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Abstract At the present time, considerable efforts
are being made to develop new media for the
decontamination of a variety of toxic compounds.
In the present contribution, new microemulsions
with promising properties are presented. Moreover,
the decontamination of surfaces, with an emphasis
on varnished metal surfaces of exterior and interior
equipment, is investigated using these microemulsions.
Studies of the phase behavior of the system water–
perchloroethylene–IHF–2-propanol are reported and
the microemulsion phases are recognized. The wetting
behavior on contaminated surfaces and the extraction
capabilities with respect to contaminants are essential
for an efficient decontamination. Hence, suitable
microemulsions are identified on the basis of these
properties. The decontamination efficiency of these
microemulsions is first estimated on the basis of
the ability to wet typical chemical nonresistant
varnished steel sheets, which are authentic model
systems for real surfaces. Afterwards, promising
microemulsions and, as reference, different solvents
are tested with respect to their capability to solubilize
sulfur-mustard agent, again using realistic surfaces
contaminated with this chemical warfare agent.
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Introduction

Hazardous compounds like organophosphates can be
found in agricultural drain waters or in industrial waste
waters. Nerve agents are also organophosphates and
can be released in case of terrorist attack (e.g. Sarin
attack in Tokyo) or in case of warfare. Also, mustard
agent (yperite) still represents a significant danger due
to the large worldwide stock of ammunition. For these
reasons, it is necessary to develop new versatile decon-
tamination systems with higher efficiencies compared
to the available media.

Decontamination is the physical removal of toxic
materials and hazardous compounds from contami-
nated surfaces, solubilization of these contaminants in a
solvent, and degradation to a noneffect dose. In recent
years, a growing number of works have been published
on this subject [see, e.g., 1–5], and one of the most
promising carrier systems for active decontaminants is
microemulsions [6–9]. However, most of the studies
mentioned above focus on the investigation of kinetical
or mechanistic aspects of the degradation [7–11] of
the respective hazardous compound. Besides human
skin, exterior and interior equipment, vehicles, techni-
cal devices, and buildings are also important objects for
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decontamination. Chemical warfare (CW) agents like
organophosphorous esters known as nerve agents and
sulfur mustard are organic compounds of low polarity
and low volatility. Additionally, most CW agents only
exhibit a low solubility in the commonly used solvents,
especially in water [12].

Hence, before the degradation of CW agents can
take place in a decontamination liquid, a number of
important steps already take place, which have not yet
quantitatively or even semiquantitatively been investi-
gated. Namely, these steps are wetting of the contami-
nated surface; extraction of the CW agent from surface
coatings like, e.g., paints; and, finally, solubilization
of the hazardous compound. In the present work, we
present the first experimental data for these important
steps, and we also discuss new microemulsion systems,
which seem to be promising carrier systems for decon-
taminants (aqueous bleaching agents [3] or enzymes
[13, 14]) due to their solubilization capacity and their
wetting properties.

Background

An efficient decontamination system has to be com-
patible with the properties of the targeted CW agents.
In Table 1, some important physical properties of
frequently discussed CW agents are summarized. The
ability of CW agents to penetrate into chemically non-
resistant surface coatings and the complex interplay of
physical and chemical properties related to the involved
solid, liquid, and gaseous phases [15, 16] can lead to
long persistence times. If a few weight percents of a
polymer are added to a penetrating toxic agent, its
persistence time is increased significantly and can reach
several days [17]. Moreover, these CW agent–polymer
mixtures usually exhibit high viscosities, also complicat-
ing the decontamination process.

In contrast to this, typical decontaminants (like, e.g.,
hypochlorite or H2O2) are soluble in water. This fact,

the often hydrophobic nature of the contaminants,
and the heterogeneity of the contaminated surfaces
make the development of an efficient decontamination
process a challenging task.

A decontamination medium has to be able to extract
the toxic substances out of the contaminated surface
and bring them into contact with the decontaminants,
dissolved in an aqueous phase. If contaminants are
of low water solubility, the degradation of the toxic
substances takes place at the oil–water interface (see
scheme in Fig. 1).

The only way to combine aqueous and organic
phases in one medium is to form macroscopic emul-
sions or microemulsions. In a macroscopic emulsion,
the dispersion of oil in water (o/w) or water in oil (w/o)
is only kinetically stabilized, resulting in a limited life-
time due to coagulation; Ostwald ripening; and, finally,
phase separation. Microemulsions are thermodynami-
cally stable homogeneous mixtures of water and oil,
stabilized by ionic or nonionic surfactant molecules. In
some systems, a short- or medium-chain alcohol or also
salt is added. From the importance of solubilization
problems in a variety of applications, numerous pub-
lications on the subject of microemulsions arose in the
past few decades. This is illustrated by the large number
of review articles and the intense work concerning the
fundamentals of the microstructure of microemulsions
[20–26]. In addition, a vast number of publications treat
practical aspects, i.e., the use of microemulsions in sol-
vent extraction and liquid chromatography [27], clean-
ing applications, oil recovery, pharmaceutical [28] and
cosmetical formulations [29], preparation of nanoparti-
cles [30, 31], and their use as reaction media [32–34].

Since the 1980s, the use of a macroscopic emulsion
has been established for decontamination applications
by the German armed forces [35]. This macroscopic
emulsion is composed of 15 wt.% perchloroethylene
(PCE), 76.5 wt.% water, 7.5 wt.% calcium hypochlo-
rite, and 1 wt.% emulsifier Marlowet IHF [35]. As
already mentioned, such a macroemulsion is unstable.

Table 1 Physical properties
of CW agents

Values are taken from the US
Army [18] and Othmer and
Kirk [19]. All values are given
at 25◦C except those denoted
with superscript letter a.
These are given for 20◦C

CW agent Lost Tabun Sarin Soman VX

Code name HD GA GB GD VX
State of aggregation Liquid Liquid Liquid Liquid Liquid
Density (g/cm3) 1.27 1.073 1.102 1.0222 1.008
Freezing point (K) 287.45 223 217 231 ≥ 222
Saturation conc. (mg/m3) 625 a 612 21,900 3,000 a 7 × 10−4a

Volatility (mg/m3) 610 a 328 a 16,091 a 3,900 10.5
Heat of vaporization (J/g) 393.56 330.09 334.93 303.12 327.63
Vapor pressure (Pa) 14.0 1.8 289.3 53.3 0.03
Water solubility (%) 0.06 a 9.8 any ratio 2.1 a misc. ≤ 9.4 ◦C and at pH ≤ 6
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Fig. 1 Scheme of the decontamination process using a mi-
croemulsion as a carrier medium for the active component.
The CW agent is extracted from the surface region (1) and
dissolved in the oil component (2). At the oil–water interface,
the decomposition of the CW agent takes place by reaction with
the active agent dissolved in the water (3). The scheme reveals
another important advantage of a microemulsion compared to a
macroscopic one, which is the larger internal surface

Furthermore, the internal interface between water and
oil is up to three orders of magnitude smaller in
a macroemulsion compared to a chemically similar
microemulsion system.

Therefore, since the 1990s, the use of microemul-
sions as a new approach for the decontamination of
toxic chemical compounds has been discussed [17].
Some works extend the microemulsion concept to the
decontamination of hazardous viruses and bacteria [36,
37]. Microemulsions of the o/w type using cyclohexane
and hexadecane as the organic phase were reported to
be efficient against mustard agent [38].

A continuous phase formed by propylene glycol and
hydrogen peroxide extends the existence of the single-
phase region to temperatures below 0 ◦C [39] for low-
temperature decontamination. Besides the cheap and
potent reactive component hypochlorite, chlorine-free
agents like molybdate [8], magnetite nanoparticles [40],
or magnesium monoperoxyphtalate and formamide [7]
have also been reported as possible active reagents.

The aim of the present work is to develop a new
versatile microemulsion carrier system for different ac-
tive reagents that is able to wet all relevant surfaces
equally well. Moreover, the components have to be
cheap and available in large quantities. This is why

the work presented here is based on the commercially
available technical emulsifier Marlowet IHF.

Materials

Chemicals

The choice of an appropriate organic solvent as the
“oil” component is essential for an efficient decontami-
nation. The measurement of the solubilization behavior
is complex and additionally complicated by the pres-
ence of CW agents. A rather simple and straightfor-
ward parameter that can be used to find an appropriate
solvent for a CW agent is the Hildebrand solubility
parameter δ [41, 42].

This parameter δ is the square root of the cohesive
energy density c given by

c = �Hvap − RT
vm

(1)

and is calculated on the basis of the heat of vaporization
�Hvap, the gas constant R, the temperature T at the
boiling point, and the molar volume vm [42]. This pa-
rameter reflects the degree of interaction between the
molecules within a liquid. Low numbers, smaller than
20 MPa1/2 reflect nonpolar interactions, while large
numbers are observed for polar liquids, for example,
47 MPa1/2 for water. In terms of this parameter, two liq-
uids are miscible, if the difference of their Hildebrand
parameters is very small, ideally close to zero.

Table 2 compares Hildebrand parameters for typical
solvents and the most relevant CW agents. For exam-
ple, it was observed that sulfur-mustard (HD) has a
very low solubility in water of only 0.0043 mol/l [12],
which corresponds to a large difference in the solubility

Table 2 Comparison of solubility parameters δ of typical solvents
and some important CW agents [42–45]

δ (MPa)1/2

Solvent
Toluene 18.2
Ethanol 26.0
Cyclohexane 16.8
Water 47.4
PCE 19.0

CW agent
Tabun 18.8
Sarin 18.6
Soman 17.2
Lost (mustard) 21.9
VX 18.0
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parameters due to the nature of the intermolecular
forces acting in both liquids. For that reason, in this
work, PCE is used as the “oil” component.

The commercially available emulsifier system Mar-
lowet IHF (Sasol GmbH, Marl, Germany) was pro-
vided by the German armed forces. Marlowet IHF has
a density of 1.06 g/cm3, and its refractive index is
1.453. The used IHF is technical grade and contains
30 wt.% of a mixture of the nonionic oligo(ethylene
oxide)alkyl ether surfactants, 53 wt.% of the ionic
surfactant dodecylbenzenesulfonate Ca-salt, 15 wt.%
2-propanol, and 2 wt.% water. The fraction of the
ionic surfactant in this mixture of ionic and non-
ionic surfactant is 0.64 and, therefore, assumed to
dominate the phase behavior. The emulsifier has
an averaged molar mass of 420 g/mol. PCE and
2-propanol were obtained from Sigma-Aldrich Chemie
GmbH (Taufkirchen, Germany) with a purity > 99%.
From the same company we purchased methylene diio-
dide, used as a standard for the contact angle measure-
ments. Water was ultrapure deionized water (Milli-Q,
Millipore, Billerica, MA, USA).

Substrates for the contact angle measurements
and the decontamination tests

Contact angles were measured on silicon wafers, Teflon
surfaces, and varnished metal sheets, representing an
authentic model for “real” surfaces. These quadratic
metal sheets have a side length of 10 cm. They are
covered with a 50- to 150-μm layer of a paint commonly
used for vehicles and equipment. Two different paints
were studied here: a chemically resistant polyurethane
paint (labeled with A, afterwards) and a chemically not-
resistant alkyd varnish (denoted by B in the following).
Additionally, weathered alkyd paint surfaces named C
and D were also used for the experiments to produce
even more realistic conditions. Similar metal sheets are
also used for the determination of decontamination
efficiencies.

Experimental methods

Phase behavior

All samples were prepared by weighing in the amounts
of the components into sample tubes. They were
mixed by sustained magnetic stirring and vortex mix-
ing. Samples were equilibrated in thermostated baths
and inspected visually in transmitted light to observe
the phase behavior. The lamellar and the sponge-like

bicontinuous phase were identified by using crossed
polaroid filters.

In this work, the usual definitions [46] to specify the
sample compositions are used. The fraction α of oil in
the mixture of oil and water is

α = moil

moil + mwater
(2)

and that of the emulsifier in the mixture of IHF and
oil is

β = mI HF

moil + mI HF
(3)

The IHF masses are corrected for the 2-propanol con-
tent. The overall fraction of the alcohol is denoted as δ

and given by

δ = malcohol

moil + mwater + mI HF + malcohol
. (4)

Similarly, the overall water content ω is defined. Over-
all fraction means that the 2-propanol content of the
emulsifier is taken into account here.

Surface characterization

The varnished surfaces of the test metal sheets were in-
spected optically using a light microscope with an objec-
tive of 20-fold magnification (Carl Zeiss, Oberkochen,
Germany). The surface roughness was measured with a
Nanoscope III AFM (Digital Instruments, Tonawanda,
NY, USA) in tapping mode with a OMCL-AC160TS
standard silicon tip in air under ambient conditions.
To determine the roughness parameter, defined as the
root mean squared average of the height deviations,
the image data were treated by using the NanoScope
software version 5.12r5.

Contact angle measurements

An OCA 15 video-based optical contact angle me-
ter (DataPhysics Instruments GmbH, Filderstadt,
Germany) was used to measure the contact angles.
Droplets of 10 μl volume, formed at the end of a needle,
were brought into contact with the test surface. The
contour of the homogeneous back-lightened droplets
was recorded using a CCD-camera video system. Con-
tact angles were calculated from the image data by a
Young–Laplace fitting procedure. To avoid modifica-
tions of the surface layer, each test spot on the metal
sheet was wetted only once. To cover a wide range
of different environmental influences on the surface
structure, ten independent sample sheets of type A,
C, and D and 20 sheets of type B were used. Contact
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angles were measured at three different positions on
each sheet.

Decontamination efficiency

The decontamination efficiency was measured under
special safety conditions in a high-security laboratory
at the Armed Forces Scientific Institute, Munster,
Germany, using sulfur-mustard (HD, S-Lost) as CW
agent. HD was chosen due to its low volatility at room
temperature and its ability to rapidly penetrate non-
resistant surface coatings. The test surfaces used as
substrates for these measurements were characterized
before by contact angle measurements.

Equally spaced droplets of HD were placed on the
test surfaces. The droplet volume was 1 μl, and the
number of 80 droplets HD leads to a contamination
density of 10 g m−2. Evaporation of the CW agent can
be neglected due to the low volatility and the storage
of the sheets in a gas-tight box. A dwell time of 3 h
was chosen, corresponding to realistic periods between
contamination and decontamination.

After the dwell time elapsed, 10 ml microemul-
sion was sprayed on the contaminated steel sheets.
The sheets were completely covered with the decon-
tamination medium after application. After a resi-
dence/reaction time of 30 min, the medium was rinsed
off with water and the decontaminated test sheets
were dried with paper towels (Fripa Papierfabrik,
Miltenberg, Germany).

The remaining contact and vapor risk is determined
by the evaporation of the CW agent out of the deconta-
minated surface. To measure this evaporating amount,
silica adsorber material, used in thin-layer chromatog-
raphy (Fa. Merck, covered with silica gel 60), is placed
and pressed on the surface with a load of 2,000 Nm−2,
simulating the intense contact of a human hand or arm
with this surface . The desorbing CW agent is collected
for 15 min, and subsequently, a mixture of 10 vol.%
acetone and 90 vol.% heptane was used to extract the
contaminants from the adsorber material. In addition,
the same solvent mixture was also employed to extract
residual remaining CW agent from the varnished test
metal sheets.

The extraction time was 3 h for both the decontami-
nated steel sheets and the silica material. The gas chro-
matographic analysis (AutoSystem XL, Perkin-Elmer,
Waltham, MA, USA, with flame ionization and flame
photometric detectors) of the extracts from the adsor-
ber material determines the contact and vapor risk R,
while the analysis of the metal sheets gives the residual
contamination r. All measurements were repeated with
five different samples.

Results and discussion

The composition of the emulsifier Marlowet IHF is
assumed as constant for all measurements reported
here. Therefore, the IHF can be treated as a pseudo
single component, and the resulting phase diagram
for the pseudo quaternary system water–PCE–IHF–
2-propanol can be represented by a tetrahedron, as
schematically depicted in Fig. 2. Due to the constant
content of 2-propanol in the emulsifier, the lower part
of the tetrahedron was not accessible for the investiga-
tion of the phase behavior. This sector increases with
increasing IHF content up to a value of δ0 = 0.15 in
the binary system of 2-propanol and IHF. Sections at
a constant PCE-water ratio α and a constant IHF–PCE
ratio β were studied here and are marked with dash-
dotted lines in Fig. 2. Additionally, the phase behavior
of the four ternary systems, forming the surface of the
phase tetrahedron, was investigated.

In Fig. 3, the measured phase diagrams of the four
ternary mixtures forming the side faces of the tetra-
hedron are depicted. It is observed that PCE and wa-
ter are immiscible within the experimental errors. The
low-molecular-weight alcohol 2-propanol is completely
miscible with water and PCE. Within the measured
composition range, IHF is miscible with oil and water.
When the fraction of IHF exceeded 25 wt.% in water
and 40 wt.% in PCE, phases of high viscosity were
found. This indicates the formation of mesoscopically
organized structures at high surfactant content.

Fig. 2 Schematic-phase tetrahedron of the pseudoquater-
nary system water–PCE–IHF–2-propanol. As a result of the
2-propanol content δ0 in the emulsifier IHF, not all points in the
tetrahedron are reachable. The region that cannot be investigated
is indicated by the dotted lines. The dash-dotted lines mark the
sections through the tetrahedron at a constant water–oil ratio α

and a constant IHF–PCE ratio β
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Fig. 3 Phase behavior in the four ternary-phase triangles repre-
senting the side faces of the water–PCE–IHF–2-propanol phase
tetrahedron. In addition to the one-, two-, and three-phase re-
gions, the bicontinuous phase and the range of the mesophases
are depicted

In the ternary system water–PCE–IHF at low IHF
contents, a large three-phase body is observed, accom-
panied by two-phase regions on both sides. In the oil-
rich corner of the triangle, a single phase region of
water-in-oil microemulsions exists. Increasing the frac-
tion of IHF to 40 wt.% leads to partially birefringent
highly viscous structures. These cannot be used for de-
contamination because, due to the high viscosity, they
cannot easily be sprayed on contaminated surfaces,
and they would have to be removed with a very large
amount of water. Above the three-phase body, there
exists a bicontinuous domain. This phase was identified
by its flow birefringence between crossed polars. The
observation of flow birefringence persists up to a water
content of 50 wt.%. In the water-rich corner, a narrow,
highly viscous single-phase channel is observed.

Figure 4 shows the rectangular representation of the
phase diagram (“fish”) at α = 0.62. The contents of the
emulsifier IHF and the 2-propanol were systematically
varied at a temperature of 25 ◦C. Despite the rather
complex composition and the technical grade of the
emulsifier IHF, it is remarkable that typical phases and
their sequences known from the Kahlweit-fish diagram
first obtained for the pure nonionic surfactants of the
CiE j type [46] can be reproduced when the alcohol
content is used as tuning parameter for the curvature
of the surfactant film.

This shows that the principles established for puri-
fied nonionic surfactants are very robust and also hold
for multicomponent systems even containing impurities
due to the use of technical soaps. The same result was

found for quaternary systems containing purified and
technical grade alkyl monoglucosides [47].

A large three-phase body ranging up to 9 wt.% of
2-propanol and 10 wt.% IHF is found. All expected
one- and two-phase regions appear close to the three-
phase body. The bicontinuous phase was observed in
a range from about 11 to 20 wt.% IHF and at low
contents of 2-propanol up to 4–5 wt.%. If the amount of
the emulsifier is increased above 25 wt.%, the alcohol
content exceeds 5 wt.% and the lamellar phase (Lα)
occurs after passing the two-phase coexistence of the
bicontinuous and the Lα phase. The single-phase region
with a droplet microemulsion starts in a thin channel
from the bicontinuous region and occurs at relatively
high contents of 2-propanol.

In a second cut through the phase diagram, the
amounts of 2-propanol and water were varied at
β = 0.29 (see Fig. 5). In this pseudoternary phase di-
agram, a large one-phase region expands from the oil-
rich corner. At nearly equal portions of water and oil,
a bicontinuous channel was found. If more water was

Fig. 4 Rectangular representation of a cut through the phase
tetrahedron of the water–PCE–IHF–2-propanol system at
α = 0.62. As a result of the alcohol content in the emulsifier, the
lower surfactant-rich corner is not accessible. Hatched areas are
the oil-continuous (L2 phase) and the bicontinuous 1-phase re-
gion. Additionally, two-phase, three-phase, and lamellar regions
are indicated. The density of PCE is larger than the water density.
Due to this, the commonly known sequence of phases found in,
e.g., a test tube after demixing is inverted compared to the usual
case. A water-excess phase is on top of the microemulsion phase,
while an oil-excess phase appears on the bottom
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Fig. 5 Rectangular coordinate representation of a cut through
the phase tetrahedron of the quaternary system water–PCE–
IHF–2-propanol. While β = 0.29 is constant, δ and the overall
water content ω were varied. The one-phase and the bicontinuous
regions are indicated as hatched areas

added, two-phase and three-phase regions appeared.
Only microemulsions from the one-phase region of this
diagram were used in the experiments, as reported
here.

Wetting properties

Although extraction of the contaminants out of the
contaminated surface is the first important step in the
decontamination process, previous published work fo-
cused on the degradation process [17, 48]. Real sur-
faces are heterogeneous and permanently exposed to
various environmental influences. Such surfaces are,
for example, the housing of technical equipment and
vehicles, made of metal and varnished with chemically
not-resistant, or sometimes also with resistant paints.
In addition, it is desirable to wet hydrophobic and
hydrophilic surfaces with the same decontamination
medium.

Figure 6 shows optical microscope pictures and AFM
images of surfaces of types A and B. The area in-
vestigated by optical microscopy (see pictures A1 and
B1) is 0.5 × 0.5 cm. Both surfaces are not smooth but
rather rough and qualitatively of similar heterogeneity
on the length scales under consideration here. This
length scale is comparable to the diameter of the area
wetted by a droplet with a volume of a few microliters.

From the AFM images A2 and B2 in Fig. 6, the
roughness parameter was determined at three different
positions on the surfaces. For the surface of type A, a
value of (26 ± 2) nm was found based on a scanned area
of 80 × 80 μm. For the same scanned surface area, a
somewhat smaller value of (16 ± 1) nm was obtained

Fig. 6 Characterization of
surfaces of type A and B with
optical microscopy (a1, b1;
scan size 0.5 × 0.5 cm) and
measurement of AFM images
(a2, b2; scan size 80 × 80 μm)
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Fig. 7 Examples of contact
angle distributions. a Water
and b diiodomethane at
polyurethane surfaces of type
A; c microemulsion ME2 at
alkyd paint surfaces of type
D. Gaussian distribution was
fitted to the data. The
resulting mean values are
a (91±10)◦, b (44±9)◦, and
c (34±6)◦

for a type B sample. However, both roughnesses are of
the same order of magnitude.

As mentioned above, the use of real paints implies
physical and chemical heterogeneities. Spreading coef-
ficients, respectively, contact angles of polar and non-
polar liquids are a direct measure of the hydrophilicity
or -phobicity of a surface [49, 50]. To cover a wide range
of these random influences, contact angles θ of pure
water and diiodomethane on varnished metal sheets
of type A to D were measured, respectively. Figure 7
shows the distribution of contact angles determined
from droplets at three different positions for 10 dif-
ferent sheets of surface types A and D. The result-
ing value for water is θA = (91 ± 10)◦ as a result of a
Gaussian fit (graph a) in Fig. 7). From diiodomethane,
a value of θA = (44 ± 9)◦ (graph b) was obtained. In
graph c of Fig. 7, a typical contact angle distribution for
the microemulsion ME2 is shown, and θD = (34 ± 6)◦
was determined from the presented data. The contact
angles for surface B are, for example, θB = (49 ± 5)◦
for water and θB =(42±6)◦ for diiodomethane. Table 3
summarizes the results for the surface types A to D
(the compositions of the used microemulsions are given
in the caption of Table 3). Teflon and etched silicon
wafers serve as a hydrophobic and hydrophilic ref-
erence. The values of water and diiodomethane for
the surfaces A–D correspond to partially hydrophobic
surfaces. For all measured surfaces, PCE contact an-

gles were below the detection limit, which means that
PCE is wetting all these different types of surface as
a result of its nonpolar character and its low surface
tension value, which is in contrast to the behavior
of water. Microemulsions ME1 and ME2, used here,
contain water and PCE in nearly equal portions, while
in microemulsion ME3, less water was used. For all
microemulsions, one might expect resulting contact an-
gles between water and PCE. Indeed, this is approx-
imately the result for the samples ME1 to ME3 (see
Table 3).

The results are similar for all surfaces studied here
and indicate that the prepared microemulsions suffi-
ciently wet real heterogeneous varnished metal sur-
faces. From surface tension measurements using the
Du Nuoy ring method values of γL ≈ 27 mJ/m2 are
found for ME1 and ME2, which are just between water
and PCE. This also explains the wetting behavior of
the microemulsions with respect to the different tested
surfaces. Obviously, the bicontinuous microemulsions
wet all substrates used in this study.

Extraction and decontamination

Figure 8 shows the residual contents r of CW agent
remaining in the paint on the surface after the treat-
ment described in Section Decontamination efficiency
for different pure solvents (listed in Table 2). The

Table 3 Contact angles on the different investigated surfaces A-D for polar and nonpolar liquids and microemulsions ME1
(α = 0.52; γ = 0.148; δ = 0.026), ME2 (α = 0.61; γ = 0.132; δ = 0.055) and ME3 (α = 0.93; γ = 0.234; δ = 0.046)

Liquid γ LW
L (mJ/m2) γ AB

L (mJ/m2) θA (◦) θB (◦) θC (◦) θD (◦) θteflon (◦) θwafer

Water 21.8 51 91 49 59 64 120 ≈ 0
Diiodomethane 50.8 0 44 42 35 36 81 46
PCE (C2Cl4) 32.0 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0 ≈ 0
ME1 – – 38 38 45 47 37 38
ME2 – – 32 26 38 34 36 26
ME3 – – 28 22 20 22 35 19

The polar and nonpolar surface tension components γ AB
L and γ LW

L at 20◦ with γL = γ AB
L + γ LW

L are given
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Fig. 8 Residual contents r for different pure solvents, repre-
sented by their Hildebrand solubility parameter. Dashed lines
mark the upper and lower boundary of the solubility parameters
of CW agents

values are given as a function of the respective Hilde-
brand solubility parameter. The dashed lines mark the
interval of the solubility parameters of the most im-
portant CW agents as reported in the literature (see
also Table 2). For example, PCE has a solubility pa-
rameter of 17.5 MPa0.5 and shows, therefore, good
extraction behavior leading to a residual content of
(0.3 ± 0.1) g m−2. In contrast to this, cyclohexane, a
common solvent for microemulsion studies, has a resid-
ual content of (1.2 ± 0.4) g m−2 at a Hildebrand para-
meter of 16.8 MPa0.5. For comparison, the threshold
value for HD at a painted agent resistant surface is
0.60 g m−2. Thus, extraction with the pure PCE already
brings the contamination down to a harmless level and
the CW agent is dissolved in the PCE.

The water domain in a microemulsion serves as the
reservoir for additional active components like oxidiz-
ing agents, enzymes, or catalytic nanoparticles. There-
fore, the decontamination efficiency of microemulsions
with a high water content is of interest.

Table 4 summarizes the composition of different mi-
croemulsions with increasing oil fraction corresponding
to a rising α. Microemulsions with low water content
indicated by an α value close to unity are feasible,
as well as microemulsions with a parameter α ≈ 0.5
and a bicontinuous structure. From the contamination
density of 10 g m−2 used in our experiments, the size
of the test sheets, and the microemulsion volume, used

Table 4 The decontamination efficiency for different microemul-
sions from the water–PCE–IHF–2-propanol system

α γ δ R [g/(m2 15 min)] r (g/m2)

0.487 0.138 0.096 0.16±0.09 0.085±0.015
0.520 0.148 0.026 0.13±0.03 0.055±0.011
0.610 0.132 0.055 0.15±0.05 0.070±0.014
0.928 0.235 0.094 0.49±0.17 0.082±0.026
0.930 0.234 0.046 0.48±0.26 0.071±0.030

The composition of the microemulsions is given in terms of α, γ ,
and δ

for the decontamination, an extraction capacity can be
estimated. Taking the low solubility of HD in water
into account, a concentration of ≈10 mg HD per 1 ml
microemulsion is expected.

The comparably high contact-risk values, R, for the
two last samples in Table 4 can be attributed to experi-
mental uncertainties due to inhomogeneity of the series
of the used test metal sheets. This also manifests in the
large experimental errors for these samples. Taking this
into account, one can conclude that the solubilization
capacity of the solvent PCE is high enough to compen-
sate for an increase of the water content at decreasing
oil content in the system. Within these uncertainties,
all prepared microemulsions are able to decontaminate
HD spoiled surfaces, leading to an acceptable residual
CW agent concentration and reasonable desorption
values.

Conclusions

The phase behavior of the system PCE–water–IHF–
2-propanol was investigated to transform the macro-
scopic emulsion currently used for this application
into a more stable microemulsion. Although technical
grade components were used, all phase regions and
their typical sequence, known, for example, from
ternary systems, using nonionic surfactants of the alkyl
oligo ethyleneoxide type, can be reproduced. Hence,
the present study reveals the robustness of the key
concepts of microemulsion research, which were mainly
established for purified model systems. All these con-
cepts can still be applied to systems based on technical
multicomponent soaps.

From studies of the phase behavior of this system,
it was found that oil-continuous microemulsions are
easily formed. The short-chain alcohol 2-propanol is
an ingredient of the emulsifier IHF, and therefore, it
seemed to be straightforward to use this alcohol to
tune the curvature of the interfacial film in the studied
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system. Also, this approach was successfully applied
and all desired phases can be obtained as a function of
2-propanol concentration. However, due to its miscibil-
ity with water and PCE, 2-propanol acts as a cosolvent
and tunes the curvature by changing the polarity of
the solvent and not by changing the surfactant packing
directly.

Microemulsions with nearly equal amounts of oil and
water were found to wet standard and realistic model
surfaces, which are partially hydrophobic. Additionally,
the identified microemulsion phases were all found to
be able to decontaminate surfaces loaded with mustard
agent. In all cases, the residual content of the CW agent
could be brought below the threshold, which indicates
a danger for intoxication.
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