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Abstract

Microemulsions are thermodynamically stable, optically isotropic dispersions, consisting of nanometer
size domains of oil and/or water stabilized by an interfacial film of surface active agent.  Although
these systems were first described by Schulman in 1943, only in the last 20 years have they attracted
much scientific and technological attention.  Their potential applications range from enhanced oil
recovery to pharmaceuticals.  Only recently has work on microemulsion systems in detergent
applications been addressed.

This paper aims to cover recent work on single phase microemulsion systems in different cleaning
applications.  Extended chain surfactants have been developed which enhance the hydrophobic
interactions on the oil side of the interface, by incorporating a linker molecule between the
hydrocarbon chain and the hydrophilic head group.  Structure property relationships have been
developed and the effect of different structural parameters on the solubilization of non-polar oils as it
relates to cleaning performance will be discussed.

Introduction

Microemulsions were first described by Schulman in 1943.  Addition of a short chain alcohol to a
coarse emulsion of oil and water results in an optically clear system (1).  This transition was
interpreted as a drastic reduction in particle size below the wavelength of visible light.  Since then, the
number of publications on this topic has grown and microemulsions have attained increasing
significance both in basic research and in industry.  The inherent stability and ultra low interfacial
tensions between oil and water observed in microemulsion systems makes them useful for a number
of different applications.  Today, microemulsion systems are used in enhanced oil recovery (EOR),
liquid-liquid extractions, soil remediation, metal working fluids, carriers for pharmaceuticals and
cosmetics and detergent applications to name a few.

While a complete review of microemulsion chemistry and phase behaviour is beyond the scope of this
paper, a few of the fundamental aspects will be briefly described.  Several excellent reviews of
microemulsions are available for the interested reader (2-5).  Mixtures of water, oil and surfactant,
separate within a well-defined temperature interval into 3 liquid phases, an aqueous phase, an oil
phase and a surfactant rich phase.  The maximum mutual solubility between water and oil and the
lowest interfacial tension is found in the surfactant rich phase.  The most convenient method for
determining the position of the three phase region is to fix the ratio of oil to water and vary the
surfactant concentration and temperature.  A typical “fish” phase diagram for a nonionic surfactant is
shown in Figure 1.
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Figure 1.  Phase behaviour of ternary mixture of oil, water and surfactant as a function of
temperature and surfactant concentration.
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At low surfactant concentration, 2 liquid phases exist at all temperatures.  At higher surfactant
concentration, one, two and three liquid phases exist.  For nonionic surfactants, the three phase
region is defined by its upper and lower temperatures, the average of which is called the mean
temperature.  Similar behaviour is observed for ionic surfactants with added electrolyte.  Surfactant
efficiency is defined as the concentration required to form a single phase system at equal volumes of
oil and water at the mean temperature or optimum salinity.

Microemulsion phase behaviour at constant temperature is typically plotted in triangular coordinates.
The apex of the ternary diagram represents the pure components and the interior points represent
mixtures of all three components normalized to 100%.  A simplified phase diagram for a typical
ternary system is shown in Figure 2.

Figure 2.  Typical water-oil-surfactant phase diagram.

Mixtures of oil and water show a miscibility gap which decreases with increasing surfactant
concentration.  Inside the miscibility gap, two and three phase systems exist depending on the
surfactant concentration, the ratio of oil to water and the temperature.  In a series of papers published
in 1947, Winsor was able to associate the phase behaviour of ternary systems with the interaction of
the system components on each side of the interface (6).

Phase behaviour and types of structures formed according to Winsor are shown in Figure 3.  In
Winsor type I phase behaviour, an aqueous micellar phase containing solubilized oil is in equilibrium
with excess oil.  This phase behaviour has also been labelled 2 since it appears as two phases with
the surfactant rich phase at the bottom.  In Winsor type II phase behaviour, an inverse micellar phase
containing solubilized water is in equilibrium with excess water.  This phase behaviour has been

labelled 2 since it appears as two phases with the surfactant rich phase at the top.  In Winsor type III
phase behaviour, a bicontinuous microemulsion or middle phase is in equilibrium with excess oil and
water. Winsor type IV microemulsions are single phase systems formed when a sufficient amount of
surfactant is added to solubilize the excess oil and water.

Based on a large number of experiments, Winsor was able to relate the phase behaviour to the
molecular interactions occurring at the interface.  The Winsor ratio, R, is defined as:
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where ACO is the interaction between the surfactant and oil, AOO is the interaction between oil
molecules, ALL is the interaction between the hydrophobic chains of the surfactant molecules on the
oil side of the interface, ACW is the interaction between the surfactant and water, AWW is the interaction
between water molecules and AHH is the interaction between the surfactant head groups on the water
side of the interface.  The Winsor ratio can be used to predict how molecular changes affect the
convexity of the interface and the resulting phase behaviour.  In type I phase behaviour (R<1),
interactions between the surfactant head groups and the water predominate.  In type II behaviour
(R>1), interactions of the surfactant hydrophobes and the oil predominate.  Type III phase behaviour
(R=1) is observed if the interactions on both sides of the interface are balanced.

Figure 3.  Phase behaviour and types of structures according to Winsor

A number of different single phase regions exist outside the miscibility gap.  On the water rich side of
the phase diagram, aqueous micellar solutions and O/W microemulsions are formed.  On the oil rich
side of the diagram, inverse micellar systems and W/O microemulsions exist.  At roughly equal
volumes of oil and water, percolated or bicontinuous microemulsions exist which exhibit properties of
both oil and water.

The detergency of microemulsion systems has been studied extensively over the last 20 years.
Detergency is a complex process that depends on several factors including the nature and
concentration of the wash solution; additives such as builders, enzymes and polymers; wash
temperature; mechanical energy; water hardness and the nature of the soil and substrate to be
cleaned to name a few.  The predominant detergency mechanisms include soil roll-up, solubilization,
emulsification and intermediate phase formation.  The interfacial tension between oil and water plays
an important role in the cleaning process.  Microemulsion systems exhibit ultra low IFT in the three
phase region, going through a minimum at the mean temperature or optimum salinity.  The lowest IFT
values measured at the mean temperature are on the order of 10

-5
 mN/m for ionic surfactants and 10

-4

mN/m for nonionic surfactants (7-8).

Most of the published investigations have concentrated on the use of ternary systems in model
laundry detergency tests (9-13).  The fabric is soiled with different, mostly pure oils, which is
solubilized by the microemulsion which forms spontaneously upon contact with concentrated
surfactant solution.  Much of the work on microemulsion detergency has focused on intermediate
phase formation in the detergency process.  Investigations using hydrocarbon soils and non-ionic
surfactants have shown that the detergent efficiency goes through a maximum at the phase inversion
temperature (PIT) (14).   Experiments using anionic surfactants have shown that optimum detergency
is obtained at the optimum salinity (15).  The optimum conditions lead to microemulsion formation,
ultra-low interfacial tension and optimum detergency.
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Relatively few investigations have been published on the detergency of single phase microemulsions
formulated with water insoluble solvent or oil (16-17).

Experimental Results and Discussions

Microemulsions are already used in household cleaning applications.  Pine oil and d-limonene
containing hard surface cleaners have been available for some time.  These products contain 5-20%
solubilized oil and are typically diluted with water prior to use.  Most formulations give a milky white
solution upon dilution which has become associated with perceived cleaning benefits by the
consumer.   The oil provides solvency to assist in the cleaning process and give a characteristic odor
(pine, orange, etc) to the product.  A variety of different surfactant systems can be employed but
typically a mixture of anionic and non-ionic surfactant are used along with a short chain alcohol to
help solubilize the oil phase and prevent liquid crystal formation leading to high viscosity gels.  While
short chain alcohols are effective, they contribute to the volatile organic solvent content (VOC) of the
product and may pose flammability problems

In the present studies, a VOC free surfactant mixture was developed, capable of forming single phase
microemulsions from a wide variety of different oils.  The mixture consists of sodium xylene sulfonate
(SXS) and a blend of anionic and nonionic surfactants.  A blend of high and low HLB alcohol
ethoxylates is used to fine tune the Winsor ratio to allow for use with a variety of different oils.  SXS is
used to help solubilize the low HLB nonionic, prevent liquid crystal formation and lower the viscosity of
the microemulsion at high oil levels.  Anionic surfactant is used to minimize the temperature sensitivity
of nonionic microemulsion systems.

The choice of nonionic depends to some extent on the intended application.  For hard surface
cleaning, a blend of alcohol ethoxylates based on C10-12 alcohol is used.  For laundry applications, a
blend of C12-14 alcohol ethoxylates is used.  A variety of different anionic surfactants can be used
including LAS and SLES.  The optimum surfactant blend ratio was determined by varying the
anionic/nonionic and nonionic/nonionic ratios as shown in Table 1 and determining the concentration
required to reach the single phase region.

Table 1.  Surfactant blends containing alcohol ethoxylates and TEA-LAS.

1 2 3 4 5 6

SXS-40 45.0 45.0 45.0 45.0 45.0 45.0

L24-7 30.0 24.0 18.0 12.0 6.0 0.0

L24-3 0.0 6.0 12.0 18.0 24.0 30.0

A225 LAS Acid 15.0 15.0 15.0 15.0 15.0 15.0

TEA 10.0 10.0 10.0 10.0 10.0 10.0

TOTAL 100.0 100.0 100.0 100.0 100.0 100.0

Percent Surf 55.0 55.0 55.0 55.0 55.0 55.0

pH (as is) 8.3

Viscosity 207.0

Solids @ 140
o
C 76.2

 The amount of oil solubilized per gram of surfactant is shown in Figure 4.  For pine oil, the amount of
surfactant required to form a single phase microemulsion increases slightly with increasing
concentration of low mole ethoxylate.  For d-limonene, the amount of oil solubilized shows a
maximum at 80% low mole ethoxylate.  For linear alkyl benzene (LAB), the amount of oil solubilized
increases with increasing amount of low mole ethoxylate in the mixture.  Similar studies were
performed, varying the ratio of anionic to non-ionic surfactant at the optimized nonionic ratio.  The
efficiency of the surfactant system was found to increase with increasing concentration of nonionic in
the blend.

Based on several sets of optimization studies, surfactant blend #2 was selected as the best overall.
While the blend ratio is not optimum for all oils, the selected ratio allows for good efficiency using a
variety of different oils.  L24-3 is a three mole alcohol ethoxylate based on linear C12-14 alcohol.  This



material contains a good 10% unreacted alcohol as determined by super critical chromatography and
is not water soluble.  L24-7 is a seven mole alcohol ethoxylate based on linear C12-14 fatty alcohol.
This material is water soluble with a 1% cloud point of 48-52

o
C.   A225 LAS is of the low 2-phenyl

variety made using the HF process.  The LAS was prepared by air/SO3 sulfonation to give 98% active
material.  Triethanolamine (TEA) was used to neutralize the LAS but a variety of salts are possible
including sodium, potassium and other amines (MEA, DEA, etc).
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Figure 4.  Optimization of surfactant blend ratio for different types of oils.

SXS and L24-3 are structurally similar to hydrophilic and lipophilic linker molecules used to enhance
the solubilization capacity for various oils (18-19).  Long chain alcohols and low mole ethoxylates act
as lipophilic linkers which partition on the oil side of the interface somewhere close to the surfactant
tails.  Sodium mono and dimethyl naphthalene sulfonate acts as a hydrophilic linker which adsorbs at
the oil/water interface and increases the total surface area, thereby allowing more room for the
lipophilic linker to segregate. SXS is less surface active than the naphthalene sulfonates but is used
at much higher levels to prevent gel phase formation.  The proper combination of lipophilic and
hydrophilic linkers has been found to significantly increase the solubilization capacity for different oils
(20).

Work was performed to better understand the phase behaviour of single phase microemulsions.  The
phase diagram for a mixture of pine oil/water/universal surfactant blend is shown in Figure 5.  The
phase boundary was determined by titrating mixtures of pine oil and water at different ratios with the
universal surfactant blend until the mixture turned from cloudy to clear.

Figure 5.  Phase diagram for the pine oil/water/surfactant blend

On the WS side of the Gibbs triangle, O/W microemulsions are formed.  Above the miscibility gap at
equal volumes of oil and water, bicontinuous microemulsions are formed.  The conductivity of both
types of microemulsion is similar to aqueous salt solution.  On the OS side of the diagram, W/O
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microemulsions are formed with little conductivity, similar to pure pine oil.  Microemulsions prepared at
the edges of the diagram tend to show a faint bluish tint whereas the bicontinuous microemulsions
appear less turbid.  This suggests that O/W and W/O microemulsions are composed of discreet
particles or swollen micelles whereas the bicontinuous microemulsions have a sponge-like structure.

Work was performed looking at the effect of extended surfactants on solubilization in single phase
microemulsion (21)   Extended surfactants combine the benefits of linker molecules and have been
reported to give very high solubilization efficiencies.  Pure C16 alcohol was reacted with 10 moles
propylene oxide at 120

o
C using a base catalyst followed by two moles of ethylene oxide at 160

o
C.

The PO was allowed to digest completely and vacuum stripped prior to increasing the reaction
temperature to minimize formation of allyic species and PPGs.  The alkoxylated alcohol was reacted
with chlorosulfonic acid, vacuum stripped to remove HCl and neutralized with sodium hydroxide in
water to give a 25-30% active aqueous solution.
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Figure 6.  Preparation of PO extended ether sulfate.

The PO extend chain ether sulphate was substituted for TEA-LAS in the universal surfactant blend
and compared to a conventional two mole ether sulphate based on C12-14 alcohol.  The ratio of pine oil
to surfactant at the phase boundary, as a function of the nonionic surfactant blend ratio, is shown in
Figure 7.  The PO extended chain AES shows greater efficiency than conventional AES at higher
amount of L24-7 in the blend.  This suggests that adding PO to the AES increases the interactions on
the oil side of the interface.  A more water soluble nonionic is required to balance the Winsor ratio and
achieve optimum surfactant efficiency.
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Figure 7.  Solubilization of pine oil by PO extended ether sulfate as a function of non-ionic
surfactant blend ratio.

Based on these results, several series of extended chain surfactants were prepared.   Polyetheramine
sulfosuccinamates were prepared by reacting C12-14 alcohol with propylene oxide at 120

o
C using a

base catalyst.  The propoxylated alcohol is then reacted with hydrogen and ammonia over a nickel
catalyst to form the polyetheramine.  The primary amine is then reacted with maleic anhydride to form



the half amide and sulfonated with sodium sulfite in aqueous solution.  Sulfosuccinamates with 2, 5
and 10 PO groups were prepared and characterized.
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Figure 8.  Preparation of PO extended polyetheramine sulfosuccinamates.

The solubilization efficiency of various PO extended chain surfactants is shown in Figure 9.  The
sulfosuccinamates showed only minor improvement in surfactant efficiency with increasing moles of
PO.  Ether sulfates with 10-14 moles of PO and 2 moles of EO showed the best solubilization
efficiency.  Ether sulfates prepared with PO alone show lower efficiencies suggesting that the EO
helps partition the alcohol at the interface.  The effect of PO on solubilization efficiency of appears to
go through a maximum around 10-12 moles.
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Figure 9.  Solubilization of pine oil using extended chain surfactants.

Worked was performed to measure the cleaning performance of the single phase microemulsions.
Microemulsions were prepared by titrating equal volume mixtures of oil and water until clear.  The
physical properties of microemulsions prepared with 10 different oils using the universal surfactant
blend are shown in Table 2.  The ratio of oil to water in most of the systems is close to unity, favoring
the formation of bicontinuous microemulsions.  In general, the higher the molecular weight of the
solvent, the greater the surfactant requirement.  Attempts to prepare microemulsions using olive oil
were not successful.  In general, triglycerides are high molecular weight and may require a different
surfactant blend ratio to obtain good surfactant efficiency.

Compared to conventional surfactant based formulations, microemulsion systems are more
concentrated with much higher formulation costs.  This limits microemulsion systems to a few areas
such as hard surface cleaning and laundry pre-treatment.  The hard surface cleaning of the
microemulsion samples was determined using a Gardner scrub apparatus.  White Formica tiles were
soiled with a mixture of Crisco oil, carbon black and clay dissolved in paint thinner.  This particular soil
is very difficult to remove and requires solvent based surfactant systems.  The tiles were baked at
80

o
C for one hour to remove the solvent.  Five grams of sample was applied to synthetic kitchen



sponges conditioned in 150 ppm hard water.   The soiled tiles were cleaned with fresh sponges using
10 double rubs.  The cleaned tiles were rinsed with water to completely remove the dissolved soil.
The reflectance of each tile was measured before and after cleaning to assess the amount of soil
removed.  Each test solution was run in triplicate and the results averaged.

Table 2.  Properties of single phase microemulsions.

Oil Phase Oil/Surfactant Percent Oil Oil/Water SPo

Pine Oil 1.5 31.3 0.8 9.7

d-limeonene 1.5 31.5 0.8 8

trichloro ethylene 1.2 28.9 0.7 9.3

Propylene Carbonate 1.2 28 0.7 13.3

Hexadecane 0.4 15.9 0.5 8

Dipentene 1.4 30.3 0.8

Hexane 1.1 26.8 0.7 7.3

Exxate 700 1.1 27.2 0.7 8.2

t-butyl acetate 0.9 24.6 0.7 8.2

A225 LAB 0.5 18.7 0.5 8.5

The hard surface cleaning results for each sample are shown in Figure 10.  Microemulsions prepared
with different solvents show large differences in cleaning performance for this soil.  Solvents like d-
limonene and t-butyl acetate show almost complete removal of the soil from the tile whereas pine oil
and dipentene show relatively poor soil removal.

In hard surface cleaning, most microemulsion products are diluted in water prior to use.  The
microemulsions in Table 3 were diluted with enough water to achieve 5% solvent.  Upon dilution, all of
the microemulsions bloomed to give a milky emulsion of oil in water.  Attempts to clean the soiled tiles
with the diluted samples showed extremely relatively poor cleaning performance with the exception of
Exxate 700 which showed gave about 60% soil removal.
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Figure 10.  Hard Surface Cleaning Performance of Solvent based microemulsions.

Work was also performed to assess cleaning performance as a laundry detergent.  One drop of used
motor oil (SAE 10W-30) was applied to cotton and polyester/cotton fabric and allowed to sit for 1 hour.
The soiled swatches were immersed in approximately 20 ml of the microemulsion and allowed to soak



for 30 minutes at room temperature with no agitation.  The soiled swatches were then removed and
rinsed in DI water.  Soiled swatches were run in triplicate and the results averaged.  Results for dirty
motor oil on cotton and polyester/cotton blends are shown in Figure 10.  .

The solvent based microemulsions show better cleaning performance on cotton than poly/cotton
which is excepted due to the hydrophobic nature of the latter.  Compared to a 10% surfactant solution
composed of sodium laureth sulfate (SLES) and dodecyl dimethyl amine oxide (DMAO) most of the
microemulsions show much better cleaning performance, particularly on poly/cotton.  The low
interfacial tension between oil and water and the solvent properties of the oil helps to remove the
motor oil off the fibre surface.
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To a large extent, the cleaning performance of the microemulsions can be related to the solubility
parameter of the oil.  The Hansen solubility parameter approach is useful for polar solvent capable of
hydrogen bonding. The totals solubility parameter is divided into three parts to account for dispersive,
polar and hydrogen bonding interactions.  In general, the cleaning performance of the microemulsion
increases as the solubility parameter of the oil decreases as shown in Figure 12.
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Figure 12.  DMO cleaning performance versus the oil solubility parameter

Conclusions:

A universal surfactant blend was developed which is capable of forming single phase microemulsions
from a number of different oils.  The system is completely general and can be modified for different



cleaning applications.  Extend chain surfactants have been found to increase the solubilization
efficiency of the system but the nonionic surfactant blend ratio should be adjusted to compensate for
the increased hydrophobicity of the extended chain anionic.

The universal surfactant blend can be used to prepare single phase microemulsion from a number of
different oils.  The microemulsions show excellent cleaning performance in laundry and hard surface
cleaning.  To a large extent, the cleaning performance can be related to the solubility parameter of the
oil.  In general, oils with low solubility parameters give the best cleaning performance.
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