mobile phase of methanol:acetonitrile:water (50:30:20) was used. Analysis was
performed at a flow rate of 1.0 mli/min at 39 °C with a light scattering detector at 2.5 bar

nitrogen pressure.
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7.11 NMR-Spectra
'H- and *C-NMR-spectra were recorded on a Bruker AC250F, Bruker CXP 300 spectrometer
(*H at 200 MHz, *C at 100.6 MHz) in DM SO-dk.

7.12 General procedurefor the purification of SFAE

The SFAE synthesized in this work were purified according to Scheme 7.12. For the
purification of a specific SFAE, this procedure must be modified according to the properties
of SFAE, e.g. solubility, chain length of acyl moiety. Generally, the SFAE of long chain fatty
acid can be purified by recrystalization in acetone or methanol. In contrast, the SFAE of short
chain fatty acid should be purified by column chromatography.

7.12.1 Glucose fatty acid esters

In the case of glucose fatty acid esters, the procedure for column chromatography is generally
not necessary. Highly pure glucose fatty acid esters can be obtained by recrystallisation in
acetone. Glucose fatty acid esters were solubilised in acetone at 50°C. The insoluble sugar
was separated by filtration. The SFAE solution in acetone was cooled to -10°C and white
crystals formed, which were collected by filtration. The purity of the glucose fatty acid esters
achieved with this procedure was higher than 99% as conformed by HPL C determination.

7.12.2 Vitamin C fatty acid esters

At the end of the reaction, the mixture was extracted three times with 20 ml mixture of
acetone at 50°C, filtered to remove enzyme and molecular sieves. The fatty acid ascorbyl
ester solution was heated to evaporate acetone in a rotary evaporator. For the caprylic acid
ascorbyl ester, after dissolving the concentrate in 15 ml EMK, 5 ml pure water was added to
hydrolyse unreacted fatty acid vinyl ester and to dissolve the unreacted vitamin C. The
organic phase was collected by separation and then the solvent evaporated. For the other fatty
acid ascorbyl esters, 5 ml (three times) was directly used to wash the concentrate. Then, the
crude product was washed three times with hexane to remove fatty acids. A powdered, white
solid was obtained. The purity of the fatty acid ascorbyl esters achieved with this procedure
was higher than 99%.

7.12.3 Salicin fatty acid esters

At the end of the reaction, the mixture was extracted three times with 20 ml dichloromethane
by stirring each a room temperature for 20 min. Hereby, the immobilized enzyme was

separated by flotation from the reaction mixture allowing an easy recovering of the enzyme
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preparation. Organic solvent from the supernatant was removed in vacuo and the crude

product was purified by silica gel chromatography. For separating the mono- and diesters, it

was achieved by removal of saicin myristic diester and myristic acid using
chloroform:methanol (30:1) followed by elution with ethylacetate:methanol (30:1) to isolate
the monoester. Thus, first the chloroform and methanol (30:1) was used to separate the salicin
myristic diester and myristic acid and, then ethyl acetate and methanol (30:1) were added to

separate the salicin myristic diester and salicin myristic monoester.

Reaction mixture

Extraction with
war m n-hexane(50°C)
and filtration

l l

Residue Filtrate
(Sugar ester, enzyme, sugar) (Fatty acid, organic solvent)
Dispersion of Evaporation
sugar fatty acid
estersin n-hexane Fatty acid
l Precipitation l
Enzymeand Sugar fatty acid ester
sugar and n-hexane
l Filtration
Solid

sugar fatty acid ester

J

Column chromatography
(Silica gel, ethylacetate/methanal)

Scheme 7.12 General purification scheme of SFAE.

7.13 Immobilization of lipases

Immobilization of lipases was performed as described in literature (Wisdom 1984; Gray et .
1990; Bosley and Peilow 1991; Montero et al. 1993; Huang and Ju 1994; Agrawa and Burns

1996; Bosley and Peilow 1997; Castillo et al. 1997; Lee and Akoh 1997).
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7.13.1 Deposition of lipases on Celite

200 mg CAL-B was dissolved in 10 ml of phosphate buffer (20 mM, pH 7.0). The lipase
solution was cooled in an ice bath. Then 2 g Celite powder was added while stirring. The
mixture was stirred at 10°C for 2 h, then 10 ml chilled acetone was added to the solution. The
immobilized lipase was collected by filtration and washed several times with chilled acetone

and dried under vacuum for 2 h.

7.13.2 Adsor ption of lipase on EP 100 and Amberlite XAD-7

1 gram of lipase powder was dissolved in 100 ml phosphate buffer (20 mM, pH 6.0). The
solution was added to 5 gram EP100, pre-wet with 15 ml ethanol or acetone and incubated in
an ice bath. The mixture was stirred at room temperature overnight. The immobilized lipase
was collected by filtration and washed with distilled water for severa times, then with sodium

phosphate buffer (20 mM, pH 7.0) and dried in vacuum for 2 h and stored at 4°C prior to use.

7.13.3 Immobilization of lipase on activated silica gel

Silanisation was performed as follows: to 250 ml p-aminopropyl-triethoxysilane in acetone
(1%) 10 g silica (80-800 mesh) was added. After evaporation of acetone, the mixture was
heated to 110°C overnight. To 4 g activated silica gel, 40 ml 2.5% glutaraldehyde was added.
The reaction mixture was stirred at room temperature for 1 h. After thorough washing with
water, 40 ml 1% (w/v) lipase solution (dissolved in sodium phosphate buffer, 50 mM, pH 7.0)
was added and stirred at room temperature for 2 h. The immobilized lipase was collected by
filtration and washed severa times with distilled water and buffer, (20 mM, pH 7.0). The
immobilized enzyme was collected by filtration, dried overnight under vacuum and stored in

the refrigerator.

7.13.4 Modification of lipase B with activated PEG

To 200 ml p-aminopropyl-triethoxysilane in acetone (1%) 10 g PEG 2000 monomethy! ether
was added. After the evaporation of acetone, the mixture was heated to 110°C for two hours.
The reaction mixture was dissolved in 50 ml acetone, then petrol ether was slowly added in
order to precipitate the PEG. The activated PEG was collected by filtration and washed with
petrol ether. To 4 g activated PEG, 40 ml 2.5% glutaraldehyde was added. The reaction
mixture was stirred at room temperature for 1 h. The activated PEG was extracted with
chloroform. After evaporation of chloroform, 40 ml 1% (w/v) lipase solution (dissolved in
sodium phosphate buffer, 50 mM, pH 7.0) was added and stirred at room temperature for 2 h.

To this mixture, 40 ml chilled acetone was slowly added while stirring and non-modified
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lipase was precipitated and filtrated. After evaporation of excess solvent under vacuum, the
immobilized lipase was dissolved in acetone and precipitated with petrol ether. Immobilized
lipase was collected by filtration, dried overnight under vacuum and stored at 4°C prior to

use.

7.13.5 Immobilization of lipase on magnetic polypropylene

The magnetic support was prepared according to Figure 7.13.5: 4 g EP was pre-wetted with
15 ml ethanal, then 60 ml distilled water and 20 ml FeSO, (1.5%) were added under bubbling
with nitrogen gas. Then 4 ml hydrogen peroxide (0.06%) was sowly added to the solution
under stirring at 50°C. During the process, the pH was kept to 10.0 by adding 3 N sodium
hydroxide. When the color of the mixture became dark, the EP was collected by filtration,
thoroughly washed with distilled water and dried under vacuum for use.

2 g of this support was dissolved in 6 ml ethanol, then 40 ml CAL-B solution (1%, wi/v)
solubilized in sodium phosphate buffer (20 mM, pH 6.0) was slowly added to the mixture and
stirred at room temperature overnight. The immobilized lipase was collected by filtration and
washed with distilled water, buffer (50 mM, pH 7.0) and dried under vacuum see above.

/—> Polymer

P - I
ore @) Oxidation under ®
0O alkaline condition - Magnet
O > L) o particles
Droplet of FeSO4
solution Lipase solution
Lipase x
o0
~— M agnet
Lipaseimmobilised - particles
on magnetic carrier A

Figure 7.13.5 Preparation of magnetic EP 100

7.14 Adjustment of water activity

The immobilized enzyme, solvent as well as reactants were equilibrated with a series of

saturated salt solutions (for water activities between 0.11-0.95) at room temperature for 3
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days. The relationship between the water activity and salt solutions is shown in Table 7.14.1
(Goderis et a. 1986).

/ Solvent/reactants

| | Biocatalyst

Saturated salt solution

......

Figure 7.14.1 Pre-equilibration of a substrate solution and biocatalyst to a desired water
activity.

Table 7.14.1 Water activity of different salt solutions (Goderis et al. 1986).

Saturated salt solution used Water activity [ay]
K,S0, 0.95
KCl 0.85
NaCl 0.75
Mg(NO,),* 6H,0 0.54
K,CO, 043
MgCL*6H,0 0.33
K C,H;0, 0.23
LiCl 0.11

7.15 Deter mination of water content

The water content of free enzyme or immobilized enzymes was determined using a Karl-
Fischer titrator (701 KF Titrino, Metrohm, Switzerland). The enzyme sample was added to 20

ml dry methanol, the methanol containing enzyme was automatically titrated with a standard
solution. The water content was automatically calculated by the consumption of an organic

base. The principle is represented in equation 7.15.

SO, + HO + |, ———= HyS04 + 2H]I (7.15)
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7.16 Deter mination of aquaphilicity

The aguaphilicity was measured according to the method described by Reslow et al. (Reslow
et a. 1992) with some modification (Figure 7.16): 100 mg dry support was added to 2 ml
diethylether saturated with water in a capped flask (2.5 ml). The mixture was shaken
overnight to reach the equilibrium. Then 1 ml diethylether solution was transfered to an
Eppendorf tube (2 ml) containing 200 mg activated molecular sieve. The water remaining in
diethylether was adsorbed by molecular sieve. The increase of the weight of molecular sieve
corresponds to the amount of water dissolved in diethylether. The water adsorbed by the
support will be estimated by comparing the water dissolved in diethylether and water
saturated concentration of diethylether. Aquaphilicity was defined as the ratio of water

concentration of the support and water concentration in the solvent.

Dry support
O
OO T
O o
Equilibration )
> O
O O
Water saturated The support
solvent adsorbes water

Fig. 7.16 Scheme of agquaphilicity determination (Reslow et al. 1992)

7.17 Water removal measurement

The water removal was measured at steady state using a membrane reactor. The solvent with
a certain water content was incubated in the membrane reactor at different temperatures.
Samples from the organic solvent were periodically collected and analyzed. The water content
in the organic solvent phase was measured by Karl-Fischer titration. The water amount

passing the membrane was calculated from the mass balance at the organic solvent side.

7.18 Determination of surface tension and critical micellar concentrations
Surface tension was measured in agueous solutions with a tensiomat using a series of agueous
solutions at various concentration of biosurfactants at room temperature (25°C). The solutions

were equilibrated overnight at room temperature on a shaking apparatus. Measurement was
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repeated five times, and the mean value was taken. Critical micellar concentration was
estimated by plotting the concentration vs. surface tension. The concentration at the inflexion
point was taken as the CMC of a biosurfactant.

7.19 Deter mination of melting points

The melting points of sugar fatty acid esters were determined using the Biicher melting point
determination apparatus (Hawel, Switzerland).

7.20 Characterization of SFAE

7.20.1 Glucosefatty acid esters

6-O-octanoyl-b-D-glucose

0
)Q 2.7 8
IO (CH2)6—CHs
&
5 0
HO OH
HO 3
3 oH !

6-O-octanoyl-b-D-glucose: crystallized as white crystals from acetone, mp 126-127°C;
solubility in acetone: 75.2 mg/ml at 60°C; insoluble in n-hexane. *H NMR (DM SO-dg/TMS)
d (ppm), 0.99 (t, 3H, H-8), 1.39 (m, 8H, H-4-7"), 1.64 (m, 2H, H-3), 2.41 (t, 2H-2), 3.17 (m,
1H, H-4), 3.25 (m, 1H, H-2), 3.56 (m, 1H, H-3), 3.90 (m, 1H-5), 4.12 (dd, 1H, J = 1.65,
11.60, H-6a), 4.39 (dd, 1H, J= 6.2, 11.64, H-6b), 4.66 (d, J = 6.67, 1H, OH-3 or 2), 4.88 (d,
1H, J = 4.87, OH-4), 5.03 (dd, 1H, J = 4.10, 4.10, H-1), 5.16 (d, 1H, J = 5.68, OH-2 or 3),
6.47 (d, 1H, J = 4.65, OH-1). The shifts and coupling of H-6 protons were found. This result
was in accordance to those in the literature (Adelhorst et al., 1990; Fregapane, 1994). *3C-

NMR (DMSO-dg) d (ppm): octanoyl moiety, 12.94 (C-8, CHg), 21.05 (C-7', CHy), , 23.49
(C-3', CHp), 27.40 (C-4-C-5', CHy), 30.14 (C-6', CHp), 32.46 (C-2', CHp), 171.93 (C-1,
C=0); sugar moiety, 62.85 (C-6, CHy), 68.14 (C-4, CH), 69.55 (C-5, CH), 71.19 (C-2, CH),
71.87 (C-3, CH), 91.29 (C-1, CH).
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6-O-decanoyl-b-D-glucose
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6-O-decanoyl-b-D-glucose: crystalized as white crystals from acetone. mp 128-129°C;
solubility in acetone 48.1 mg/ml at 60°C; insoluble in n-hexane. *H NMR (DM SO-dg/TMS) d
(ppm): 0.86 (t, 3H, H-10"), 1.24 (m, 12H, H-4-9'), 1.50 (m, 2H, H-3)), 2.27 (t, 2H-2), 3.03 (m,
1H, H-4), 3.12 (m, 1H, H-2), 3.42 (m, 1H, H-3), 3.76 (m, 1H-5), 3.99 (dd, 1H, J = 6.21,
11.58, H-6a), 4.26 (d, 1H, J= 1.29, H-6b), 4.53 (d, J= 6.67, 1H, OH-3 or 2), 4.76 (d, J = 4.68,
1H, OH-4), 4.89 (dd, 1H, J= 3.73, 3.71, H-1), 5.04 (d, 1H, J= 5.61, OH-2 or 3), 6.34 (d, 1H,
J = 4.47, OH-1). The shifts and coupling of H-6 protons were found. This result was in
accordance to those in the literature (Adelhorst et al., 1990). *3C-NMR (DM SO-dg) d (ppm):
decanoyl moiety, 13.88 (C-10', CH3), 22.03 (C-9', CHp), 24.41 (C-3, CHy), 28.37 (C-4,
CH»),28.60 (C-5', CH»),28.68 (C-6', CH>»),28.81 (C-7', CH»), 31.21 (C-8, CH>), 33.38 (C-2,
CHp), 171.93 (C-1', C=0); sugar moiety, 63.78 (C-6, CHp), 69.05 (C-4, CH), 70.47 (C-5,
CH), 72.11 (C-2, CH), 72.78 (C-3, CH), 92.21 (C-1, CH).

6-O-lauroyl-b-D-glucose
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6-O-lauroyl-b-D-glucose: crystallized as white crystals from acetone. mp 130-131°C;

solubility in acetone 20.1 mg/ml at 60°C; insoluble in n-hexane. 'H NMR (DM SO-dg/TMS) d

(ppm): 0.85 (t, 3H, H-12'), 1.26 (m, 12H, H-4-11"), 1.49 (m, 2H, H-3), 2.27 (t, 2H-2), 3.03

(m, 1H, H-4), 3.12 (m, 1H, H-2), 3.42 (m, 1H, H-3), 3.76 (m, 1H-5), 3.98 (dd, 1H, J = 6.22,

11.65, H-6a), 4.26 (dd, 1H, J = 1.59, 11.57, H-6b), 4.53 (d, J = 6.64, 1H, OH-3 or 2), 4.76 (d,
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J =476, 1H, OH-4), 4.89 (dd, 1H, J = 4.12, 4.11, H-1), 5.04 (d, 1H, J = 5.71, OH-2 or 3),
6.34 (d, 1H, J = 4.66, OH-1). The shifts and coupling of H-6 protons were found. This result
was in accordance to those in the literature (Adelhorst et al., 1990). **C-NMR (DM SO-dg) d

(ppm): lauroyl moiety, 13.87 (C-12', CHg), 22 01 (C-11', CHy), 24.38 (C-3', CHy), 28.35 (C-
4', CHp), 28.63 (C-5, C6', CHy), 28.83 (C-7', CHy), 28.92 (C-8, C-9', CHy), 31.21 (C-10,
CHy), 33.38 (C-2', CHy), 172.83 (C-1', C=0); sugar moiety, 63.78 (C-6, CHo), 69.03 (C-4,
CH), 70.45 (C-5, CH), 72.09 (C-2, CH), 72.76 (C-3, CH), 92.19 (C-1, CH).

6-O-myristoyl-b-D glucose
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6-O-myristoyl-b-D-glucose: crystallized as white crystals from acetone. mp 131-133°C;
solubility in acetone: 13.2 mg/ml at 60°C; insoluble in n-hexane. *H NMR (DM SO-dg/TMS)

d (ppm): 0.85 (t, 3H, H-14'), 1.26 (m, 20H, H-4'-13"), 1.50 (M, 2H, H-3), 2.27 (t, 2H-2), 3.02
(m, 1H, H-4), 3.12 (m, 1H, H-2), 3.42 (m, 1H, H-3), 3.76 (m, 1H-5), 3.98 (dd, 1H, J = 6.22,
11.60, H-6a), 4.26 (d, 1H, J = 11.60, H-6b), 4.53 (d, J = 6.74, 1H, OH-3 or 2), 4.76 (d, J =
4.73, 1H, OH-4), 4.89 (dd, 1H, J = 4.23, 3.82, H-1), 5.04 (d, 1H, J= 5.68, OH-2 or 3), 6.34 (d,
1H, J=4.58, OH-1). This result was in accordance to those in the literature (Adelhorst et al.,
1990). *C-NMR(DMS0-dg) d (ppm): myristoyl moiety, 13.87 (C-14, CH3), 22 02 (C-13,
CHp), 24.39 (C-3', CHy), 28.36 (C-4', CH>), 28.65 (C-5', C6', CHy), 28.84 (C-7', CHy), 28.95
(C-8, C-9,C-10, CHy), 31.22 (C-12', CHy), 33.36 (C-2,, CHy), 172.83 (C-1', C=0); sugar
moiety, 63.78 (C-6, CHp), 69.03 (C-4, CH), 70.45 (C-5, CH), 72.09 (C-2, CH), 72.76 (C-3,
CH), 92.19 (C-1, CH).

6-O-palmitoyl-b-D-glucose
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6-O-palmitoyl-b-D-glucose: crystallized as white crystals from acetone. mp 135-136°C;
solubility in acetone 4.6 mg/ml at 60°C; insoluble in n-hexane. *H NMR (DM SO-dg/TMS), d
(ppm): 1.03 (t, 3H, H-16'), 1.44 (m, 24H, H-4-15), 1.69 (m, 2H, H-3), 2.45 (t, 2H-2), 3.21
(m, 1H, H-4), 3.31 (m, 1H, H-2), 3.60 (M, 1H, H-3), 3.95 (m, 1H-5), 4.18 (dd, 1H, J = 6.23,
11.64, H-6a), 4.44 (d, 1H, J = 11.46, H-6b), 4.71 (d, J= 6.75, 1H, OH-3 or 2), 4.94 (d, 1H, J=
4.82, OH-4), 5.08 (dd, 1H, J = 4.10, 3.97, H-1), 5.22 (d, 1H, J=5.67, OH-2 or 3), 6.53 (d, 1H,
J = 4.61, OH-1). The shifts and coupling of H-6 protons were found. This result was in
accordance to those in the literature (Adelhorst et al., 1990). **C-NMR(DMSO-dg) d (ppm):
palmitoyl moiety, 13.11 (C-16, CHg), 21.27 (C-15', CHp), 23.64 (C-3', CHy), 27.62 (C-4,
CH>),27.89 (C-5), 27.91 (C6', CHp), 28.10 (C-7', CH»), 28.19 (C-8, C-9', CHy), 28.23 (C-
10,11', 12',13' CHy), 30.47 (C-14', CHp), 32.60 (C-2', CHp), 172.06 (C-1', C=0); sugar
moiety, 63.04 (C-6, CHp), 68.29 (C-4, CH), 69.72 (C-5, CH), 71.35 (C-2, CH), 72.02 (C-3,
CH), 91.45 (C-1, CH).

6-O-stearoyl-b-D-glucose
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6-O-stearoyl-b-D-glucose: crystallized as white crystals from acetone. mp 134-136°C;
solubility in acetone: 3.9 mg/ml at 60°C; insoluble in n-hexane. *H NMR (DM SO-dg/TMS), d
(ppm): 0.85 (t, 3H, H-18), 1.25 (m, 28H, H-4'-17"), 1.50 (m, 2H, H-3), 2.27 (t, 2H-2"), 3.02
(m, 1H, H-4), 3.12 (m, 1H, H-2), 3.42 (m, 1H, H-3), 3.76 (m, 1H-5), 3.98 (dd, 1H, J = 6.26,
11.58, H-6a), 4.26 (d, 1H, J= 11.45, H-6b), 4.53 (d, J= 6.66, 1H, OH-3 or 2), 4.76 (d, 1H, J=
4.72, OH-4), 4.89 (dd, 1H, J = 3.86, 3.86, H-1), 5.04 (d, 1H, J=5.64, OH-2 or 3), 6.34 (d, 1H,
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J = 456, OH-1). The shifts and coupling of H-6 protons were found. This result was in
accordance to those in the literature (Adelhorst et al., 1990). **C-NMR (DM SO-dg) d (ppm):
stearoyl moiety, 13.87 (C-18', CHg), 22.05 (C-17', CHy), 24.42 (C-3, CHp), 28.41 (C-4,
CHb), 28.68 (C-5'), 28.72 (C6', CHy), 28.89 (C-7', CH»),29.01 (C-8', C-9, 10|, 11', 12, 13,
14', 15'; CHo), 31.26 (C-16', CHy), 33.37 (C-2', CHp), 172.06 (C-1, C=0); sugar moiety,
63.82 (C-6, CHp), 69.05 (C-4, CH), 70.49 (C-5, CH), 72.11 (C-2, CH), 72.78 (C-3, CH),
92.21 (C-1, CH).

6-O-leoyl-b-D-glucose
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6-O-leoylb-D-glucose: crystallized as white crystals from acetone. mp 111-112°C; solubility
in acetone; 77.6 a 60°C; insoluble in n-hexane. *H NMR (DMSO-dg/TMS) d (ppm): 85 (t,
3H, H-18), 1.25 (m, 28H, H-4'-17"), 1.50 (m, 2H, H-3), 1.98 (m, 4H, H-8 and H-11'), 2.27 (t,
2H-2"), 3.02 (m, 1H, H-4), 3.12 (m, 1H, H-2), 3.43 (m, 1H, H-3), 3.76 (m, 1H-5), 3.98 (dd,
1H, J=6.29, 11.65, H-6a), 4.26 (dd, 1H, J= 11.43, 1.21, H-6b), 4.53 (d, J = 6.67, 1H, OH-3
or 2), 4.76 (d, 1H, J = 4.82, OH-4), 4.89 (dd, 1H, J = 4.18, 4.01, H-1), 5.04 (d, 1H, J = 5.69,
OH-2 or 3), 5.33 (m, 2H, H-9-10), 6.34 (d, 1H, J = 4.63, OH-1). The shifts and coupling of
H-6 protons were found. This result was in accordance to those in the literature (Adelhorst et
al., 1990). **C-NMR(DMSO-dg) d(ppm): oleoyl moiety, 13.87 (C-18, CHg), 22.03 (C-17,
CHy), 26.50 (C-3', CHo), 26.52(C-4', CHy), 28.38 (C-5'), 28.45 (C6', CHo), 28.54 (C-7', C-
12', CHy), 28.63 (C-13), 28.78 (C-14', CHy), 29.04 (C-8', C-11', CHp), 31.22 (C-16', CHo),
33.35 (C-2, CHy), 129.54 (C-9-C10), 172.80 (C-1', C=0); sugar moiety, 63.82 (C-6, CHo),
69.05 (C-4, CH), 70.49 (C-5, CH), 72.11 (C-2, CH), 72.78 (C-3, CH), 92.21 (C-1, CH).

7.20.2 Vitamin C fatty acid esters

Vitamin C fatty acid monoesters were confirmed by NMR spectroscopy on a Bruker AM 400.

13C NMR spectraat 100.6 MHz, in CDCL | with an internal reference of Tetramethylsilane.
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6-O-octanoyl-L-asorbic acid

1 mmol of ascorbic acid and 3 mmol of caprylic acid vinyl ester were esterified and product
was isolated as described in chapter 7.12.2: yield 196 mg (65%), white solid. Rf 0.70 [ethyl

acetate:methanol :water(80:20:5)]; 13C NMR (DMSO): d (ppm) = 172.6 (C-1=0), 170.2 (C-
1'=0), 152.0 (C-2), 118.1 (C-3), 74.9 (C-4), 65.4 (C-5), 64.3 (C-6), 33.2 (C-2), 31.0 (C-6'),
28.3(C-4),28.2(C-5),24.2(C-3),21.9(C-7"), 13.8(C-8).

6-O-decanoyl-L-asorbic acid

OH
S 10 O
CH?(CHZ)B\F( ~APLo
O 3) =2
HO OH

1 mmol of ascorbic acid and 1.5 mmol of capric acid vinyl ester were esterified and product
was isolated as described in chapter 7.12.2: yield 288 mg (87 %), white solid. Ry 0.72 [ethyl
acetate:methanol :water(80:20:5)]; 13C NMR (DMSO): d (ppm) = 172.6 (C-1=0), 170.2 (C-
1'=0), 152.0 (C-2), 118.1 (C-3), 74.9 (C-4), 65.4 (C-5), 64.3 (C-6), 33.2 (C-2’), 31.2 (C-8)),
28.7 (C-6'),28.6 (C-5'), 28,5 (C-7"), 28.3 (C-4"), 24.2 (C-3'),21.9(C-9'), 13.8 (C-10').

6-O-lauroyl-L-asorbic acid

OH
2ozar o o
CH3—(CH2)10\[1|/ A
o) 3y —=(?
HO OH

1 mmol of ascorbic acid and 3 mmol of lauric acid vinyl ester were esterified and product was
isolated as described in chapter 7.12.2: yield 265 mg (74 %), white solid. R 0.75 [ethyl
acetate:methanol :water(80:20:5)]; 13C NMR (DMSO): d (ppm) = 172.6 (C-1=0), 170.2 (C-
1'=0), 152.0 (C-2), 118.1 (C-3), 74.9 (C-4), 65.4 (C-5), 64.3 (C-6), 33.2 (C-2'), 31.2 (C-10"),
289 (C-6',7),288(C5, 8), 286 (C9), 283 (C-4), 242 (C-3), 21.9 (C-11"), 13.8 (C-
12).
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6-O-palmitoyl-L-asorbic acid

16 2-15 o
CHs (CHZ)M\ﬁ'/O 6 ~49%Lo
O 3 )= ?
HO OH

6-O-palmitoyl-L-asorbic acid: 1 mmol of ascorbic acid and 3 mmol of palmitic acid vinyl
ester were esterified and product was isolated as described in chapter 7.12.2: yield 380 mg

(91%), white solid. R 0.78 [ethyl acetate:methanol:water(80:20:5)]; 13C NMR (CDCL,): d
(ppm) = 172.6 (C-1=0), 170.2 (C-1'=0), 152.0 (C-2), 118.1 (C-3), 74.9 (C-4), 65.4 (C-5),
64.3 (C-6), 33.2 (C-2'), 31.2 (C-14'), 289 (C-8, 9, 10'), 28.8 (C-7", 11"), 28.6 (C-6", 12),
28.5(C-13),28.4 (C-5), 28.3(C-4"), 24.2 (C-3), 21.9 (C-15), 13.8 (C-16').

7.20.3 Salicin fatty acid esters

6-O- octanoyl —D-salicin

2-T 8
O\‘; (CHp)s —CHs
130

11 82 _0
Hmol
H 8

10 OH

6-O- octanoyl —D-salicin: 0.5 mmol of salicin and 0.5 mmol of caprylic acid were esterified
and product was isolated as described in chapter 7.12.3: yield 36 mg (9%), white solid. Rf

0.47 [chloroform:methanol :water(65:15:2)]; 13C NMR (CD30D): d (ppm) = 175.9 (C-1'=0),
157.0 (C-1=0), 129.8-132.4 (C-2, C-3, C-5), 123.9 (C-4), 117.1 (C-6), 103.2 (C-8), 77.8 (C-
10), 75.5 (C-12), 75.0 (C-9), 71.6 (C-11), 64.6 (C-13), 61.0 (C-7), 35.0 (C-2), 32.8 (C-6"),
30.1(C-4', C-5'), 26.0 (C-3), 23.7 (C-7'), 14.4 (C-8).
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6-O- decanoyl —D-salicin

6-O- decanoyl —D-salicin: 0.5 mmol of salicin and 0.5 mmol of capric acid were esterified
and product was isolated as described in chapter 7.12.3: yield 82 mg (19%), white solid. R

0.48 [chloroform:methanol :water(65:15:2)]; 13C NMR (CD30D): d (ppm) = 175.9 (C-1'=0),
157.0 (C-1=0), 129.8-132.4 (C-2, C-3, C-5), 123.9 (C-4), 117.1 (C-6), 103.2 (C-8), 77.8 (C-
10), 75.5 (C-12), 75.0 (C-9), 71.6 (C-11), 64.6 (C-13), 61.0 (C-7), 35.0 (C-2'), 32.8 (C-6'),
31.21 (C-7', C-8), 30.1 (C-4’, C-5'), 26.0 (C-3), 23.7 (C-9'), 14.4 (C-10').

6-O- myristoyl —D-salicin
2-13 14

O# (CHp)12~CH3
1 @]

1
HONNE-D o

HO

6-O- myristoyl —D-salicin: 0.5 mmol of salicin and 1.0 mmol of myristic acid were esterified
and product was isolated as described in chapter 7.12.3: yield 137 mg (28%), white solid. Rf

0.54 [chloroform:methanol :water(65:15:2)]; 13C NMR (CD30D): d (ppm) = 175.9 (C-1'=0),

157.0 (C-1=0), 129.8-132.4 (C-2, C-3, C-5), 123.9 (C-4), 117.1 (C-6), 103.2 (C-8), 77.8 (C-
10), 75.5 (C-12), 75.0 (C-9), 71.6 (C-11), 64.6 (C-13), 61.0 (C-7), 35.0 (C-2'), 32.9 (C-12)),
30.1-30.8 (C-4'- C-11'), 26.0 (C-3), 23.7 (C-13), 14.4 (C-14').
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6-O-palmitoyl —D-salicin

6-O -palmitoyl —-D-salicin: 0.5 mmol of salicin and 1.0 mmol of palmitic acid were esterified
and product was isolated as described in chapter 7.12.3: yield 278 mg (53%), white solid. Rf
0.57 [chloroform:methanol :water(65:15:2)]; 13C NMR (CD30D): d (ppm) = 175.2 (C-1'=0),
157.0 (C-1=0), 129.8-132.4 (C-2, C-3, C-5), 123.8 (C-4), 117.0 (C-6), 103.2 (C-8), 77.8 (C-
10), 75.5 (C-12), 75.0 (C-9), 71.6 (C-11), 64.6 (C-13), 61.0 (C-7), 35.0 (C-2'), 33.1 (C-14),
30.2-30.8 (C-4'-C-13'), 26.0 (C-3'), 23.7 (C-15'), 14.5 (C-16').

6-O- stearoyl —D-salicin

6-O- stearoyl —D-salicin: 0.5 mmol of salicin and 0.5 mmol of stearic acid were esterified and

product was isolated as described in chapter 7.12.3: yield 370 mg (67%), white solid. Ry 0.59
[chloroform:methanol :water(65:15:2)]; 13C NMR (CD30D): d (ppm) = 175.9 (C-1'=0),

157.0 (C-1=0), 129.8-132.4 (C-2, C-3, C-5), 123.9 (C-4), 117.1 (C-6), 103.2 (C-8), 77.8 (C-
10), 75.5 (C-12), 75.0 (C-9), 71.6 (C-11), 64.6 (C-13), 61.0 (C-7), 35.0 (C-2'), 33.1 (C-16),
30.1-30.8 (C-4'- C-15'), 26.0 (C-3), 23.7 (C-17"), 14.5 (C-18)).
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