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ABSTRACT

Biosurfactants, which are produced from microorgias, have become of
interest due to their non-toxic nature, their bp@elability and their production from
renewable resources. Research has evaluated thefusesurfactants in a wide
variety of potential applications such as environtak bioremediation, biomedical
applications, cosmetics, personal care productspnflime and fragrance industry.
However, limited research has evaluated microemmlsformulations using
biosurfactants. Microemulsions are thermodynamycsathble dispersions of oil and
water stabilized by surfactant films. Microemulsopossess ultralow interfacial
tension and high solubilization capacity, makingnth desirable in enhanced oil
recovery, drug delivery, cosmetic and pharmaceluépalications. Therefore, in this
work we characterized the hydrophobicity/hydromiyi of biosurfactants,
specifically rhamnolipid and sophorolipid biosuttaat, and evaluated their ability to
formulate alcohol-free microemulsions with a rargjeoils (both oil types and oll
EACNS). We also demonstrated the feasibility ofatagle oil extraction using diesel-
based reverse micellar microemulsion; as a rebldhds of diesel and vegetable oll
were produced and evaluated for biofuel used irsafliengines. Biocompatible
lecithin-based microemulsions using rhamnolipid awaphorolipid biosurfactants
formulated with limonene and isopropyl myristater&vshown to be insensitive to
temperature and salinity changes, making them aasirin cosmetic and drug

delivery applications. In addition, this work shal#hat the hexadecane detergency

Xiii



performance of our biocompatible formulation wagtdrethan that of commercial

detergency and comparable to formulations repontéide literature.
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CHAPTER 1

I ntroduction

The surfactant industry has recently exceeded Q®iion a year, and the
demand for surfactants is still increasing [1, @¢do their potential for application in
a wide variety of industries. The surfactants autyein widespread use are mostly
synthetic petroleum-based surfactants. There haen bgrowing interest in
biosurfactants to replace synthetic surfactants wuéheir relatively non-toxic and
biodegradable properties, their diversity and thpnmoduction from renewable
resources.

Biosurfactants are produced from microorganismnth @iverse structures such
as glycolipids, phospholipids, polysaccharide-lipamplexes and lipopeptides [3, 4].
Biosurfactants have been evaluated as potentialgarious applications such as
environmental bioremediation, removal of heavy nsetaom contaminated soil,
biomedical applications [5-7], cosmetics and peasarare products [8] and in the
perfume and fragrance industry [9]. However, nohthese studies applied the use of
biosurfactants in microemulsion form. Therefores ttissertation explores the use of
biosurfactants in formulating microemulsions whican be used in different
applications.

Microemulsions are thermodynamically stable disjgers of oil and water
stabilized by surfactant films [10], which make<erh desirable in enhanced oil
recovery (EOR), drug delivery, cosmetic and phaeuntcal applications [1, 11, 12].

These applications take advantage of the ultraiderfiacial tension property and high



solubilization capacity of microemulsions [13]. Mbemulsions can exist in four
forms, known as Winsor Type microemulsions [10,.1%ype | and Type Il
microemulsions exhibit two phase systems. Type drogimulsion solubilizes oil in
spherical normal micelles within the water-continsophase while Type Il
microemulsion solubilizes water in reverse micellgthin the oil-continuous phase.
Type IlI microemulsion is three-phase system in ahhithe middle phase
microemulsion is in equilibrium with the excess ard excess water phases. As the
surfactant concentration increases, the volumehefrhiddle phase microemulsion
increases until the surfactant concentration i$ legough to solubilize all the excess
oil and excess water into a single phase microaomulsystem, known as Type IV
microemulsion.

Limited studies have evaluated biosurfactant-basemoemulsions, with the
addition of alcohols being necessary to form mioroksions [15, 16]. The framework
of this dissertation is divided into two areas: (@)aracterizing biosurfactants,
specifically  rhamnolipid and  sophorolipid  biosurtiaats, by their
hydrophobicity/hydrophilicity and evaluating theirability in formulating
microemulsions without the aid of alcohol; and &jaluating the performance of
biosurfactant-based microemulsions in many appboat such as vegetable oil
extraction, cosmetics, drug delivery and detergen&hapters 2 and 3 report on
studies of rhamnolipid biosurfactant while chaptérand 5 focus on the study of

sophorolipid biosurfactants and application of bifactant-based microemulsions.



In the first study of rhamnolipid (Chapter 2), mwaolipid biosurfactant was
found to be relatively hydrophilic and its ability formulate microemulsions with a
wide range of petroleum-based n-alkane oils watuated in mixtures with synthetic
surfactants. Further studies reported in Chapteroifirmed the finding of the
hydrophilicity of rhamnolipid from Chapter 2 and ngeable to replace synthetic
surfactants with biorenewable surfactants in fognmicroemulsions with different
kinds of oils (limonene and diesel). Next the reskeavas extended to the study of
sophorolipid biosurfactants in Chapter 4 with méwadamental characterization in
Chapter 5. Both of these last chapters evaluatedpiplication of biosurfactant-based
microemulsions. Chapter 4 proposed a new appraaekdetable oil extraction using
diesel-based reverse micellar microemulsions talywe vegetable oil/diesel blends
for biodiesel application and successfully dematstt the high oil extraction
efficiency obtained with this extraction method.apter 5 investigated the potentials
of biocompatible lecithin-based microemulsions iosmetic and drug delivery
applications. Chapter 5 also demonstrated the gkatey power of the biosurfactant

formulations on hexadecane removal.
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CHAPTER 2

Rhamnolipid Biosurfactant Mixtures for Environmental Remediation®

Abstract

This study investigated the efficiency of rhamnilipbiosurfactant and
synthetic surfactant mixtures for improving theemiéicial activity of the surfactant
system against several light non-aqueous-phaseiddiqLNAPLS). Since the
rhamnolipid biosurfactant proved to be relativelydfophilic, we hypothesized that
mixtures of rhamnolipid biosurfactants with moredihgphobic synthetic surfactants
would produce lower interfacial tensions (IFTs) rthan individual rhamnolipid
biosurfactant. The minimum IFT observed for rhanpidl alone and toluene (0.03
mN/m) was one order of magnitude lower than foramex decane, and hexadecane,
demonstrating the relatively hydrophilic naturetled rhamnolipid. The low IFTs even
at the low surfactant concentration used suggediilimation as the dominant oil-
removal mechanism versus supersolubilization. Thecal micelle concentration
(CMC) and critical microemulsion concentrationy@ of the rhamnolipid were
found to be 0.001 w/w% (0.019 mM) and 0.01 w/w%d.@0mM), respectively. Three
alkyl propoxylated (PO) sulfate synthetic surfatsamere individually mixed with the
rhamnolipid. As the hydrophobicity of the surfadtamxture approached that of the

hydrocarbon, IFT values decreased by one to twersrdf magnitude below that

! This chapter or portions thereof has been publighediously inWater Researchunder the title
“Rhamnolipid Biosurfactant Mixtures for EnvironmahtRemediation”, Water Research, 2008, 42,
1735-1743. This current version has been formdttethis dissertation.



achieved with individual surfactants. This work wisothat the rhamnolipid has
excellent phase behavior at low concentrationscamdbe used in surfactant mixtures
to achieve the low IFT values needed for enviroraleremediation, enhanced oil

recovery (EOR), and other applications.

Key words. biosurfactant, alkyl propoxylated sulfate surfatsarhydrophobicity,

interfacial tension, petroleum hydrocarbons, emmental remediation

Introduction

Surfactants are amphiphilic molecules having botldrdphilic and
hydrophobic moieties, which causes them to accumuwd the interface between
immiscible fluid phases (e.g., oil/water or air/erainterfaces) [1] and reduce the
interfacial tension (IFT) [2]. Surfactants are gmezed by their head groups as
nonionic, anionic or cationic (negatively or pogglly charge), or amphoteric (both
positive and negative charges) [3, 4].

Whereas synthetic surfactants are produced fronrolpetn feedstock,
biosurfactants are produced from renewable ressurthere are several types of
substrates used for biosurfactant production siglwater-soluble carbon sources
(glycerol, glucose, and ethanol), water-immiscildstrates (n-alkanes and olive oil),
and nitrogen sources (ammonium salts and ureap][2Microorganisms produce
biosurfactants with diverse structures includingycglipids, phospholipids,

polysaccharide—lipid complexes, lipopeptides, aydrbixylated and cross-linked fatty



acids [4, 6]. While nonionic and anionic biosurtats have been reported, cationic
biosurfactants have not been found [7]. Biosurfaicteead groups usually consist of
mono-, di-, or polysaccharides, carboxylic acidsjireo acids, or peptides. The
hydrophobic tail can be saturated, unsaturated, hpdroxylated fatty acids.
Biosurfactants are readily biodegradable, makirantiwell suited for environmental
and industrial applications [6, 8]. In addition,oburfactant-based systems are
biorenewable as compared with petroleum-based arfess. However, to date,
biosurfactants are more expensive with productiostscof about 3—10 times higher
than that of the chemical counterparts [9], makihgcritical to maximize the
performance of biosurfactant-based systems.

Above the critical micelle concentration (CMC), faatant monomers
aggregate to form micelles [1]. Many system prapsrtemain unchanged above the
CMC since additional surfactant forms micelles eatthan increasing the surfactant
aqueous activity [1, 4]. Depending on system prioggr micellar configurations can
be spherical; elongated, cylindrical, rod-like nlieg large, flat, lamellar micelles;
and large vesicles. Micelle formation also playsimportant role in understanding
microemulsions. Microemulsions are thermodynamycstidble emulsions that contain
water and oil domains separated by surfactant fllbhsMicroemulsions are used in
enhanced oil recovery (EOR), drug delivery, cosmetind pharmaceutical
applications, and enhanced aquifer remediationl{g,11]. These applications take
advantage of a microemulsion’s ability to produdtealow IFT values (< 0.1mN/m)

[12].



The concentration at which a microemulsion firgtnde is called the critical
microemulsion concentration [1]. Microemulsions eaist in four forms. While Type
| microemulsions solubilize oil into spherical, @l micelles within the water phase,
Type Il microemulsions solubilize water in revers&elles, which occur in the oil
phase. Type Il microemulsions exhibit three phasgesess oil and water phases and a
bicontinuous phase. Type Il (middle-phase) micraksnmons occur when lamellar
micelles are formed in the system [13]. In the preg of a low level of electrolyte
(NaCl), ionic surfactant monomers aggregate andhfgpherical micelles (Type |
microemulsions). As more electrolyte is added,aleetrical double layer surrounding
the ionic head group compresses and the micellatine decreases. With sufficient
electrolyte, bilayer, lamellar micelles form withreet curvature of zero (Type Il
microemulsions). With additional electrolyte, thencature becomes negative and
reverse micelles are formed (Type Il microemulsjdag]. Conversely, for a middle-
phase microemulsion, increasing surfactant conagotr causes the volume of the
middle phase to increase until all the oil and watexists in a Winsor Type IV single
phase microemulsion [1].

Non-aqueous phase liquids are trapped in porousanbgdcapillary forces due
to high oil-water IFT. While micelles can enhancentaminant *“solubility”
(solubilization), this process is not nearly asceght as mobilization, which results
from greatly reducing the IFT, as possible with m@nulsions, and thus release the
trapped oil. This is why mobilization is the onBchnology evaluated in EOR, and is

the preferred environmental technology for lighhramueous phase liquids (LNAPLS)



such as petroleum hydrocarbons [14-17]. Thus, fexteal properties of the surfactant
systems used play an important role in petroleudrdgarbon remediation.
Biosurfactant research has focused on the propatid behavior of individual
biosurfactants (e.g., rhamnolipid) in the aqueohiasp [18-20]. The current research
has two main objectives: (1) to study the intedag@roperties of the rhamnolipid
biosurfactant against several hydrocarbons antb(@gtermine the efficiency of using
mixtures of rhamnolipid biosurfactant with syntleetsurfactants to improve the
interfacial properties of the surfactant systemnc8&i rhamnolipid proves to be
relatively hydrophilic, we hypothesize that mixtsiref rhamnolipid biosurfactants
with more hydrophobic synthetic surfactants wilbguce lower IFT, and that the
hydrophobicity of the surfactant mixture needs ® thilored to that of the target
hydrocarbon in order to achieve ultralow IFTs. Bgximizing the effectiveness of
biosurfactant-based systems in lowering oil-watef, | and thus oil recovery,
sustainable technologies can be developed usingr®@wable materials, an ultimate

goal of this research effort.

Materials and Methods
Materials
The rhamnolipid biosurfactant JBR 515 (15 w/v %pvwarrchased from Jeneil
Biosurfactant Co. (Saukville, Wisconsin). JBR 51&sworiginally received as a blend
of 50 w/v% monorhamnolipid (C26H4809, MW = 504, CMCL0* M at neutral pH)

and 50 w/v% dirhamnolipid (C32H58013, MW = 650, CMQ..5 x 10" M at neutral
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pH) [18-21] with no further alteration. It shoulé@ Inoted that these CMC values were

reported at no added salt. JBR 515 has an averalgeutar weight of 577.

a b .
H 0. CH,
H" 0 CH, o \?H-(t:|-|,:.ﬁ-<:|-|:3
,C CH:(CH),CH, b
> 9 "
c=0 HO 0 CH,
&H CH, 0-CH-(CH,CHs
HO o) ok °
@D-CH-(CHQ)S-CHQ oH |
OH OH HO o
CH,
OH ©

Figure 2.1. Structures of the rhamnolipids: (a) orbamnolipid @-L-
rhamnopyranosyB-hydroxydecanoyB-hydroxydecanoate) and (b) dirhamnolipid (2-
O-a-L-rhamnopyranosyl-
a-L-rhamnopyranosyp-hydroxydecanoy3-hydroxydecanoate) (adapted from ref [4]
and [18]).

Both rhamnolipids present in JBR 515 are anionid ane produced by
Pseudomonas aeruginosa. Rhamnolipid biosurfactevs two head groups and two
identical hydrocarbon tails, as seen in Figure Zfhe carboxylate group gives
rhamnolipids their anionic character while the rinasyl groups (one and two groups
for mono- and di-rhamnolipid, respectively) contiti® to the bulky hydrophilic
component of their structure. The hydrophobic tarks C8 alkyl chains. JBR 515 has

been reported to have an HLB of 22-24 [21]. Rhaipidd have been reported to be
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biologically and environmentally compatible [20hhrdughout this paper we will refer
to JBR 515 as rhamnolipid or rhamnolipid biosurdadtt

The synthetic surfactants used were anionic alkyppxylated (PO) and alkyl
propoxyl ethoxylated (EO) sulfate surfactants. Ehesrfactants have intermediate
polarity groups located between conventional hybiap (sulfate) and lipophilic
(alkyl) groups [22]. The 13 alcohol PO sulfate surfactant with eight PO groups
(C12,13-8P0O-Sfa, average MW = 713) and theg(polypropylene oxide ether
sulfate (C16-10.7PO-SNa, average MW = 1072, and C16-18PO-2EQMN&D
average MW = 1590.7) were donated by Sasol Cher@icabnd Huntsman Chemical
Co., respectively. The HLB values of these synthstirfactants are in the range of
36-40. The CMCs of these synthetic surfactants asrew as the order of $010*

M [23].

Four hydrocarbons were used in this research: teluaexane, decane, and
hexadecane. These hydrocarbons were chosen betteisaepresent a range of
properties (e.g., solubility, volatility) reflecevof environmental contaminants (Table
2.1). Toluene was obtained from J.T. Baker Analy2er with 99.9% purity. Hexane,
decane, and hexadecane were purchased from SiginakAland each had 99.5%
purity. These four hydrocarbons are constituentspetroleum hydrocarbons and
represent a wide range of hydrophobicity or eqentlalkane carbon number
(EACN), which is routinely used as a guideline féormulating effective
microemulsion systems [24, 25]. Since benzene avknto have an EACN of 0, an

EACN value of 1 is assigned to toluene [13], whikxane, decane, and hexadecane
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by definition have EACN values of 6, 10, and 1&pexctively [26]. Since petroleum
hydrocarbons have an EACN of 7-8 and motor oil daslue of 19 [12], the four
compounds studied represent a wide range of orgamtaminants. Sodium chloride
was used as the non-amphiphilic electrolyte. Adl themicals were used as purchased

without further purification.

Table 2.1. Properties of oils used

Oils EACN | Density | Viscosity | Aqueous solubility
(mL) | (cPs) (%)
Toluene 1 0.868 0.59 0.05
Hexane 6 0.664 0.32 0.014
Decane 10 0.728 0.92 Immiscible
Hexadecanq 16 0.776 3.3 Insoluble

Note: All data were measured at°@0unless otherwise stated and taken from MSDS ef th
chemicals

Methods

Interfacial measurementhe IFT between the aqueous surfactant solutiontizaail

phase was measured using glass capillary tubesaaspinning drop tensiometer
(Model 500, University of Texas). The capillary ényas 2 mm in diameter and had a
volume of 300uL. An amount of 1-3uL of hydrocarbon was injected into the tube
filled with the surfactant solution. A more detdildescription of the method can be
found in Childs et al. [27]. Due to the procedufeneasuring IFT, volatilization of

the oils was negligible. All the measurements wige in triplicate at 25 + 4C and
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repeated if the coefficient of variation was gredigan 10%. For dynamic IFT,
measurements were made immediately after the coemp®rwere added to the
capillary tube (no pre-equilibration). For equilion values of IFT, the aqueous
surfactant solution was mixed with the hydrocarbad left to equilibrate for 2 weeks
before the IFT between the excess aqueous phasdhandxcess oil phase was
measured.

Phase behaviorPhase behavior studies were conducted by plamogl volumes of

the aqueous and hydrocarbon phases (5 mL of eaabephn 14 mL glass tubes
(diameter of 13 mm) with Teflon® screw caps. Thefattant concentration was
varied from 0.01 to 12w/w% (1.73x100.208 M). Most phase behavior studies were
conducted at room temperature (23 £Q). The sample tubes were gently hand-
shaken for 1min once a day for the first 3 days, thuen left to equilibrate for 2 weeks
[26]. For temperatures other than 23 £, vials were placed in a water bath ( + 1
°C). The volume of the middle-phase microemulsios determined by measuring its
height in each tube using a ruler with a millimeteale. The solubilization capacity is
indicated by the solubilization parameter (SP),chhis defined as the amount of oll
(or water) solubilized in the microemulsion pertunass of surfactant [11]. SP can be
calculated by using the volume of the middle phasd the concentration of the

surfactant in the middle phase as shown below [13]:

p _Vmiddle phase (ML) 2.1)
Msyrfactant (9)
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where SP is the solubilization parameter (mL o#lgfactant),Vmidde phaseiS the
volume of oil in the middle phase (mL), am@uractantiS the mass of surfactant in the
middle phase (g). In this study, we calculated $Sfreassuming that all the surfactant
entered the middle phase as equilibrium was readkleghase behavior systems were
prepared in triplicate. Deionized water was usedlirexperiments. All experiments

were conducted at neutral pH.

Results and Discussion

Interfacial behavior of rhamnolipid biosurfactants

The interfacial behavior of rhamnolipid was firstidied by the dynamic IFT
values of the rhamnolipid at 0.01 w/w% as a funciod electrolyte concentration (1—
20 w/w% depending on each system) for the four dgahbons. We chose to use 0.01
w/w% concentration of the rhamnolipid because plsaparation occurred with a 0.1
w/w% rhamnolipid concentration at a salinity of A®o; at 0.01 w/w% rhamnolipid
concentration, no phase separation occurred upwoda86 salt. The results showed
that the dynamic IFT for toluene (0.025 + 0.0023 /mNwas about one order of
magnitude lower than the IFTs for hexane, decand, leexadecane, which were
higher than 0.5 mN/m and remained fairly constaegardless of the NacCl
concentration in the range of 1 wt% to 6 wt% (Fegél, Appendix A). Since an
ultralow IFT was obtained for toluene and not toe bther more hydrophobic (higher

EACN) olls, this indicates that the rhamnolipid waglrophilic, e.g., it preferred the
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water phase rather than the oil-water interface tf@ more hydrophobic oils.

Therefore, we selected toluene for subsequentegwdith rhamnolipid alone.
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Figure 2.2. Correlation between optimal salinit)(&) and EACN as determined by
optimum equilibrium IFT (IFT*) @&). The rhamnolipid concentration was 0.1w/w%
for all oils. Data points for IFTs represent theemge from three to five

measurements; error bars are included but at tareesmaller than the data symbols.

Figure 2.2 shows equilibrium IFT results for thammolipid against the four
hydrocarbons. In equilibrium IFT studies, it wasgible to use higher salinities up to
20w/w% since the rhamnolipid partitioned from thater to the hydrocarbon phase
rather than phase separating as occurred duringyhamic IFT studies. Figure 2.2
shows the correlation between the optimal saliggy, the salinity that gave the

lowest IFT [25]) for the rhamnolipid versus the ERMf each hydrocarbon. The
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salinity range was tested at 1 w/w% intervals. ©pémal salinity increased as the
EACN increased, which is consistent with the hytirbp nature of the biosurfactant
studied [24]. As the electrolyte (NaCl) was addedhe ionic rhamnolipid solution, it
reduced the electrical repulsion between the ibe&d groups, causing the system net
curvature to decrease towards zero where the optmakalle-phase microemulsion is
achieved (the lowest IFT and highest SP) [1]. Their®reased with EACN,
suggesting that more salt was required to force itmec surfactant into the
hydrocarbon—water interface. The lowest IFT waseoked for the lowest optimal
salinity—i.e., toluene with an EACN value of 1. $hreflects the fact that the
rhamnolipid is best matched to the toluene, and tieqguires the least salt addition,
and generates the lowest IFT. The extremely higlnegaof S* reflect the very
hydrophilic nature of this biosurfactant; theseueal are obviously much higher than
desirable in application. As we demonstrate lateixing these biosurfactants with
more hydrophobic surfactants reduces the S*; tha ¢lassical formulation technique
for developing a desirable system. At the same,titrghould be emphasized that the
goal of this work is to evaluate the viability afing biosurfactant mixtures to improve
system performance; future work will be necessaryuild on these concepts and
develop commercially viable systems, both from @mnemic and an optimum salinity
perspective.

Phase behavior of rhamnolipid biosurfactants vothdne

Figure 2.3 summarizes the results of phase studg &eries of salt scans with

different rhamnolipid concentrations with tolueme fwo different temperatures (23 +
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1 and 55 + C). The phase diagrams were generated by varymgah concentration
for a series of surfactant concentrations. The dagnof the phase diagram is shown
as a line in Figure 2.3; this line connects all f{@ints where a transition in
microemulsion type was observed. The boundarigkeophase diagrams were drawn
in solid and dashed lines for temperatures of 23and 55 + C, respectively.

Looking at the 23 + PC case (the phase diagram represented by the solid
boundary) and for a fixed rhamnolipid concentrati¢®. g., 1 w/w%), the
microemulsion transitioned from a Winsor Type litdo Il as the NaCl concentration
increased. The IFT decreased to a minimum value.@?3 + 0.0012 mN/m as the
salinity increased to 15 w/w% within the Type ldgion. The point at which the IFT
between the middle phase and the excess water ghtdse same as the IFT between
the middle phase and the excess oil phase is déléedptimum formulation, and the
electrolyte concentration at this condition is edllthe optimal salinity (S*) [12].
While low IFT (< 0.1mN/m) was achieved within the three phase redigher IFT
values were observed in Winsor Type | and Il regi@ine., greater than 1 mN/m). At
a fixed electrolyte concentration (e.g., 12 w/w%)e volume of the middle phase
increased with increasing rhamnolipid concentra(ew., the volume of the middle
phase increased from 0.40 to 4.5 mL as the rhapidatoncentration increased from
0.5 to 5 wiw% at 12 w/w% salinity). When the sutéat concentration was high
enough, above 10 w/w%, the middle phase incorpdratieof the hydrocarbon and

water phases into a single microemulsion phase g@¥imype IV microemulsion). To
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our knowledge, this is the first time a completecnmémulsion phase diagram

including a Winsor Type IV system has been repoitecny biosurfactant.
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Figure 2.3. Phase diagram of rhamnolipid with taRi€dCMC of 0.001 w/w%). The
boundary lines (solid for 23 +°C; dashed for 55 + 9C) connect all the points where
a transition for microemulsion type was observelk Tine labeled optimum salinity,
which cuts through the interior of the phase diagraorresponds to the optimum
salinity at each surfactant concentration, as &rgtudied in Figure 2.4. The phase

diagrams were drawn based on averages of triplegieriments.

At the optimum formulation (S*), the solubilizatisof the oil and of the water
are equal and SP is at a maximum for a given candjL2]. The results showed that
as the surfactant concentration increased, the 1&iPeased at a fixed salt

concentration. For a constant salinity of 12 w/w&,the rhamnolipid concentration
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increases from 0.1 to 0.5 to 1.0 w/w%, the SP mmed from 5.53 to 6.64 to 7.75
mL/g, respectively. The SP value at 1.0 w/w% suaacand 12 w/w% NaCl was the
highest observed SP value at this salinity, bec#@usas the closest of the surfactant
concentrations to the optimum salinity line (seguiFé 2.3).

Figure 2.3 also compares the phase behavior of mblod at two
temperatures 23 + 1 and at 55 £Q. Since rhamnolipid is an ionic surfactant, the
temperature effect is expected to be very smallB&fause of this, we chose to study
a large temperature range. As seen in Figure 2e3iwto phase diagrams (23 and 55 +
1 °C) overlapped with each other over almost the entinge. Hence, even a wide
temperature variation did not have a significanpaet on the phase behavior of the
rhamnolipid. Nonetheless, the shift, while minorasmowards lower salinity. This
indicates that the biosurfactant became more hyuarojs at the higher temperature,
which demonstrates that the nonionic rhamnosyl gi®Jubecame less soluble at
higher temperature, and thus required less salibity form a middle-phase
microemulsion. Nonetheless, we observe that smelllanges in salinity have a larger
impact on phase behavior than this large temperatuange. This result demonstrates
that, even though rhamnolipid biosurfactant possedsoth anionic and nonionic
characters, the effect of salinity on the aniomaracter dominates that of temperature
on the nonionic character.

Figure 2.4 shows the IFT of rhamnolipid at optimsalinity for toluene as a

function of increasing rhamnolipid concentratiooll&wing the optimum salinity line
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in Figure 2.3, the CMC was determined at a NaClceatration of 14.5 w/w% to

correspond with this point in the phase diagram.
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Figure 2.4. Optimum equilibrium IFT for toluene ses rhamnolipid concentration
(below the QC, salinity is constant at 14.5 w/w% as represebtgdertical line in
Figure 2.3; above the €, salinity varies to correspond to optimum sajinit the
center of phase boundaries as represented by dh&edlline in Figure 2.3). Data
points represent the average from triplicate meamsants, error bars are included but

are at times smaller than the data points.

The concentrations of the rhamnolipid where thetfiand second sharp
reductions occurred in IFT are the CMC angQC respectively. The CMC anduC
for the rhamnolipid were 0.001 w/w% (or 1.9 x°1®1) and 0.01 w/w% (or 1.9 x 10

M) at the salinity level of 14.5 w/w%, respectivelhis CMC value is lower than the
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reported values mentioned earlier because it wasdf@at a much higher salinity (14.5
w/w%) while reported CMC values were for no addedt.sThe CMC of the
rhamnolipid is lower than the CMC of most convenéibsynthetic ionic surfactants
(i.e., 8 x 10°M for sodium dodecyl sulfate) [1]. This lower CM@&, [10, 18, 19] is due
in part to the high salinity level added. Howe\as,discussed above, this high salinity
is used to demonstrate the hydrophilic propertieshe rhamnolipid biosurfactant;
additional work is required to develop a lower sy system for application
purposes. Nonetheless, the low CMC anaCCralues are highly desirable, as low
rhamnolipid concentration would be required to aehiultralow IFT.

Mixtures of rhamnolipid and synthetic surfactants

As discussed earlier, the rhamnolipid IFT values liexane, decane, and
hexadecane were an order of magnitude higher tratrfdr toluene. A hypothesis of
this work is that, given the hydrophilic nature rdlamnolipid, mixing rhamnolipid
with more hydrophobic synthetic surfactants willdi#e to produce lower IFT values
for hydrophobic hydrocarbons by tuning the hydrdipity and lipophilicity of the
surfactant system to the EACN of the hydrocarbos. @& initial test of this
hypothesis, we used synthetic surfactants thatnare hydrophobic than rhamnolipid.
The concentrations of these synthetic surfactases in the mixtures were above their
CMCs. Future work will seek to identify biosurfacta that are more hydrophobic to
mix with the rhamnolipid, thus extending the biaemble nature of the surfactant

system.
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Figure 2.5. IFT of mixtures of rhamnolipid and Cll2;8PO sulfate for toluene®)(
hexane §), decane A), and hexadecand) at optimum salinity (S*) for each system.
The total surfactant concentration was 0.1 w/w%e THRT shown in this figure was
the optimum IFT for each formulation. Data pointpnesent the average from
triplicate measurements, error bars are includedabiat times smaller than the data

points.

The first synthetic surfactant tested was the alR@) sulfate surfactant
(C12,13-8PO-SfNa or C12,13-8P0). Based on its molecular structuhes
surfactant has a hydrophobic characteristic dutaédong hydrocarbon chain length
(C12,13 versus C8 for rhamnolipid) and the presesfcthe PO groups which are
slightly hydrophobic. We mixed rhamnolipid and CI2:8PO in different ratios

(from 0% to 100% rhamnolipid in the mixture) whiheaintaining a constant total
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surfactant concentration of 0.1 w/w% and varyinlj sancentration within the range
of 3-8 w/w%.

Figure 2.5 summarizes the IFT values at optimah#galfor each surfactant
mixture formulation with the four hydrocarbons. Wihenly C12,13-8PO was present
(i.e., a value of zero on the x-axis of Figure 2the IFT was lowest for decane
followed by hexadecane. The fact that C12,13-8P@lywes the lowest IFT for
decane demonstrates that C12,13-8PO is hydrophwolking it a good candidate to
mix with the rhamnolipid. When only the rhamnolipichs present (a value on the x-
axis of one), the lowest IFT was obtained for taokeieas reported above. However, the
addition of a very small amount of C12,13-8PO te thamnolipid surfactant (0.09
w/w% of the rhamnolipid and 0.01 w/w% of C12,13-8ROan x-value of 0.9)
reduced the IFT for toluene by over an order of mtage to less than 0.1 mN/m.
Significant IFT reductions for hexane required ghler fraction of C12,13-8PO in the
mixture (i.e., an x-axis value less than 0.9). Tihiseasonable because hexane is more
hydrophobic than toluene, thus the surfactant mexhad to be more hydrophobic to
be compatible with hexane and the fraction of C328PO in the mixture had to be
higher. For toluene and hexane, synergism was wéderthe IFT of the surfactant
mixture was lower than the IFT of either surfactalttne. However, synergism was
not observed for decane and hexadecane, likelyusecghe rhamnolipid is too
hydrophilic for these highly hydrophobic oils. THata in Figure 2.5 thus illustrate the
synergism of using surfactant mixtures, but alsnaestrate the importance of having

the right surfactants to match the properties efftixdrocarbon.
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Figure 2.6. IFT of mixtures of rhamnolipid and C16-7PO sulfate for toluene)(
hexane ¢), decane A), and hexadecand\). The total surfactant concentration was
0.1 w/w%. The ratio of rhamnolipid to C16-10.7PUfate was fixed at 1:1 by weight
percent basis (or 2:1 by molar basis). Data pogpsesent the average from triplicate

measurements, error bars are included but armastsmaller than the data points.

An alkyl PO sulfate surfactant (C16—-10.7PO) sulfatdich is even more
hydrophobic than C12,13-8PO, was studied next.itreased carbon chain length
and the increased number of PO groups make C182@0stlfate more hydrophobic
than C12,13-8PO. Figure 2.6 shows the IFT of theure of rhamnolipid and C16—
10.7PO sulfate for the four hydrocarbons. A pratiany IFT test was done by varying
surfactant ratio in the mixture and salt for eagtfactant ratio. It was found from this

test that the ratio of rhamnolipid to C16-10.7PQOLdf had the highest rhamnolipid
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concentration in the mixture and generated the $0ovileT. Therefore, the ratio of
rhamnolipid to C16-10.7PO was kept constant atby:veight percent basis (1:2 by
molar basis) and salinity was varied. A strong sgisen was observed for hexane,
which is a medium carbon chain length hydrocarbenneedium hydrophobic
hydrocarbon. The rhamnolipid and C16-10.7PO mixpun@duced a lower IFT for
hexane than previously shown in Figure 2.5 for th@mnolipid and C12,13-8PO
mixture at the same mixing ratio, reducing the (B1D73 + 0.0032 mN/m from Figure
2.5 versus 0.033 £ 0.0012 mN/m in Figure 2.6). TR& values for decane and
hexadecane decreased only slightly for the rhampigbland C16-10.7PO mixtures
(Figure 2.6). The IFTs against these latter tworbgdrbons were not in the ultralow
IFT range. On the other hand, the IFT for toluemeased significantly from 0.035 +
0.0022 mN/m for the rhamnolipid and C12,13-8PO esys{Figure 2.5) to 0.41 +
0.0057 mN/m for the rhamnolipid and C16-10.7PO esystFigure 2.6). This is
expected since C16-10.7PO sulfate is more hydraphiban C12,13-8PO sulfate and
is thus more effective in lowering IFT with moredngphobic hydrocarbons. The
results indicated that C16-10.7PO sulfate was tgdrdphobic for toluene (low
EACN oil) and not hydrophobic enough for decane laexiadecane (high EACN oils).
An even more hydrophobic surfactant is needed loeae ultralow IFT for decane
and hexadecane.

A more hydrophobic surfactant, alkyl polypropylemade ether sulfates C16—
18PO-2EO-SO4Na, was studied next [22]. This swafas more hydrophobic than

C16-10.7PO sulfate due to the greater number ofgR@ps (18PO). While EO
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groups are hydrophilic, the presence of only two dg@Qups was not expected to have

much effect on IFT since the surfactant containkdger number of PO groups.
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Figure 2.7. Optimum IFT (m) and optimum salinity*§&) of a mixture of
rhamnolipid and C16-18PO-2EO sulfate versus EACKRQHR values of 1 for
toluene, 6 for hexane, 10 for decane, and 16 famdhecane). The total surfactant
concentration was 0.1 w/w%. The ratio of rhamndlifm C16-18PO-2EO sulfate was
fixed at 3:7 by weight basis (or 1:1 by molar bad¥ata points represent the average
from triplicate measurements, error bars are ireduout are at

times smaller than the data points.

Figure 2.7 shows the optimum IFT and the optimufimis@ of the mixture of
rhamnolipid and C16-18PO-2EO sulfate surfactantsafiofour hydrocarbons at a

fixed ratio of rhamnolipid to C16-18PPO-2EO sulfate3:7 by weight basis or 1:1
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by molar basis. We observed a similar trend betwe&EN and optimum salinity as
shown in Figure 2.2. The optimum salinity increaasdhe EACN increased. Also, the
S* for hexane of the rhamnolipid/C16-18PO-2EQO selfmixture (4 w/w%) was
significantly lower than that for the rhamnolipitbae (15 w/w%). This is reasonable
because the surfactant mixture is much more hydiogtthan the rhamnolipid alone.
This mixture effect demonstrates the formulatioohteque mentioned above for
producing a more desirable surfactant system {gdase reducing S*). Future work
can extend this work to produce even lower valdeS*o The IFT generated by the
rhamnolipid/ C16-18PO-2EO sulfate mixture decreasid increasing EACN. The
IFTs for decane and hexadecane were very low, enultralow IFT range (< 0.1
mN/m). Thus C16-18PO-2EO sulfate was hydrophobiough to provide an
appropriate hydrophilic—lipophilic balance to therfactant mixture against decane
and hexadecane. However, C16-18P0O-2EOQO sulfate a@akydrophobic for hexane
and toluene since the IFTs of the mixture for taki@and hexane were higher than all
of the other surfactant mixtures.

Table 2.2 summarizes the best formulations achiémedach hydrocarbon. It
should be noted that the molar fraction of rhanmdliexceeds 0.5 for all of these
formulations. In other words, rhamnolipid is alwaye dominant surfactant in the
mixture. Another important point is that formulaisurfactant mixtures to match the
hydrophobic properties of the hydrocarbons resuhedltralow IFT (< 0.1mN/m) in
all cases, illustrating the importance of tailorithg surfactant system to the oil. For

hydrocarbon mixtures, the best surfactant formaatcan be identified using our
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results as a guide. For example, if an oil spi§ ha EACN value of 6.2, then the best
formulation would be near that developed for hexantis work; formulation studies
would be needed to verify and modify this formwatias necessary. Finally, our work
shows that while rhamnolipid works best for relatiwhydrophilic oils, when mixed

with more hydrophobic surfactants it also workslve higher EACN oils.

Table 2.2. Optimum formulations of surfactant mmetfor different hydrocarbons

Biosurfactants | Synthetic Surfactants Oils S (ww%) | Opt. IFT (mN/m)
Rhamnolipid C12,13-8PO sulfate
(0.08 w/w%) (0.02 w/w%) Toluene 4 0.032+ 2.02E-03
Rhamnolipid C16-10.7PO sulfate
(0.05 w/w%) (0.05 wiw%) Hexane 6 0.069+ 2.46E-04
Rhamnolipid | C16-18P0O-2EO sulfatg
(0.03 w/iw%) (0.07 wiw%) Decane 5 0.029+ 4.52E-04
Rhamnolipid | C16-18P0O-2EO sulfatg
(0.03 w/w%) (0.07 wiw%) Hexadecane 8 0.056+ 1.03E-03

Conclusions

This work described the interfacial properties bamnolipid biosurfactant
against several LNAPLs. Based on these properies,were able to formulate
optimum mixtures with synthetic surfactants thaidurced ultralow IFTs for toluene,

hexane, decane, and hexadecane. The results shbatechamnolipid biosurfactant
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was quite hydrophilic relative to the hydrocarbtested and that mixing rhamnolipids
with more hydrophobic synthetic surfactants enhdrte interfacial activity of the
rhamnolipid against these hydrocarbons. We achi¢v&dvalues less than 0.1mN/m
for all of the hydrocarbons by using tailored metsi of rhamnolipid with synthetic
surfactants. Future work will identify biosurfactarthat are more hydrophobic to mix
with the rhamnolipid, thus further reducing theioptm salinity and extending the
biorenewable nature of the surfactant system. Eutwork should also assess the
economics of these biosurfactant mixtures andzetitiptimum surfactant formulations
for each hydrocarbon in column studies to investigdne hydrocarbon removal

efficiency in continuous flow systems.
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CHAPTER 3
Formulating Alcohol-Free Microemulsions Using Rhamnolipid Biosurfactant and

Rhamnolipid Mixtures’

Abstract

This research focused on developing alcohol-fre@swfactant-based
microemulsions. Rhamnolipid-based mixtures werenéouo have doubled the
solubilization parameter as compared to sodium 2kediyl) dihexyl
sulfosuccinate/sodium dihexyl sulfosuccinate/sodiumono- and dimethyl
naphthalene sulfonate at the same total molar cwrat®n. For the first time, a phase
diagram was developed for surfactant mixtures coimig soy methyl ester ethoxylate,
rhamnolipid and oleyl alcohol with limonene olil. i$lphase diagram can be used as a
guideline for selecting a surfactant system andfastant ratio to formulate
microemulsions with a given oil. In addition, th&ahol-free biosurfactant-based
microemulsions required reasonable salinity vafoeimonene, making it viable in a

variety of applications.

Keywords. Biorenewable surfactant, biosurfactant, interflactansion, linker,

microemulsion, solubilization, characteristic curtua

2 This chapter or portions thereof has been pubdishreviously inJournal of Surfactants and

Detergents under the title “Formulating Alcohol-Free Microelsions Using Rhamnolipid
Biosurfactant and Rhamnolipid Mixture” Journal afirfactants and Detergents, 2009, 12, 109-115.
This current version has been formatted for théselitation.
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Introduction

Biosurfactants are produced from microorganisms clvhhave diverse
structures including glycolipids, phospholipids, lysaccharide-lipid complexes,
lipopeptides and hydroxylated and cross-linkedyfaitids [1, 2]. The rhamnolipid
biosurfactant studied in this research belongsht dlycolipid species, which are
composed of carbohydrate heads and lipid tailshasvis in Figure 3.1 [3]. The
glycolipid biosurfactants have been evaluated fe& in many applications such as
environmental bioremediation, removal of heavy hsetiiom contaminated oil,
biomedical applications [4—-6], cosmetics and pesbaare products [7], and in the

perfume and fragrance industry [8].

+

H* 0. CH,
N oSN
¢ CH-(CH)CH,
H" o, CH, ° ©
G CH-(CH):CH, C=0
0 HO o. S
¢=0 @')O-CH-(CH.‘\)G-CHS
HO o, M oH |
CH, 0-CH-(CH,)yCH, o
OH OH CH,
OH ©
(@) (b)

Figure 3.1. Molecular structures of the rhamnobpida) monorhamnolipid, (b)

dirhamnolipid (adapted from ref. [3]).

In terms of molecular structure, rhamnolipid has treads and two tails. The

two heads, rhamnosyl (sugar) and carboxylic acrd, lzoth very hydrophilic. In
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addition, the two short tails of C8 alkyl chain®yide only limited interaction with
the oil phase. As a result, rhamnolipid is fairlydrophilic, and thus promotes
interactions between the aqueous phase and thectant layer and forms aggregates
in the water phase (Winsor Type 1). The hydropHipophilic balance of rhamnolipid
was reported as 22-24 [9]. Rhamnolipid biosurfdastdrave been reported to be
biologically and environmentally compatible [10].

Winsor Types I-IV microemulsions [11, 12] have bemed for a wide range
of applications [12—14]. However, only limited stesl have evaluated biosurfactant-
based microemulsions, with the addition of alcohblsing necessary to form
microemulsions [9, 15]. In our previous study, werevable to formulate alcohol-free
microemulsions with rhamnolipid. However, synthetigfactants were used to adjust
the hydrophilic/lipophilic balance of the surfadtasystem to enhance the
microemulsion formation [16]. The goal of this rasgh is to formulate alcohol-free
biosurfactant-based microemulsions for oils of nmediate hydrophobicity. The
primary objective of this research is to illustrétat rhamnolipid biosurfactant can be
used in mixtures to lower interfacial tension (IFdNd increase solubilization for
representative oils of interest. The secondaryative of this work is to compare the
effectiveness of rhamnolipid biosurfactant and kgtit surfactants in enhancing
microemulsion formation and solubilization. Thediirobjective of this work is to
study the role of rhamnolipid biosurfactant in memulsion formation (i.e.,
cosurfactant or hydrophilic linker). Sabatini et §l7] discussed that hydrophilic

linkers are amphiphilic molecules that have betws&mnd nine carbons in their tail
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per head group. With the structures discussed eearlhe question arises: will
rhamnolipid play a role as a cosurfactant, whicadsmrbs with the surfactant at the
oil/water interface, or a hydrophilic linker, whigmhances the interaction between the
surfactant and the water phases [18]. The finaéalje of this work is to answer
these two questions based on the optimum salirtitg, interfacial tension, the
synergism the rhamnolipid with lipophilic linker éithe characteristic curvature of the
rhamnolipid.

To interpret the microemulsion formulations, we Iwise the optimum
solubilization parameter (SP*). The SP* is defiresdthe solubilization parameter at

the middle phase microemulsion that solubilizesaégmounts of oil and water [12].

Materials and Methods

Materials

The rhamnolipid biosurfactant (Figure 3.1) JBR %15 w/v%) was purchased
from Jeneil Biosurfactant Co. (Saukville, WI, USABR 515 was originally received
as a blend of 50 wt% monorhamnolipid (C26H4809, M864, CMC = 1d M at
neutral pH) and 50 wt% dirhamnolipid (C32H58013, M\850, CMC = 1.5 9 T6M
at neutral pH) [3, 9, 10, 19] which gives the JBES &an average molecular weight of
577. The CMC values reported above were with noeddshlt. Both mono- and
dirhamnolipids present in JBR 515 are produced lsguBomonas aeruginosa.
Throughout this paper we will refer to JBR 515 laamnolipid (JBR) or rhamnolipid

biosurfactant.
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Biorenewable surfactants are made from renewalalé $ocks such as soya
plants, rendering them readily biodegradable witw |toxicity: methyl ester
ethoxylate surfactant with three ethoxylated gro(® EE3EQO). Thus, the fatty acid
(R) composition is dominantly C18 alkyl chain (6398) with about 24% oleic acid
(C18:1), 54% linoleic acid (C18:2) and 7% linolericid (C18:3) of total fatty acid
composition. This surfactant was synthesized amdiged by Huntsman Chemical
Co. (Woodlands, TX, USA) (99-100 wt% purity).

Synthetic surfactants used are sodium dihexyl sulfoinate (SDHS) and
sodium bis(2-ethyl) dihexyl sulfosuccinate (SBDHSPHS is a Fluka brand with
80% solution in water. SBDHS was purchased in poviaen (~ 100%) from Fisher
Scientific. Oleyl alcohol (OA, 85%) purchased fr&mgma-Aldrich was used as the
lipophilic linker.

The two oils studied in this work were limonene add. 2 diesel, which
represent oils of intermediate hydrophobicity owuigglent alkane carbon number
(EACN, 5.7 and 12-14 for limonene and diesel, respely [20, 21]) and are of
interest in formulations used for hard surface réeg, environmental remediation and
biodiesel applications [22—-26]. Limonene (98+ %)swaurchased from Sigma-
Aldrich. No. 2 diesel (86.23% carbon, 13.14% hydmg0.034% sulfur, 31.0%
aromatic, 64.1% paraffin and 4.9% olefin [27]) vaschased from a local gas station
as a commercial grade. Benzene (98+ %) was purdhes® Sigma-Aldrich. Sodium
chloride was used as the electrolyte. All chemicaése used without any further

purification.
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Methods

Phase studyPhase behavior studies were conducted by plaguogl volumes of the
agueous and oil phases in 14-mL glass tubes witFEFSCrew caps using salinity scan
using standard procedures [13]. The sample tubes handshaken for 1 min once a
day for the first 3 days, and then left to equdiler at a desired temperature for 2
weeks before any further measurement [13]. The meluwf the middle phase
microemulsion was determined by measuring its Heigh each tube. The
solubilization capacity was quantified using théubdization parameter (SP), which

is calculated using Equation 3.1 below [12]:

Vo (mL)
‘ms (9)

(3.1)
where SP is the solubilization parameter (mL asligfactant) Vo is the volume of oil
in the middle phase (mL) ands is the mass of surfactant in the middle phaselg).
the SP calculation, if the biosurfactant is ideetifas a cosurfactant, it was taken into
account in the denominator with the mass of théastant in Equation 3.1; if the
biosurfactant is identified as a linker, it is matluded in the calculation.

The partitioning of the rhamnolipid into the midgdaase was quantified by
subtracting the mass of these molecules in thessxamter by the total initial mass
added. JBR concentration was analyzed by UV 210&t8pmeter (UNICO) at the

wavelength 272 nm. It should be noted that JBRésdnly component that has UV

absorbance at this wavelength.
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Interfacial tension The interfacial tension between the aqueous lamadil phases was

measured using glass capillary tubes and a spintiiog tensiometer (Model 500

purchased from the University of Texas) accordmgtandard methods [28].

Results and Discussions

Formulating Microemulsions with Rhamnolipid

In our previous work [16], we studied the phasedvédr of rhamnolipid with
toluene. We found that rhamnolipid was very hydibpinelative to toluene, which is
a very hydrophilic oil. In this work, our goal is formulate microemulsions with
higher EACN oils; thus, rhamnolipid will need to bexed with more hydrophobic
surfactants. Figure 3.2 plots the interfacial tendbetween the excess oil and excess
water of the middle phase microemulsion formulai@s a function of salinity for
limonene and diesel, first using mixtures of SBD&®I rhamnolipid only and then
with the addition of OA as a lipophilic linker. Btrof all, it should be noted that no
microemulsion was observed for either limoneneiesel with SDBHS alone at either
0.05 or 0.1 M. However, a 0.05-M equal-molar migtwf SDBHS and rhamnolipid
was able to produce Types |, lll and II microemutsi and produce ultralow
interfacial tension for both 0ilsQ.1 mN/m). This illustrates that rhamnolipid acted
synergistically with SDBHS to form microemulsionglwlimonene and diesel (EACN

values of ~ 6 and 12-14, respectively).
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(a) Limonene
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Figure 3.2. Microemulsion formulations (Winsor Tgpe Il and IIl) with (a) limonene
and (b) diesel using two surfactant mixtures comt@ rhamnolipid: SBDHS/JBR
(open squares) and SBDHS/JBR/OA (filled circles @+ 1°C).
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We also want to assess the role of rhamnolipid icreemulsion (e.g., does it
act as a cosurfactant or a hydrophilic linker). steoet al. [18] observed that adding
hydrophilic linker to a surfactant system was exeeécto have little impact on
solubilization capacity while adding a cosurfactaves expected to increase the
solubilization capacity. Adding rhamnolipid to SDBHobviously lowered the
interfacial tension, which also increased the sbhdiion capacity of the surfactant

system, allowing microemulsion formation where SCEB#&lone could not.

Table 3.1. Solubilization parameters and fractionJBR in the middle phase
microemulsion at optimum formulations of rhamnalipnicroemulsions (at 23 + 1
°C).

s SP’ IFT o [
Formulation (% NaCl) | (mL oil/g surf) (mN/m) (% JBR)
AOT/JBR-limonene 2.8 9.5 1.9E-029E-4 54
AOT/JBR/OA-limonene 1.8 11.2 6.7E-034E-4 67
AOT/JBR-diesel 9.5 8.9 2.8E-025E-4 19
AOT/JBR/OA-diesel 4.25 14.4 1.1E-O28E-4 23

S optimum salinity, SP optimum solubilization parameter, IEJ, excess oil/water

interfacial tension at optimum formulatio) fraction of JBR in the optimum middle phase
microemulsion

In our work, OA was used as the lipophilic linkAcosta et al. [29] found that
an equimolar concentration of hydrophilic and liptp linkers showed the most

effective solubilization enhancement. In this wonle first started at 0.05 M of both
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rhamnolipid and OA for limonene and diesel. Howev@05 M of OA seemed to
work best with diesel microemulsions but seemeldetdoo hydrophobic for limonene
microemulsions. OA concentration was thus redugetdtf to 0.025 M for limonene
microemulsions.

Table 3.1 summarizes the optimum salinity (S*), impim solubilization
parameter (SP*), optimum interfacial tension arattion of rhamnolipid in each of
the optimum middle phase microemulsion systems shawrigure 3.2. It can be seen
that the optimum salinity decreases with the additof OA due to its lipophilicity;
this is true for both limonene and diesel microesiauls. It is also observed that for
the more hydrophobic or higher EACN oil (diesehe toptimum salinity is higher.
This result is consistent with Acosta et al. [268dollowed the relationship proposed
by Salager et al. [30, 31] that relates differerdriables in microemulsion
formulations.

As also seen in Table 3.1, the SP* values increasethe addition of OA in
both limonene and diesel microemulsions. This iasesin SP* with OA indicates that
rhamnolipid can either be a hydrophilic linker orcasurfactant [18]. However,
without the lipophilic linker OA in the formulatigrihe fraction of rhamnolipid in the
middle phase is 54 and 19% (by weight) for limonamnel diesel microemulsions,
respectively. As OA was added, the partition ofrmhalipid in the middle phase
increases to 67% (24% increase) for limonene artd 2Z&1% increase) for diesel.
Acosta et al. [18] showed that the hydrophilic BnkKSMDNS fraction in the middle

phase microemulsion increased by 50% when lipaphitker OA was added to their
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formulation. Our results, therefore, indicate ttked rhamnolipid biosurfactant acts as
a hydrophilic cosurfactant rather than a hydropHihker.

The Characteristic Curvature of Rhamnolipid Bioaatnt

The surfactant characteristic curvature (Cc) wap@sed by Acosta et al. [32]
as the dimensionless net curvature of the surfatke reflects the tendency of the
surfactant to form normal micelles, reverse micele intermediate aggregates. A
negative value of Cc corresponds to a hydrophilidagtant and tends to form O/W
microemulsions (normal micelles) while a positivalue of Cc corresponds to a
hydrophobic surfactant and tends to form W/O mioroksions (reverse micelles). The
characteristic curvature was also discussed irr atitieles as the r parameter [33—-35].

In this study, we used the simplified model develby Acosta et al. [32]
based on the hydrophilic—lipophilic deviation (HLD@quation shown below to
estimate the Cc value of the rhamnolipid:

HLD =In(S =K xNco+ Cc (3.2)
whereS is the salinity of the aqueous phase (g/100 mwb?o), K is an empirical
constant depending on the type of surfactant heaalbgNc o is the number of carbon
atoms in the molecule of the oil (or EACN of thd).orhis simplified Equation 3.2
assumes there is no alcohol used in this studytlaadcexperiments are done at the
reference temperature. At optimum formulation, HEDO andS is denoted as$*,
optimum salinity [32, 34, 35]. Based on this coricézosta et al. [32] developed the
equation to estimate the Cc value of a target stafé in mixtures with a reference

surfactant with a known Cc value:
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In (S/S) =Xz [(Ccy— Cq) + (K2 — Kg) Ne g (3.3)
whereS is the optimum salinity for the surfactant mixtu@e is the optimum salinity
for the reference surfactan; is the molar fraction of the target surfactant] &nand
2 denotes for the reference and target surfactaggpectively. When the oil used is
benzene, which has th& ¢ value of 0, Equation 3.3 can be simplified as:

In §/S") =%, (Cci - Co) (3.4)

05T

0.4 + In(S/S;) = 0.4895 %

—~ ~ R?*=0.998!
n 0.3
2)
£ 0.2
0.1-
0.0 : |
0.0 0.2 0.4 0.6 0.8 1.0

Molar fraction of JBR (X,)

Figure 3.3. Shift in optimum electrolyte conceritat[ln (S/S;)] for SDHS-JBR-

benzene at 23 + IC microemulsions as a function of the fraction BRJin the

system.

A plot of In (S/S,) versusX, will provide the value of (Gc- C) as the slope

and the value Gacan thus be calculated with the known value of The Cc value of
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SDHS was calculated to be -0.92 [32] and is useth@seference surfactant in our
work. Figure 3.3 plots In§/S;") versusX, (molar fraction of JBR in the mixture) for
formulation of SDHS-JBR mixture with benzene. Agdicted by Equation 3.4, In
(S/S)) correlates linearly with the molar fraction ofRBvith a high correlation factor
(R?* = 0.99). The slope gives a value of;G&Cq = 0.49 and, with Gc= -0.92 from
above, Cg¢ = -1.41. The negative value of Lmdicates that the rhamnolipid is a
hydrophilic surfactant, and the magnitude of, @dicates that rhamnolipid is more
hydrophilic than SDHS due to the more negative alftiCc. Knowing the Cc value
of the rhamnolipid, one can compare the hydrophyliof the rhamnolipid with
conventional hydrophilic surfactants such as soddwmdecyl sulfate (Cc = -2.34),
sodium octanoate (Cc = -2.11) and sodium dodecykdme sulfonate (Cc = -0.91)
[32]. This can serve as a helpful guideline whemmholipid biosurfactant is
considered to replace conventional surfactantsionaemulsion formulation. It should
also be noted that the Cc value of the rhamnolpithuch less negative as compared
to that of the hydrophilic linker SMDNS, which wasind to have a Cc value of -3.5
[32]. This finding is consistent with the resultsdussed in the earlier section that
rhamnolipid behaves as a cosurfactant rather tharhydrophilic linker in
microemulsion formation.

Phase Diagram of Rhamnolipid Surfactant Mixture

Having characterized the hydrophilicity of rhrampali (JBR), we replaced the
conventional surfactant SBDHS by the biorenewahldastant soy methyl ester

ethoxylate (with three EO groups; SMEE3EO). Fig#d represents the phase
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diagram of systems containing SMEE3EO/JBR/ OA x¢diratio of 4/1.75/2.5 (by

wt.%) with limonene.

100
S Optimum Salinity
= 101
o)
4
£
-
n
Z
& 1]
e
|_
O.l T T T T T T T T

0 2 4 6 8 10 12 14 16 18
NaCl, wt%

Figure 3.4. Phase diagram of formulation (Winsop8%/ 1, Il and IIl) composed of
SMEE3EO, JBR and OA with limonene at fixed ratio ®MEE3EO/JBR/OA =
4/1.75/2.5 by wt.%. The phase boundary connecthalpoints where a transition for
microemulsion type was observed. The line labelptinraum salinity, which cuts
through the interior of the phase diagram, corredpdo the optimum salinity at each

surfactant concentration, as further studied inuféc.5 (at 23 + 1C).

The phase diagram plots the total surfactant goaphilic linker concentration

on the y-axis as a function of salinity on the XsaAt a given total surfactant and
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linker concentration (e.g., at 5 wt.%), as thersgliincreases, the microemulsion
transitions from Winsor Types | to Ill to Il. Alonthe body of the phase diagram
represented by the dashed line, as the total $anfa@and linker concentration
increases, the volume of the middle phase microgomlincreases. At high total
surfactant and linker concentrations (above 10 Wwt#te salinity range of middle
phase microemulsions gets smaller, approaching ihgpe IV microemulsion. To

our knowledge, only one study has reported a Tygenlicroemulsion for a

biosurfactant [16].

In contrast to the SMEE3EO/JBR/OA systems, surfdcsgstems composed
only of SMEE3EO and OA without rhamnolipid (JBRpg@duced either liquid crystal
or Type Il microemulsion for both limonene and éiesecause the system was too
hydrophobic for both oils. To such a system, théitazh of a hydrophilic component
such as rhamnolipid is needed to adjust the hyadliopyrlipophilicity of the
surfactant system. On the other hand, when theacharit system contained only
SMEE3EO and rhamnolipid, only Type | microemulsiamsre formed over a wide
range of salinity (up to 9 wt.%) due to the verydtgphilic nature of the surfactant
system. In this case, the lipophilic OA was neetdethcrease the lipophilicity of the
surfactant system. Figure 3.4 plots the phase lagslbased on varying the total
concentration of surfactants and lipophilic linkerd varying the salinity. The phase
diagram slants to the left at higher surfactantceotration, indicating that with
increasing surfactant/linker concentration the attdnt membrane becomes more

lipophilic, requiring less salinity to concentrdtee surfactant at the interface; this is
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most often due to preferential partitioning of hgphilic components into the water
phase at elevated concentrations, leaving behindhaae lipophilic surfactant

membrane [12].
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SP =2 mL oil/g surfactant
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CuC = 1.03 Wt%

Figure 3.5. Interfacial tensions at optimum forntiolas of surfactant-limonene
microemulsions from Figure 3.4 (belowuC, salinity is constant at 13 wt.% as
presented by the vertical dashed line in Figure &ve the GC, salinity varies to
correspond to optimum salinity in the center of ph@se boundaries as represented by
the slanted dashed line in Figure 3.4) (at 23 €l

Figure 3.5 reports IFT values with increasing stteat/linker concentration
along the dashed line in Figure 3.4; the minimuni I6ccurs at the critical

microemulsion concentration (C)—above this concentration, the IFT is relatively

constant. The @C is the lowest surfactant concentration where rthiddle phase
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(Type Ill) microemulsion occurs, as noted on Fig8ré. The results from the phase
diagram in Figure 3.4 can be used as a guidelimeanipulating the surfactant/linker
ratio in the formulation. For example, in ordefféomulate microemulsions for diesel,
using this surfactant/linker system, a higher rafi®A and lower ratio of JBR will be
required to produce a more hydrophobic formulatiOn. the other hand, the studied
surfactant/linker ratio may still be able to formcneemulsions with toluene. These
formulations in Figure 3.4 generated ultralow ifderal tensions (less than 0.1 mN/m
as seen in Figure 3.5). In addition, we observedlight increase in optimum
solubilization parameter as total surfactant/linkencentration increases, ranging
from 2 to 5 mL oil/g surfactant (see values repbdéeselect points on Figure 3.5).

It should be noted that the rhamnolipid biosurfattzsed in this study has the
fatty acid tails of C8 chain length. However, theme rhamnolipid biosurfactants
made from different sources that have the chaigtleranging from C8 to C14. The
rhamnolipid with longer tails is more hydrophobitus the rhamnolipid biosurfactant
used here is the least hydrophobic type sinceaitdeingth is the shortest within the
typical range. Longer tail rhamnolipid biosurfadtawill modify the surfactant system
to be more hydrophobic. As a result, they will ertachieve the optimum formulation
at lower salinity for studied oils (limonene anceskl) or be easier to formulate

microemulsions with oils that are more hydrophdhgn the studied oils.
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CHAPTER 4
Biodiesal production via peanut oil extraction using diesel-based rever se micellar

microemulsions®

Abstract
Vegetable oils have been studied as a feasiblditiibgor diesel fuel, and short term
tests using neat vegetable oils showed promise mgghlts comparable to those of
diesel fuel. However, after long-term usage of vagle oils, engine durability
problems such as ring sticking, injector cokingwf] and atomization arise due to the
high oil viscosity, drying with time and thickening cold conditions. Vegetable
oil/diesel blending as biodiesel fuel has been shtevbe one technique to reduce
vegetable oil viscosity. The goal of this reseasctio demonstrate the feasibility of
producing this biodiesel fuel via vegetable oilragtion using diesel-based reverse
micellar microemulsions as extraction solvent.His extraction technique, peanut oil
is directly extracted into the oil phase of the m@nulsion based on the “likes
dissolve likes” principle and the product of theragtion process is peanut oil/diesel
blend. The results show that diesel-based revernsellar microemulsion system
extract oil from peanuts more effectively than bdibsel and hexane alone under the
same extraction condition. An extraction efficienafy95 % was achieved at room

temperature and short extraction time of 10 minirtegist a single extraction step.

* This chapter or portions thereof has been submiitt€aiel under the title “Biodiesel Production via
Peanut Oil Extraction Using Diesel-Based ReverseeNar Microemulsions”, September 2009. This
current version has been formatted for this diasiert.
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The extracted peanut oil/diesel blend was testedpé&anut oil fraction, viscosity,
cloud point and pour point, which all meet the riegments for biodiesel.

Keywords: vegetable oil extraction, reverse micellar micnogsion, biodiesel

Introduction

Concerns over current energy shortages and enveotainrestrictions have
raised interest in the development and use of mreleum-based renewable fuels.
Vegetable oils are one option being considerediseras renewable fuels as they have
been shown to have a performance comparable totrdiesel fuel [1-4]. However,
long-term usage of vegetable oils in diesel engoases engine durability problems
such as flow, injector coking and ring sticking.[3hese problems are mainly due to
the high viscosity of vegetable oils [6-8]. Sevema¢thods have been evaluated for
reducing the viscosity of vegetable oils includiray:dilution technique in which
vegetable oils are blended in small portion witbséi; a microemulsion technique in
which microemulsions with vegetable oils or bleradsvegetable oil and diesel are
formed with or without additives such as metharethanol, or butanol; and a
biodiesel technique, in which vegetable oils ascked and converted into their esters
or biodiesels [6, 7, 9]. In this research, we foonsthe extraction of peanut oil using
reverse micellar microemulsions of diesel to predadlend of peanut oil and diesel
as a dilution technique to reduce the viscositthefextracted peanut oil for biodiesel

application.
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Solvent extraction of oilseeds has been the mogulpo process for the
separation of oil and meal products in vegetableeeds [10-12]. Other methods of
extracting oil from oilseeds include mechanicalssreg [13], aqueous extraction [14-
17], enzymatic agueous extraction [18] and revengzellar extraction [19]. Among
these methods, which are often used to extracfooilcooking purposes, solvent
extraction using hexane has been the most popukthad that gives high oil
extraction efficiency [10, 11]. In this research,e wused reverse micellar
microemulsions of diesel as the extraction solverxtract oil from peanut seeds into
the oil phase of the microemulsion to produce bdemidbeanut oil and diesel.

Several research groups have studied the simulianedraction of vegetable
oil and proteins by using reverse micelles, buirtihrk focused primarily on the
extraction of proteins [19, 20]. In their work, tbé extraction mechanism was based
on the solubilization of vegetable oil in the resermicellar microemulsion of
isooctane and of protein in the water pool of tbeerse micelles. However, in our
work, the extraction product was not edible oil ,[P4], but instead was a blend of
vegetable oil and diesel that can be used as lsieldiieel.

A number of researches have studied the feagibdit using vegetable
oil/diesel blends or their W/O microemulsions asseéi fuels [6, 7, 9, 22]. In these
studies, it has been shown that vegetable oil/di@eads with a ratio of up to 20% of
vegetable oil or W/O microemulsions with a ratiovefyetable oil/diesel of up to 40%

of vegetable oil can be used in diesel enginesaowitimodification. Therefore, based
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on these findings, we aim to produce blends of tadge oil and diesel or their W/O
microemulsions via the extraction process.

The proposed mechanism of vegetable oil extractising reverse micellar
microemulsions is based on the “like dissolves’lienciple, which is similar to that
of solvent extraction technology. This principle ane that a polar solute is more
soluble in a polar solvent while a non-polar soligenore soluble in a non-polar
solvent [11]. Reverse micellar microemulsions haileas the continuous phase and
water as the inner core of the micelles. As a tesebetable oil is extracted directly
into the oil continuous phase and/or into the hptabic region of the reverse
micelles while the polar protein is simultaneouskyracted into the water pools of the
reverse micelles [19]. A notable advantage of tmethod is reduced emulsion
formation and thus fewer refining steps compareithdse in edible oil extraction.

Microemulsions are thermodynamically stable emulsithat contain water
and oil domains separated by surfactant films [RBEroemulsions can exist in four
forms as the well known Winsor-Type microemulsiongnsor Type | (oil-in-water or
O/W) microemulsions solubilize oil into sphericatormal micelles within the
continuous water phase while Type Il (water-inayiM//O) microemulsions solubilize
water in reverse micelles which occur in the oilaph Type Il (middle phase)
microemulsions exhibit three phases, excess oilatdr phases in equilibrium with a
bicontinuous phase when lamellar micelles are fdrmehe system [24]. In a middle
phase microemulsion, increasing surfactant conagotr causes the volume of the

middle phase to increase until all the oil and wateexists in a Type IV single phase
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microemulsion [23]. This study will use Type Il veatin-oil (W/O) microemulsions as
the extraction solvent to extract vegetable oiptoduce a blend of vegetable oil and
diesel.

The overall goal of this research is to extract fom peanuts using W/O
microemulsions of diesel to produce blends of valglet oil and diesel for biodiesel
application. We hypothesize that the extractionot$éeeds using reverse micellar
microemulsions is based on the “like dissolve likginciple and thus will extract
vegetable oil directly into the oil phase of thecroemulsion because oil is the
continuous phase of W/O (reverse micelle) microsmuk. Thus, there are four
objectives: (1) to formulate diesel-based W/O neonalsions; (2) to compare the oll
extraction efficiency using diesel as the solveatsus formulated diesel-based W/O
microemulsions; (3) to study the effects of varientraction parameters such as solid-
to-solvent ratio, extraction time, extraction smakispeed and extraction temperature
on the oil extraction efficiency; and (4) to anaythe quality of the extracted oll
blends as biodiesel including the viscosity, thection of peanut oil and diesel, the

free fatty acid and the cloud and pour point offtied.

Materialsand Methods
Materials
Biosurfactants used in this research are rhamnbliphd sophorolipid.
Rhamnolipid (JBR) biosurfactant was purchased frdeneil Biosurfactant Co.

(Saukville, Wisconsin) with 15 wt% active and aremge molecular weight of 577.
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Rhamnolipid biosurfactant was originally a blend & wt% monorhamnolipid
(MW=504) and 50 wt% dirhamnolipid (MW=650) as shoimrFigures 4.1a and 4.1b
[25]. Sophorolipid (SPL) biosurfactant was syntkedi and donated by the United
States Department of Agriculture (USDA) with higlgyrity (~ 100 wt% active) and
specific molecular structure as shown in Figurec426]. In addition, soy bean
lecithin, sodium bis(2-ethyl) dihexyl sulfosucciaaiSBDHS) (Fisher Scientific), and

oleyl alcohol (Sigma Aldrich) were also used asvai@n Table 4.1.
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. o
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0 Ho —o. S o= TN
¢=0 @’)LO-CH{CHQG-CHB oH
OH

J
HO o. 5
P SR o o .

OH OH CH,
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Figure 4.1.Structures of the rhamnolipids: (a) monorhamnolipfd) dirhamnolipid
(adapted from ref. [25]) and (c) Sophorolipid (A&\eetyl) (adapted from ref. [26]).

In this study, peanuts were used as the oil se@uvestigate the oil recovery
efficiency of diesel-based reverse micellar micraksion extraction. Peanuts were
purchased from America’s Best Nuts Co. (Rocky Maimt North Carolina) as
blanched. Peanut oil was purchased from Sigma-&idriand diesel oil was

commercial No. 2 diesel purchased from a localsgason. The composition of No. 2
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diesel fuel commonly contains 86.23% carbon, 13.1#¢drogen, 0.034% sulfur,
31.0% aromatic, 64.1% paraffin and 4.9% olefin [2&]l chemicals were used
without any further purification.

Table 4.1. Surfactants used in this work.

Surfactants Mol. Wt.

Rhamnolipid (JBR) 577

Sophorolipid (SPL) 688

Lecithin 770

Sodium bis(2-ethyl) dihexyl sulfosuccinate (SBDHS) 445

Oleyl alcohol (OA) 268
Methods

Phase studyPhase behavior studies were conducted by plazngl volumes of the
agueous and diesel phases (5 mL of each phasd)nm_lglass tubes (diameter of 13
mm) with Teflon® screw caps. For a given surfactaohcentration and linker
concentration, the salt concentration was variedeloeate the transition between the
different microemulsion types, which were identifieisually and by passing a laser
light through the phases. The sample tubes werd-glaaken for one minute, once a
day for the first three days, and then left to Bordte at room temperature for two
weeks [28].

Vegetable oil extractian The moisture content of peanuts was determined by

measuring the difference in weight of 3.0 gramg@und peanuts before and after
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drying in the oven until the weight remains constdime moisture content was found

to be 5.3 %, which is consistent with results frother studies [15, 21]. Since the

desired moisture content for solvent extractiomibivas reported to be 2-6% [29], in

this study, we kept the moisture content of peath#ssame at its initial value in all

experiments since the moisture content of pearagd was measured to be 5.3 %.

Extraction Ground
solvent peanuts
Y Y
CENTRIFUGE
TUBE
v
SHAKER
h 4
CENTRIFUGE

Peanut oil/diesel
blend l

17 ANALYSIS ﬂ

Viscosity l Free fatty acid
Cloud point
Peanut oil
concentration

Figure 4.2. Schematic diagram of the extractiorcgss.

Residual
solid

l

HEXANE
EXTRACTION

l

Peanut oil
concentration analysis

The extraction process includes three steps: segdlingy, solid/solvent

dispersion, and solid/liquid separation. The extomcwas carried out by dispersing
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the ground seeds into the W/O microemulsion ana thgitating the dispersion to

enhance the extraction of the oil, as shown infeigu2. The formulated diesel-based
W/O microemulsions were used as the extractionesmlVEach extraction experiment
was carried out in single batch basis except ferstiudy of multi step extraction. All

extraction experiments were done in triplicates.

Seed grinding.Grinding ruptures the seed cells to help releaseir th
constituents in order to increase the oil extracafficiency. Grinding was done using
a mechanical grinder. Since the oil extraction naadm is strongly dependent on
“like dissolves like” principle, essentially no flision takes place through the cell
walls. The total amount of oil available for extian is therefore dependent on the
amount of surface area. Small particles will preval higher surface area to volume
ratio and more oil will be located at the surfacstéad of inside of the particles [30].
Thus, grinding is a critical step in the oil extran. This study used seed size of 0.5 —
0.84 mm, which is categorized as medium size [21, 3

Solid/solvent dispersioi certain amount of ground peanuts was dispersed in
a certain volume of W/O microemulsion of diesel #operiod of time by mechanical
shaking. In all experiments, 3.0 grams of grounanpés was used and the volume of
W/O microemulsions was adjusted according to thelistl solid-to-solvent ratio.
Extraction parameters such as solvent types, solgblvent ratio, extraction time,
shaking speed and extraction temperature weredvarie at a time to determine their

effects on the oil extraction yield.
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Solid/liquid separationThe extracted oil blend and the solid phase after t
dispersion were separated by centrifugation at 4@d0 for 30 minutes to ensure
complete separation [21]. The oil phase was traresfeinto a separate container for
further analysis. The residual solid was extractgith 20 mL hexane, followed by
evaporation of hexane to obtain residual oil.

Analysis of extracted oil blends

Peanut oil extraction efficiencygoth the extracted oil blends and the residual
oil were analyzed by HPLC with evaporative lighatering detector (ELSD) using
Alltech Altima HP C18 5u column with the length 260 mm and inside diameter of
4.6 mm. A mixture of 20% dichloromethane and 80%thaeol was used as the
analyzing solvent. Both the extracted oil blend ahd residual oil blend were
analyzed to determine the extraction efficiencythed extraction based on Equation
4.1. A mass balance was also done to check thdityatif the analyzed results. The

oil extraction efficiency was calculated by Equatél below [30]:

Weight of extracted peanut oil
% oil extraction = x 100%

Weight of total oil in raw peanuts

(4.1)

Viscosity measuremerkKinematic viscosity, one of the fuel properties,swa
determined from measured dynamic viscosity. Theadyn viscosity with the unit of
centipoises (cP) of the extracted oil blend was suesd using the Brookfield
Programmable DV-lII + Rheometer with spindle numde for low viscosity

measurement. A volume of 6.7 mL of sample was place the chamber for
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measurement. The temperature was controlled at r2b 40 °C. The kinematic
viscosity with the unit of centistokes (cSt) wascatated from the dynamic viscosity

by Equation 4.2:

Dynamic viscosity (cSt)

Kinematic viscosity (cSt) = (4.2)
Solution density (g/mL) '

Cloud point and pour point testghe two fuel properties, cloud point and pour
point, were also determined. The cloud point is td®perature at which the fuel
begins to thicken and become cloudy. The pour peitthe temperature at which the
fuel begins to thicken and no longer pour. The dlpwint and the pour point are
important properties of fuels since at the clouthhsome engines fail to run and at
the pour point, all engines fail [32]. Thus, cloadd pour points of the extracted oil
blend was determined by observing it to thicken d@wtome cloudy at cold

temperature as they are cold properties of fuedg [3

Results and Discussion

Formulation of diesel-based microemulsions

The formulation of diesel-based microemulsions dase via phase behavior
studies by varying surfactant concentration andnisgalas shown in Figure 4.3.
Salinity was scanned for each surfactant conceotrafs the salinity increases, the
microemulsion transitions from Type | (water-injoib Type Il (bicontinuous) to

Type Il (oil-in-water).
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Figure 4.3.Partial fish phase diagrams with diesel of two a&ctdnt systems: (G
Lecithin/SPL/JBR = 1/1/0.628 by wt. and (SBDHS/JBR/OA = 1.11/1.44/0.67 |

wit.
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Two surfactant systems were used to formulate rarordsions with diesel:
Lecithin/SPL/JBR at ratio of 1/1/0.63 w/v% (Figude3a) and SBDHS/JBR/OA at
ratio of 1.1/1.4/0.67 w/v% (Figure 4.3b). The twarfactant systems show different
phase behavior with diesel. For the Lecithin/fSPRXystem (Figure 4.3a), the Type
[l middle phase microemulsion region (range ofiregt or salinity window) gets
wider as the total surfactant concentration inaeaslowever, with further increases
in surfactant concentration, the salinity windowrows as the system approaches
Type IV.

For the system of SBDHS/JBR/OA, the phase diagramisin the opposite
direction as compared to the system of Lecithin/SBR. These phase behaviors
indicate that the two surfactant systems have vdifferent hydrophilicity-
hydrophobicity characteristics. Thus, their W/O raamulsions with diesel were
chosen as the extraction solvent to study the efiEextraction solvents on the oll

extraction efficiency.

Effects of operating parameters on oil extractifficiency

Solvent-based vegetable oil extraction involvestthasfer of the oil from the
solid oilseeds to the liquid solvent. The extracti®pends on the nature of the solvent
and oil, the contacting time between the oilseatigles and the solvent, the shaking
speed, the extraction temperature and the solgbieent ratio [29, 31]. Sufficient
contact time is required for the solvent and theldo equilibrate to ensure the most

efficient extraction of the oil. Temperature affette rate at which the solvent and the

69



solid obtain equilibrium; and this rate increases the extraction temperatL
increases. A faster rate will make the process rfeagble and economical. Howev
the extraction temperature should be below the inli@ling point of the solvent du
to the safety hazard of rapid vaporization and sarezation of the extraction proce
[29]. Therefore, these five factors affecting thxéra&ction process were investted in
this study.

Effect of extraction solve

100 +
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -

m Diesel

u SBDHS/JBR/OA
u |_ecithin/SPL/JBR
OHexane

I
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Extraction Efficiency, %

1/3 1/5 1/10

Solid-to-solvent ratio

Figure 4.4.Effect of extraction solvent on oil extraction eféncy at 60 minut

extraction time and 200 rpm shaking sy.

The oil extraction efficiency was compared for thigpes of solvents: dies

dieselbased W/O microemulsion of Lecithin/SPL/JBR (0.5/0.31 w/v%, NaCl 2.!
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w/v%) surfactant system and diesel-based W/O micuigion of SBDHS/JBR/OA
(0.56/0.72/0.34 wiv%, NaCl 9 w/v%) surfactant sygstd he efficiency of these three
solvents was compared with the conventional extrg&olvent hexane.

As seen in Figure 4.4, at the same extraction ¢omdiof 60 minutes of
extraction and a shaking speed of 200 rpm, we btaihigher oil extraction
efficiency with diesel-based reverse micellar (Riicroemulsions than with either
hexane or diesel only at all solid to solvent mtiBor example, at the solid-to-solvent
ratio of 1/10, the oil extraction efficiency produtwith the RM microemulsions is
about 96 % while that produced by diesel and heisaabout 89 %. This could be due
to the presence of surfactants in reverse micaliaroemulsions, which increases the
polarity of the solvent, thereby increasing therastion of more polar portions of
vegetable oil. The oil extraction efficiency proédc from diesel-based reverse
micellar microemulsions of two different surfactaystems are statistically the same
at all solid-to solvent ratios. Therefore, in fuathstudy, the diesel-based reverse
micellar microemulsion of SBDHS/JBR/OA surfactantstem was used to study
different effects on the extraction yield.

Effect of solid-to-solvent ratio

The effect of solid-to-solvent ratio on the oil edtion efficiency is shown in
Figure 4.5. The ratio was varied from 1:2 to 1:®M8vj. The extraction time was 40
minutes at the shaking speed of 200 rpm. As thid-smisolvent ratio increases from
1:2 to 1:5, the extraction efficiency increasesnfr@9.5 + 3.3 % to 94.1 + 0.9 %.

However, ratios above 1:5 have no significant effat the oil extraction efficiency

71



since only sufficient amount of solvent is requiteddissolve all the oil in the seeds.

Therefore, in the following study, we used a sodiesolvent ratio of 1:5 (w/v).
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Figure 4.5.Effect of solid-to-solvent ratio on oil extractiafficiency at 40 minute

extraction time and 200 rpm shaking speed usingdtation of AOT/JBR/OA =
0.0125/0.0125/0.0125 M diesel-based reverse mriaslieroemulsion.

Effect of extraction time

In the study of the effect of extraction time oe gmount of oil extracted, the
extraction was carried out for various amountsimetfrom 5 to 60 minutes (Figure
4.6). The extraction was done at a solid-to-solvatib of 1:5 and shaking speed of
200 rpm. After 10 minutes of extraction, 91.6 + %50il was extracted. For a longer

time of 40 minutes, the oil extraction efficienaycreases to 94.1 + 0.9 %. With this
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extraction technology, high oil extraction was am¢a at much shorter time than with
other extraction methods such as aqueous extra¢gB8dh and enzyme-assisted

aqueous extraction [35] which require times of 1&-hours.
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Figure 4.6. Effect of extraction time on oil extiiaa efficiency at 200 rpm shaking
speed, solid-to-solvent ratio of 1:5 using the folation of AOT/JBR/OA =
0.0125/0.0125/0.0125 M diesel-based reverse mraglieroemulsion.

Effect of shaking speed

The effect of shaking speed on oil extraction éficy was evaluated at 40
minutes of extraction time and solid-to-solvenicaif 1:5. From the shaking speed
range of 50 to 100 rpm, the extraction efficienogreased from 81.27 + 4.46 % to

91.80 £ 0.61 %. However, for shaking speeds highan 100 rpm, there is no
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significant increase in the oil extraction efficogn A different trend in the effect of
shaking speed on oil extraction yield was foundhwte enzyme-assisted aqueous
extraction [35]. For their system, it was foundtthtia shaking speed of 100 rpm or
higher, emulsification occurs and reduces the amotail extracted [35]. In contrast,
our extraction method using diesel-based reverseellar microemulsions did not
exhibit this emulsification problem.

Effect of extraction temperature

The study of the effect of extraction temperatuneod extraction efficiency
shows statistically the same amount of oil ext¢about 93 %) at room temperature
(23 = 1°C) and higher (up to 68C). The extraction was done at 150 rpm shaking
speed and solid-to-liquid ratio of 1:5. The oilraxtion efficiency at 10 and 40 minute
extraction time is almost the same (about 93 %)latudied temperatures, which falls
in the range of values in Figure 4.6. With other ettraction methods, high oil
extraction efficiency (> 90%) was not observed luthie extraction temperature
reaches 46C or 60°C [21, 31, 35].

Extracted Oil Blend Analysis

Peanut oil fraction and kinematic viscosity of exted oil blend

Figures 4.7 and 4.8 plot the fraction of peanutimithe extraction oil blend
and the kinematic viscosity of the extracted okra at different solid-to-solvent
ratios, respectively. It was found that the onlyrastion parameter that affects the
peanut oil fraction and the viscosity of the exteacoil blends was solid-to-solvent

ratio (data not shown). As the amount of extracBotvent increases or the solid-to-
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solvent ratio decreases, the portion of peanuincihe extracted oil blend decreases

(Figure 4.7) as well as the viscosity of the extdil blend does (Figure 4.8).
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Figure 4.7. Fraction of peanut oil in extracted loiénd at various solid-to-solvent
ratios and 200 rpm shaking speed for 40 minutesigugshe formulation of
AOT/JBR/OA = 0.0125/0.0125/0.0125 M diesel-basedverse micellar

microemulsion.

At all studied solid-to-solvent ratios, the fractiof peanut oil in the extracted
oil blend is less than 15 %, which is desirable dtiernative fuels used in diesel
engine [6, 7, 9, 22]. The kinematic viscosity o #xtracted oil blends was measured
at two different temperatures of 25 and®@0 Lower viscosity was observed at higher
temperature. At 28C, the viscosity decreases from 6.50 + 0.24 cSokd-to-solvent

ratio of 1/3 to 4.24 + 0.19 cSt at solid-to-solveatio of 1/15. At 40C, the viscosity
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decreases from 4.79 + 0.17 cSt to 3.87 + 0.14 Tistse values meet the kinematic

viscosity requirement for biodiesel, which rangesf 1.9 to 6.0 cSt at 4T [32].
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Figure 4.8.Kinematic viscosity of extracted oil blend at difat solid-to-solvent
ratios and temperatures, 200 rpm shaking speedd@ndinute extraction using the
formulation of AOT/JBR/OA = 0.0125/0.0125/0.0125dsel-based reverse micellar

microemulsion.

Cloud point and pour point of extracted oil blend

Since the extraction at solid-to-solvent ratio AfQlproduces peanut oil/diesel
blend with composition of less than 15 % peanutimitthe blend and kinematic
viscosity within the typical viscosity range of dé fuel No. 2, this extracted oil blend
was selected to test the free fatty acid contéetctoud and the pour points. At 28,
the extracted oil blend was observed to be clearalb solid-to-solvent ratios.

However, the pour points varied. At solid-to-solveatios of 1/10 and 1/15, the
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extracted oil blend poured at -8, but it only poured at temperature higher thdf 5
for solid-to-solvent ratios of 1/3 and 1/5. Thusalitstudied conditions, the extracted
oil blend meets the cloud point and pour point nemuents for biodiesel, which
typically are 40°F for cloud point and 15-2% for pour point. In colder climate, the
cloud point requirement for fuel can be as low @8FLand the pour point requirement
can be -10F [32]. Therefore, depending on the climate, slétaxtraction condition

can be used to produce the biodiesel that meefsi¢heequirement.

Conclusions
The data presented in this work demonstrate thsiddisy of producing

vegetable oil/diesel blends as biodiesel fuelsu@ghovegetable oil extraction using
diesel-based reverse micellar microemulsions aseian solvent. Various extraction
parameters were studied, showing that at room teatyre and short extraction time
(10 minutes), almost 95% of extraction efficiencyaswobtained just by a single
extraction step. Thus, an efficiency of almost 99y be expected with a multistage
extraction. The extracted peanut oil/diesel blead the peanut oil fraction, viscosity,
cloud point and pour point that meet the requirdsieior biodiesel fuel. The
extraction efficiency using this method is highleart that when neat diesel or hexane

was used under the same extraction condition avckedure.

77



Acknowledgement
The authors thankOklahoma Center for Advancement of Science and
Technology (OCASTpr financial support. Acknowledgement is also regsed to Dr.
Richard Ashby from USDA-ARS for providing sophomt biosurfactant and
undergraduate research assistants at the UnivefsiBklahoma, Ashley Eleden and
Bridgett Neighbors. Sponsors of the Oklahoma Umiter Institute for Applied

Surfactant Research (IASR) are acknowleddpg{//cbme.ou.edu/iasr/index.htm

References

1. Backer, L. F.; Jacobsen, L.; Olson, J. C. 1988 m-Scale Recovery and
Filtration Characteristics of Sunflower Oil for UseDiesel Engines. JAOCS, 60
(8), 1558-1560.

2. Peterson, C. L.; Auld, D. L.; Korus, R. A. 1988inter Rape QOil Fuel for Diesel
Engines: Recovery and Utilization. JAOCS, 60 (8)/9-1587.

3. Pryde, E. H. 1983. Vegetable Oils as DiesellFu@verview. JAOCS, 60 (8),
1557-1558.

4. Ryan, T. W.; Dodge, L. G.; Callahan, T. J. 1984e Effects of Vegetable Oil
Properties on Injection and Combustion in Two D#f@ Diesel Engines.
JAOCS, 61 (10), 1610-1619.

5. Avella, F.; Galtieri, A.; Fiumara, A. 1992. @fcteristics and Ultilization of
Vegetable Derivatives as Diesel Fuels. La Rivisga@ombustibili, 46 (6), 181-

188.

78



10.

11.

12.

13.

Ergeneman, M.; Ozaktas, T.;goglu, K. B.; Karaosmangu, F.; Arslan, E.
1997. Effect of Some Turkish Vegetable Oil — DieBekl Blends on Exhaust
Emissions. Energy Sources, 19, 879-885.

Ma, F. and Hanna, M. A. 1999. Biodiesel PromurctA Review. Bioresource
Technology, 70, 1-15.

Neuma de Castro Dantas, T.; da Silva, A. C.toNé&. A. D. 2001. New
Microemulsion Systems Using Diesel and Vegetabls. Guel, 80, 75-81.
Rakopoulos, C. D.; Antonopoulos, K. A.; Rakolesy D. C.; Hountalas, D. T.;
Giakoumis, E. G. 2006. Comparative Performance Bndssions Study of a
Direct Injection Diesel Engine Using Blends of Bae&uel with Vegetable Oils
or Bio-Diesels of Various Origins. Energy Conversiand Management, 47,
3272-3287.

Becker, W. 1978. Solvent Extraction of Soybedasirnal of The American Oil
Chemists’ Society, 55, 754-761.

Johnson, L. A.; Lusas, E. W. 1983. ComparisbAlternative Solvents for Oils
Extraction. JAOCS, 60 (2), 229-241.

Nieh, C. D.; Snyder, H. E. 1991. Solvent Eximacof Oil from Soybean Fluor | —
Extraction Rate, a Countercurrent Extraction Systama Oil Quality. JAOCS, 68
(4), 246-249.

Bachmann, J. 2001. Small-Scaled Oilseed Prioges&ppropriate Technology

Transfer for Rural Area. 24 pages.

79



14.

15.

16.

17.

18.

19.

20.

21.

Hagenmaier, R.; Cater, C. M.; Mattil, K. F. 29Tritical Unit Operations of the
Aqueous Processing of Fresh Coconuts. JAOCS, 493719.

Cater, C. M.; Rhee, K. C.; Hagenmaier, R. DattM K. F. 1974. Aqueous
Extractions — An Alternative Oilseed Milling ProsedAOCS, 51, 137-141.
Nasuk, A.; Sabatini, D. A.; Tongcumpou, C. 200croemulsion-Based Palm
Kernel Oil Extraction Using Mixed Surfactant Sobrti Industrial Crops and
Products, 30 (2), 194-198.

Do. L. D., and Sabatini, D. A. 2009. Aqueousdbxed-Surfactant Based Method
for Vegetable Oil Extraction. Proof of Concept. Butbed to JAOCS in the area
of Nonfood/Industrial Applications.

Chen, B.; Diosady, L. L. 2003. Enzymatic Aqued@rocessing of Coconuts.
International Journal of Applied Science and Engiimag, 1 (1), 55-61.

Leser, M. E.; Luisi, P. L.; Palmieri, S. 198%he Use of Reverse Micelles for The
Simultaneous Extraction of Oil and Proteins frong¥able Meal. Biotechnology
and Bioengineering, 34, 1140-1146.

Ugolini, L.; Nicola, G. D.; Palmieri, S. 2008se of Reverse Micelles for the
Simultaneous Extraction of Oil, Proteins, and Ghinolates from Cruciferous
Oilseeds. Journal of Agricultural and Food Chemgjsi6, 1595-1601.

Rhee, K. C.; Cater, C. M.; Mattil, K. F. 19&Imultaneous Recovery of Protein
and Oil from Raw Peanuts in an Aqueous System.ndbwf Food and Science,

37, 90-93.

80



22.

23.

24,

25.

26.

27.

28.

29.

30.

Lif, A. and Holmberg, K. 2006. Water-in-Died&inulsions and Related Systems.
Advances in Colloid and Interface Science, 123-8248-329.

Rosen, M. J. 1989. Surfactants and Interfdér@@nomena. John Wiley & Sons,
Inc., 2% ed.

Bourrel, M., and Schechter, R. S. 1998. Microlsions and Related Systems:
Formulation, Solvency, and Physical Properties.fé&gtant Science Series 30,
229-302.

Helvaci,S. S., Pecker, S., and Ozdemir, G. 2004. Effect of fEtdytes on the
Surface Behavior of Rhamnolipids R1 and R2. CoHoiand Surfaces B:
Biointerfaces 35, 225-233.

Ashby, R. D.; Solaiman, D. K. Y.; Foglia, T. 2008. Property Control of
Sophorolipids: Influence of Fatty Acid Substratel @lending. Biotechnol Lett,
30, 1093-1100.

Tat, M. E. and Gerpen, J. H. V. 2000. The SmeGravity of Biodiesel and Its
Blends with Diesel Fuel. JAOCS, 77 (2), 115-1109.

Acosta, E. J.; Nguyen, T.; Witthayapanyanon,Harwell, J. H.; Sabatini, D. A.
2005. Linker-Based Bio-compatible MicroemulsiongviEonmental Science and
Technology, 39, 1275-1282.

Wan, P. J. and Wakelyn, P. J. 1997. Technolgy Solvents for Extracting
Oilseeds and Nonpetroleum Oils. AOCS Press, Chamnpdiinois.

Goodrum, J. W.; Kilgo, M. B. 1987. Peanut Oitfaction using Compressed @O

Energy in Agriculture, 6, 265-271.

81



31. Sayyar, S.; Abidin, Z. Z.; Yunus, R.; MuhammAd2009. Extraction of Oil from
Jatropha Seeds-Optimization and Kinetics. Americdournal of Applied
Sciences, 6 (7), 1390-1395.

32. Gerpen, J. V.; Pruszko, R.; Clements, D.; ShaBk Knothe, G. 200@Building a
Successful Biodiesel Busing¥ Ed. Biodiesel Basics. ISBN: 0-9786349-0-X.

33. ASTM method, D2500. 1995. ASTM Book of Stand&es$t Methods, 268-271,
American Society for Testing Materials, PhiladeipH?A.

34. Lanzani, A.; Petrini, N. C.; Cozzoli, O.; Gaftasi, C.; Carola, C.; Jacini, G. 1975.
On Use of Enzymes for Vegetable Oil Extraction, Pelminary Report. Ital.
Sostanze Grasse, 21, 226-229.

35. Sharma, A.; Khare, S. K.; Gupta, M. N. 2002z¥ne-Assisted Aqueous

Extraction of Peanut Oil. JAOCS, 79 (3), 215-218.

82



CHAPTERS
Biocompatible L ecithin-Based Microemulsions with Rhamnolipid and

Sophorolipid Biosurfactants: Formulation and Applications

Abstract
The objectives of this research are first to evalube hydrophilicity/hydrophobicity
of sophorolipid biosurfactants relative to convenél synthetic surfactants and then
to formulate and evaluate microemulsions of lenoittiamnolipid/sophorolipid
biosurfactants with a range of oils (varying EACHBIues and oil types). We found
that sophorolipid biosurfactants are more hydrophdban sodium bis(2-ethyl)
dihexyl sulfosuccinate (SBDHS), which is more hymhrobic than sodium dihexyl
sulfosuccinate (SDHS) and rhamnolipid biosurfact&dphorolipid thus played an
important role as the hydrophobic component intheairhamnolipid/sophorolipid
biosurfactant formulation. This biosurfactant fotation was able to produce Winsor
Type |, lll and Il microemulsions and the corresgioig ultralow IFT for limonene,
decane, isopropyl myristate and hexadecane. Theepbahavior of this formulation
with isopropyl myristate did not change signifidgnwith changing temperature (10,
25, 40°C) and electrolyte concentration (0.9 and 4.0% wivaking it desirable for
cosmetic and drug delivery applications. The hegade detergency performance of
our biocompatible formulation was higher than tbk commercial liquid detergent

at the same surfactant active concentrations.
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Introduction

Microorganism-produced biosurfactants have divesseictures including
glycolipids, phospholipids, polysaccharide-lipid ngolexes, lipopeptides and
hydroxylated and cross-linked fatty acids [1, 2heTmost common glycolipid
biosurfactants are rhamnolipids and sophorolipmbjch are of interest in this
research. The glycolipid species are generally ameg of carbohydrate heads and
lipid tails as shown in Figure 5.1 [3, 4].

Rhamnolipid biosurfactants have two hydrophilic dhegroups: carboxylate
groups give rhamnolipids an anionic character dwadnnosyl groups contribute to the
bulkiness of the head group. Rhamnolipid biosudiais have two identical tails of C8
alkyl chains as shown in Figure 5.1 [5]. We haveds&d the characteristic and
microemulsion formation of rhamnolipid extensivetly our previous work [6, 7],
which showed that rhamnolipid is a hydrophilic sgthnt. The hydrophilicity —
hydrophobicity balance (HLB) of rhamnolipid has beeported as 22 — 24 [5].

Sophorolipid has only one long tail of an unsatundatty acid. There are two
conformations of sophorolipid during productionctiane form resulting from the
esterification of the carboxylic acid group to ttieaccharide ring (Figure 5.2a) and
acidic form with two head groups of dimeric sugaptsorose and carboxylic acid

(Figure 5.2b), in which the sophorose head is datety [4]. These acetyl groups have
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been shown to lower the hydrophilicity of sophguai and thus increase the
hydrophobicity of sophorolipid [8].

Rhamnolipid and sophorolipid biosurfactants posgasperties that make
them attractive in many applications such as biediation, microbial enhanced oill
recovery, food and cosmetic industries and pharotaxad applications [9-14]. Due to
their biocompatibility and low toxicity, the use ohamnolipid and sophorolipid
biosurfactants in cosmetic and pharmaceutical egiptins is of increasing interest
[15]. Specifically, rhamnolipids have been showrné&we a high antimicrobial activity
against bacteria and fungi and immunological aistivil6, 17]. Studies on
sophorolipids have demonstrated that they showngiatefor use in cosmetic and
pharmaceutical applications such as skin moistyriaeti-human immunodeficiency
virus and sperm-immobilizing activities [8, 15, 18]

Microemulsions are thermodynamically stable, igoizodispersions of oil,
water and surfactant [19]. Microemulsion system®dpce high solubilization
capacity and ultra-low interfacial tensions of aid water, making them desirable in
practical applications such as enhanced oil rego{fe©OR), drug delivery, and food
and cosmetic applications [20-25]. Microemulsioas exist in four forms of Winsor
microemulsions [19, 20]. Type | and Type Il micragdsions are two-phase systems.
Type | microemulsions consist of oil solubilizedspherical normal micelles within
the water-continuous phase in equilibrium with finee oil phase while Type |II
microemulsions consist of water solubilized in msee micelles within the oil-

continuous phase in equilibrium with the agueouasph Type Il microemulsions
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exhibit three-phase systems in which the middle sphanicroemulsions are in
equilibrium with both excess oil and excess aquehases. Type IV microemulsions
result from the expansion of the middle phase Tyfhemicroemulsions with
increasing surfactant concentration such thathadl éxcess oil and excess water is
incorporated into a single phase system.

Lecithin-based microemulsions have proven to beralde in biocompatible
formulations due to their tendency to mimic the gtwlipid nature of cell
membranes [26]. Other studies have studies evauh&applications of rhamnolipid
and sophorolipid biosurfactants in cosmetics andriplaceuticals [8, 9, 12, 15-18].
However, the microemulsion phase behavior of saghpd has not yet been studied
and only limited research has evaluated the miculgon phase behavior of
rhamnolipid [5-7].

Therefore, the overall goal of this research is &wvaluate the
hydrophilicity/hydrophobicity of the sophorolipiddsurfactant and its microemulsion
phase behavior in mixtures with rhamnolipid andthec using a range of oils. We
hypothesize that sophorolipid is hydrophobic basedts lactone structure with two
acetyl groups attached to the dimeric sugar sopeoreead group. It is also
hypothesized that, due to the dimeric sugar sopeottead, sophorolipid will be
relatively insensitive to temperature even thougis ia nonionic surfactant, and that
consequently microemulsion formulations using feoit rhamnolipid and
sophorolipid will be relatively insensitive to teemature. There are thus four

objectives in this work: (1) to investigate the hyghobicity of sophorolipid
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biosurfactant; (2) to demonstrate the ability t@duce alcohol free lecithin-based
biocompatible microemulsions using sophorolipid &arange of oils (oil types and oil
equivalent alkane carbon numbers (EACNS)), inclgdimonene, decane, isopropyl
myristate (IPM) and hexadecane; (3) to evaluate dffect of temperature and
electrolyte on lecithin-based sophorolipid microésians; and (4) to compare the
detergency power of lecithin-based sophorolipid miolation with commercial
detergent for the removal of hexadecane. Among fine studied oils, the
microemulsions of limonene and IPM are studied towéheir applications in
cosmetics and pharmaceutical and that of decane hex@decane toward its

application in detergency.

Materials and Methods

Materials

Rhamnolipid (JBR) biosurfactant was purchased fdemeil Biosurfactant Co.
(Saukville, Wisconsin) at 15.6 wt% active, which rsughly a blend of 50%
monorhamnolipid (Figure 5.1a) and 50% dirhamnolifffture 5.1b). Sophorolipid
(SPL) biosurfactants (Figure 5.2) were synthesaed donated by the United States
Department of Agriculture (USDA) with high purity- (100% active). Two types of
SPLs were studied in this work, which were synthesi by C. bombicolafrom
palmitic C16 fatty acid (SPL-P) and oleic C18 fa#tyid (SPL-O) [4]. Thus, SPL-P

has unsaturated C16 in the tail and SPL-O has uradatl C18.
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Figure 5.1.Structures of the rhamnolipids: (a) monorhamnoligidi (b) dirhamnolipid
(adapted from ref. [3]).
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Figure 5.2.Structures of the sophorolipids (Ac = Acetyl): (artone form and (b)
acidic form (adapted from ref. [4]).

Soybean lecithin and sodium bis(2-ethyl) dihexylfaauccinate (SBDHS)

were purchased from Fisher Scientific as 100% actand sodium dihexyl
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sulfosuccinate (SDHS, 80% wt. solution in watersvii@m Sigma Aldrich. Sodium

chloride (NaCl, 99+%) was used as the electrolyte.

Table 5.1. Surfactants used in this work.

Surfactant Mol. Molecular structure
wit.
0
Sodium dihexyl "0 fP\
sulfosuccinate 376 ~—~a—~0 .
(SDHS) S03 Na
o)

/\/\L ]
@]
Sodium bis(2-ethyl)dihexyl 432 W\yc’ SOs"Na*
0

sulfosuccinate (SBDHS)

) 0o
Lecithin 770} SO AN R
<N\ & ‘o/\[ o
O)I\ R'

Rhamnolipid (JBR) 577 Fig. 1

Sophorolipid - oleic acid 688 Fig. 2
(SPL-O)

Sophorolipid - palmatic

acid 660° Fig. 2
(SPL-P)

¥rom ref [27],%from ref [3], from ref [4]

The five oils studied were limonene (98%), isoplopyristate (IPM, 98%),

benzene, decane and hexadecane (99+%, anhydrohis); were purchased from
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Sigma Aldrich. All chemicals were used without het purification. The fabric used

in detergency tests was a standard unsoiled 65%egter and 35% cotton blend.

Table 5.2. Oils used in this work.

Oil EACN Mol. Molecular structure
WL.

Benzene 0? 78 @
Limonene 57 136 @ ....... <

Decane 10° 142
(0]
Isopropyl myristate 13 270 /\/\/\/\/\/\)J\ J\
0]
Hexadecane 16° 226

%¥rom ref. [20],"from ref. [27],%rom ref. [28, 29]%rom ref. [30]

Methods
Phase Study

Phase behavior studies were conducted by placiu@levolumes of the
agueous and oil phase (5 mL of each phase) in 14iats tubes (diameter of 13
mm). When benzene was used as the oil phase, ®effonew caps were used to

minimize evaporation. The sample tubes were haa#eshfor one minute once a day
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for the first three days, and then left to equdiier at desired temperatures in a water
bath for two weeks [30]. Microemulsions were idéetl visually and by passing a
laser light through the phases.

Sophorolipid hydrophilicity/hydrophobicity studin this study, rhamnolipid
was used as the reference surfactant and mixedSBBPHS, SDHS, SPL-P and SPL-
O individually. The total surfactant concentratias fixed at 0.1 M with varying
surfactant ratio. For each surfactant ratio, sglinvas scanned to determine the
optimum formulation where equal amounts of oil amater were solubilized in the
middle phase microemulsion. Benzene was used s shidy as the oil. Thus the
height of each phase in the middle phase microeamulsvas measured after
equilibrium to determine the phase volumes [30].

Microemulsion formulations of surfactant mixturesithw various oils.
Surfactant mixtures were studied using combinatadriscithin, SPL-O and JBR. The
ratio of lecithin to SPL-O was kept constant at AL weight. The electrolyte
concentration was fixed at 0.9 w/v % for most ekpents since this is the maximum
salinity concentration that does not cause irotatiin human cosmetic and
pharmaceutical products. The JBR concentration wased for each lecithin
concentration to delineate the transition betwdendifferent microemulsions types.
For limonene and IPM, fish diagrams were constdittased on the varying lecithin
concentration with varying JBR concentration. Facahe and hexadecane, the
lecithin/SPL-O concentration was fixed at 4/4% wamnd the JBR concentration was

varied. The resulting interfacial tension valuesevmeasured with each oil. All these
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phase studies were performed at room temperatu28 af1°C, except for those with
IPM, which were also done at 10 and°@0

Interfacial Tension

The interfacial tension value between the excelsarml excess water phases
was measured using glass capillary tubes and aisgidrop tensiometer (Model 500
purchased from the University of Texas). The capjlitube is 2 mm in diameter and
has a volume of 30Ql. The tube was filled with the excess water (teaskr phase),
and then 1-ul of the excess oil (the less dense phase) wast@gento the aqueous
solution to form a droplet [31]. The filled tube svéhen placed in the spinning drop
tensiometer and the oil droplet size was measured.

Detergency Test

Detergency test was performed using a model 72d8)-D-Tometer US
Testing machine (USA Testing Co., Inc., Hoboken) &ldd ASTM standard D3050-
98, “Standard Guide for Measuring Soil Removal fréwtificially Contaminated
Soils” [32]. Fabrics were cut into 3x4 in. piecewartificially stained by immersing
in a chloroform solution containing 20% by volunfehexadecane dyed with 200 ppm
of oil red O. The stained fabrics were then driedlar a ventilated hood [33, 34].
Detergency tests were conducted at an agitatioredspd 120 rpm and room
temperature with 20 minutes of washing with 1 Lsaffactant formulation solution,
followed by two rinse steps with deionized watée first rinse was for three minutes
and the second rinse was for two minutes [35]. Elthrgency experiment was done

in triplicate. The post wash fabrics were hung tp avernight prior to determining
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detergency efficiency, which was calculated basedhe reflectance of the prewash
and post wash stained fabrics. The reflectancemessured at 520 nm using the Ultra
Scan Sphere Spectrophotometer (Hunter Lab). Thergksicy (%) was calculated

based on the following equation:

Detergency (%) = [(A — B)/(G B)] x 100 (5.1)
where A is the average reflectance of the soiledda after washing, B is the average
reflectance of the soiled fabrics before washing @y is the average reflectance of
the unsoiled fabrics before washing [33]. For congoa purposes, a commercial
liquid laundry detergent was also studied (2x Ulirde, manufactured by Procter &

Gamble, Co., total active surfactant of 27.5% (B & SDS)).

Results and Discussions

Sophorolipid hydrophilicity/hydrophobicity

To access the hydrophilicity/hydrophobicity of th@phorolipid surfactant, we
studied the optimum salinity of sophorolipids witbnzene and compared it with that
of conventional synthetic surfactants SDHS and SBDHfFigure 5.3 plots the
optimum salinity (5 the salinity at which the optimum formulationdbtained) for
each surfactant mixture as a function of molartfoacof JBR, which is the common
surfactant in all surfactant mixtures. It is obsehthat for all four surfactants studied,
increasing the JBR mole fraction increases thenapt salinity for the mixture. Prior
to further discussing the results presented inreéigu3, it is helpful to introduce the

Winsor R-ratio concept. The Winsor R-ratio is defiras follows:
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R =2c0 (5.2)

Acw

where Ao and Acw indicate the interaction between the surfactasbdzed at the
interface with the oil phase and water phase, wtsmty [36]. For R < 1, the water-
surfactant interaction is stronger than the oifaetant interaction while the opposite
is true for R>1; thus, systems with R <1 form Typeicroemulsion system and
systems with R > 1 form Type Il microemulsion systeAt R = 1, the water-
surfactant and oil-surfactant interactions arertii#d and optimum formulation (Type
[l microemulsion) is formed. A change in a tunipgrameter such as salinity or
temperature will result in a change in at least e interactions [37]. For example,
as the salinity increases, the interaction betwsamiactant and water orofy will
decrease and thus the R ratio will increase; a&sualtt a phase transition from Type |
to Type Il may occur. Another way of explainingeteffect of salinity on the phase
transition is that, as the salinity increases, sgfactant system becomes more
hydrophobic and the surfactant-oil interaction @ages, resulting in an increase in the
R ratio. Therefore, for a given oil phase, a moydrbphilic surfactant system will
require higher salinity to increase the R ratid tén other words, the optimum salinity
will be higher when using more hydrophilic surfattsato form microemulsions.

The Winsor concept can be used to interpret thelg®bserved in Figure 5.3.
For any given molar fraction of JBR, the optimuntirsty decreases in mixture with
other surfactants in the following order: SDHS, $BR) SPL-P and SPL-O. Since

JBR is the common surfactant in all mixtures, fayieen molar fraction of JBR, the
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optimum salinity value is dependent on the hydrlg@hi/hydrophobicity of the other

surfactant in the mixture. At 100% JBR, S* is & litighest (6.5%), indicating that

JBR is the most hydrophilic surfactant among thvéastants studied.

Opt. S*, w/v%

10
1 4
——SDHS
—8-SBDHS
0.1+ —&—SPL-P
=>=SPL-O
0.01 f f f I I

0 20 40 60 80 100

JBR molar fraction, %

Figure 5.3.0ptimum salinity (§ for varying fraction of rhamnolipid in mixturesitv
SDHS ¢), SDBHS @), SPL-P @) and SPL-O (x) in microemulsion formulation with

benzene. Total surfactant concentration is kepsteon at 0.1 M for all mixtures and

surfactant ratios.

Based on the discussion above, the hydrophilicftyptber surfactants is as

follows: JBR>SDHS>SBDHS>SPL-P>SPL-O (i. e., the mmgdrophilic surfactant

mixtures will result in the highest)SIn addition, from Figure 5.3 we observed that an

optimum middle phase microemulsion with benzene loanproduced with SDHS
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alone (no JBR), but the other surfactants requBfe tb be present in order to form an
optimum microemulsion. Higher molar fractions ofettother three surfactants
(SBDHS, SPL-P, SPL-O) results in only Type Il mignwlsions or no
microemulsions because these surfactants are ttrogityobic for benzene and/or they
form mesophases (e.g., liquid crystals) rather thamoemulsions.

The optimum salinity values for mixtures of JBRIwgPL-P and SPL-O show
very similar results, which is expected due to gheilarity in these surfactants (they
differ only by two carbons in the tail). Howevengtoptimum salinity of their mixture
with JBR is an order of magnitude lower than thla8BDHS, which is in the same
order of magnitude as that of SDHS. From this stutlycan be concluded that
sophorolipid biosurfactants are hydrophobic sudats. In the following studies of
microemulsion formulation, SPL-O was used throudlzoul abbreviated as SPL.

Effects of temperature and salinity on IPM-basetbimpatible microemulsions

Changes in temperature or salinity are importamnserations in
microemulsion applications such as cosmetics and delivery [30]. Therefore, we
studied the phase behavior of IPM-based biocomlgatihicroemulsions at three
temperatures (10, 25 and 20 — Figure 5.4A) and at two electrolyte levels (Ar@i
4% w/v — Figure 5.4B)) to evaluate the change imasehbehavior of IPM-based
microemulsions with these parameters. The phasavimhchanged from Type Il to
lll to | with increasing JBR/Lecithin weight ratias observed in Figures 5.4A and
5.4B. At low JBR/lecithin weight ratios, Type |l anoemulsions were observed,

indicating that the surfactant system has a WirRor 1; this suggests that the
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interaction between the surfactant and the oil eh@& o) is stronger than that
between the surfactant and the water phasg)AAs the JBR/lecithin weight ratio
increases (the amount of JBR in the mixture in@gpsthe Winsor parametercé
increases and thec@A decreases due to the hydrophilic nature of JBRs €huses a
transition from Type 1l to Type Il microemulsionghen the Ao and Acw values are
balanced (R = 1). Further increases in JBR in tiréastant mixture cause thec
parameter to dominate and the R ratio becomes tlems 1, causing Type |
microemulsions to form.

With changing temperature the phase diagrams simbyva slight change (see
Figure 5.4A). All three types of microemulsions weproduced at all three
temperatures. However, the window of the middlesphaicroemulsions (Type Ill) at
10 °C is slightly narrower than that at 26 and 40°C, which are very similar. This
trend can be interpreted from the fact that atdigemperatures (i.e., 2& or 40°C),
the ionic surfactant becomes more hydrophilic, &mel system requires a lower
concentration of hydrophilic surfactant rhamnoliptd form a middle phase
microemulsion [20]. As a result, the JBR to lecithveight ratio decreases and the
Type Il window is narrower at 18C. In general, nonionic surfactants, SPL in this
case, is affected by temperature to a greater extean ionic surfactant [19].
However, the sugar head of SPL makes it less teatyersensitive since the sugar
head group hydration has been shown not to chaiggdicantly with temperature
[38, 39]. This explains why the overall behaviortioé IPM-based microemulsions is

virtually temperature-insensitive.
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Figure 5.4.Phase behavior diagrams for biocompatible IPM-basgtdoemulsions at
different formulation conditions: (A) Effect of tgarature (10C, 25°C and 40°C)
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and (B) Effect of electrolyte concentration (0.9%da4.0% w/v). Microemulsions
were prepared at Lecithin/SPL weight ratio = 1/1.
Figure 5.4B presents the effect of electrolyte emmi@tion on the phase

behavior of IPM-based microemulsions. As the etdgte concentration increases
from 0.9% to 4.0%, the JBR to lecithin weight raglgghtly increases but the window
of middle phase microemulsion (Type Ill) almost dws due to the increasing
hydrophobicity of the formulation at higher salynit

The study of temperature and salinity effects thislicates that
Lecithin/SPL/JBR microemulsions are not signifidgntaffected by changing
temperature and electrolyte concentration, makiege systems desirable in cosmetic

and drug delivery applications.

IPM-based vs. Limonene-based biocompatible micrdsions

Figure 5.5 shows the phase diagram of IPM and lenenmicroemulsions
using the biocompatible formulation of lecithin/SPBR. It can be seen that the
optimum JBR/Lecithin weight ratio is lower for IP¥an limonene which is expected
since IPM is the more hydrophobic oil (EACN of 1&sus 6 for limonene). As the oll
becomes more hydrophilic, it requires more hydrliplsomponent in the formulation
to balance the interaction between oil-surfactanat water-surfactant to form middle
phase microemulsion [20]. Further, as the oil bee®more hydrophobic, the total
surfactant concentration necessary to achieveghesphase microemulsion (Type V)

increases [20]. From Figure 5.5 we see that limeneghe less hydrophobic oll,
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requires less total surfactant concentration tomfoifype IV single phase

microemulsion, making its applications more ecorcaity viable.

—_ IPM

- = = Limonent

L ecithin, wt%

O = N W b~ 01 O N 00 ©
|
I

0 0.5 1 1.5 2 2.5
JBR/Lecithin

Figure 5.5Phase behavior diagram for IPM and Limonene micrdsions at 25C,
JBR/Lecithin weight ratio = 1/1, 0.9% w/v NaCl.

Biocompatible microemulsion formation for a rand®ibtypes and oil EACNSs

Lecithin/SPL/JBR mixtures were used to produce ad@ortulsions with a range
of oil (polar oils such as limonene and IPM and padar oils such as decane and
hexadecane) as well as oils with varying EACN (eglent alkane carbon number,
from 5.9 for limonene to 16 for hexadecane) (Tdb®). More hydrophobic oils have
a higher EACN value. We observed middle phase rarardsions for all the oils we

studied. The single phase Type IV microemulsion waly observed with limonene
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due to its hydrophilicity compared to the otheethpoils. For the same reason, the JBR
to lecithin weight ratio is higher for limonene maemulsions. Ultralow interfacial
tension (< 0.1 mN/m) was produced for microemulsiohall oils (Figure 5.6). These
low IFT values are especially desirable in a widgiety of applications such as
cosmetics and hard surface cleaners (limonenemetiss and pharmaceuticals (IPM)
and detergents (hexadecane). The ultralow IFT gabfiéecithin microemulsions with

hexadecane were also reported by Shinoda et 4l. [40

—4—Limonene

0.1+
- |PM
008 . —4—Decane
—>=Hexadecane
I
£ 006+
=
e
L 0.04
TR v (I
1 1
0.02 + , :
|
I N\ 1
0 L |
0 15 2 25

JBR/L ecithin weight ratio
Figure 5.6. Interfacial tension and microemulsion for fourferént oils: limonenes),

IPM (m), decane A) and hexadecane (x). Formulations were prepareth wi
Lecithin/SPL concentration of 4/4% w/v and 0.9% \WaCl.
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Detergency performance on hexadecane removal bgiesampatible formulation

To investigate the potential application of oundammpatible formulation
(Lecithin/SPL/JBR) in detergency application, wefpened detergency tests with
this formulation and hexadecane. We chose hexadesite it has been used in
hydrophobic oily soil detergency tests [33, 42]eTdetergency performance of our
formulation was also compared to that of a commaédetergent (CD), namely liquid
Tide.

In our detergency tests, total surfactant coneéintt was prepared at a range
of concentrations (0 to 2000 ppm or 0.2% w/v) vdahmulation of Lecithin/SPL/JBR
= 1.0/1.0/0.3 by weight ratio and 0.9% w/v NaCl.eT¢oncentration of CD was also
prepared at the same surfactant active conceniregioge without electrolyte. Figure
5.7A shows the comparison of the detergency powerhkxadecane removal at
different total active concentrations of our foredidn and the commercial liquid
detergent (CD). Detergency performance increasetheadotal active concentration
increased for both our formulation and the CD (Fegb.7A) while the opposite trend
was observed for dynamic IFT (Figure 5.7B). At tailal active concentration, our
formulation achieved higher detergency than CD. Tighest detergency obtained
with our formulation was 66 + 1.8% at 1000 ppm dr%® w/v (IFT = 3.4x1G mN/m)
while only 47 + 4.3% (IFT = 2.6 mN/m) detergencysa@btained with CD. The IFT
values of prewash solutions against hexadecanéwaer with our formulation than
with CD. Detergency was found to be inversely prtipaal to IFT value for both our

formulation and CD. This relationship was also fdumother studies [41, 42].
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Figure 5.7 Detergency performance (A) and dynamic IFT (B) of tormulation vs.

commercial detergent at different total surfacteettive concentration.
formulation has Lecithin/SPL/JBR = 1.0/1.0/0.3 bty ratio and 0.9% w/v NaCl.
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Our detergency results are comparable to thosetegpby Tongcumpou et al.
[42]. However, our formulation has desirable praigsrin terms of lower total active
concentration and lower electrolyte concentratisrcampared to Tongcumpou [42];
for example, the same detergency power (~ 65%) whgewed at 0.1% w/v total
active concentration and 0.9% w/v electrolyte com@ion with our formulation as
with 0.25% wi/v total active concentration and 5% wlectrolyte concentration with
the formulation of Tongcumpou [42]. In addition,tkwn the studied range of total
surfactant active concentrations for household iegipbn, our formulation produced
much better detergency performance than the comaheliquid detergent for

hexadecane removal.

Conclusions

In this work, we compared the hydrophobicity of lsomlipid biosurfactants
with conventional synthetic surfactants and rhanpnblbiosurfactant by evaluating
the optimum salinity resulting from phase behavetudy of these surfactants.
Sophorolipid biosurfactants were found to be moydrbphobic than all the other
surfactants and thus acted as the hydrophobic coempon surfactant mixtures with
lecithin and rhamnolipid in microemulsions withamge of oil EACNs and oil types.

We also evaluated the phase behavior of biocofipathicroemulsions of
lecithin/rhamnolipid/sophorolipid biosurfactant rmire at varying temperature and
salinity as well as their potential applications @osmetics, drug delivery and

detergency. The phase behavior of these biocomeatibcroemulsions did not
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change significantly with changing temperature afettrolyte concentration. They
also formed microemulsions and produced ultralow fBr all studied oils. Their

detergency power on hexadecane removal was four tbetter than commercial
liquid detergent at the same surfactant active eotnation and comparable with other

reported formulations in literature at much lowaat surfactant active concentration.
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CHAPTER 6
Conclusions

This chapter summarizes the knowledge gained frach esection of this
dissertation and highlights some significant figiinfrom this work. The overall
purpose of this dissertation is to explore the proes of biosurfactants and their
ability to formulate microemulsions with a wide genof oils and to discuss the
potential use of biosurfactants in replacing comesal synthetic surfactants in
practical applications.

Chapter 2 evaluated the hydrophilicity/hydrophaiciof rhamnolipid
biosurfactant based on the optimum salinity resgltirom rhamnolipid-toluene
microemulsion phase diagram. It was found that titroemulsion system possessed
a high optimum salinity range (10-16 % w/v), whicidicates that rhamnolipid was
relatively hydrophilic. Thus, mixtures of rhamnatp with more hydrophobic
surfactant were needed to formulate microemulsfonsnore hydrophobic oils. With
these mixtures, ultralow interfacial tension (< GriN/m) was achieved for all
hydrocarbon oils such as hexane, decane and hexalethis chapter also served as
a guideline in formulating microemulsions with hgdarbons or mixtures of
hydrocarbons that have different hydrophobicity.

Chapter 3 further studied the hydrophilicity of mn@olipid biosurfactant by
determining the characteristic curvature (Cc) adminolipid using the hydrophilic-
lipophilic deviation (HLD) model. Knowing the Cc @ of rhamnolipid, we were

able to quantitatively compare its hydrophilicityithv conventional synthetic
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surfactant. Surfactants with more positive Cc valaee more hydrophobic while those
with more negative Cc values are more hydrophilice Cc value of rhamnolipid

biosurfactant was determined to be -1.41. Thusnradipid is more hydrophobic than
sodium dodecyl sulfate (Cc = -2.34), but more hpdiic than sodium dodecyl

benzene sulfonate (Cc = -0.91). This finding serassa helpful guideline when
rhamnolipid biosurfactant is considered to replaceventional synthetic surfactants
in microemulsion formulation.

Chapter 4 demonstrates the feasibility of the \edgetoil extraction technique
using diesel-based reverse-micellar microemulsi@nsbiofuel application. Diesel-
based microemulsions were produced using envirotattgn friendly
biosurfactant/biorenewable surfactant mixtures. sThaxtraction technique was
proposed based on the “like dissolves like” prifeignd the resulting product was the
blend of diesel and vegetable oil. This blend vemtevaluated for use as biofuel. The
results showed that the oil extraction efficiencgsw~ 95% with only single step
extraction and the blending product met the requénets of biodiesel in terms of the
viscosity, composition, cloud point and pour point.

In chapter 5, hydrophobicity/hydrophilicity of sapiolipid biosurfactants was
evaluated and compared to conventional synthetifacant and rhamnolipid. Two
types of sophorolipids were studied, oleic acidhswplipid (SPL-O, C18 tail) and
palmatic acid sophorolipid (SPL-P, C16 tail). SPlwRs found to be slightly more
hydrophilic than SPL-O, as expected. However, bstphorolipid biosurfactants

showed higher hydrophobicity than conventional bptiobic surfactant sodium
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bis(2-ethyl)dihexyl sulfosuccinate. Again, thisding can serve as a useful guide in
replacing synthetic surfactants by sophorolipid shifactants in microemulsion
formulations. This chapter also demonstrated theryial properties of biocompatible
lecithin-based microemulsions using sophorolipidl @ahamnolipid biosurfactants in
cosmetic and drug delivery applications. Thesedngzatible microemulsions formed
with limonene and isopropyl myristate were foundéoquite insensitive to changes in
temperature and electrolyte concentration, makivemt desirable in cosmetics and
drug delivery. In addition, the hexadecane detergeperformance of these
biocompatible formulations were investigated andnfib to be better than that of

commercial detergent and comparable with other @ittions reported in literature.
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APPENDIX A

Rhamnolipid Biosurfactant Mixturesfor Environmental Remediation (Chapter
2)
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Figure Al. Dynamic IFTs at 15 minutes of rhamnalipiosurfactant at 0.01 wt% for

four oils versus salinity
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APPENDIX B

For mulating Alcohol-Free Microemulsions Using Rhamnolipid Biosurfactant and
Rhamnolipid Mixtures (Chapter 3)
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Figure B1. Relative hydrophilicity/lipophilicity ahicroemulsion additives
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APPENDIX C

Biocompatible L ecithin-Based Microemulsions with Rhamnolipid and
Sophorolipid Biosurfactants: Potential Applications (Chapter 5)
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Figure C1. Detergency performance on hexadecaneveanusing our formulation
that forms Type | microemulsions with hexadecane.
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Figure C2. IFT at 20 minutes of our Type | formidatagainst hexadecane
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