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Phase separation in evaporating all-aqueous
sessile drops†

Alexander May, Johannes Hartmann and Steffen Hardt *

The phase transition and phase distribution in an all-aqueous sessile

drop containing polyethylene glycol (PEG) and dextran is studied.

Evaporation of water triggers the formation of dextran-rich dro-

plets close to the contact line of the drop that subsequently migrate

towards the drop center. The likely reason for the droplet migration

is Marangoni convection due to stresses at the interface between

the dextran-rich droplets and the surrounding liquid.

The evaporation of sessile drops plays a role in a large number
of industrial processes, for example inkjet printing1 or spray
cooling2 applications. The presence of a solid surface makes the
physics of drop evaporation significantly more complex than that of
drops fully suspended in a fluid. Perhaps the most prominent
signature of this complexity is the coffee-ring effect3–5 that refers to
the deposition of species dissolved or suspended in an evaporating
drop at the three-phase contact line. Overviews of different aspects
of evaporating sessile drops are available.6–8 In the past few years,
the evaporation of drops of ternary liquids (containing three
different components) has moved into the focus. ‘‘Ouzo’’ drops,
i.e. drops consisting of alcohol, water and oil constitute a promi-
nent example. Starting with a miscible ternary system, evaporation
induces oversaturation and nucleation of oil drops that form a ring-
like structure at the three-phase contact line.9,10

Aqueous two-phase systems (ATPS) form a class of complex
liquids that have found numerous applications. They are often
ternary liquids consisting of water and two incompatible poly-
mers, such as polyethylene glycol (PEG) and dextran. When the
mass fraction of water falls below a threshold value, two
immiscible phases are formed. Classical applications of
ATPS are in the area of separation and purification protocols
that make use of the fact that many biomolecules partition
unevenly over the two phases.11,12 In the past few years, novel

applications of ATPS have been reported that often utilize
microfluidic technologies.13 Examples include DNA14,15 and
protein separation by electroextraction, ATPS compartments
mimicking specific functionalities of biological cells,16,17 or
the patterned delivery of reagents to cells on surfaces.18

In spite of the intensifying research activities related to
ATPS, detailed studies on how exactly the transition from a
single-phase to a two-phase system occurs and what determines
the distribution of the phases on small scales are rather scarce.
Boreyko et al.19 studied the phase transition induced by the
extraction of water in aqueous PEG-dextran droplets in an oil
phase and found core–shell microbeads as the final configu-
ration. Only recently, the phase transition induced by evapora-
tion of sessile ATPS drops was studied. Moon et al.20 performed
experiments with ATPS drops initially in a single-phase state
and reported that, owing to the higher evaporation rate close to
the three-phase contact line, the phase transition is initiated in
the contact-line region. Guo et al.21 focused more on the overall
evolution of the phase distribution in an evaporating drop. In
their experiments with aqueous drops containing PEG and
dextran, they observed that dextran-rich droplets are formed
close to the contact line, after which they move radially inward,
resulting in a dextran-rich central region of the evaporating
drop embraced by a PEG-rich ring. They attributed the radial
transport to Marangoni stresses acting along the drop surface.

In the present paper, we study the phase transition and
distribution in an evaporating sessile aqueous PEG-dextran
drop using brightfield and confocal microscopy. In agreement
with previous work, we observe the formation of dextran-rich
droplets moving radially inward. However, our data suggest an
explanation for this phenomenon different from the one sum-
marized above. We conclude that rather than Marangoni con-
vection along the free surface of the drop, Marangoni stresses
between two liquids are responsible for the droplet transport.

The experiments were conducted by pipetting a 1 mL drop of
aqueous PEG-dextran mixture onto an ethanol-cleaned
glass slide. The drop then evaporates under laboratory condi-
tions (22 1C, 40% � 5% relative humidity). The same liquid
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composition as reported by Guo et al.21 was chosen: 9% (w/w)
PEG 8000 (Carl Roth), 4% (w/w) dextran 10000 (Sigma Aldrich),
0.1% (w/w) Rhodamin B (Carl Roth), 0.1% (w/w) fluorescein
isothiocyanate-dextran 10000 (Sigma Aldrich), and 86.8% (w/w)
deionized water (Milli-Q, resistivity 18.2 MO�cm). The evapora-
tion process was recorded using a Nikon Eclipse TI inverted
fluorescence microscope and employing three different ima-
ging modes. Dynamic processes such as droplet transport were
recorded in brightfield mode. Apart from that, fluorescence
microscopy was performed either in confocal mode (Andor
iXon Ultra 897 EMCCD camera, Yokogawa CSU-X spinning disc
unit, Plan Fluor 20X objective (NA = 0.75, Nikon)) or in
epifluorescence mode (Andor iXon DU897 camera, Plan APO
2x objective (NA 0.10, Nikon)). The fluorophores were excited
using lasers of 488 nm and 561 nm wavelength. As Rhodamin B
mainly accumulates in the PEG-rich phase and fluorescein
isothiocyanate-dextran mainly in the dextran-rich phase, it is
possible to distinguish both phases based on fluorescence
detection.

Characteristic time stamps showing the time evolution of
the evaporating drop are shown in Fig. 1. At the beginning of an
experiment, the drop is in a single-phase configuration. A short
time later a multitude of dextran-rich droplets become visible
close to the three-phase contact line of the sessile drop. The
majority of these move towards the centre of the sessile drop,
while a small number of dextran-rich droplets remain immo-
bilized. As time passes, at the centre of the sessile drop a region
with an increased dextran concentration is formed. This redis-
tribution of PEG and dextran corresponds well to the findings
reported by Guo et al.21 for the identical liquid mixture. The
evaporation process goes along with a changing contact angle
of the drop at the solid surface. At the beginning of an
experiment, the contact angle is 68.211 � 2.241, after which it

decreases while the contact line remains pinned. At a later
stage, evaporation proceeds in the constant contact angle
mode, with a contact angle of 20.451 � 1.671. Typically, the
constant contact angle mode is reached after 10–13 minutes of
evaporation. About 5 minutes later, the polymer concentration
becomes so high that the drop starts behaving like a viscoelas-
tic material. At this stage, the drop shape significantly deviates
from a spherical cap.

The epifluorescence images shown in Fig. 1 only indicate
how the phases are distributed in the xy-plane (parallel to the
glass surface). To image the phase distribution in z-direction
(normal to the surface), we have performed measurements
using a fast confocal scanner (Yokogawa CSU-X1 Spinning Disk
Unit). Two representative micrographs are shown in Fig. 2. It
can be seen that both in the region close to the three-phase
contact line and in the region close to the drop centre, the
dextran droplets are mostly found at the bottom and are in
contact with the glass surface. An explanation for the proximity
of the dextran-rich droplets to the solid surface will be
given below.

Fig. 3 provides more details on the phase distribution and
flow patterns in the evaporating drops. Notably, in a region
close to the three-phase contact line, some of the the dextran-
rich droplets perform a recirculating motion. This motion is
nicely visible in videos recorded in brightfield mode (see ESI†).
The recirculating motion was observable in every experiment.
The direction of the recirculation motion was determined by
taking advantage of reflection confocal microscopy.22 When
using the confocal imaging mode and illuminating the drop
with visible light, dextran-rich droplets appear bright when
above the focal plane, while they appear dark when below the
focal plane. In corresponding experiments, the focal plane was
positioned midway between the glass surface and the highest
observable point of the sessile drop surface. The direction of
motion of the dextran-rich droplets is indicated by arrows in
Fig. 3b. Based on that, we identify a recirculating motion as
sketched in Fig. 3c.

Presumably, the recirculation is induced by Marangoni
stresses at the liquid surface due to an increase in PEG
concentration in the continuous phase close to the contact line

Fig. 1 Time evolution of the phase distribution inside an evaporating
drop, as recorded using epifluorescence microscopy. The time labels
indicate the time elapsed after the drop was deposited on the surface.
The dextran-rich phase appears in light blue, the PEG-rich phase in red.

Fig. 2 Confocal fluorescence micrographs showing the phase distribu-
tion in a direction normal to the solid surface. The frame at the top shows a
region close to the three-phase contact line, the frame at the bottom a
region close to the centre of the drop. The liquid surface is indicated by the
dash-dotted line. The dextran-rich phase appears in light blue, the PEG-
rich phase yellowish.
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of a drop. As explained by Guo et al.,21 PEG is a surface-active agent
that reduces the surface tension in the contact-line region, the
result of which is a Marangoni flow from the edge of a drop
towards its centre. This will be referred to as ‘‘surface-driven
droplet transport’’. However, the surface-driven droplet transport
does not contribute significantly to the transport of dextran-rich
droplets to the centre of the ATPS drop. Even if surface-driven
Marangoni convection were present in larger parts of the droplet, it
would not contribute to the transport of dextran-rich droplets
towards the drop centre. As is depicted in Fig. 3d, a Marangoni
flow directed towards the centre of the drop at its surface always
implies a backflow close to the solid surface. Since the dextran-rich
droplets are located close to the solid surface (c.f. Fig. 2), they
would be advected away from the drop centre instead of towards it.

To explain why the dextran-rich droplets get collected at the
centre, we suggest a different mechanism, termed ‘‘interface-
driven droplet transport’’. The interfacial tension between the
dextran and the PEG-rich phase rapidly increases with the total
polymer concentration.23 The higher evaporation rate close to the
contact line of a drop induces a radial dependence of the total
polymer concentration. Since the solvent (water) evaporates, the
total polymer concentration will be higher close to the edge
compared to the centre. Therefore, the interfacial tension of a
dextran-rich droplet with the continuous phase has a maximum
at the contact line of the evaporating drop. The resulting inter-
facial Marangoni stresses induce a recirculating flow inside the
droplet and a droplet motion towards the regions with lower
interfacial tension, i.e. the centre of the evaporating drop. This is
depicted in Fig. 4a. The corresponding motion of the dextran-rich
droplets towards the centre of the sessile drop is sketched in
Fig. 3c.

Based on the hypothesis of interface-driven droplet trans-
port, it can be inferred how the droplet velocity scales with the
droplet diameter D. For this purpose, we consider a spherical
droplet and a linear variation of the interfacial tension between
the droplet and the continuous phase: s = s0 + ax (c.f. Fig. 4a).
Such a model for the interfacial tension is the simplest model
consistent with our knowledge of the spatial dependence of the
polymer concentration inside the ATPS drop. The fact that it
does not contain any time dependence reflects our hypothesis
that after a short time, a steady-state concentration profile
establishes. This is due to two mechanisms counteracting the
increase of polymer concentration at the contact line. First, the
recirculation zone close to the contact line (sketched in Fig. 3c)
supplies liquid from the interior of the drop to the contact-line
region. Second, the dextran-rich droplets (with high polymer
concentration), formed close to the contact line are transported
to the centre of the ATPS drop by Marangoni convection.

On a specific point of the surface of the droplet, we consider
the unit vectors n, the projection of the surface normal vector
onto the xy-plane, and t, the tangential vector in a plane parallel
to the xy-plane. Then the Marangoni force on a droplet can be
written as an integral over the droplet surface S:

FM ¼
ð
S

@sðrÞ
@t

t dA with
@s
@t
¼ @s
@x

ex � t (1)

where dA is an infinitesimal area element of the droplet sur-
face. Introducing non-dimensional spatial coordinates via

Fig. 3 Dextran droplet motion inside an evaporating drop. (a) Brightfield
image showing a ring of dextran droplets that perform a recirculating
motion. The different regions with recirculating droplet motion and
interface-driven motion toward the centre of the drop are delineated by
dashed lines. (b) Dextran droplets imaged using reflection confocal micro-
scopy, with droplets above the focal plane appearing bright and those
below the focal plane appear dark. The direction of motion of the drops is
indicated by arrows. (c) Schematic showing the droplet motion inferred
from the experiments presented in this work. (d) Schematic showing the
droplet motion that would follow from the explanation presented by Guo
et al.

Fig. 4 Analysis of interface-driven droplet transport. (a) Schematics
showing the flow field induced by interfacial Marangoni stress and the
coordinate systems used in the scaling analysis of the droplet velocity. (b)
Experimental results (symbols) showing the dependence of the velocity of
dextran droplets on the droplet diameter. The line represents a linear fitting
curve.
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x0 = x/D, y0 = y/D, z0 = z/D and utilizing the linear dependence of
the interfacial tension on x yields

FM ¼ aD2

ð
S0

ex � tð Þ t dA0 (2)

where dA0 is the non-dimensional area element. For simplicity,
to compute the hydrodynamic resistance force on a moving
droplet, a droplet in an unbounded medium is considered. The
corresponding resistance force in the limit of small Reynolds
numbers Re = UrcD/mc (U: droplet velocity, rc, mc: mass density
and viscosity of continuous phase) is expressed by the Hada-
mard–Rybczynski equation:24

FHR ¼ 2pDmcU
3lþ 2

2ðlþ 1Þ with l ¼ m
mc

(3)

where m is the viscosity of the droplet liquid. Equating the
magnitudes of FM and FHR shows that U scales linearly with D.

To check this prediction derived from the hypothesis of
interface-driven droplet transport, we have evaluated the velo-
cities of 37 different dextran-rich droplets migrating towards
the centre of the sessile drop. The evaluation was done in an
area extending between radial coordinates 0.4Rmax and 0.7Rmax,
where Rmax is the wetting radius of the sessile drop. The
recirculation region lies beyond 0.7Rmax. The centres of mass
and diameters of the droplets were determined by visual
inspection. The droplet velocity was then calculated based on
a first-order finite-difference method and the known time
increment between successive frames. The resulting droplet
velocities are displayed in Fig. 4b as a function of D. The data
are well compatible with a linear relationship between U and D,
which, in turn, is in agreement with the hypothesis of interface-
driven droplet transport.

Finally, let us re-consider the fact that the dextran-rich
droplets are found in proximity to the solid surface, as can be
seen in Fig. 2. The mass density of the dextran-rich phase
(1049 kg m�3) is higher than that of the PEG-rich phase
(1017 kg m�3), so one can hypothesize that the droplets
sediment to the surface. The droplets analyzed in Fig. 4 have
a mean diameter of about 16 mm. Using the Hadamard–
Rybczynski equation, a sedimentation velocity of about
1 nm s�1 is obtained. This means that, based on the average
height of a sessile drop, the dextran-rich droplets would not
have enough time to settle to the solid surface during the
evaporation/phase separation process. Instead, the droplets
end up at the surface via two different mechanisms. As
explained above, the droplets are formed close to the three-
phase contact line, i.e. in the utmost vicinity of the solid
surface. Many of these droplets then migrate to the center of
the ATPS drop, without getting trapped in the recirculation
zone. They were formed at the solid surface and simply stay
there. A second mode of droplet migration, although much less
frequently observed than the first mode, is as follows. A
dextran-rich droplet is trapped in the recirculation zone close
to the contact line, circulates a number of times before it leaves
the recirculation zone to travel to the center of the ATPS drop. A
droplet can escape from the recirculation zone by cross-stream

migration. Diffusion is a potential cause of cross-stream migra-
tion but unlikely, since the diffusion coefficient of droplets
significantly larger than one micrometer in such a high-
viscosity medium is very small. Rather than that, cross-stream
migration due to Marangoni convection is the likely cause
behind droplets leaving a recirculation zone. The gradient of
interfacial tension between a dextran-rich droplet and the
surrounding liquid does not only have a radial component,
but also a component normal to the solid surface. This is due to
the fact that because of evaporation, the polymer concentration
is higher at the liquid surface than at the solid surface. There-
fore, Marangoni-induced transport drives dextran-rich droplets
to the solid surface and causes cross-stream migration allowing
droplets to escape from a recirculation zone. The two modes of
droplet migration are schematically represented in Fig. 3c.

In conclusion, we have studied the phase transition and
phase distribution in an all-aqueous sessile drop containing
polyethylene glycol (PEG) and dextran. Initially, the system is in
a single-phase state, and the phase transition starts close to the
contact line of the drop where the evaporation mass flux is
highest. For the comparatively small dextran mass fractions
studied here, dextran-rich droplets are formed that recirculate
in a region close to the contact line. The driving force of this
recirculation is presumably due to solutal Marangoni stresses
acting along the ATPS drop surface. However, these stresses are
not the cause for the migration of the dextran-rich droplets,
which are found close to the solid surface, towards the centre of
the drop. The likely reason for their inward motion are Mar-
angoni stresses acting at the interface between the droplets and
the surrounding liquid. These stresses are presumably due to
the variation of interfacial tension with the total polymer
concentration and propel the droplets relative to the PEG-rich
phase. The fact that the corresponding droplet velocity scales
linearly with the droplet diameter support this hypothesis.
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