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Abstract: Due to their non-toxic nature, biodegradability and production from renewable
resources, research has shown an increasing interest in the use of biosurfactants in a wide
variety of applications. This paper reviews the characterization of rhamnolipid and
sophorolipid biosurfactants based on their hydrophilicity/hydrophobicity and their ability
to form microemulsions with a range of oils without additives. The use of the
biosurfactants in applications such as detergency and vegetable oil extraction for biodiesel
application is also discussed. Rhamnolipid was found to be a hydrophilic surfactant while
sophorolipid was found to be very hydrophobic. Therefore, rhamnolipid and sophorolipid
biosurfactants in mixtures showed robust performance in these applications.
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1. Introduction

Rhamnolipid (Figure 1) and sophorolipid (Figure 2) biosurfactants are glycolipid biosurfactants
which are generally composed of carbohydrate heads and lipid tails [1,2]. Rhamnolipid biosurfactants
discussed in this review were produced by Pseudomonas aeruginosa growing on glucose. They have
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two hydrophilic head groups: the carboxylate group that gives the rhamnolipids an anionic character
and the rhamnosyl that contributes to the bulkiness of the head group. They have two identical tails of
C8 alkyl chain [3,4]. On the other hand, sophorolipid biosurfactants have only one long tail of an
unsaturated fatty acid [2]. There are often two conformations of the sophorolipids during production:
the lactone form resulting from the esterification of the carboxylic acid group to the disaccharide ring
(Figure 2a) and the acidic form with two head groups of dimeric sugar sophorose and carboxylic acid
(Figure 2b), in which the sophorose head is acetylated [1]. This review focuses on the lactone
acetylated sophorolipid biosurfactants, produced by Candida bombicola growing on a mixture of
glucose and fatty acids, specifically palmitic and oleic acids. It should be noted that rhamnolipid and
sophorolipid biosurfactants produced by other microorganisms growing on different substrates can
have different molecular structures and compositions. The molecular structures suggest that the
rhamnolipid is a hydrophilic surfactant while the sophorolipid is a hydrophobic surfactant. This article
reviews the technique to characterize the hydrophilicity/hydrophobicity of these two biosurfactants and
the evaluation of their microemulsion formation for a range of oils.

Figure 1. Structures of the rhamnolipids: (a) monorhamnolipid and (b) dirhamnolipid

(adapted from [1]).
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Figure 2. Structures of the sophorolipids (Ac = Acetyl): (a) lactone form and (b) acidic
form (adapted from [2]).
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Microemulsions are thermodynamically stable dispersion of two immiscible liquids (oil and water)
stabilized by surfactant films [5]. Microemulsions can exist in four forms (Figure 3), known as Winsor
type microemulsions [5,6]. Type I (oil-in-water or O/W) microemulsions solubilize oil in spherical
normal micelles within the water-continuous phase while Type II (water-in-oil or W/O)
microemulsions solubilize water in reverse micelles within the oil-continuous phase. Type III
microemulsions are three-phase systems in which the middle phase microemulsions are in equilibrium
with both excess oil and excess water phases. Type IV microemulsions are the expansion of the middle
phase microemulsions at high surfactant concentration such that all the excess oil and excess water are
incorporated into a single phase.

Figure 3. Four types of Winsor microemulsions.
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Rhamnolipid and sophorolipid biosurfactants have been evaluated for uses in many applications
such as bioremediation, microbial enhanced oil recovery, food and cosmetic industries and
pharmaceutical applications [7-12]. In this paper, the use of rhamnolipid and sophorolipid
biosurfactants in detergency and vegetable oil extraction for biodiesel application is
exclusively reviewed.

2. Surfactant Characterization
2.1. Characteristic Curvature and Rhamnolipid Characterization

The characteristic curvature (Cc) of a surfactant was proposed by Acosta et al. [13] as the surfactant
parameter that reflects the tendency of the surfactant to form normal micelles, reverse micelles or
intermediate aggregates. The value of the characteristic curvature ranges from negative to positive with
negative values for hydrophilic surfactants and positive values for hydrophobic surfactants. Therefore,
a surfactant with negative Cc value tends to form O/W microemulsions (normal micelles) while a
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surfactant with positive Cc value tends to form W/O microemulsions (reverse micelles). This paper
reviews the characterization of rhamnolipid biosurfactants by determining the Cc value of the surfactant.

To determine the Cc value of a surfactant, it is useful to introduce the hydrophilic-lipophilic
deviation (HLD) concept proposed by Salager et al. [14,15]. Since rhamnolipid is an anionic
surfactant, the HLD equation for ionic surfactants is introduced in this paper [15]:

HLD = In(S) — K X Nco — f{4) + 6 — azAT (D

where S is the salinity in the aqueous phase (g/100 mL); N¢ o is the equivalent alkane carbon number
of the oil; f(4) is the function of the type and concentration of the alcohol used, if there is no alcohol in
the formulation, f(4) = 0; o is the surfactant parameter which was redefined by Acosta ef al. [13] as the
characteristic curvature Cc; and AT is the difference between the experimental temperature and the
reference temperature, which is 25 °C.

As the HLD value equals 0, the surfactant is equally soluble in oil and water and middle phase
bicontinuous microemulsions (Type III or Type IV) are formed. A negative value of HLD indicates a
hydrophilic surfactant system and O/W microemulsions (Type I) are formed while a positive value of
HLD indicates a hydrophobic surfactant system and W/O microemulsions (Type II) are formed [13].
Therefore, as HLD = 0, the formulation is at optimum and S in Equation 1 is denoted as S, optimum
salinity. Based on this concept, Acosta et al. [13] developed an equation to estimate the Cc value of a
target surfactant in mixtures with a reference surfactant with a known Cc value:

In (S/8,") =X, [(Cc; — Ce,) + (K — K1) Neo] )

where S” is the optimum salinity of the surfactant mixture, S;  is the salinity of the reference surfactant,
X is the molar fraction of the target surfactant in the mixture and 1 and 2 denotes for the reference and
the target surfactants, respectively. When the oil used for microemulsion formation is benzene, Nco =0
and Equation 2 can be simplified as:

In (S°/8;7) = X5 (Cc; — Ccy) 3)

Nguyen and Sabatini (16) quantitatively characterized the hydrophilicity/hydrophobicity of
rhamnolipid (JBR) biosurfactant using these concepts. In their work, sodium dihexyl sulfosuccinate
(SDHS) was used as the reference surfactant with a Cc value of —0.92 [13]. Phase behavior studies
were performed for mixtures of JBR and SDHS at different surfactant ratios at room temperature to
determine optimum salinity values. With benzene used as the oil, a correlation presented in Equation 3
between optimum salinity and molar fraction of JBR in the surfactant mixture was found as shown
on Figure 4.

From the plot in Figure 4 and the correlation in Equation 3, the value of (Cc; — Cc;) was detemined
as the slope with a value of 0.4895. Thus, knowing the Cc; value of —0.92 for SDHS, the value of Cc,
for JBR was calculated to be —1.41. The negative value of Cc, indicates that rhamnolipid is a
hydrophilic surfactant and the magnitude of Cc; indicates that rhamnolipid (—1.41) is more hydrophilic
that SDHS (—0.92). This result is consistent with the finding from Nguyen et al. [17] where this trend
was observed experimentally. Knowing the Cc value of rhamnolipid biosurfactant, one can
quantitatively compare its hydrophilicity/hydrophobicity with conventional synthetic surfactants;
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examples are shown in Table 1. This can serve as a helpful guideline in replacing conventional

synthetic surfactants with rhamnolipid in microemulsion formulation.

Figure 4. Shift in optimum electrolyte concentration [In (S'/S,)] for SDHS-JBR-benzene
at 23 + 1 °C microemulsions as a function of the fraction of JBR in the system (Reprinted
from [16]. Reprinted with permission from SpringerLink).
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Table 1. Characteristic curvature of conventional synthetic surfactants.

Surfactants Characteristic curvature (Cc)
Sodium dodecyl sulfate (SDS)* —2.34
Sodium octanoate” —2.11
Rhamnolipid biosurfactant” —1.41
Sodium dihexyl sulfosuccinate (SDHS)* —0.92
Sodium dodecyl benzene sulfonate (SDBS)* —0.91

*Cc values reported in [13];
®Cc value reported in [16].

2.2. Winsor R-ratio, Optimum Salinity and Sophorolipid Characterization

The hydrophilicity/hydrophobicity of a surfactant can be evaluated using Winsor R-ratio concept,
which is defined as:

A
R — cO 4
A, 4)

where Aco and Ay indicate the overall interaction between the surfactant adsorbed at the interface
with the oil and the water, respectively [18]. As R < 1, the interaction between the surfactant and the
oil phase (4c¢p) is smaller than the interaction between the surfactant and the water phase (4¢w) and
vice verse as R > 1. Therefore, for systems with R < 1, Type I microemulsions are formed and for
systems with R > 1, Type II microemulsions are formed. At R = 1, the surfactant—water interaction and
surfactant—oil interaction are balanced, resulting in the formation of Type III middle phase
microemulsions. At this point, the formulation is at optimum where equal amounts of oil and water are
solubilized in the middle phase microemulsion [19]. These water—surfactant—oil interactions can be
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manipulated by a change in a tuning parameter such as salinity or electrolyte concentration for ionic
surfactants and temperature for nonionic surfactants. For example, for an ionic surfactant system,
increasing salinity increases the interaction between the surfactant and the oil and decreases the
interaction between the surfactant and the water. In other words, 4Aco increases and Ay decreases. As
a result, the Winsor R ratio increases to 1; thus, a phase transition from Type I to Type III may occur.
A further increase in salinity makes Aco become greater while Acy become smaller; the R ratio
increases to greater than 1 and Type III to II transition may occur.

Based on the Winsor R-ratio concept, Nguyen ef al. [20] evaluated the hydrophilicity/hydrophobicity
of sophorolipid biosurfactants using the optimum salinity. In their work, salinity was varied in the
phase study of sophorolipid/rhamnolipid biosurfactant mixtures to identify the optimum salinity (the
salinity at which the system is within the Type III region and evidences a minimum in IFT) which is an
indicator of the system hydrophobicity. For example, a lower value of optimum salinity indicates a
more hydrophobic surfactant system to begin with since less salinity is required to move the surfactant
to the optimum middle phase system. Benzene was used as the oil phase. The same experiments were
done for two synthetic surfactants, sodium dihexyl sulfosuccinate (SDHS) and sodium bis(2-ethyl)
dihexyl sulfosuccinate (SBDHS) for comparison since the hydrophilicity/hydrophobicity of the two
surfactants was quantified. For each surfactant mixture with rhamnolipid biosurfactant (JBR), the
optimum salinity was identified and plotted versus the molar fraction of JBR, which is the common
surfactant in all mixtures, as shown in Figure 5. As can be seen in Figure 5, two kinds of lactone
acetylated sophorolipid biosurfactants were studied, SPL-P and SPL-O synthesized by Candida
bombicola from palmitic C16 fatty acid and oleic C18 fatty acid, respectively. Therefore, SPL-P has
unsaturated C16 in the tail and SPL-O has unsaturated C18.

Figure 5. Optimum salinity (S*) for varying fraction of rhamnolipid in mixtures with
SDHS (¢), SDBHS (m), SPL-P (A) and SPL-O (X) in microemulsion formulation with
benzene. Total surfactant concentration is kept constant at 0.1 M for all mixtures and
surfactant ratios (Reprinted from [20]. Reprinted with permission from Elsevier).
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The results show that for all four studied surfactant mixtures, the optimum salinity increases with
increasing JBR molar fraction and is highest at 100% JBR in mixtures, suggesting that rhamnolipid
biosurfactant is more hydrophilic than all four studied surfactants. For all surfactant mixtures,
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increasing the molar fraction of JBR in the mixture increases the optimum salinity. At a certain JBR
molar fraction, the optimum salinity decreases for the order of mixtures with SDHS > SBDHS > SPL-P
> SPL-O. Based on Winsor R-ratio concept explained above, the hydrophobicity increases in this order
for the four studied surfactant since the most hydrophobic surfactant results in the highest optimum
salinity. SPL-P and SPL-O have very similar optimum salinity, except for that SPL-O is slightly
more hydrophobic.

3. Applications

Biosurfactant mixtures were used in vegetable oil extraction for biofuel application by Nguyen and
co-workers [21]. In this work, reverse-micellar microemulsions of diesel were used as the extraction
solvent for vegetable oil extraction. Thus, the phase behavior with diesel using biosurfactant mixtures
composed of lecithin, rhamnolipid and sophorolipid biosurfactants was studied (Figure 6). Three types
of microemulsions were observed for the biosurfactant mixture with diesel at relatively low salinity.
However, only Type II microemulsions or reverse-micellar microemulsions are of interest for the
vegetable oil extraction process since this type of microemulsion has the oil (diesel in this case) as the
continuous phase which extracts the vegetable oil trapped in the seeds based on the “like-dissolves-like”
principle. Diesel-based reverse-micellar microemulsions of Lecithin/Sophorolipid/Rhamnolipid were
shown to extract vegetable oil more effectively than diesel itself and even conventional hexane, as seen
in Figure 7.

The concentration of Lecithin/Sophorolipid/Rhamnolipid wused in this extraction was
0.5/0.5/0.31 wt%. Compared to the other surfactant mixture of SBHDS/Rhamnolipid/Oleyl alcohol at
0.56/0.72/0.34 wt%, the reverse-micellar microemulsions of the biosurfactant mixture achieved very
similar extraction efficiency at a slightly lower total surfactant concentration. As can be seen in Figure 7,
at the same extraction condition (60 minute and 200 rpm), higher extraction efficiency was obtained
with diesel-based reverse micellar microemulsions of biosurfactant mixtures than with either diesel
itself or conventional hexane.

The same biosurfactant mixture (Lecithin/Sophorolipid/Rhamnolipid) was also studied by
Nguyen ef al. [20] in microemulsion formations for a range of oil types and oil hydrophobicity. These
oils include polar oils such as limonene and isopropyl myristate (IPM) and nonpolar oil such as decane
and hexadecane. These four oils also demonstrate a wide range of oil hydrophobicity or EACNS
(equivalent alkane carbon number) from 5.9 for limonene to 16 for hexadecane with oil of higher
EACN being more hydrophobic. The results show the robust performance of the biosurfactant mixture
in microemulsion formation and interfacial tension (IFT) reduction for all these oils (Figure 8). Middle
phase microemulsions were formed for all four oils with ultralow IFT values.

Microemulsions for limonene and isopropyl myristate were studied in fish phase behavior diagrams
(Figures 8 and 9) as potential applications for hard surface cleansers, cosmetics and pharmaceuticals.
The effects of temperature and electrolyte concentration were evaluated on the phase behavior of IPM
microemulsion since changes in temperature and electrolyte concentration are important considerations
in microemulsions for cosmetics and drug delivery. It was found that IPM microemulsions using
biosurfactant mixtures of Lecithin/Sophorolipid/Rhamnolipid were virtually temperature-insensitive
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and not significantly affected by the change in electrolyte concentration (Figure 9). These properties
make biosurfactant formulations desirable in cosmetics and drug delivery applications.

Figure 6. Partial fish phase diagram with diesel of biosurfactant mixtures:
Lecithin/Sophorolipid/Rhamnolipid = 1/1/0.628 by weight ratio (Reprinted from [21].
Reprinted with permission from Elsevier).
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Figure 7. Effect of extraction solvent on oil extraction efficiency at 60 minute extraction
time and 200 rpm shaking speed (SBDHS: sodium bis(2-ethyl) dihexyl sulfosuccinate,
JBR: rhamnolipid, OA: oleyl alcohol, SPL: sophorolipid) (Reprinted from [21]. Reprinted
with permission from Elsevier).
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Figure 8. Interfacial tension and microemulsion for four different oils: limonene (¢), IPM
(m), decane (A) and hexadecane (x). Formulations were prepared with Lecithin/SPL
concentration of 4/4% w/v and 0.9% w/v NaCl (Reprinted from [20]. Reprinted with
permission from Elsevier).
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A comparison of IPM microemulsions and limonene microemulsions was made in Figure 10 to
show how different oil requires different composition of the biosurfactant mixture to form middle
phase microemulsions. It can be seen that limonene, the less hydrophobic oil, requires a more
hydrophilic formulation (higher ratio of Rhamnolipid/Lecithin) to form middle phase (Type III)
microemulsion and requires less total surfactant concentration to form single phase
(Type IV) microemulsion.

Figure 9. Phase behavior diagrams for biocompatible IPM-based microemulsions at
different formulation conditions: (A) Effect of temperature and (B) Effect of electrolyte
concentration. (Reprinted from [20]. Reprinted with permission from Elsevier).
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Figure 10. Phase behavior diagrams for IPM and Limonene microemulsions at 25 °C.

Lecithin/Sophorolipid weight ratio = 1/1, 0.9 % w/v NaCl. (Reprinted from [20]. Reprinted
with permission from Elsevier).

9

—_ IPM
8 | .
- = = Limonene
11
- I
6
d
i
L)
£ Vv e
£ 4 1 d
= I ,/
111
3 3 4 \7/
5 m o~ I
7~2s
1 Sy
111
0 - t
0 0.5 1 1.5 2 25

Rhamnolipid/Lecithin

Detergency tests were also performed for the biosurfactant formulation (Lecithin/Sophorolipid/
Rhamnolipid) to investigate the detergency power of the formulation for hexadecane removal (Figure 10).
The detergency performance was found to increase as the total active surfactant concentration
increased for both the biosurfactant formulation and the commercial detergent (Figure 11A) while the
dynamic IFT values were observed otherwise (Figure 11B). This inverse relationship between
detergency performance and IFT values has also been observed in other detergency tests [22,23].
However, the biosurfactant formulation produces better cleaning efficiency as compared to the
commercial detergent within the studied range of total active concentration. It also has comparable
cleaning performance to the detergency tests done by Tongcumpou et al. [23] at much lower total
active surfactant concentration. For example, the same detergency power (~ 65%) was achieved at
0.1% w/v total active concentration and 0.9% w/v electrolyte concentration with the biosurfactant

formulation versus at 0.25% w/v total active concentration and 5% w/v electrolyte concentration with
the formulation of Tongcumpou et al. [23].
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Figure 11. Detergency performance (A) and dynamic IFT (B) of the biosurfactant
formulation vs. commercial detergent at different total surfactant active concentration. The
biosurfactant formulation has Lecithin/SPL/JBR = 1.0/1.0/0.3 by wt. ratio and 0.9% w/v
NaCl (Reprinted from [20]. Reprinted with permission from Elsevier).
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4. Conclusions

This review presents the methodology to characterize the surfactant properties of rhamnolipid and
sophorolipid biosurfactants. It was found that rhamnolipid biosurfactant is relatively hydrophilic while
sophorolipid biosurfactant is hydrophobic as compared to other synthetic surfactants. The biosurfactants
in mixtures were able to produce microemulsions for a wide range of oils that are applicable for
vegetable oil extraction for biofuel application, hard surface cleansers, drug delivery and detergents.



Int. J. Mol. Sci. 2011, 12 1243

References

1. Helvaci, S.S.; Pecker, S.; Ozdemir, G. Effect of electrolytes on the surface behavior of
rhamnolipids R1 and R2. Colloid. Surface. B 2004, 35, 225-233.

2. Ashby, R.D.; Solaiman, D.K.Y.; Foglia, T.A. Property control of sophorolipids: Influence of fatty
acid substrate and blending. Biotechnol. Lett. 2008, 30, 1093—1100.

3. Xie, Y.; Li, Y.; Ye, R. Effect of alcohols on the phase behavior of microemulsions formed by a
biosurfactant—Rhamnolipid. J. Dispersion Sci. Technol. 2005, 26, 455-461.

4.  Ozdemir, G.; Peker, S.; Helvaci, S.S. Effect of pH on the surface and interfacial behavior of
rhamnolipids R1 and R2. Colloids Surf. A: Physicochem Eng. Aspects 2004, 234, 135-143.

5. Rosen, M.J. Surfactants and Interfacial Phenomena, 2nd ed.; John Wiley & Sons, Inc.: New
York, NY, USA, 1989.

6. Bourrel, M.; Schechter, R.S. Microemulsions and Related Systems: Formulation, Solvency, and
Physical Properties; Surfactant Sci. Ser. 30; Marcel Dekker: New York, NY, USA, 1988;
pp. 229-302.

7. Banat, L.M.; Makkar, R.S.; Cameotra, S.S. Potential commercial applications of microbial
surfactants. Appl. Microbiol. Biotechnol. 2000, 53, 495-508.

8. Brown, M.J. Biosurfactants for cosmetic applications. Int. J. Cosmet. Sci. 1991, 13, 61-64.

9. Desai, J.D.; Banat, .M. Microbiol production of surfactants and their commercial potential.
Microbiol. Molecular Biol. Rev. 1997, 61, 47-64.

10. Maier, R.M.; Soberon-Chavez, G. Pseudomonas Aeruginosa rhamnolipids: Biosynthesis and
potential applications. Appl. Microbiol. Biotechnol. 2000, 54, 625-633.

11. Makkar, R.S.; Cameotra, S.S. An update on the use of unconventional substrates for biosurfactant
production and their new applications. Appl. Microbiol. Biotechnol. 2002, 58, 428—434.

12. Rodrigues, L.; Banat, [.M.; Teixeira, J.; Oliveira, R. Biosurfactants: Potential applications in
medicine. J. Antimicrobial. Chemother. 2006, 57, 609—618.

13. Acosta, E.J.; Yuan, J.S.; Bhakta, A.S. The characteristic curvature of ionic surfactants.
J. Surfactants Deterg. 2008, 11, 145-158.

14. Salager, J.L.; Morgan, J.C; Schechter, R.S; Wade, W.H.; Vasquez, E. Optimum formulation of
surfactant/water/oil systems for minimum interfacial tension or phase behavior. Soc. Petrol. Eng. J.
1979, 19, 107-115.

15. Salager, J.L. Ionic microemulsions. In Handbook of Microemulsion Science and Technology;
Kumar, P., Mittal, K.L., Eds.; Marcel Dekker: New York, NY, USA, 1999; pp. 247-280.

16. Nguyen, T.T.; Sabatini, D.A. Formulating alcohol-free microemulsions using rhamnolipid
biosurfactant and rhamnolipid mixtures. J. Surfactants Deterg. 2009, 12, 109-115.

17. Nguyen, T.T.; Youssef, N.H.; Mclnerney, M.J.; Sabatini, D.A. Rhamnolipid biosurfactant
mixtures for environmental remediation. Water Res. 2008, 42, 1735-1743.

18. Winsor, P. Solvent Properties of Amphiphilic Compounds; Butterworth: London, UK, 1954.

19. Salager, J.L.; Anton, R.E.; Sabatini, D.A.; Harwell, J.H.; Acosta, E.J.; Tolosa, L.I. Enhancing

solubilization in microemulsions—State of the art and current trends. J. Surfactants Deterg. 2005,
8, 3-21.



Int. J. Mol. Sci. 2011, 12 1244

20. Nguyen, T.T.; Edelen, A.; Neighbors, B.; Sabatini, D.A. Biocompatible lecithin-based
microemulsions with rhamnolipid and sophorolipid biosurfactants: Formulation and potential
applications. J. Colloid Interface Sci. 2010, 348, 498-504.

21. Nguyen, T.; Do, L.; Sabatini, D.A. Biodiesel production via peanut oil extraction using
diesel-based reverse-micellar microemulsions. Fuel 2010, 89, 2285-2291.

22. Thompson, L. The role of oil detachment mechanism in determining optimum detergency
conditions. J. Colloid Interface Sci. 1994, 163, 61-73.

23. Tongcumpou, C.; Acosta, E.J.; Quencer, L.B.; Joseph, A.F.; Scamehorn, J.F.; Sabatini, D.A.;
Chavadej, S.; Yanumet, N. Microemulsion formation and detergency with oily soils: II.
Detergency formulation and performance. J. Surfactants Deterg. 2003, 6, 205-214.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



