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A class of surfactants via PEG modification of the
oleate moiety of lactonic sophorolipids: synthesis,
characterisation and applicationt
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There is ever increasing demand to develop surfactants based on sophorolipids because they are pro-
duced by non-pathogenic organisms, biodegradable and less toxic to humans and the environment.
Herein, commercially available lactonic sophorolipid was modified via epoxidation of the fatty acid units
C=C and subsequent ring-opening of the oxirane with poly(ethylene glycol) of vary chain lengths to
deliver a novel range of non-ionic sophorolipid-based surfactants. The methods employed for ring-
opening reaction lead to a final surfactant synthesis involving heterogeneous catalysis (metal-exchanged
montmorillonite), use of a benign solvent (ethyl acetate) and short reaction time (60 minutes). The result-
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ing surfactants were structurally characterised and a prediction of their potential applications achieved
using the hydrophilic-lipophilic balance (HLB) concept, foam capacity and stability of the surfactants at
0.25% surfactant solution. This new family of bio-derivable non-ionic surfactants will be useful as wetting
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Introduction

Sophorolipids (SLs) are a class of non-ionic glycolipid bio-
surfactants first reported in 1961." They are synthesised by
non-pathogenic yeasts such as Candida gropengiesseri,
Candida apicola,® Rhodotorula bogoriensis and Rhodotorula
babjavae YS3* but the most widely used organism for the
synthesis of SLs has been Starmerella bombicola.” SLs consist
of two molecules of glucose linked via a p-1,2 glycosidic bond
(sophorose), this sophorose is in turn connected by another
gylcosidic bond to a hydroxyl fatty acid. The sophorose acts as
the hydrophilic head while the long chain hydroxyl fatty acid
acts as the hydrophobic tail.

The production of SLs first requires biosynthesis of the
hydroxy fatty acid from a fatty acid via enzymatic action of cyto-
chrome P450 monooxygenase. This hydroxyl fatty acid is sub-
sequently coupled to glucose by glycosyltransferase to yield a
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and solubilising agents, oil-in-water emulsifiers and detergents.

glucolipid. Thereafter, a second glucose is attached, via a
f-1,2 glycosidic bond, to the glucolipid to deliver a SL having a
free carboxylic acid end group 1 (Fig. 1). A further intermole-
cuclar esterification reaction yields a lactonic sophorolipid
(LSL) 2 (Fig. 1).> The commonly attached fatty acids on the
sophorose are those in the C;4-Cy5 range and include palmi-
tic, stearic, oleic, linoleic and alpha-linolenic acids. Oleic acid
is the most widely used of these acids because it is readily
available and remains liquid at room temperature.®"" Fatty
acids containing chain length below C,¢ are directly metab-
olised through a f-oxidation mechanism while those of length
above C;3 are shortened and can only be introduced to the
sophorose when appropriate chain length is attained. The
sophorose can contain acetyl groups either at the 6' or 6"
hydroxyl positions (mono-acetylated) or at both positions
(di-acetylated)."

Fig. 1 Free acid (1) and lactone (2) forms of sophorolipids.

This journal is © The Royal Society of Chemistry 2021
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SL surfactants have attracted commercial and academic
interests for their applications in detergency, surface enhance-
ment of electro spun fibre, bioremediation, enhanced oil
recovery, medicine, home and personal care products and anti-
microbial agents either as a single entity or in combination
with rhamnolipids."”®® They are readily biodegradable, less
toxic and have low cytotoxicity compared to other conventional
non-ionic surfactants such as Triton-X100, pluronic L31 and
polyoxyethylene lauryl ether."®*°

Production yields for SLs can be up to 400 g L' depending
on the strain of yeast used.”’** Despite this relatively high
efficiency, SLs’ large-scale production and application have yet to
become significant owing to higher costs as compared to more
common surfactants. This challenge is being tackled by explor-
ing waste streams of agriculture, food and oil refining industries
as low-cost renewable substrates for SL production.®”'%>3

Modification of SLs is essential to improve properties and
enhance the number of potential applications.”* A challenge
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with the LSL is poor water solubility as a result of the hydro-
phobic nature of the ester groups and because the sophorose
groups are hindered in their association with water.>®

LSL gives reduced surface tension, lower CMC values, and
its poor water solubility makes it readily partition from the
reaction mixture compared to the free SL.>* Alkaline or acid
hydrolysis of LSL 2 cleaves the ester groups to produce
hydroxyls and a fatty acid 3 tethered at the glycosidic linkage,
this producing improved water solubility but as an anionic sur-
factant.>® Ozonolysis of the alkene of the fatty acid reduces the
length of the carbon chain and can give surfactants with
improved properties.”” A review by Delbeke et al. also high-
lighted modifications reported on the sophorose and fatty acid
moieties of SLs.>* Some of these modifications, especially at
the double bond of the fatty acid, include both ring-opening
metathesis and cross-metathesis polymerisations 4, hydrogen-
ation to 5, 6 and oxidation of the fatty acid group to form
short-chained SLs 7 and 8, as shown in Scheme 1.'?283°
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Scheme 1 Modifications on the double bond of sophorolipid's fatty acid®*2528=30 and synthesis of lactonic sophorolipid epoxide (ELSL) from lac-

tonic sophorolipids (LSL) and subsequent modification to PEGylated surfactants (this study).
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Recently, a review by Baccile et al. presented the self-assembly
properties and phase behaviour of sophorolipids along with
many other bio-surfactants.’ To the best of our knowledge
there has been no studies presented on modification of the
fatty acid double bond in LSL to form an epoxide, through
which further modifications could be made.

Hydrolyzing LSLs forms either SLs 3 with increased water
solubility but that are anionic (cleaving the ester bond), result-
ing in challenges with hard water intolerance, or yields
hydroxy fatty acid 9 (cleaving the glycosidic bond) in which the
sophorose moiety of the LSLs has been lost depending on the
pH of the reaction medium. We propose instead to tether poly
(ethylene glycol) (PEG) chains via the C=C double bond site
on the fatty acid, thus maintaining the LSL non-ionic character
and retaining the lactonic structure. With bio-based PEG
accessible industrially,**** and with many technologies
already deployed for the production of bio-ethylene,® then
PEGylation affording a wholly bio-based non-ionic LSLs is a
promising prospect. PEG is not toxic,>® although manufac-
tured from toxic ethylene oxide, and has excellent properties
such as high solubility in water and many organic solvents.
Additionally, the possibility for variation in PEG chain length
allows for a spectrum of properties and consequently broad
applications in surfactants based on PEGylated LSLs.

Herein, a new range of surfactants from SLs via a hetero-
geneously catalysed ring opening reaction of SLs epoxides are
presented. PEGs of varying chain lengths are demonstrated
and reported, highlighting the versatility and tenability of this
approach to non-ionic bio-based surfactants. Each surfactant
is fully characterized and suitable applications suggested on
the basis of hydrophilic-lipophilic balance (HLB) values.

Experimental section
List of chemicals

Poly(ethylene glycol) 400 (Sigma-Aldrich), poly(ethylene glycol)
methyl ether 400 (Alfa-Aesar), poly(ethylene glycol) methyl
ether 750 (Alfa-Aesar), poly(ethylene glycol) average M,
950-1050 (Aldrich), poly(ethylene glycol) 1500 (Sigma-Aldrich),
montmorillonite (Fulmont), ethyl acetate (Fischer Scientific),
magnesium sulfate (Fischer Scientific), sodium bicarbonate
(Fischer Scientific), silica-supported boron trifluoride (Sigma-
Aldrich), phosphotungstic acid hydrate (PTA) (Aldrich), tung-
sten powder (Aldrich), >30% hydrogen peroxide solution in
water (Sigma-Aldrich), Adogen 464 (Sigma-Aldrich), orthopho-
sphoric acid (Fischer Scientific), lactonic sophorolipid
(Ecover), iron(im) chloride (Sigma-Aldrich).

Preparation of Fe-montmorillonite catalyst

Fe-Montmorillonite clay catalyst was prepared following a pre-
viously reported procedure.?® Briefly, 1.62 g (10 mmol) iron(i)
chloride was dissolved in 180 mL distilled water. To this solu-
tion, 7 g neutral montmorillonite (Fulmont) was added and
the suspension heated at 60 °C for 22 hours. The resulting sus-
pension was allowed to cool and settle and the solution dec-
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anted to leave the exchanged clay. The catalyst was washed
several times by re-suspending in distilled water, centrifuging,
and the solution discarded. Finally, the collected solid was
dried in a vacuum oven at 90 °C for 5 hours and ground into a
fine powder.

General procedure for epoxidation of lactonic sophorolipid

Epoxidation of LSL was carried out as follows: 0.75 ¢
(4.10 mmol) tungsten powder (10 wt% with respect to sophoro-
lipid), 3.5 mL hydrogen peroxide solution (>30% w/w water)
and 3.5 mL water were added into a 250 mL round bottom
flask and heated at 50 °C with agitation for 30 minutes. 0.62 g
(6.36 mmol) orthophosphoric acid (~9 wt% with respect to
LSL) pre-diluted in 3.5 mL water was added dropwise over
15 minutes while stirring continuously. 7.38 g (10.72 mmol)
LSL pre-dissolved in 30 mL ethyl acetate, 20 mL hydrogen per-
oxide solution and 0.43 g Adogen 464 (~5 wt% with respect to
LSL) were added to the reaction mixture and heated to 50 °C
for 90 minutes. The reaction mixture was cooled and extracted
with 250 mL ethyl acetate, the organic layer collected, dried
over anhydrous magnesium sulphate, filtered and the solvent
removed in vacuo to yield a fluffy hydroscopic product (7.49 g
total product recovered, 99.2% yield). The product 10 was
ground into powder and analysed by IR spectroscopy, ESI-MS,
CHN elemental analysis and "H and proton-decoupled '*C
NMR spectroscopy. "H NMR (700 MHz, CDCl;, 0 ppm): 0.9
(~3H, t, -CH(CH;)-), 1.40 (24H, overlapped, —-(CH,)sCH(O)CH
(CH,)¢-), 2.08 (6H, s, (-CH,COOCH;),), 2.38 (2H, t,
~-CH,CO0-), 2.93 (~2H, m, -HC(O)CH-), 3.50 (4H, m, over-
lapped, H4', H2', H2", H5"), 3.72 (4H, m, overlapped,
~CH(CH;)-, H3', H3", H5'), 4.17 (1H, m br, H6'), 4.40 (3H, m
br, overlapped, H6", H6", H6'), 4.59 (2H, d, H1', H1"), 4.98 (1H,
H4"); "*C NMR (175 MHz, CDCl;, d ppm): 14.11, 20.81, 20.93,
22.26, 22.61, 22.67, 24.46, 25.59, 26.33, 27.20, 27.34, 27.79,
27.90, 28.51, 29.07, 29.12, 29.31, 29.50, 29.92, 30.09, 31.69,
31.87, 34.01, 37.54, 57.67, 57.91, 61.64, 62.28, 63.72, 69.80,
70.46, 72.37, 73.33, 74.01, 79.30, 102.29, 170.55, 171.48,
173.11; ESI-MS accurate mass, 727.3499 (MNa*, 727.3511 calc.
for C34H;5¢NaO;5); CHN: %C (56.040 found, 57.940 calc.), %H
(7.826 found, 8.010 calc.), %N (0.105 found); IR (ATR, v, cm™"),
3386 (O-H str.), 2929 (a. CH, str.), 2858 (s. CH, str.), 1740
(C=O str.), 1451 (a. CH3 bend), 1368 (s. CH, bend), 1236
(C-O-str.), 825 (epoxy sym. def.).

General procedure for ring opening of epoxidised lactonic
sophorolipid with PEG or MePEG

Surfactants based on epoxidised lactonic sophorolipid (ELSL)
were prepared as follows: 0.765 mmol PEG (hydroxyl on both
chain ends) or MePEG (methyl ether on one chain end,
hydroxyl on the other) was heated at 80 °C in a 50 mL round
bottom flask followed by addition of 5 wt% (wrt PEG or
MePEG) silica-BF; or Fe-mont catalyst and allowed to mix
thoroughly for 2 minutes. 0.766 mmol ELSL was dissolved in
5 mL ethyl acetate and added dropwise over 10 minutes, the
temperature then raised to 100 °C. The ethyl acetate (used for
drop-wise delivery of the ELSL) was allowed to evaporate over

This journal is © The Royal Society of Chemistry 2021
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several minutes then the reaction was stoppered while stirring
rigorously. Progress of reaction was monitored with "H NMR
spectroscopy with portions regularly taken for analysis. After
50 minutes the reaction mixture was cooled and transferred to
a 250 mL beaker, diluted with 50 mL ethyl acetate and filtered
to recover the catalyst. The filtrate was extracted with 25 mL
distilled water in a separating funnel followed by addition of
brine. The organic phase was collected and dried over anhy-
drous magnesium sulfate and crude product recovered follow-
ing in vacuo removal of the solvent. In order to remove traces
of residual Adogen 464 (carried over from the epoxidation reac-
tion) the product was purified by re-dissolution in ethyl acetate
and passed through a narrow column packed with Amberlyst
15 ion exchange resin, followed by removal of the solvent
in vacuo. Product identification was by IR spectroscopy,
ESI mass spectrometry, CHN elemental analysis and 'H and
3C NMR spectroscopy, analysis and mass recovered summar-
ised below for each surfactant.

Epoxidised lactonic sophorolipid ring opened with PEG 400
(PLSL400)

0.49 g total product recovered. "H NMR (700 MHz, CDCl;,
0 ppm): 0.88 (0.87H, t, -CH(CH;)-), 1.42 (31H, overlapped,
~(CH,)¢HC(OH)CH((OCH,CH,)sOH)(CH,)s-), 2.07 (6H, s,
(-CH,COOCHs;),), 2.36 (2H, t, -CH,COO-), 3.22 (~1H, m, -HC
(OH)CH((OCH,CH,)9OH)(CH,)¢-), 3.56 (72H, m, overlapped, -
HC(OH)CH((OCH,CH,),OH)(CH,)s—, H4', H2', H2", H5",
-CH(CH,3)-, H3', H3", H5"), 4.14 (1H, m, H6), 4.27 (1H, m,
H6"), 4.40 (2H, m, overlapped, H6", H6'), 4.57 (2H, d, H1/,
H1"), 4.98 (1H, H4"); >C NMR (175 MHz, CDCl;,  ppm):
14.10, 20.82, 20.89, 22.58, 22.70, 24.47, 26.22, 28.98, 29.03,
29.23, 31.61, 31.82, 61.55, 63.77, 70.02-70.47, 72,77, 73.88,
79.12, 83.75, 170.55, 171.29, 173.11; CHN: %C (53.249 found,
55.520 calc.), %H (8.610 found, 8.220 calc.), %N (ND); IR (ATR,
v, em™"), 3418 (O-H str.), 2926 (s. CHj str.), 2864 (s. CH, str.),
1741, 1647 (C=O str.), 1456 (a. CH; bend), 1367 (s. CH, bend),
1242 (C-O-str.), 1095 (a. C-O-C str.).

Epoxidised lactonic sophorolipid ring opened with MePEG 400
(MPLSL400)

0.79 g total product recovered. "H NMR (700 MHz, CDCl;, 9
ppm): 0.89 (1.22H, t, -CH(CH;)-), 1.30 (31H, overlapped,
(CH,)sHC(OH)CH((OCH,CH,)s0OCH;)(CH,)s-), 2.07 (6H, s,
(-CH2COOCH3)2), 2.37 (2H, t, -CH2COO-), 2.92 (2H, m, ~HC
(0)CH-), 3.22 (~1H, m, ~-HC(OH)CH((OCH,CH,)yOCHj3)-), 3.38
(3H, s, -HC(OH)CH-((OCH,CH,)sOCH3)-), 3.68 (44H, m, over-
lapped, -HC(OH)CH-((OCH,CH,),0OCH;)(CH,)s-, H4', H2
H2", H5", -CH(CH3)-, H3', H3", H5'), 4.12 (1H, m, H6'), 4.37
(3H, m, overlapped, H6", H6", H6'), 4.59 (2H, d, H1', H1"), 4.99
(1H, H4"); *C NMR (175 MHz, CDCl;,  ppm): 14.10, 20.80,
20.90, 21.32, 22.29, 22.57, 22.65, 24.47, 25.29, 25.62, 26.24,
27.16, 27.35, 27.57, 27.82, 27.90, 28.50, 28.98, 29.24, 29.34,
29.42, 29.89, 30.08, 31.62, 34.02, 37.53, 57.62, 57.85, 59.02,
61.66, 63.67, 69.72, 70.24-70.57, 71.91, 72.57, 73.29, 74.06,
74.99, 76.18, 79.30, 170.54, 171.39, 173.02; CHN: %C (55.155
found, 55.910 calc.), %H (8.515 found, 8.244 calc.), %N (ND);
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IR (ATR, v, cm™"), 3438 (O-H str.), 2926 (s. CHj str.), 2860 (s.
CH, str.), 1741 (C=O str.), 1455 (a. CH; bend), 1367 (s. CH,
bend), 1240 (C-O-str.), 1109 (a. C-O-C str.).

Epoxidised lactonic sophorolipid ring opened with MePEG 750
(MPLSL750)

1.04 g total product recovered. 'H NMR (700 MHz, CDCl3, 0
ppm): 0.87 (0.74H, t, -CH(CH3)-), 1.39 (26H, overlapped, -
(CH,)¢HC(OH)CH((OCH,CH,),,0CH;)(CH,)s-), 2.07 (6H, s,
(-CH,COOCHS),), 2.32 (2H, t, -CH,COO-), 3.09 (~1H, m, ~-HC
(OH)CH((OCH,CH,),;,0CH3)-), 3.37 (3H, s, -HC(OH)CH
((OCH,CH,);60CH3;)-), 3.64 (74H, m, overlapped, ~-HC(OH)CH
((OCH,CH,),60CH3;)(CH,)s—, H4', H2', H2", H5", -CH(CHj3)-,
H3', H3", H5'), 4.14 (1H, m, H6'), 4.36 (3H, m br, overlapped,
H6", H6", H6'), 4.54 (2H, d, H1', H1"), 4.98 (1H, H4"); >C NMR
(175 MHz, CDCl;, 0 ppm): 14.09, 20.89, 22.58, 22.63, 26.21,
28.97, 29.39, 31.81, 50.47, 52.33, 59.01, 61.65, 63.60,
70.26-70.56, 71.90, 72.54, 74.07, 76.04, 171.04, 171.63, 173.57;
CHN: %C (54.852 found, 55.833 calc.), %H (8.581 found, 8.611
calc.), %N (ND); IR (ATR, v, cm™ '), 3424 (O-H str.), 2863 (s.
CH, str.), 1741 (C=O str.), 1455 (a. CH; bend), 1350 (s. CH,
bend), 1242 (C-O-str.), 1107 (a. C-O-C str.).

Epoxidised lactonic sophorolipid ring opened with PEG 1000
(PLSL1000)

1.55 g total product recovered. "H NMR (700 MHz, CDCl;, 9
ppm): 0.87 (0.91H, t, -CH(CH;)-), 1.38 (26H, overlapped,
(CH,)¢HC(OH)CH((OCH,CH,),,OH)(CH,)s-), 2.06 (6H, s,
(-CH,COOCHj3),), 2.34 (2H, t, -CH,CO0-), 3.22 (~1H, m, -HC
(OH)CH((OCH,CH,),,0H)(CH,)¢-), 3.59 (150H, m, overlapped,
-HC(OH)CH((OCH,CH,),,OH)(CH,)s-, H4', H2', H2", H5",
-CH(CH,)-, H3', H3", H5), 4.11 (1H, m, H6'), 4.35 (3H, m,
overlapped, H6", H6', H6"), 4.52 (2H, d, H1', H1"), 4.99 (1H,
H4"); *C NMR (175 MHz, CDCI3, d ppm): 14.10, 20.89, 22.56,
26.20, 28.96, 29.02, 29.31, 29.39, 61.64, 63.02, 68.63,
70.10-70.54, 72.54, 72.63, 171.20; CHN: %C (53.724 found,
53.658 calc.), %H (8.702 found, 9.175 calc.), %N (ND); IR (ATR,
v, cm™ '), 3448 (O-H str.), 2888 (s. CH, str. PEG), 1741 (C=0
str.), 1465 (a. CH; bend), 1344 (s. CH, bend), 1280 (end group
C-O-str.), 1241 (C-O-str.), 1108 (a. C-O-C str.).

Epoxidised lactonic sophorolipid ring opened with PEG 1500
(PLSL1500)

1.53 g total product recovered. "H NMR (700 MHz, CDCl;, 9
ppm): 0.88 (0.91H, t, -CH(CH3)-), 1.41 (29H, overlapped, -
(CH,)¢HC(OH)CH((OCH,CH,);,0H)(CH,)s-), 2.07 (6H, s,
(-CH,COOCH,),), 2.35 (2H, t, -CH,COO-), 3.22 (~1H, m, ~-HC
(OH)CH((OCH,CH,)3,0H)(CH,)¢-), 3.61 (168H, m, overlapped,
-HC(OH)CH((OCH,CH,)3,0OH)(CH,)s-, H4', H2', H2", H5",
-CH(CH3)-, H3', H3", H5'), 4.14 (1H, m, H6'), 4.33 (3H, m,
overlapped, H6", H6', H6"), 4.50 (2H, d, H1', H1"), 4.99 (1H,
H4"); *C NMR (175 MHz, CDCl;, d ppm): 14.10, 20.89, 22.30,
25.12, 26.21, 28.96, 29.02, 29.22, 29.39, 31.60, 31.81, 61.66,
63.63, 70.28-70.58, 72.54; CHN: %C (54.393 found, 55.190
calc.), %H (8.269 found, 8.760 calc.), %N (0.048 found); IR
(ATR, v, cm™?), 3408 (O-H str.), 2888 (s. CH, str. PEG), 1741
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(C=O0 str.), 1466 (a. CH;3 bend), 1360, 1341 (s. CH, bend), 1279
(end group C-O-str.), 1240 (C-O str.), 1108 (a. C-O-C str.).

Foam capacity and stability by stirring agitation method

50 mL aqueous surfactant solutions at concentrations of
0.25% w/v were measured into 100 mL and 50 mL graduated
cylinders. Foam was generated at room temperature using Lab
GEN’ Cole-Parmer GLH-02 Homogenizer while agitating the
various surfactant solutions at a stirring speed marked 2 (ca.
6000 rpm) and speed marked 3 (ca. 11000 rpm) respectively
for 1 min for foam capacity, after which the volume of the
foam height was read. After stirring, foam stability was
assessed at 30 min intervals by measuring the reduction in
foam volume in the graduated cylinder.

Formula for foam capacity and stability

Foam capacity = Foam volume/Initial sample volume x 100%

Foam stability = Foam volume after 30 minutes/
Initial foam volume x 100%

Results and discussion

To access a new family of SLS non-ionic surfactants we
planned a synthesis strategy seeking to incorporate additional
hydrophilicity via the alkene of the fatty ester moiety whilst
keeping the lactone intact. Epoxidation of the double bond
was achieved by using a combination of hydrogen peroxide as
oxidant, a phosphotungstic acid hydrate (PTA) catalyst pre-
pared in situ and a phase transfer catalyst, Adogen 464, as
shown in Scheme 1. Complete LSL conversion was achieved
under 3 hours with 99.2% selectivity and >99% mass recovery
of the epoxidised lactonic sophorolipid (ELSL), as a hygro-
scopic solid.

"H NMR spectrum of the ELSL (Fig. 2, bottom) showed full
conversion of the LSL with complete disappearance of double
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Fig. 2 Proton NMR spectra of commercial lactonic sophorolipid (LSL,
bottom) and epoxidised lactonic sophorolipid product (ELSL, top),
showing functional changes upon a successful transformation from LSL
to ELSL. AV 700 MHz Bruker spectrometer, CDCl; solvent.
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bond C9-C10 that was previously observed at 5.33 ppm (Fig. 2,
top). Appearance of epoxy protons C9-C10 at 2.93 ppm for the
ELSL further confirmed effective formation of the oxirane.
Some residual Adogen 464 phase transfer catalyst was detected
in the ELSL and proved inseparable.

The methyl (-CH3) end (C18) of the fatty acid was not
observed in the LSL but showed at the expected position in the
epoxide. The C8 and C11 protons shifted by ~0.5 ppm upfield
following epoxidation. Fortunately, HSQC and HMBC (Fig. S1
and S2 in the ESIt) confirmed that the glycosidic bonds at C17
bonded to C1’, C4” bonded to C1 and between C1” and C2"
were retained despite the acidic medium in which the reaction
took place. The ELSL spectrum also does not show any peak
representative of aldehyde or a carboxylic acid which corro-
borates the fact that the lactone was not hydrolytically ring-
opening. The acetyl groups (a and b) on the sophorose were
not hydrolysed but remained intact. Our NMR spectroscopy
assignment agrees with the prior literature on the structure of
LSL.*® Some impurities were observed on the proton and **C
NMR spectra for LSL despite the claim by manufacturer to
have a purity of 99%, however, we were unsuccessful in deter-
mining the structure of the impurity. It is further observed in
mass spectrometry below and assumed to have a molecular
ion mass of 467 ¢ mol ™.

IR spectra of ELSL, in comparison to LSL, showed the olefi-
nic C-H stretching vibration disappearing at 3003 cm™' and
the epoxy symmetric deformation vibration appearing at
825 cm™'. The presence of signals at 1740 cm™ ' for C=0
stretching and 1236 cm™" for C-O-stretching vibration corro-
borates NMR spectroscopy that the acetyl groups of the
sophorose unit remain.

CHN analysis matches relatively well if the theoretical calcu-
lated values: %C (56.040 found, 57.940 calc.), %H (7.826
found, 8.010 calc.), %N (0.105 found). The slight disparity is
linked to the unknown impurity carried through from the LSL
starting material. The trace nitrogen detected is possibly from
residual Adogen 464 used for epoxidation procedure and other
unknown impurities. ESI-MS accurate mass was measured for
LSL as 711.3559 (MNa+, C34H56Na0y,) and ELSL as 727.3499
(MNa', 727.3511 calculated for C3,H;5sNaO;5). The anticipated
difference of 16 between their m/z values confirms the addition
of oxygen atom across the double bond of LSL. Residual
Adogen 464 along with the suspect aforementioned impurity
in the commercial LSL was also detected in the ESI} spectrum
of ELSL as shown in Fig. 3.

Lewis acid catalysts were required for oxirane ring-opening
reactions involving weak nucleophiles. Heterogeneous metal
and non-metal Lewis acid catalysts were employed: silica-sup-
ported boron trifluoride, Si-BF; and iron exchanged mon-
tmorillonite clay, Fe-mont. Since Si-BF; is assumed to be
toxic, Fe-mont was the preferred catalyst, although both cata-
lysts proved effective. ELSL was dissolved in 5 mL ethyl
acetate to allow for dropwise addition to heated PEGs. The
ethyl acetate was then boiled off before the reaction vessel
was lightly stoppered. The prepared catalyst, Fe-mont., first
protonated ELSL after which the melted PEG was added to

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 ESI mass spectra of LSL and epoxidised LSL (ELSL) and their
inherent impurities.

the epoxide to yield the product. A range of PEG chain
lengths were investigated that included both diols (PEG 400,
PEG 1000, PEG 1500) and mono methoxy-terminated (MePEG
400 and MePEG 750) (Scheme 1). Resultant surfactants were
off-white to amber colour in appearance and named as pre-
sented in Table 1. Those based on PEG 400, MePEGs 400 and
750 were viscous liquid while those with PEGs 1000 and 1500
were hard-to-cut-through waxy solids.

As diols such as PEG are capable of reacting on both
hydroxyl end groups, initial studies with methyl oleate
epoxide (to mimic the hydrophobic chain of our sophoroli-
pid) and triethylene glycol and PEG400 were carried out
under similar and different reaction conditions. These
model reactions were carried out, first, to allow for a more
thorough structural interpretation of the PEGylated com-
pounds and to determine any possible double addition of
sophorolipids onto the PEG diols. Analysis vie NMR and
spectroscopy, gas chromatography and ESI-MS showed no
clear evidence of disubstitution at the PEG ends (section
3.0 in the ESIf), but a small amount of double addition
to the diol cannot be fully discounted from the data
available.

IR spectra (Fig. 4) show successful transformation from
the original lactonic sophorolipid, LSL, to the epoxide,
ELSL, and then to PEGylated surfactants. The epoxy’s sym-
metric deformation at 818 cm™" disappeared in all the sur-
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Fig. 4 FT-IR spectra of LSL (top) and ELSL (second from top) compared
with those of PEGylated surfactants.

factants irrespective of PEG chain used. The methylene sym-
metric stretch vibration increased in intensity while the
asymmetric stretch reduced in intensity as the number of
ethylene oxide (EO) units in the PEG increased. It was
observed that the C-O-C ether stretch vibration centre
shifted from 1095 cm™" to 1109 em " with increasing EO
repeating unit in the PEG. As there was no band observed at
1725-1700 cm™" belonging to a carboxylic acid C=0 stretch
and the ester C=O0 stretch at 1741 cm™ " remained intact in
all surfactants,
the sophorose nor the ester of the lactone were hydrolysed
in the final isolated surfactants.

Comparison between 1D and 2D NMR spectra of ELSL
and PLSL 400 (Fig. 5-proton only and Fig. S3 and S4 in the
ESIt) further confirmed that the surfactants were success-
fully formed. The epoxy protons peak 9, 10 disappeared
while the p-epoxy protons peak 8, 11 shifted towards those
of the other methylene protons in the fatty acid group.
While the proton peak “10” to which the PEG is attached
was conspicuous resonating at 3.22 ppm, the proton peak 9
that bears the hydroxyl end overlapped with the protons of
the surfactant sophorose group. *C and DEPT-135 spectra
did not show the corresponding positions of these peaks
(“9” and “10”) but HSQC (Fig. S4t) correlated the 3.22 ppm
proton with the 83.75 ppm carbon. Since the position of
attack cannot be controlled, attack of PEG on the oxirane

it was deduced that neither the acetates on

Table 1 Synthesised surfactants from lactonic sophorolipid and their codes

Surfactant structure showing sophorolipid (S)

Surfactant code and the attached PEG end

Surfactant description

ELSL S

PLSL400 S-(OCH,CH,),0OH
MPLSL400 S-(OCH,CH,),0OCH;
MPLSL750 S-(OCH,CH,),0CH;
PLSL1000 S-(OCH,CH,),,0H
PLSL1500 S-(OCH,CH,);,0H

This journal is © The Royal Society of Chemistry 2021

Epoxidised lactonic sophorolipid prior to reaction of (Me)PEG
Epoxidised lactonic sophorolipid ring opened with PEG 400
Epoxidised lactonic sophorolipid ring opened with MePEG 400
Epoxidised lactonic sophorolipid ring opened with MePEG 750
Epoxidised lactonic sophorolipid ring opened with PEG 1000
Epoxidised lactonic sophorolipid ring opened with PEG 1500
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Fig. 5 'H NMR spectra of ELSL (A, top) and PLSL 400 surfactant (B,
bottom) showing chemical shifts and functional changes during
transformation.

ring from both faces (above or below) is possible as shown
in the ESI Fig. S11,f though NMR spectroscopy could not
significantly differentiate them but it is assumed it is a
50:50 mix of both present in the product. Additionally,
there are possibilities of having the PEG chain attached to
either position 9 or 10, with the corresponding -OH group
in the alternative position, thus producing two regioisomers.
Interestingly, COSY and HMBC (Fig. S31) showed that posi-
tions 17 and 1/, 1” and 2/, and 1 and 4" are still bonded
after synthesis. All other peaks retained their chemical shift
positions after ring-opening of the oxirane with PEGs. The
regio- and stereo-chemistry of the compounds could not be
confirmed as they were non-crystalline thus not allowing for
crystallography.

As nitrogen, purportedly from residual Adogen 464, was
detected in ELSL, CHN analysis of resulting surfactants was
performed after epoxide ring-opening reaction.

Results presented in Table 2 showed that nitrogen was not
detected (ND) in all the surfactants except PLSL 1500 which
contained 0.048% trace nitrogen after synthesis and isolation.
This would suggest that the Amberlyst 15 ion exchange resin

Table 2 CHN composition of ELSL and synthesised sophorolipid-based
surfactants

Elemental analysis

Compound code %C %H %N
ELSL 56.040 7.826 0.105
PLSL 400 53.249 8.610 ND
MPLSL 400 55.155 8.515 ND
MPLSL 750 54.852 8.581 ND
PLSL 1000 53.724 8.702 ND
PLSL 1500 54.393 8.269 0.048
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removed most of the residual Adogen 464 left over from the
oxidation step. Unfortunately, the other unknown impurity
(impurities) from the commercial LSL remained within the
final isolated PEGylated surfactants.

A 3D model of the simplest structure of these new class of
surfactants with and without solvent available surface and its
optimised structure with the lowest dynamic energy are shown
in the ESI section 4.0.F

Application of the surfactants based on HLB concept

The amphiphilic nature of a surfactant can be expressed in
terms of hydrophilic-lipophilic balance (HLB) in addition to
grouping them on the basis of their ionization in solution.
The HLB concept, initiated by Griffin,®” expresses the parti-
tioning tendency of the hydrophilic and lipophilic ends of sur-
factants in an oil in water (O/W) or a water in oil (W/O) emul-
sion. This partitioning is believed to affect the physico-
chemical behaviours of these surface-active agents and there-
fore can be applied to predict the potential application for a
surfactant. Table 3 shows HLB values and their likely areas of
applications. From this table it is suggested that water soluble
surfactants have an HLB value higher than 13 if intended for
detergency, an application commonly fulfilled by non-ionic
surfactants.

In order to have an indication for possible application of
the synthesised surfactants, the hydrophilic-lipophilic balance
(HLB) concept was used. HLB for the sophorolipid-based sur-
factants was obtained using Griffin’s equation:*”

__Molecularweight of Hydrophilic group o

HLB = - 20
Molecular weight of surfactant

The hydrophilic groups in a typical sophorolipid-based
surfactant are as shown in Fig. 6. The acetals of the glycosi-
dic bonds could act as hydrogen bond accepting sites with
water molecules as the donors, akin to ethers in PEG, thus
these glycosidic bonds are included as hydrophilic groups.
The hydroxyls are assumed to be the dominant contributors
to hydrophilicity, while the acetates and lactone ester will
contribute some hydrogen bond accepting ability. HLB
was calculated for the surfactants as shown in the ESI
(Section S2.01) and respective values obtained are presented
in Table S1.7

The calculated HLB values presented in Fig. 7 indicate that
the non-PEGylated ELSL could serve as a wetting agent.

Introduction of the PEG and MePEG chains increased
hydrophilicity and thus extended the applications possible.

Table 3 HLB ranges and applications®®*°

HLB range Application

3.5-6 Water in oil emulsifier
7-9 Wetting agent

8-15 Oil in water emulsifier
13-15 Detergent

15-18 Solubiliser

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Hydrophilic groups identified in sophorolipid-based surfactants
for HLB calculation (ethers and hydroxyls in red; acetals in purple;
lactone ester in green and acetate esters in blue).
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Fig. 7 HLB values and average molecular weight obtained for sophoro-
lipid-based surfactants and their potential applications.

PLSL 400, MPLSL 400, MPLSL 750 and PLSL 1000 are in a
region suggesting application as oil-in water emulsifiers, while
MPLSL 750 and PLSL 1000 could also serve as detergents and
PLSL 1500 could be applied as solubilising agents. Evident,
and expected from this study, is that introduction of longer
PEG chains moves the materials to be overall more hydrophilic
in nature and it is this that expands their applicability whilst
maintaining their non-ionic amphiphilic nature.

As the surfactants’ structures are complex, the calculated
HLB values are merely indicative and not true values. True
values can be evaluated experimentally using improved
methods from other studies.**!
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Foam capacity

Two of the synthesised surfactants, PLSL 1000 and PLSL 1500
were selected and tested for their foam capacities. It was
observed that foam formation was very high due to the nature
of their head group, which consist of a hydrophilic disacchar-
ide head, alongside with ~22 and ~34 ether and an hydro-
phobic fatty acid tail of 18 carbon atoms in PLSL 1000 and
1500 respectively. The result of these polarities likely led to the
outstanding increase in foam formation. Foam volume in sur-
factant solution generally increases with increase in surfactant
concentration below the critical micelle concentration (CMC)
until the neighbourhood of the CMC is reached, where foam
volume gets to a maximum value or increases gradually to a
peak value somehow above the CMC. The amount of foam
formed in PLSL 1000 was 88% at (6000 rpm) and 104% at
(11 000 rpm) as shown in Table 4, with a percentage difference
of 16% when the speed was almost doubled. PLSL 1500 had a
foam capacity of 104% at (6000 rpm) and 120% at (11000
rpm) with a percentage difference of 16%. It was noticed that
the foam volume increased as the ethylene oxide unit
increased from 22 to 34. Sophorolipids generally are known to
greatly reduce surface tension and with addition of PEG
showed how the foam formation was high for this category of
surfactants. The foaming capacity and stirring speed of the
PLSL 1000 and 1500 surfactants were compared with foam
capacity results of cetyl trimethyl ammonium bromide (CTAB)
cationic surfactant, sodium dodecyl sulphate (SDS) anionic
surfactant and Tween 80 (T80) non-ionic synthetic industrial
surfactants as shown in Table 4.*

It was obvious that the two modified sophorolipid surfac-
tants demonstrated a greater foaming capacity even at a
lower concentration and stirring speed than CTAB, SDS and
Tween 80.

Foam stability

Foam stability at (11 000 rpm) was visually assessed by measur-
ing the foam volume a minute immediately after foam gene-
ration, then at 30 minutes intervals for a period of
120 minutes. For the first 30 minutes, the foam volume for
PLSL 1000 dropped to 30.8%. This trend, likewise, was also
observed in PLSL 1500, in which the foam volume dropped to
26.7% as shown in Fig. 8. The foam volume for PLSL 1000
then slightly dropped from 30.8% to 23.1% 30 minutes after

Table 4 Influence of stirring speed on foam volume of surfactant solutions at different concentrations
Foam volume (mL)

Entry Surfactant, Concentration (%) 6000 rpm 8000 rpm 9500 rpm 1100rpm 13 500 rpm
1 CTAB, 0.5 — 13 27 — 27

2 T80, 0.5 — 11 24 — 24

3 SDS, 0.5 — 15 27 — 27

4 PLSL 1000, 0.25 44 — — 52 —

5 PLSL 1500, 0.25 52 — — 60 —

Foam volumes for entries 1-3 are approximate values of what was reported.*>

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Foam stability of surfactants over time at solution concentration
of 0.25% at 11000 rpm.

and remained like that over an hour. PLSL 1500 followed same
trend with the foam volume dropping from 26.7% to 20%
30 minutes later and remained like that over an hour. The
sharp fall witnessed for the first 30 minutes could be due to
the type of micelles that was formed as a result of their critical
packing parameter (CPP). The hydrophilic head group area
was greater than the volume and length of the hydrophobic
area, this in turn created an in-balance in their hydrophilic-
lipophilic balance (HLB) i.e. more area covered by the hydro-
philic head compared to the tail. This fall of foam in the PLSL
1000 and PLSL 1500 followed the sequence of the ethylene
oxide unit, the reduction in foam was higher in PLSL 1500
than in PLSL 1000 as a result of higher PEG chain length.
Causes of reduction of foam volume can be linked to drainage,
coarsening and coalescence due to the micelle structure that
was formed."?

Expectedly, results of foam capacity and stability agree with
the HLB evaluation of the surfactants properties. The fact that
PLSL1000 and PLSL1500 were soluble and formed clear solu-
tion in water confirmed that are solubilisers as predicted in
Fig. 7.

Conclusion

The olefinic bond in commercially available lactonic sophoroli-
pid was successfully epoxidised without significant side pro-
ducts. This modification extends the scope of derivatization of
this class of industrially significant bio-surfactant. Herein, five
non-ionic surfactants were synthesised via ring opening of the
oxirane with PEGs of different chain length, with either
hydroxyl or methoxy terminuses. Extensive characterisation of
the isolated products confirmed that oxidation to the oxirane
and subsequent PEGylation was successful and that neither
the glycosidic nor the ester bonds (lactone and acetyls) were
hydrolytically cleaved during synthesis. The catalysts used are
heterogeneous and less toxic when compared with homo-
geneous alternatives. Foam capacity experiments showed the
PEGylated lactonic sophorolipids to be better foam formers
than commercial surfactants such as cetyl trimethyl
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ammonium bromide, sodium dodecyl sulphate and Tween 80.
Based on Griffin’s method for calculating HLB values, the sur-
factants, including the intermediate oxirane, are potential
solubilizing and wetting agents, detergents, and oil-in-water
emulsifiers. Of particular merit is the ability to tune the appli-
cation by variation of PEG chain length, demonstrating the ver-
satility possible with these new bio-derivable surfactants.
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