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ABSTRACT: The evaporation paths in linalool emulsions were experimentally determined using a rotary evaporator coupled
to a vacuum pump and calculated from vapour pressures for a series of emulsions with varied oil/water (O/W) ratios. The
evaporation paths were comparable to an acceptable degree, suggesting that determination of the evaporation path under
reduced pressure, combined with a straightforward calculation using vapour pressures, can be used to estimate the evapora-
tion under different relative humilities. Copyright © 2009 John Wiley & Sons, Ltd.

Keywords: emulsion evaporation; phase diagram; liquid crystals; vapour pressure; detergents; surfactant

Introduction

Emulsions are of great importance in many fields, such as
dermatology, pharmaceuticals, cosmetics, food technology,
coatings, preparation of nanoparticles, cleaning of computer
chips and many other applications.[1,2] One of the most exciting
recent advancements in this field is the development of new
materials from nanoparticles.[3,4] In all these applications the
volatile compounds of the emulsion evaporate, causing distinc-
tive changes not only in the emulsion composition but also in
both the number and the structures of the emulsion phases.
These changes in turn affect the action of the emulsion in its
application; in many cases they are critical. So, for example,
has it been well demonstrated that the evaporation rate from
a fragrance changes in most significant manner when the
emulsion also contains a liquid crystal. Another illustration is
the action on the skin of a skin lotion, which is significantly
divergent under different relative humidities, because the
changes in the emulsion phase structure during evaporation
depends on the relative humidity in a manner first observed
very recently.

As a consequence, a number of studies have been done on
the fundamentals of emulsion evaporation. In initial basic studies
of the phenomenon, research was focused on the evaporation
rate and the impact of colloidal forces between the dispersed
droplets.[5–9] Others have focused on the behaviour of emulsions
in the presence of solid surfaces in selected cases,[10] but the
only fundamental general investigation in this important area
was done by Kapilashrami et al.[11] These are all investigations of
the highest international standard of the initial process, during
which the emulsion retains the two-phase organization, but for
application purposes information is equally vital for the later
stages in the evaporation process, since the emulsion features
at these periods are potentially even more significant for the
action of the emulsion. To the best of our knowledge, the only
early study providing such information was published by Saettone
et al.[12] They found that the evaporation rate of an oil/water (O/W)
emulsion clearly varied in a number of well-defined ranges during
the entire evaporation period.

The deficiency of information led the Friberg group to approach
this by examining in detail the structural changes taking place
during the evaporation process. Optical microscopy observa-
tions of a simple O/W emulsion of a vegetable oil revealed that
the dispersed phase of the emulsion passed through several
phase changes to end up with entirely different structural
features after the water had evaporated.[13] This result opened a
novel area of research in which straightforward phase diagram
studies were combined with algebraic calculations to extract
precise information from the diagrams.[14,15] This was then exploited
in a series of studies showing the effect of the initial emulsion
composition on the evaporation path[16,17] and, unexpectedly
and most significantly, by the relative humidity of the surround-
ing atmosphere.[18]

These results indicate such calculations to be potentially useful
to predict changes in emulsion phases during evaporation. It
should be emphasized, however, that evaporation is kinetically
controlled[5–9] and depends on a series of geometrical factors,
while the calculated evaporation path is based on an equilib-
rium situation. The approach was evidently successful for some
carefully chosen systems,[19] but the need for comparison between
experimentally determined and ab initio calculated evaporation
paths for identical systems was obvious.

It was realized that in the initial such attempts it would be
necessary to eliminate the influence of the geometrical factors,
and a rotary evaporator was used for the evaporation. This
arrangement assures a continuously renewed external interface,
altered dynamics of internal interfaces, and sufficient convective
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movement in the system to negate the rate-determining step
of molecular diffusion of the internal phase through the con-
tinuous phase. In this manner, the influence of whether a phase
is internal or external could be kept to a minimum and a realistic
comparison with static conditions of the phase diagram could
be made.

The comparison was made between the calculated evapora-
tion path at 0% relative humidity and the path during distillation
at a sufficiently low pressure to keep the atmospheric humidity
insignificant.[20] Previous work by Friberg et al.[21] showed that there
was good agreement between the experimental and calculated
evaporation paths, suggesting the potential to establish a fast
and simple accelerated test for the behaviour of emulsions and
liquid dispersed systems in general. In this contribution, a com-
parison between experimental and calculated emulsion evapo-
ration paths will be made in order to evaluate the potential of
finding a reliable system for accelerated detailed evaluation of
evaporation behaviour.

Experimental

Materials

98% Laureth-4 (Brij® 30) and 98% linalool were obtained from Acros (NJ,
USA) and used without further purification. Water was deionized and
distilled.

Instrumentation and Apparatus

Weights were determined using a Mettler AJ150 analytic balance. A Labo-
fuge 200 centrifuge with maximum speed of 5500 rpm was used to sep-
arate the phases. Evaporation of the emulsion was carried out in a glass
round-bottomed flask fitted to a RV 05 Basis 1-B IKA rotary evaporator
equipped with a PC 2001 Vario CVC 2000 Vacuubrand IKA vacuum
pump, and the temperature was controlled using a HB Basis IKA Werke
water bath.

Sample Preparation

Three series of the three component system (linalool, Laureth-4 and
water) were prepared in closed containers to avoid evaporation, with 5%
Laureth-4 and selected percentages of linalool (25%, 20% and 15%) and
water (70%, 75% and 80%). A 20 g sample of each series was prepared
in the round-bottomed flask by adding the appropriate amount of water
to the desired mass of linalool to achieve the correct percentage and
adding Laureth-4 in an amount sufficient to constitute 5% for each series.
Each emulsion was mixed with hand by swirling the flask before starting
the evaporation.

Evaporation of the Emulsion

The evaporation of the water from the three-component emulsion system
for each series took place at 24 ± 1°C, controlled by adjusting and moni-
toring the water bath at 24 ºC. The initial weight of the round-bottomed
flask containing the sample was recorded and the flask was connected
to a rotary evaporator equipped with a digital vacuum pump for reduc-
ing pressure. The sample was rotated at 19 mbar for several time periods
between 3 and 5 min. After each time interval the flask containing the
residual sample was weighed and the weight lost through evaporation
was calculated from the difference between the initial weight of start-
ing sample and residual weight. The residue then was transferred to a
test tube and centrifuged for 7.0 min at 2500 rpm. When the layers were
separated, they were transferred to separate test tubes and the weight
for each layer was determined. The two layers were then transferred
back to the round-bottomed flask and connected to the rotary evaporator

for a second time interval. The process was repeated as described above
until the final residue was a single layer.

To validate the evaporation method, at least three replicates determi-
nations for each series were done following the method described
above, and the averages of the data were calculated.

Calculation of the Evaporation Path

The general features of the relevant part of the phase diagram are shown
in Figure 1.[22] The initial composition of the emulsion of the first series
was 70% water, 25% oil (linalool designated L in equations below), 5%
surfactant (Laureth-4, designated S in equations below); for the second
series it was 75% water, 20% oil, 5% surfactant; and for the third series it
was 80% water, 15% oil, 5% surfactant, with its weight equal to unity. The
generic description of the algebra to extract information from phase
diagrams has been published[15,16] and the present communication is
limited to the calculated numerical data. Taking the first series as an
example, in the two-phase region the composition of the oil phase (0,
LOi, SOi) is directly obtained from the total composition of the emulsion
(WE, LE, SE) by:

LOi = LE /(1 – WE) (1)

and SOi = 1 – LOi, because the tie lines of emulsions all emanate from the
water corner and the water content of the oil phase is sufficiently close
to zero to be counted as such.

The calculations of the evaporation path are founded on the vapour
pressure of the oil compound as controlled by the value of LOi. Fortu-
nately, in an emulsion of this kind the vapour pressures are close to that
of an ideal solution.[23] Hence, combining this fact with equation (1), a
simple expression for the vapour pressure is obtained with the pressure
for pure linalool equal to 0.3874 mmHg and the molecular weights
equal to 154.26 for linalool and 364 g/M for the surfactant.

PL = 0.3874/(1 + 0.4238SE/LE) (2)

The change from a two-phase to a three-phase emulsion during evapora-
tion is essential, not only because the pressure now becomes inde-
pendent of the total composition[24,25] but because all other properties
change as well.[15] Hence, information about lines separating the areas is
vital in order to understand the evaporation results. In the present
system, the three-phase region consists of the triangular area between the
composition of the aqueous liquid, Aq (1, 0, 0), of the liquid crystal,
LC (0.495, 0.053, 0.452) and of the oil phase, Oi (0, 0.646, 0.354). It is
bordered by the three tie lines:[23]

Figure 1. Partial phase diagram of the system water, linalool and
Laureth 4, adapted with permission from ref. [22]
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Aq – Oi:W = 1 – 2.825S (3)

Aq – LC:W = 1 – 1.117S (4)

LC – Oi:W = 5.051S – 1.788 (5)

In this part, series 2 and 3 were included to confirm that an increase in
oil would not affect the accuracy of the calculated method.

Results
The experimental determinations are somewhat elaborate and
it was considered essential to verify their accuracy prior to
describing the results in toto. Series 3 was chosen because it
transcended into the three-phase region of the phase diagram
and it was insightful to determine whether the experimental
results would be affected by the change of phases. The evapora-
tion path for series 3 is presented in Figure 2, which also gives
the empirical equation for the points in the diagram.

The accuracy of the determination, although not excellent
with R2 = 0.96, was satisfactory for the purpose of this article and
all the results are shown in Figure 3, with the experimental
values represented as open symbols and the calculated values

shown as filled marks. The agreement between the experimental
and calculated values was fairly good. The essential variation
with respect to the original composition was the distinction of
entering the three-phase region or not, and this is obviously a
valid feature of the calculated paths.

Discussion
The results address two key issues concerning use of the algebraic/
phase diagram system as a means for obtaining information
about the evaporation path from emulsions. The present results
demonstrate that the approach can be useful for at least some
emulsion systems. As was emphasized earlier, the advantage of
this system is that it clearly provides valuable information about
the potential phase changes that could occur during evapora-
tion.[17] In addition, the present comparison of experimental and
calculated evaporation paths indicates the calculations to realis-
tically predict the variation of the initial evaporation direction
with the weight fraction of oil in the emulsion.[16] The direction is
defined by the general equation for the tangent to the evapora-
tion path.

L = LV + (LE – LV)/SE (6)

giving:

dL/dS = (LE – LV)/SE (7)

The agreement between experimental and calculated values
of dL/dS is acceptable, as illustrated by the features in Figure 3,
but the variation per se of the calculated values with LE is note-
worthy. When the weight fraction of linalool in the emulsion system
investigated is gradually reduced to zero, the number and struc-
ture of phases vary. The original emulsion shifts from two phases
(O/W) to three phases [(O + LC)/W; or possibly to LC/O/W and
subsequently to O/LC/W] and then to two phases (LC/W) over
the course of the evaporation. The potential effect on the varia-
tion in dL/dS with LE by such changes in the number and type of
phases would be of interest and the values from the numerical
emulsion example are given.

In the emulsion treated in this contribution, SE = 0.05. The
dependence of LV on LE is indirect via the vapour pressure PL, as
illustrated in Figure 4.

For the emulsion in the two-phase realm:

Figure 2. The experimentally determined evaporation path for the
emulsion with an initial composition (W, L, S) of (0.80, 0.15, 0.05)

Figure 3. Evaporation paths for three series of emulsions with original compositions (W, L, S) of
(A) (0.70, 0.25, 0.05); (B) (0.75, 0.20, 0.05) and (C) (0.80, 0.15, 0.05)
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PL = 0.3874/(1 + 0.02119/LE) (8)

this transforms to:

LV = 1/(7.024 + 0.12765/LE) (9)

and, with substitution to the straightforward expression:

dL/dS = LE (7.024LE – 0.87235)/(0.3512LE + 0.0063825) (10)

The limit of L for this range is the value at (0.8588, 0.0912,
0.0500) on the tie line between the (1, 0, 0) and (0, 0.646, 0.354).
For this composition, the vapour pressure of linalool equals
0.3144 mmHg, a value that is retained for the reduced LE values
until they reach the tie line between (1, 0, 0) and (0.485, 0.053,
0.452) at (0.9475, 0.0025, 0.0500). In this three-phase range the
weight fraction of linalool in the vapour is constant at 0.1187
and the dL/dS follows a simple expression:

dL/dS = (LE – 0.1187)/0.05 (11)

For LE values <0.0025, linearity of vapour pressure with LE may be
assumed[23,26] and the vapour pressure of the linalool now becomes:

PL = 0.3144LE/0.00251 (12)

with:

LV = 1/(1 + 0.01863/LE) (13)

and:

dL/dS = LE(LE – 0.09014)/0.05(LE + 0.01863) (14)

The variation in the dL/dS value for the entire range is shown
in Figure 5. The change from the initial emulsion with two
phases to the intermediate three-phase range does not appear,
by visual inspection, to cause a sufficient modification in the
diagram features. The contrast caused by the variation of vapour
pressures with LE in the two-phase range vs. the constant pres-
sures in the three-phase span is first illustrated when empirical
equations for the two ranges are compared:

In the two-phase range: dL/dS = 5.5LE
2 + 16.4LE – 2.1 (20)

In the three-phase range: dL/dS = 0.07LE
2 + 20.0LE – 2.4 (21)

The effect of the variation in vapour pressures with LE is reflected
in the magnitude of the square term.

The last part of the evaporation takes place from two-phase
emulsions of liquid crystal-in-water and the variation for values
close to LE = 0 is of some interest. In that range, both LE and the
linalool vapour pressure approach zero and the dependence of
dL/dS on LE is not trivial. However, as demonstrated by equation
(14) and the numerical results in Figure 4, dL/dS → 0 as LE → 0.
Furthermore, equation (14) shows dL/dS (LE) to be linear in this
range, as:

dL/dS → –103LE as LE → 0.

The authors find the present results to encourage continued
efforts to compare experimentally determined and calculated
evaporation paths in simple emulsions of this kind. There are
a large number of kinetic factors that need further study, as
emphasized by the early contributions by the Fletcher–Binks
groups,[5–9] and the rotary evaporator lends itself well to study
their effects. It allows easy variation in several key factors,
including the size of the emulsion/air surface, the droplet size of
the internal phase, the effect of movement of the continuous
phase on the transport of molecules of the dispersed phase through
it and—most importantly—of phase changes. The formation of
liquid crystals and of vesicles formed from them and their impli-
cations in the dynamics of the evaporation profile are phenom-
ena of high priority.
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