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Abstract
Lecithin-rich mixtures of the nontoxic surfactants lecithin and Tween 80 are effective
marine oil spill dispersants, but produce much higher oil-water interfacial tension than other,
comparably effective dispersants. This suggests interfacial phenomena other than interfacial
tension influence lecithin-Tween 80 dispersants’ effectiveness. The interface between seawater
and dispersant-crude oil mixtures was studied using light microscopy, cryogenic scanning
electron microscopy, and droplet coalescence tests. Lecithin:Tween 80 ratio was varied from
100:0 to 0:100 and wt% dispersant in the oil was varied from 1.25-10 wt%. Tween 80-rich
dispersants cause oil-into-water spontaneous emulsification, while lecithin-rich dispersants
primarily cause water-into-oil spontaneous emulsification. Possible mechanisms for this
spontaneous emulsification are discussed, in light of images of spontaneously emulsifying
interfaces showing no bursting microstructures, interfacial gel, or phase inversion, and negligible
interfacial turbulence. Dispersant loss into seawater due to oil-into-water spontaneous
emulsification may explain why Tween 80-rich dispersants are less effective than lecithin-rich
dispersants with comparable interfacial tension, although longer droplet coalescence times
observed for Tween 80-rich, self-emulsifying dispersant-oil mixtures may mitigate the effects of
dispersant leaching. Conversely, surfactant retention in oil via lecithin-rich dispersants’ waterinto-oil emulsification may explain why lecithin-Tween 80 dispersants are as effective as
dispersants containing other surfactant blends which produce lower interfacial tension.
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Introduction
Lecithin and Tween 80 are nontoxic surfactants widely used in foods and
pharmaceuticals.1,

2

Blends of lecithin and Tween 80 have also recently been found to be

effective dispersants for marine crude oil spills, performing comparably to established
dispersants in standard dispersant effectiveness tests.3-6 At standard testing conditions and
dispersant dosages, however, these lecithin-Tween 80 (L-T) dispersants produce crude oilseawater interfacial tension (IFT) of 0.03-0.4 mN/m3, 4, whereas other effective dispersants
produce IFT <10-4 mN/m.5, 6 Moreover, in prior work by Riehm et al.4 (Figure 1), lecithin-rich
dispersants were found to be significantly more effective than Tween 80-rich dispersants with
lower or comparable IFT, suggesting that other interfacial phenomena, beyond IFT, underlie the
effectiveness of L-T dispersants. In particular, lecithin and Tween 80 have each been found to
cause spontaneous emulsification and to form gels at oil-water interfaces, so one or both of these
phenomena may influence L-T dispersants’ effectiveness.

Figure 1: Dispersant effectiveness (♦) and interfacial tension (o) of dispersant-treated crude oil in
synthetic seawater. Dispersants were mixtures of Tween 80 and lecithin in ethanol, and were added to
the oil at a volumetric dispersant:oil ratio of 1:50, corresponding to ~2.5 wt% dispersant in the
dispersant-oil mixtures. Plotted data points denote the arithmetic mean of observed effectiveness and
geometric mean of observed initial interfacial tension, and error bars span ± one standard error, based
on n = 3 repetitions. Arrows indicate the axis on which each dataset is plotted. Data and figure adapted
from Riehm et al.4

Interfacial gels formed by lecithin are documented extensively7-10, and gels based on
mixtures of Tween 80 and Span 80 are also well-known.11, 12 A L-T interfacial gel could help
disperse oil into water by making surfactant available to rapidly cover newly-formed interface as
oil droplets are sheared apart. It could also prevent dispersed oil droplets from recoalescing,
although this is expected to be less important at the high water:oil ratios used in marine oil
dispersant tests (>1000:1 by volume)4, 13 than it is in more concentrated emulsions.
Both lecithin and Tween 80 have also been observed to cause spontaneous emulsification
at oil-water interfaces.10, 14, 15 Davies and Rideal16 promulgated classic interfacial mechanisms
for spontaneous emulsification in 1961 involving (i) interfacial turbulence from Marangoni flow,
(ii) vigorous diffusion of surfactants across the interface (“diffusion and stranding”), or (iii)
dilatational surface pressures high enough to cause interfacial buckling (“negative interfacial
tension”). More recent work17, 18 has shown that one phase may diffuse into the other and form
self-assembled structures (e.g., vesicles, myelinic figures, bicontinuous microemulsions) near the
interface, which swell with the diffusing phase and eventually burst or undergo phase inversion,
causing spontaneous emulsification. Other recent work19,

20

reports spontaneous nucleation of

water droplets into surfactant-laden oil near the oil-water interface.
If spontaneous emulsification occurs at crude oil-seawater interfaces treated with L-T
dispersants, its impact on dispersants’ effectiveness may depend on which interfacial phenomena
are driving it. If it is caused by surfactant buildup and interfacial self-assembly, this could aid
dispersion of oil into water by making surfactant immediately available at the interface as oil is
broken up and by impeding droplet coalescence. On the other hand, if spontaneous
emulsification is primarily driven by interfacial turbulence or by surfactants rapidly moving

through the interface into the seawater, this could deplete the oil of surfactants, making it more
difficult to disperse the oil into the seawater.
In this work, oil-water interfaces are imaged using light microscopy and cryogenic
scanning electron microscopy (cryo-SEM), and coalescence times are measured for dispersanttreated crude oil droplets in seawater, in order to determine whether interfacial gel or
spontaneous emulsification play a role in L-T dispersants’ effectiveness. Light microscopy
allows the oil-water interface and any emulsified droplets in the surrounding bulk phases to be
imaged down to a resolution of ~0.2 μm. Cryo-SEM complements light microscopy by allowing
emulsified droplets and other nanoscale features to be imaged and sized using secondary
electrons, and then chemically identified as oil or water using energy-dispersive x-ray
spectroscopy (EDS). Finally, it has been suggested in prior work3, 4, 21 that dispersant-oil mixture
droplets’ resistance to coalescence may limit dispersant effectiveness, so it is important to
investigate this possibility, as well as to determine the extent to which any interfacial gel or
spontaneous emulsification impacts droplets’ resistance to coalescence.
Experimental
Materials
Tween 80 (PEO20 sorbitan monooleate, Sigma-Aldrich), Tween 85 (PEO20 sorbitan
triooleate, Sigma-Aldrich), lecithin (95% L-α-phosphatidylcholine, Avanti Polar Lipids),
isooctane (2,2,4-trimethylpentane, Sigma-Aldrich) and ethanol (Fisher Scientific, PharmcoAAPER) were used as received. South Louisiana Macondo surrogate crude, a light sweet crude
with a viscosity of 12 cSt @ 20 °C provided courtesy of BP through the Gulf of Mexico
Research Initiative, was received on ice, stored at -5 °C, and used as received. Synthetic seawater
was prepared by adding 427mM NaCl, 55mM MgCl2 •6H2O, and 27mM Na2SO4 to distilled

water, a simplified version of the synthetic seawater formulation described by Kester et al.22
Magnesium chloride hexahydrate (Fisher) was used as received; sodium chloride (SigmaAldrich) and sodium sulfate (Macron Chemicals) were baked for at least 5 hrs at 500 °C to
remove contaminants before being added to the synthetic seawater.
Sample Preparation: Varying L:T ratio & wt% dispersant in oil
Oil-dispersant mixtures were prepared by first dissolving lecithin and/or Tween 80 in
ethanol, at the same overall surfactant:ethanol weight ratio of 80:20 employed in Riehm et al.,4 to
make L-T dispersants like those studied in prior work.3, 4 Lecithin:Tween 80 (L:T) ratios in these
dispersants, reported by weight, were the primary compositional variable of interest in this work.
Dispersants were then added to either crude oil or isooctane and vigorously stirred with a
magnetic stir bar to make dispersant-oil mixtures containing 1.25-10 wt% dispersant (1-8 wt%
surfactant), the typical range of dispersant concentrations in dispersant-treated marine oil spills.
Dispersant-oil mixtures were stirred for 15 minutes at 1.25-5 wt% dispersant and for 24 hours at
10 wt% dispersant, to ensure dispersant had sufficient time to blend with the oil.
Light Microscopy
Droplets of various dispersant-oil mixtures were sandwiched together with seawater
between pairs of glass slides and the resulting oil-water interfaces imaged via light microscopy.
Each pair of slides was separated by a single layer of Parafilm M (127 µm thick14) with a
12.1mm x 44.5mm rectangle cut out of its center. This Parafilm spacer was melted onto one of
the slides and covered with a layer of vacuum grease in order to seal the cavity which it
enclosed. A 5 µL droplet of dispersant-oil mixture was then deposited into the cavity, followed
by 70 µL of seawater in several droplets surrounding the dispersant-oil mixture. When the
second glass slide was pressed down onto this assembly, the liquids were sealed into the cavity

and the dispersant-oil mixture and seawater were pushed into contact, forming an oil-water
interface. The thickness of this cavity was 150-175 μm, yielding an overall cavity volume of 8095 μL. Digital images and video of this interface were captured using a Nikon Optiphot-Pol light
microscope enhanced with a Canon SL1 digital camera, at magnifications ranging from 50-200x.
Pendant Drop Coalescence Tests
The time required for two droplets of a dispersant-crude oil mixture to coalesce in
synthetic seawater was measured using a Kruss DSA30 pendant drop tensiometer. Two J-shaped
stainless steel needles, of which one was 26-gauge and the other 27-gauge, were plasma cleaned
(Basic Plasma Cleaner, Harrick Plasma) on “high” for 2-3 minutes and then attached to 50 µL
glass-barrel syringes (SGE Analytical Science). After each syringe was filled with dispersantcrude oil mixture, one syringe was mounted on the pendant drop tensiometer and the other was
mounted on a ringstand adjacent to the tensiometer. The J-shaped needles were positioned in
front of the tensiometer's camera and their tips were immersed in a 3 cm x 3 cm x 3 cm glass
cuvette filled with 25 mL of synthetic seawater. Before tests began, 1 μL of dispersant-crude oil
mixture was dispensed from each syringe to purge any water which might have entered the
needles upon their immersion in the cuvette. In a typical coalescence test (Figure 2a-c), small
(0.25-0.5 µL) oil droplets of approximately equal size were dispensed from the needles and held
separate in the seawater for one minute, at a distance of 0.25-1 mm. The droplets were then
carefully moved towards each other, at a speed of <0.1 mm/s, until they just contacted each
other, without either droplet being deformed or deflected by the contact. Contacted droplets were
subsequently observed until they either coalesced or (eventually) detached from the needles
separately. To facilitate the accurate measurement of coalescence/detachment times, as well as to
capture any unusual behavior (e.g., spontaneous emulsification of oil from the droplet into the

Figure 2: (a-c) Progression of droplet coalescence test. a) Droplets are dispensed into seawater and
initially held separate. b) After 1 minute, the droplets are contacted. c), Droplets eventually either
merge (shown above) or detach separately (not shown).
(d-f) Cryo-SEM sample preparation. d) 0.5 μL each of dispersant-oil mixture and seawater are
deposited into planchet (top view). e) A second planchet is pressed onto the filled planchet (side
view). f) The planchet sandwich is held vertically for 5 minutes, allowing oil to rise to the top of the
cavity and form an oil-water interface perpendicular to the sample fracture plane (side view).

seawater), every test was recorded as a video using the tensiometer’s camera, from initial
dispensing of the droplets to coalescence or detachment.Cryogenic Scanning Electron
Microscopy
The interface between various dispersant-oil mixtures and seawater was also studied
using cryogenic scanning electron microscopy (cryo-SEM), using a methodology similar to that
employed by Lee et al.23 0.5 μL of oil-dispersant mixture and 0.5 μL of seawater were deposited
into a 2 mm diameter, 100 μm deep cylindrical cavity in a brass planchet (Type A, Ted Pella
Inc., Redding, CA). The cavity’s floor was pre-scored to increase sample adhesion after
cryogenic fixation. Once filled, the planchet was covered with an identical, inverted planchet to
make a sandwich; picked up and oriented so that the plane of the sandwiched disks was
perpendicular to the floor; and held in this orientation for five minutes (Figure 2d-f). This
allowed time (a) for the oil-dispersant mixture to rise to the top of the cavity and form a bulk oil-

water interface, and (b) for surfactants to adsorb and self-assemble at the oil-water interface. The
sample was then cryogenically fixed by manual plunging into liquid ethane before being
transferred to a liquid nitrogen bath.
To prepare samples for imaging in the electron microscope, two planchet sandwiches at a
time were loaded into a cryo-sample holder in a Leica EM ACE600 high-vacuum sputter coater.
Within the coater, the sandwiches were cleaved with a chilled scalpel at -110 °C and <10-5 mbar.
One half of each sandwich was then discarded, leaving the other half exposed and mounted in
the cryo-sample holder. These exposed samples were sublimed at -100 °C for 15 min and then
coated with 2 nm of platinum at -110 °C under argon at 8*10-3 mbar, before being cooled to -130
°C and transferred to a Hitachi SU8230 field emission gun scanning electron microscope using
the Leica VCT100 cryo-transfer system. Samples were imaged using an Everhart-Thornley
secondary electron detector at -130 °C and 5 kV. A Thermo Noran System 7 Spectral Imaging
System with UltraDry Si Drift Detector was using for elemental mapping of samples via energydispersive X-ray spectroscopy (EDS) so that oil and water could be clearly distinguished.
Results and Discussion
I. Microscopy & Imaging
a. Low L:T dispersants: Oil-into-water spontaneous emulsification
The interface between synthetic seawater and dispersant-crude oil mixtures containing
low L:T ratio dispersants was imaged using light microscopy and cryo-SEM, in order to
determine whether spontaneous emulsification and/or interfacial gel play a role in the low
effectiveness of low L:T dispersants (see Figure 1).4 Figure 3 shows spontaneous emulsification
of dispersant-crude oil mixtures into seawater between two glass slides spaced 150-175 μm
apart. Dispersant-oil mixtures shown contain either 20:80 L:T, 40:60 L:T, or 60:40 L:T and

either 5 wt% or 2.5 wt% dispersant. Figure 4 also shows spontaneous emulsification, at 2.5 wt%
dispersant and the same L:T ratios shown in Figure 3, but from ~0.25 μL pendant drops of
dispersant-oil mixture into 25 mL of seawater, imaged 30 seconds after droplet formation. Thus,
Figure 4 shows that the oil-into-water spontaneous emulsification observed between sandwiched
slides also occurs at the high water:oil ratios and droplet surface area:volume ratios typical of
dispersant-treated marine oil spills. L:T ratios not depicted in Figures 3 and 4 (0:100 L:T, 80:20
L:T, and 100:0 L:T) caused little or no oil-into-water spontaneous emulsification (i.e., less than
that shown for 60:40 L:T dispersant in Figures 3c and 3f) (see Figure S-6, Supporting
Information).
For the dispersant-oil mixtures depicted in Figures 3 and 4, more oil-into-water
spontaneous emulsification was observed at higher wt% dispersant in oil and at lower L:T ratios,
presumably because dispersant causes spontaneous emulsification and because Tween 80 is more
hydrophilic than lecithin, respectively. Remarkably, though, the extent of oil-into-water
spontaneous emulsification produced by 20:80 L:T dispersant is greater than or comparable to
that produced by 40:60 L:T dispersant, even though in Riehm et al., 4 20:80 L:T dispersant was
found to produce an oil-water IFT five times higher than that produced by 40:60 L:T dispersant
(at 2.5 wt% dispersant). This fact, as well as the fact that IFTs reported for 20:80 and 40:60 L:T
dispersants in prior work4 (Figure 1) are significantly greater than 0 mN/m (p < 0.05, confidence
interval for Student’s t-distribution), suggests that the observed spontaneous emulsification is not
driven by the “negative IFT” mechanism proposed by Davies and Rideal. 16 Interfacial
turbulence, another mechanism proposed by Davies and Rideal, was only observed for 5
wt%20:80 L:T dispersant in crude oil (Figure 3a), and even then only in isolated pockets along
the interface, so at most it plays a minor role in the trends in spontaneous emulsification depicted

Figure 3: Light microscopy images of dispersant-crude oil mixtures spontaneously emulsifying into
seawater. Dispersant-oil mixtures contain: (a) 5 wt% 20:80 L:T dispersant; (b) 5 wt% 40:60 L:T
dispersant; (c) 5 wt% 60:40 L:T dispersant (d) 2.5 wt% 20:80 L:T dispersant; (e) 2.5 wt% 40:60 L:T
dispersant; and (f) 2.5 wt% 60:40 L:T dispersant. Images were taken 15-20 minutes after oil-water
contact.

Figure 4: Light microscopy images of ~0.25 μL pendant droplets of dispersant-crude oil mixture
spontaneously emulsifying into ~25 mL seawater. Dispersant-oil mixtures contain 2.5 wt% dispersant
with the following L:T ratios: (a) 20:80; (b) 40:60; and (c) 60:40. All images were taken 30 seconds
after initial droplet formation.

in Figures 3 and 4. This leaves “diffusion and stranding” and complex microstructure formation
as possible mechanisms for the observed oil-into-water spontaneous emulsification.
Figure 5 shows cryo-SEM images of spontaneous oil-into-water emulsification at 5 wt%
dispersant. Oil and water have been identified using EDS mapping of the imaged areas (see
Figures S-1 & S-2, Supporting Information). Spontaneous emulsification was most clearly
observed at 20:80 L:T (Figure 5a), producing hundreds of oil droplets with a median diameter of
0.7 μm (Figure S-5, Supporting Information). The 2 μm droplet in the lower left corner of Figure
5a is even frozen in the process of pinching off from an oil-water interface, indicating that this
interface was still actively emulsifying crude oil droplets into seawater at the moment of
cryogenic fixation, 5 min after oil-water contact.
It is therefore notable that no complex microstructure is evident in Figure 5a, either at
the bulk oil-water interface or within the oil droplets, even though droplets with diameters < 0.5
μm are readily resolved. The spontaneously emulsified oil in Figure 5b, with its more lecithinrich 60:40 L:T dispersant that might be expected to form a gel, 7-10 also shows no evidence of
complex microstructures at the oil-water interface. It is possible that there is a self-assembled
interfacial layer of surfactants which is too thin to resolve, or which does not have a chemical
composition sufficiently different from oil to be detected via EDS. Even if this is the case,
however, the lack of any infiltration or swelling of the crude oil by seawater rules out bursting or
phase inversion of water-in-oil microstructures as the cause of oil-into-water spontaneous
emulsification. Thus, of the mechanisms for spontaneous emulsification identified in prior work,
the most plausible one for this system seems to be “diffusion and stranding”, in which surfactants
vigorously diffusing across an interface eject droplets of the phase they leave into the phase they
enter. An important implication of this hypothesis is that spontaneous emulsification at low L:T

Figure 5: Cryo-SEM images of oil-into-water spontaneous emulsification. Dispersant-oil mixtures
contain 5wt% dispersant; the L:T ratio is 60:40 in image (a) and 20:80 in image (b). Oil and water are
identified via EDS mapping of the imaged area (see Figures S-1 & S-2, Supporting Information).

ratios is a symptom of rapid surfactant loss from oil into seawater, which may explain why
Riehm et al.4 found that Tween 80-rich dispersants exhibit lower dispersion effectiveness than
lecithin-rich dispersants which produce comparable oil-water IFTs (see Figure 1).
b. High L:T dispersants: Water-into-oil spontaneous emulsification
The role of spontaneous emulsification and/or interfacial gel in the high effectiveness of
high L:T ratio dispersants (see Figure 1)4 was also investigated via light microscopy and cryoSEM imaging. Figure 6 shows water-into-oil spontaneous emulsification at 5 wt% dispersant in
crude oil for lecithin:Tween 80 weight ratios of 80:20 and 60:40 L:T. Oil and water have been

identified using EDS mapping of the imaged areas (see Figures S-3 & S-4, Supporting
Information). Oil-into-water spontaneous emulsification was also observed for both of these
dispersant-oil mixtures, and was the dominant mode of spontaneous emulsification for 60:40 L:T
dispersant, but water-into-oil spontaneous emulsification predominated for 80:20 L:T dispersant.
Due to the opacity of crude oil, it was not possible to clearly image water-into-oil emulsification
within it using light microscopy at 5 wt% dispersant, but at 10 wt% dispersant it was readily
visible. Figure 7 therefore shows the progression, over the course of an hour, of water-into-oil
emulsification into dispersant-oil mixture containing 10 wt% 80:20 L:T dispersant. Similar
images taken of dispersant-oil mixtures containing 10 wt% dispersant with other L:T ratios and
exposed to seawater for an hour show less water-into-oil emulsification as L:T ratio decreases
(see Figure S-7, Supporting Information). It was also possible to observe water-into-oil
emulsification in transparent dispersant-isooctane mixtures at 2.5 wt% dispersant, although
Tween 85 (PEO20 sorbitan triooleate) had to be substituted for Tween 80 (PEO20 sorbitan
monooleate), as the latter is insoluble in pure alkanes. As shown in Figure 8, spontaneous
emulsification of seawater into isooctane occurred at lecithin:Tween 85 ratios of 100:0 and
80:20, but not at lower lecithin:Tween 85 ratios. It is not clear whether the lack of water-into-oil
spontaneous emulsification into isooctane at 60:40 lecithin:Tween 85, in contrast to observed
water-into-oil spontaneous emulsification for 60:40 lecithin:Tween 80 in crude oil, is due to the
substitution of Tween 85 for Tween 80 or to the low (2.5 wt%) dispersant concentration
employed in isooctane.
As with the low L:T-ratio dispersant-oil mixtures, it is notable that no gel is visible in
cryo-SEM images of the actively emulsifying crude oil-water interfaces in Figure 6, as might
have been expected based on prior work. 7-10 It is possible that, had the cryo-SEM samples been

allowed to equilibrate for longer than 5 minutes before being cryogenically fixed, a macroscopic
amount of gel like that observed in isooctane (Figure 8) would have formed. Evidently, however,
the initial water-into-oil emulsification observed in Figure 6 does not require or involve such a
gel. The explanations proposed by Davies and Rideal16 for spontaneous emulsification also do
not apply. No interfacial turbulence was observed for high L:T ratio dispersants (Figures 6-8),
even at 10 wt% dispersant; “diffusion and stranding” is impossible, since surfactants are not
leaving the crude oil; and the IFT reported for 80:20 and 60:40 L:T dispersants in prior work 4
(Figure 1) is significantly greater than 0 mN/m (p < 0.05, confidence interval for Student’s tdistribution). Thus, based on prior work,19, 20spontaneous nucleation of water droplets into the oil

Figure 6: Cryo-SEM images of spontaneous emulsification of oil into water. Dispersant-oil mixtures
contained 5 wt% dispersant; the L:T ratio is 80:20 in images (a) and (b), and 60:40 in image (c). Oil
and water are identified via EDS mapping of the imaged area (see Figures S-3 & S-4, Supporting
Information).

Figure 7: Light microscopy images of seawater spontaneously emulsifying into dispersant-crude oil
mixture which contains 10 wt% 80:20 L:T dispersant. Both oil and water are confined between two
glass slides spaced ~150 μm apart. Images (a), (b), and (c) were taken 0, 15, and 60 minutes after oilwater contact, respectively.

Figure 8: Light microscopy images of ~0.25 μL pendant droplets of dispersant-isooctane mixture surrounded
by ~25 mL seawater. Dispersant-oil mixtures contain 2.5 wt% of the following dispersants: (a) 100:0
lecithin:Tween 85; (b) 80:20 lecithin:Tween 85; and (c) 60:40 lecithin:Tween 85. All images were taken 60
seconds after initial formation of the droplet.

seems the most plausible mechanism for the observed water-into-oil spontaneous emulsification,
though additional light microscopy would be needed to confirm this.
The fact that lecithin-rich L-T dispersants exhibit water-into-oil spontaneous
emulsification, rather than Tween 80-rich dispersants’ vigorous oil-into-water spontaneous
emulsification, may explain why they are so much more effective than Tween 80-rich dispersants
which produce lower or comparable IFT,4 and are comparable in effectiveness to other
dispersants which produce much lower IFT.5, 6 Prior work24 indicates that the high effectiveness
of widely-used dispersants containing the surfactants dioctyl sodium sulfosuccinate (DOSS),
Tween 80, and Span 80 (sorbitan monooleate) is due in part to the water-in-oil microstructures
formed by DOSS and Span 80, which solubilize the hydrophilic Tween 80 into the oil. Waterinto-oil emulsification may serve a similar purpose for lecithin-rich L-T dispersants, solubilizing
Tween 80 into the crude oil so that it does not escape into bulk seawater. This suggests that L-T
dispersants could be improved by increasing the solubility of Tween 80 in crude oil, perhaps by
replacing ethanol with a more hydrophobic solvent like vegetable oil to facilitate the dissolution
of Tween 80 in crude oil, or by adding a cosurfactant similar to DOSS which could incorporate
Tween 80 into water-in-oil microstructures, even at L:T ratios which do not produce water-intooil spontaneous emulsification.
II. Droplet coalescence testing
Droplet coalescence tests (see Figure 2a-c) were conducted to investigate the influence of
dispersant-treated crude oil droplets’ resistance to coalescence in seawater on the compositional
trends in dispersant effectiveness shown in Figure 14. Table 1 shows mean coalescence time ± 1
standard error for ~0.25 μL pendant droplets of various dispersant-crude oil mixtures. Both 1.25
wt% dispersant and 2.5 wt% dispersant exhibited three tiers of coalescence times. Dispersant-oil

Droplet Coalescence Times (s)
L:T
Ratio

2.5 wt%
dispersant

1.25 wt%
dispersant

100:0

15 ± 2

5±1

80:20

100 ± 17

21 ± 5

60:40

126 ± 41

19 ± 4

40:60

NC

NC

20:80

NC

22 ± 4

0:100

110 ± 19

19 ± 5

Table 1: Mean coalescence time ± one standard error (based on n ≥ 5 repetitions) for pendant
droplets of dispersant-treated crude oil in seawater. Droplets were simultaneously dispensed from
separate J-shaped needles, allowed to equilibrate for 1 minute, and then brought into contact. “NC”
indicates that pendant droplets never coalesced, even after remaining in contact for 300-500 seconds
before one of the droplets detached from the needle.

mixtures which contained >0 wt% Tween 80 and produced readily visible oil-into-water
spontaneous emulsification (e.g., 20:80 and 40:60 L:T) failed to coalesce, even when droplets
remained in contact for > 5 min before one or both of them detached from the needle(s).
Dispersant-oil mixtures which contained >0 wt% Tween 80 but did not produce readily visible
oil-into-water spontaneous emulsification coalesced in 90-150 seconds for 2.5 wt% dispersant
and in 15-25 seconds for 1.25 wt% dispersant. Dispersant-oil mixtures which contained 0 wt%
Tween 80 (i.e., 100:0 L:T) exhibited coalescence times significantly lower than those of other
dispersant-oil mixtures (p<0.05, one-tailed Student’s t-test).
In prior work on L-T dispersants,3, 4, 21 we and others posited that the formation of an
interfacial monolayer of surfactants contributes to the effectiveness of L-T dispersants by
preventing dispersed oil droplets’ coalescence. This hypothesis is supported to some extent by
the fact that 100:0 L:T dispersant, which contains 0 wt% Tween 80, produces both significantly
lower droplet coalescence time and significantly lower dispersion effectiveness than 80:20 L:T
dispersant. However, for dispersants containing > 0 wt% Tween 80, there is no clear relationship
between L:T ratio and droplet coalescence time, as droplet coalescence times are similar for L:T

ratios as varied as 80:20, 60:40, and 0:100 L:T. The L:T ratios which exhibit the highest
effectiveness, 60:40 and 80:20 L:T (see Figure 1), are also not the same L:T ratios which are
most resistant to droplet coalescence, 20:80 and 40:60 L:T. It is certainly possible that the strong
resistance to droplet coalescence exhibited by dispersants containing 20:80 and 40:60 L:T
increases their effectiveness and mitigates the effects of surfactant loss via oil-into-water
spontaneous emulsification to some extent. Nevertheless, these data indicate that resistance to
droplet coalescence does not, as we and others had proposed in prior work, play a primary role in
determining dispersant effectiveness.
The fact that 80:20 L:T dispersant produces both significantly longer droplet coalescence
times and a significantly higher dispersion effectiveness than dispersant containing 0 wt% Tween
80 (i.e., 100:0 L:T dispersant) is consistent with prior work showing that Tween 80 greatly
inhibits coalescence of oil droplets in an aqueous phase. Reichert and Walker25 studied a Tween
80 monolayer at the interface between a 100 μm diameter droplet of squalane and 3 mL of 0.5 M
aqueous NaCl, and measured coalescence times for such Tween 80-coated squalane droplets in a
follow-up work.26 Squalane droplets equilibrated for 5 minutes in a 1 μM aqueous solution of
Tween 80 (which also contained 0.5 M NaCl) developed monolayers with a surface pressure of
30 mN/m and droplet coalescence times of 5-10 seconds. The concentration of Tween 80 in
crude oil treated with even 1.25 wt% 80:20 L:T dispersant is ~10,000 μM, albeit confined to the
oil droplet rather than filling the bulk aqueous phase. Thus, the comparable droplet coalescence
times for dispersants containing 80:20, 60:40, and 0:100 L:T may be due to complete saturation
of the interface with Tween 80 at all of these L:T ratios.
Finally, it is worthwhile to note that pendant drop experiments yielded no more evidence
of an interfacial gel than the cryo-SEM images of dispersant-laden oil-water interfaces in Figures

5 & 6. It was not possible to use oscillating drop tensiometry to compare the interfacial rheology
of different dispersant-oil mixtures, as the very small needles (0.21-0.26 mm inner diameter)
necessitated by the dispersant-oil mixtures’ low IFT greatly restricted flowrates in and out of the
droplets, making oscillation faster than 0.01 Hz impractical. However, withdrawing oil from
surfactant-covered droplets did not cause interfacial wrinkles or an insoluble rigid shell to form
at any L:T ratio. This is not surprising given the high solubility of lecithin in oil and Tween 80 in
seawater (another obstacle to detecting a lecithin-Tween 80 interfacial gel using oscillating drop
tensiometry). Prodding dispersant-laden pendant oil droplets with beveled needles also did not
reveal any interfacial gel or “skin” resisting the needles (see Figure S-8, Supporting
Information).
Conclusion
In conclusion, Tween 80-rich lecithin-Tween 80 dispersants cause vigorous oil-into water
spontaneous emulsification, while lecithin-rich dispersants primarily cause water-into-oil
spontaneous emulsification. Cryogenic scanning electron microscopy reveals no complex
microstructures or interfacial gel at the oil-water interface; light microscopy shows negligible
interfacial turbulence, and all lecithin-Tween 80 dispersants produced non-negative interfacial
tension in prior work.3, 4 Thus, based on prior literature,16-20 the most plausible mechanism for
oil-into-water spontaneous emulsification is “diffusion and stranding”, or Tween 80 diffusion
across the interface vigorous enough to emulsify the oil. For water-into-oil spontaneous
emulsification, the most plausible mechanism is spontaneous nucleation of water droplets into
the oil, as this does not require surfactants to cross the interface.
Spontaneous emulsification may explain why lecithin-rich dispersants exhibit higher
effectiveness than Tween 80-rich dispersants with lower or comparable oil-water interfacial

tension, as reported in prior work.4 Oil-into-water emulsification indicates rapid leaching of
surfactants from oil into water, depleting oil droplets of surfactant and lowering dispersant
effectiveness. On the other hand, water-into-oil emulsification indicates stabilization of
surfactants in the oil, maintaining high surfactant concentration in the oil and thus raising
dispersant effectiveness. The deleterious effects of oil-into-water emulsification on dispersant
effectiveness may be partially mitigated by the fact that the Tween 80-rich dispersant-oil
mixtures which produce the most oil-into-water spontaneous emulsification also exhibit the
greatest resistance to coalescence in droplet coalescence testing. Nevertheless, droplets’
resistance to coalescence largely does not appear to have an impact on dispersant effectiveness,
contrary to what we and others had posited in prior work.3, 4, 21
Future work should seek to reformulate lecithin-Tween 80 dispersants (e.g., by changing
the solvent or adding a new surfactant/cosurfactant), in order to improve Tween 80’s solubility in
crude oil and minimize the effects of surfactant leaching on dispersant effectiveness. The
possibility that lecithin-Tween 80 dispersants form a multilayer or gel which was not detected by
cryogenic scanning electron microscopy or pendant drop experiments should also be
investigated, perhaps by studying dispersants’ interfacial rheology, or by visualizing surfactant
accumulation at the oil-water interface using fluorescent light microscopy. Finally, the
environmental impact of the crude oil nanoparticles generated by lecithin-Tween 80 dispersants
in this work merits further study.
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