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Control of stain geometry by drop evaporation of surfactant containing dispersions is an important topic of inter-
est because it plays a crucial role in many applications such as forming templates on solid surfaces, in ink-jet
printing, spraying of pesticides, micro/nano material fabrication, thin film coatings, biochemical assays, deposi-
tion of DNA/RNA micro-arrays, and manufacture of novel optical and electronic materials. This paper presents
a review of the published articles on the diffusive drop evaporation of pure liquids (water), the surfactant stains
obtained from evaporating drops that do not contain dispersed particles and deposits obtained from drops con-
taining polymer colloids and carbon based particles such as carbon nanotubes, graphite and fullerenes. Experi-
mental results of specific systems and modeling attempts are discussed. This review also has some special
subtopics such as suppression of coffee-rings by surfactant addition and “stick-slip” behavior of evaporating
nanosuspension drops. In general, the drop evaporation process of a surfactant/particle/substrate system is
very complex since dissolved surfactants adsorb on both the insoluble organic/inorganic micro/nanoparticles
in the drop, on the air/solution interface and on the substrate surface in different extends. Meanwhile, surfactant
adsorbed particles interact with the substrate giving a specific contact angle, and free surfactants create a solutal
Marangoni flow in the drop which controls the location of the particle deposition togetherwith the rate of evap-
oration. In some cases, the presence of a surfactant monolayer at the air/solution interface alters the rate of evap-
oration. At present, the magnitude of each effect cannot be predicted adequately in advance and consequently
they should be carefully studied for any system in order to control the shape and size of the final deposit.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Liquid drops evaporate when the atmosphere in the immediate vi-
cinity of a drop is not saturatedwith the vapor of the liquid. Evaporation
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of a drop in an ambient gas was considered mainly as a diffusion-
controlled process since Maxwell time [1] and is an important topic
of interest especially in the last decades because of its role in many in-
dustrial applications such as ink-jet printing, substrate patterning,
spray drying, fuel injection into combustion engines, rapid cooling by
drop-wise heat exchange and also in many natural processes such as
rain, fog, dew and snow formation [2]. A sessile drop is a drop which
is deposited on a solid substrate where the wetted area is limited by a
three-phase contact line and characterized by contact angle, contact ra-
dius and drop height. The initial contact angle and contact area decrease
with a rate depending on the vapor pressure of the drop liquid and
external conditions and type of evaporation while a sessile drop evapo-
rates by time.

Evaporation of the drops containing dispersed particles or dissolved
materials is somewhat different than that of the evaporation of pure liq-
uid drops. Usually non-uniform ring-shaped stains are remained where
most of the particles or soluble substances in the drop are deposited
along the initial drop perimeter for the first case. This phenomenon
was first examined by Deegan and coworkers who named it as the “cof-
fee-ring effect” and reported that the suspended solutes were carried to
the drop perimeter by the radial capillary flows from the drop center to
its edge as evaporation proceeds after the contact line pins on the solid
[3–5]. The reasons for the pinning and shrinking of sessile drops on a
solid during evaporation were investigated by several authors for
drops containing colloidal particles [6–8] and inorganic nanoparticles
[9,10].

Drop evaporation of aqueous dispersions plays a crucial role in many
applications such as inkjet printing [11–13], deposition of DNA or RNA
micro-arrays [14–18], substrate patterning [19,20], spraying of pesticides
[21,22] and micro/nanofabrication [23]. The final deposit geometry
which remained after the drop evaporation can vary according to the
desired application. For example, uniform particle distribution and flat
stains are required for ink deposition, whereas stretched individual
particles are necessary for the DNA deposition. Ordered arrays of ring-
shaped deposits are formed for applications such as fabricating refractive
micro-lenses using ink-jet printing [24], giving transparent conductive
coatings forming a 2-D array of interconnected silver nanoparticle rings
stabilized by polyacrylic acid [25], separation of particles according to
their sizes (nano-chromatography) which is based on a particle-size se-
lection mechanism near the contact line of an evaporating droplet [26]
and detecting very low concentrations of toxins (2–200 ng samples of
microcystin-LR) from freshwater algae by Raman spectroscopy [27].
The elimination of coffee ring formation is required for some applications
in order to control the type, size and geometry of the deposits, and
several methods have been proposed to avoid the coffee rings [28–35].

Basically, drop evaporation is a quasi-steady process controlled by
the diffusion of vapor into air where the rate of drop evaporation can
be related with its contact angle [1,2,36–38], diffusion coefficient [2,
39,40] and vapor pressure [41–43]. It was pointed out that most of the
studies use the classical “hydrodynamic”models of droplet evaporation
where only the diffusion of liquid vapor from the surface of the droplet
into the ambient gas was considered by assuming that liquid vapor in
the vicinity of the droplet surface is always saturated and the rate of
drop evaporation is equal to the rate of liquid vapor diffusion from the
droplet surface to ambient gas [44,45]. However, droplet evaporation
process includes an initial process where the detachment of liquid mol-
ecules from the surface of the droplet into gas in the immediate vicinity
of droplets takes place and the mathematical modeling of the first
process is very complicated and is defined as “kinetic” (if they are
based on the kinetic Boltzmann approach) or “molecular dynamics”
models (if they are based on the dynamics of individual molecules)
[45–47]. Since very good reviews were published on the kinetic and
molecular dynamics evaporation models, these will not be considered
in this review.

Simultaneous heat andmass transfers occurwhere heat for evapora-
tion is transferred by conduction and convection from warm air to the
drop surface and the vapor is transferred by diffusion and convection
back into the air [2]. Thus, drop evaporation and particle deposition
subjects also cover the conduction heat transfer to the substrate, the
convective heat transfer induced by the surface tension gradients and
the natural convection due to the temperature gradients in the liquid
drop. Self-cooling of the drop surface during evaporation is also an im-
portant factor especially for the more volatile liquids or water when it
is rapidly evaporating in a very dry medium. Evaporation can generate
temperature variations in the vicinity of the solid surface and along
the drop interface. The Marangoni effect which is the thermo-capillary
convection for the pure liquid drops can produce instabilities at the
liquid/vapor interface. IR thermography was used to investigate the
Marangoni and buoyancy convection in a hanging drop of silicone oil
and hydrocarbons [48]. The substrate temperature distribution below
the drop has also been measured using thermo-chromic liquid crystals
[49] and with IR thermography [50]. The numerical simulations for
the fluid flows inside a sessile drop driven by the thermocapillary forces
during the evaporation process have been studied [51].

The radial capillary flows inside an evaporating drop from its center
to edge are mainly due to the Marangoni flows which are produced by
gradients of the surface tension along the surface of the droplet from re-
gions of low to high surface tensions. Marangoni flows can be divided
into two parts according to the driving forces: thermal and solutal
[52]. Temperature-driven Marangoni flows result from the evaporative
cooling induced non-uniform interface temperatures arising from evap-
oration which produce gradients in surface tension [32,33,52]. Flat
droplets evaporate faster at the droplet edge than the center. Both the
evaporation and heat transfer rate to the surface through the droplet
are non-uniform where the shape of the droplet affects these non-
uniform rates considerably. Thermal Marangoni flows carry particles
either toward the edge of the droplet or toward the center according
to the balance of the drop evaporation and heat conduction rates.
Strong Marangoni flows can reverse the coffee-ring phenomenon and
produced deposition at the droplet center rather than the edge resulting
uniform deposition [32]. Strong interactions between different nano-
particles such as graphene oxide and monolayer titania sheets also
suppressed the formation of coffee-rings [53].

Solutal Marangoni flows occur when surfactants (or other suitable
soluble materials) are present in a drop. The effect of the addition of
surfactants into evaporating droplets on the final deposits was first
investigated by Deegan [4]. It is well-known that the addition of a
surfactant to a pure water drop alters the initial contact angle and con-
tact radius of the pure water drop and affects the pinning conditions of
the triple line [54–56]. For example, the addition of a sodium dodecyl
sulfate (SDS) and other surfactants affects the rate of drop evaporation
as well as deposit formation kinetics [4,54–63]. Surface tension gradi-
ents in a drop can also be produced by changing the concentration of
solute along the drop surface, which leads to solutal Marangoni flow
controlling the deposition patterns. The formation of surfactant mono-
layers at the water/air interface could both induce Marangoni flow
and act to selectively block evaporation, depending on the surfactant
phase state, and the type of particles thus affecting the remaining
stain patterns.

The deposition processes involving moving contact lines by drop
evaporation of dispersions where nanometer- and micrometer sized
particles interact to form 2D layers or 3D objects on solid substrates
are a very active research area in the last decades and recent reviews
show the presence of vast literature on the subject [2,64–72]. These pro-
cesses are mainly non-equilibrium and can also be related to a number
of longstanding problems of hydrodynamics and soft matter science
which are not understood adequately at present. In this context, it is a
very difficult attempt, if not impossible, to extract a consistent picture
from the particle deposition experiments and proposed theoretical
models in such a very large field. Consequently, we are forced to narrow
the scope of our review into a focused subject and we will only report
the studies (mostly experimental) relating with the control of deposit



277H. Yildirim Erbil / Advances in Colloid and Interface Science 222 (2015) 275–290
geometry after the complete evaporation of aqueous drops containing
dissolved surfactants and dispersed insoluble particles in this review.
We will discuss the drop evaporation theory of pure water, the effects
of surfactant presence and insoluble particle addition into water,
but we will omit most of the publications on the non-equilibrium
hydrodynamic modeling of such processes. We will also omit the drop
evaporations other than water. We will review selectively the papers
reporting the deposit formation after evaporating surfactant containing
drops in four subdivisions in Section 3: i — drops free of dispersed
particles; ii— drops containing polymer colloids; iii— drops containing
carbon based particles such as carbon nanotubes, graphite and fullerenes,
and iv — specific topics of modeling of suppression of the coffee-ring ef-
fect by surfactant addition and “stick-slip” dropmovement of evaporating
nanosuspension drops.

2. Drop evaporation theory

2.1. Evaporation of a spherical drop

The driving force for evaporation is the difference between the vapor
pressure of the drop liquid at the evaporating liquid/vapor interphase
and that of the surrounding atmosphere. The vapor pressure is a part
of the total pressure of the air. As evaporation proceeds, the surrounding
air may become gradually saturated with vapor and evaporation will
slow down and might stop if the vapor is not transferred by diffusion
(or convection) to the atmosphere. However, a vapor concentration gra-
dient forms from the surface of the drop to an infinite distance far from
the drop for the diffusive evaporation. Maxwell derived the general
diffusion rate equation of a spherical drop, which is motionless relative
to an infinite uniform medium [1]. He assumed that the vapor concen-
tration at the surface, cS, was equal to its equilibrium concentration,
i.e. the concentration of saturated vapor at the temperature of the
drop surface for the case of stationary evaporation and the rate of
mass loss by evaporation was given as

−
dm
dt

¼ −4πR2D
dc
dR

ð1Þ

wherem is the mass (kg), t is the time (s), R is the radial distance from
the center of the spherical droplet (m), D is the diffusion coefficient
(m2/s) and c is the concentration of the vapor (kg/m3). Fuchs pointed
out that the assumption of Maxwell is valid when the drop radius is
considerably greater than the mean free path of the vapor molecules
[73]. This condition is maintained for most of the drop evaporation
studies. When droplets evaporate in air, the gas phase is a mixture of
evaporating vapor and airmolecules and local concentration equilibrium
of vapor is achieved at the drop–air interface and thus the diffusion of the
vapor molecules is the rate-limiting process for the drop evaporation. If
c∞ is the concentration of the drop at infinite distance from the drop,
then we have the following boundary conditions, c = cS when R = RS
and c = c∞ when R = ∞, and the integration of the right side of Eq. (1)
gives the rate of evaporation as:

−
dm
dt

¼ 4πRSD cS−c∞ð Þ ð2Þ

where RS is the radius of the spherical droplet from the center to the
surface and cS is the concentration of vapor at the sphere surface as stated
above (at RS distance). The vapor concentration will be equal to 0 at
infinite distance (c∞ = 0 for the liquid vapors other than water) and
Eq. (2) becomes:

−ρL
dV
dt

� �
¼ 4πRSDcS ð3Þ

where V is the drop volume and ρL is the liquid density. Now, if we as-
sume that the vapor obeys the ideal gas law, then it is possible to express
the vapor concentration, c, using the measured vapor pressure of the
liquid at the evaporation temperature:

c ¼ MPv

ℜT
ð4Þ

whereM is the molecular weight, Pv is the vapor pressure of the evapo-
rating liquid, ℜ is the gas constant and T is the absolute temperature in
Kelvins. When Eqs. (2)–(44) are combined, one obtains the Langmuir's
equation [74]:

−
dm
dt

¼ 4πMDPv
S

ℜT
RS ð5Þ

where PS
v is the vapor pressure at the drop surface which is equal to the

saturated vapor pressure of themedium (PSv= Po
vs) according toMaxwell

assumption if we neglect the presence of the cooling of the drop surface.
A correction term for the vapor pressure from Stefan's general diffusion
theory should be included in Eq. (5) if the vapor pressure of the liquid
is not very small [75,76]:

−
dm
dt

¼ 4πMDPT

ℜT
ln

1

1−
Pv
S

PT

0
BBB@

1
CCCARS ð6Þ

where PT is the total pressure of the atmosphere which is usually around
760 mm Hg. Eq. (6) reduces to Eq. (5) when applied for small values of
the ratio PS

v/PT, since there is only 1.3% deviation for 20 mm Hg and
3.4% deviation for 50 mm Hg saturation vapor pressure.

Regarding the evaporation of a water drop in a humid medium,
(cS − c∞) term in Eq. (2) can be expressed from Eq. (4) as:

cS−c∞ð Þ ¼ M
ℜT

Pv
S−Pv

o

� � ð7Þ

where Po
v is the water vapor pressure at Ro distance (the actual water

vapor pressure of the medium). The relative humidity (RH) in the
medium is defined as:

RH ≡
Pv
o

Pvs
o
: ð8Þ

By combining Eqs. (7) and (8) and considering PSv= Po
vsbyneglecting

the cooling of the drop surface, we can obtain:

cS−coð Þ ¼ MPvs
o

ℜT

� �
1−RHð Þ: ð9Þ

Then, after combining Eqs. (2) and (9), the rate of water drop evapora-
tion in a humid medium can be expressed as:

−ρL
dV
dt

� �
¼ 4πRSD

MPvs
o

ℜT

� �
1−RHð Þ: ð10Þ

It is clear that the rate of evaporation is proportional to the radius of
the spherical drop as can be seen in Eqs. (3) and (10) and large drops
evaporate faster than the small drops. However, it should be noted
that the evaporation of a drop cannot be a stationary process since the
radius and hence the rate of evaporation are constantly decreasing dur-
ing the evaporation. Nevertheless, since the density of the liquid, ρL, is
much higher than the cS value, thus the evaporation process can be
regarded as quasi-stationary [73] i.e. it can be assumed that the rate of
evaporation at a given moment is expressed by Eq. (3) or (10). The
rate of drop evaporation in air or a gaseous media is proportional to
the radius of the drop and not to the surface area of the drop contrary
to the case where evaporation occurs into a full vacuum with purely
kinetic control. In full vacuum, the drop evaporation rate varies with



Fig. 1. Dimensions of a sessile drop on a substrate: drop height (h), contact radius (rb),
radius of the sphere forming the spherical cap (RS), and contact angle (θ).
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the drop area which is proportional with R2. Since drop volume V varies
with R3, then R decreases linearly with current time, where R∝(tfinal − t)
where tfinal is the time where the drop disappears. This was observed in
full vacuum but not under air [73].

The volume of a spherical drop is given as [V= (4/3)πR3] by geom-
etry and the derivative of themasswith respect to the radius of a sphere
is [dm = 4ρLπR2dR]. Then, one obtains for the cases under air from
Eq. (3):

−
dR
dt

� �
¼ D cS−coð Þ

RρL
: ð11Þ

Since, we know [dR2 = 2RdR] from calculus, then Eq. (11) converts
into

−
dR2

dt

 !
¼ 2D cS−coð Þ

ρL
: ð12Þ

When Eq. (12) is integrated, one obtains:

R2
i −R2 ¼ 2D cS−coð Þ

ρL
t ð13Þ

where Ri is the initial radius of the spherical drop from center to surface
and R2 is the drop radius as the linear function of time, t. It was found
that R2∝(tfinal − t) for macroscopic droplets where R is larger than a
few mμ , in the experiments performed in open air conditions [73,74].

On the other hand, since R ¼ 3m=4πρLð Þ1=3 for an absolutely spher-
ical shape, then the integration of Eq. (5) gives:

−
m2=3

2 −m2=3
1

� �
t2−t1ð Þ ¼ 4π

3

� �2=3 2MDPv
S

ρ
1=3
L ℜT

: ð14Þ

Eq. (14) indicates that a plot of m2/3 by time can be used to find the
product of diffusion coefficient and vapor pressure (DPSv) [41,43]. How-
ever, one must be careful for the application of Eq. (14) because there
are differences of the temperature effects on the parameters which are
given in this equation: The diffusion constant, D, is dependent on the
ambient temperature. The saturation vapor pressure, PSv = Po

vs is depen-
dent on the surface temperature of the drop and not on the ambient
(air) temperature. Surface temperaturewas generally less than ambient
temperature due to cooling of the drop surface during evaporation,
especially for liquids having high vapor pressureswhere latent heat trans-
fers more rapidly. The liquid density, ρL, is dependent on the (average)
bulk drop temperature which is different from both the ambient and
the drop surface temperatures (it is usually between them since there is
a temperature gradient inside the drop) [41,43].

2.2. Evaporation of a sessile drop on a solid

If a sessile drop is sufficiently small and the surface tension domi-
nates over gravity, then the drop is assumed to have the shape of a
spherical cap and the above equations which were derived for full
spherical drops can also be applied to the sessile drops on solids. A
spherical cap can be characterized by four different parameters, the
drop height (h), the contact radius (rb), the radius of the sphere forming
the spherical cap (RS), and the contact angle (θ) as given in Fig. 1. By
geometry, the relationships between the two radii, the contact angle
and the volume of the spherical cap (Vsph) at any instant in time are:

rb ¼ RS sinθ ð15Þ
and

RS ¼
3Vsph

πβ

� �1=3 ð16Þ

where

β ¼ 1− cosθð Þ2 2þ cosθð Þ ¼ 2−3 cosθþ cos3θ: ð17Þ

The height of the spherical cap above the supporting solid surface is
related to the two radii and the contact angle by:

h ¼ RS 1− cosθð Þ ð18Þ

h ¼ rb tan
θ
2

� �
: ð19Þ

Mathematically, it is sufficient to characterize a spherical cap shaped
drop by using any twoof the above four parameters. In practice, the evo-
lutions of a drop shape are usuallymonitored with a CCD camera after a
drop of controlled volume is deposited on the substrate from a syringe.
Then, time dependent shape parameters can be plotted.

2.3. f(θ) factor: the effect of the presence of the substrate to decrease the
rate of drop evaporation

An important difference between the evaporation mechanism of a
spherical drop (suspended from a fiber etc.) and a sessile drop located
on a substrate is the presence of the solid layer preventing the vapor
which can diffuse downward direction and to decrease the rate of evap-
oration [36]. If we compare the drop evaporation rate of a fully spherical
drop sitting on a substrate having a contact angle of 180° with the evap-
oration rate of a hanging fully spherical drop surrounded by the free
space, the latter would evaporate faster because of the lack of the solid
plane wall. When a horizontal solid surface is present beneath the
sessile drop then the rate of volume decrease by time can be expressed
as [36,37]:

−
dVc

dt

� �
¼ 4πRSD

ρL
cS−c∞ð Þ f θð Þ ð20Þ

where f(θ) is a function of contact angle of the spherical cap.
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Picknett and Bexon derived an equation for this situation by defining
the C (capacitance) factor which is a function of contact angle of the
spherical cap using the analogy between the diffusive flux and electro-
static potential. C is a function of θ and radius of curvature, R. They con-
verted the problem of determining the evaporation rate of a sessile drop
to a problem of evaluating the capacitance of an isolated conducting
body of the same size and shape as the drop as a equiconvex lens [36]:

f θð Þ ¼ 1
2

C
RS

� �
: ð21Þ

Picknett and Bexon applied Snow's finite series [77] to relate apex
angle to capacitance by an empirical polynomial to facilitate easier cal-
culations. They provided two polynomial fits to the capacitance factor.
For 0 ≤ θ b 0.175 radians (0 ≤ θ b 10°):

C
RS

¼ 0:6366θþ 0:09591θ2−0:06144θ3 ð22Þ

and for 0.175 ≤ θ ≤ π radians (10° ≤ θ b 180°)

C
RS

¼ 0:00008957þ 0:6333θþ 0:116θ2−0:08878θ3 þ 0:01033θ4: ð23Þ

Eq. (20) is written in terms of Vsph and β in order to perform the
integration

−
dVsph

dt

� �
¼ 4πD

ρL

3Vsph

πβ

� �1=3

cS−c∞ð Þ f θð Þ ¼ KV
1=3
c f θð Þ ð24Þ

where

K ¼ 4π
2=33

1=3D cS−c∞ð Þ
ρLβ

1=3

: ð25Þ

K is a constant independent of time and volume. Eq. (24) can be
readily integrated between Vci (initial volume) when time = 0 and Vc

when time = t,

V
2=3
c ¼ V

2=3
ci −

2
3
K f θð Þt: ð26Þ

Shanahan and Bourges-Monnier have shown the existence of 4
distinct stages in the drop evaporation process in open air conditions
by monitoring the evaporation of large drops of water and n-decane
(3–5 mm3) on polyethylene, epoxy resin and TEFLON surfaces [78,79].
In the initial stage, the contact radius, rb, remains constantwhile contact
angle, θ, and drop height, h, decrease which corresponds to a saturated
vapor atmosphere. In the second stage, which corresponds to a non-
saturated atmosphere, same things happen but the evaporation rate in-
creases. In the third stage, which follows for smooth surfaces, h and rb
diminish concomitantly, thus maintaining θ more or less constant.
This stage does not exist on rough surfaces. In the final stage, the drop
disappears in an irregular fashion with h, rb and θ tending to zero. This
step is difficult to follow experimentally [78,79].

There is anothermode of drop evaporationwhere, the contact angle,
θ, remains constant while the contact radius, rb, and drop height, h,
decreases. Erbil et al. studied the evaporation of n-butanol, toluene,
n-nonane and n-octane drops on a TEFLON surface, which occurs with
the constant contact angle mode and an initial angle of less than 90°
by applying video microscopy and digital image analysis techniques
[37]. In that work, the decrease of the square of the drop contact radius
and the square of the drop height were found to be linear with time for
most of the cases and the differences between Picknett and Bexon [36],
Shanahan [79] and Rowan et al. [80] equations were discussed [2,37].

The diffusive evaporation model containing the f(θ) factor can be
successfully applied to very small droplets [81]. Non-equilibrium effects
for evaporation of small droplets deposited onto hydrophobized micro-
fabricated silicon AFM cantilevers were also investigated by using the
f(θ) parameter [82]. The evaporation dynamics of sessile liquid drops
in still air with constant contact radius similar was studied and it was
found that the total evaporation time for the pinned drops is propor-
tional to V2/3 as in the non-pinned case [83]. Picknett and Bexon pointed
out that Eq. (24) can be integrated analytically for the “constant contact
angle evaporation mode” giving the total life-time of the drop and it is
possible to construct a linear Vc

2/3 − t plot for the given Vc
2/3 and θ

values and compare it with the experimental data. However, such inte-
gration is not possible for the “constant contact area evaporationmode”
and only numerical solutions can be found [36].

2.4. Drop evaporation rate equations without using the f(θ) factor

Many research reports were also published on drop evaporation ig-
noring the f(θ) factor although its effect on the rate of drop evaporation
is well-known in the literature after the publication of Picknett and
Bexon paper in 1977 [36]. For example, Birdi et al. reported the mass
loss ofwater drops placed on glass by evaporation bydirectmeasurement
of the variation of themass of dropletswith time rather than the observa-
tion of contact angles in 1989 [84,85]. Rowan et al. examined the change
in the profile of small water droplets on polymethylmethacrylate during
the evaporation in open air [80]. The dropsmaintained a constant contact
radius over much of the evaporation time. Rowan et al. pointed out that
the model of Birdi and Vu [84,85] did not distinguish between the two
principal radii of curvature occurring at the contact line: these two radii
do not have the same values. Rowan et al. extended the model to two-
parameter spherical cap geometry where the drop evaporation rate is
directly proportional with drop height, h:

dV
dt

¼ −λh ð27Þ

where λ is the single factor to combine various constants, λ =
2πD(c∞ − co)/ρL. Later, McHale and coworkers examined the rapid
evaporation of three different alcohol microdroplets on PMMA
(θ b 90°) where the evaporation is dominated by an initial stage
with constant contact radius, rb, and decreasing contact angle, θ [86].
They also investigated the evaporation of water droplets on Teflon
(θ N 90°) where the evaporation is dominated by an initial stage with
constant contact angle and decreasing rb and it was found that the
contact angle is the slow variable compared to the contact radius and
they derived the time dependence of contact radius [87]:

r2b ¼ r2bi−
4D cS−c∞ð Þ sin2θ

ρL 1− cosθð Þ 2þ cosθð Þ t: ð28Þ

On the other hand, sessile drops are usually flattened by gravity and
oblate ellipsoid drop shapes are obtained. Ellipsoidal cap geometry was
applied in order to compare the differences between surface area, drop
volume and evaporation rates [88]. The volumeof the ellipsoidal cap can
be evaluated by rotating the ellipse curve about the y-axis resulting in:

V ¼ πrbh
3

2rb tanθ−hð Þ
tanθ

: ð29Þ

The volume decrease by drop evaporation using the three-parameter
ellipsoidal cap geometry diffusion model becomes:

−
dV
dt

¼ 2Dπh c∞−cSð Þ
ρL

1
2
þ a
2he

tan−1 ea
b
− tan−1 b−hð Þea

b2

� �� 	
ð30Þ

where a and b are the semi-axis lengths of the ellipse profile in the x
and y directions and e is the eccentricity which is geometrically defined

as [e ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2−a2

p� �
=b]. When Rowan et al.'s data [80] was used in the
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three-parameter ellipsoidal cap model, the surface area and volume of
the drop show almost complete linear time dependence for most of the
data [88]. A three-parameter pseudo-spherical cap geometry model
was also developed [89]. A new parameter α as given below was used
in this model:

h ¼ αrb tan
θ
2

� �
ð31Þ

and the variation of contact angle by time was given as:

dθ
dt

¼ −
1þ αð Þλ
2απr2b

1þ cosθð Þ sinθ: ð32Þ

Normally, the smaller the drop, themore it is possible to neglect the
gravity and the more the profile is expected to conform a spherical
shape however, more flattening of the drop profile is obtained experi-
mentally during the drop evaporation contrary to the expectations.
The reasons for the flattening of evaporating water drops (θ b 90°)
where the evaporation is dominated by constant contact radius and
decreasing θwas studied and it was shown that a singular flow progres-
sively develops within the drop during evaporation which creates a
pressure gradient to result in more flattening of the profile as the drop
size reduces [42]. A single image sequencing method was also devel-
oped to determinewhether droplets of fluids are spherical or ellipsoidal
[42,90].

An equation was also derived to determine the initial average
peripheral contact angle of sessile drops on a surface from the rate of
evaporation [41,43].

dV
dt

� �
¼ −

DΔPvð ÞM
ρLℜTrb

Ai sinθið Þ ð33Þ

The initial peripheral contact angle, θi, was regarded as the average
of all the various θs existing along the circumference of the drop
which is not unduly influenced by irregularities at a given point on the
surface. For this purpose, the product of diffusion coefficient and vapor
pressure, DPv, was found experimentally from the rate of evaporation
of the fully spherical liquid droplets in a medium having the same RH
and temperature conditions [39]. The proposedmethod is very sensitive
to the evaporation rate and necessitates the precisemeasurement of RH.

The magnitude of the evaporative flux at the drop edges was also
experimentally investigated with a pinned contact line for the case of
contact angle less than 90° [38]. Hu and Larson found both that the
net evaporation rate from the droplet remains almost constant as the
contact angle decreases during evaporation for a small initial contact
angle (θ b 40°), even though the evaporation flux becomes more
strongly singular at the edge of the droplet. An approximate evapora-
tion rate expression was derived:

−
dm
dt

¼ πrbDcS 1−RHð Þ 0:27θ2 þ 1:30
� �

ð34Þ

which agrees well with the theoretical results given by Picknett and
Bexon [36] for any initial contact angle, θ, between 0° and 90° with θ
in radians. Yu and coworkers studied the pinning and shrinking behav-
ior ofwatermicrodroplets evaporating from self-assembledmonolayers
(SAMs) of n-decanethiol and 11-mercaptoundecanol on gold [91]. They
reported that θ remained constantwith time for all mixed SAM surfaces,
while the corresponding contact area decreased, after an approximate
contact angle decrease of 10°. The volume of water microdroplets de-
creases nonlinearly as a function of the evaporation time for each SAM
surface and the faster evaporation was observed on more hydrophilic
surfaces [91]. Later, Yu and coworkers found that surface roughness
plays a dominant role in the evaporation process so that the variations
in roughness, even at the molecular scale, result in wetting hysteresis
variation and the timing for the evaporation mode switching [92].
Droplet evaporation on a superhydrophobic surface [93] that con-
sists of circular pillars arranged in square lattice pattern was investigat-
ed and it was found that water droplets initially evaporate in a pinned
contact line mode, before the contact line recedes in a stepwise fashion
jumping from pillar to pillar. In some cases, a collapse of the droplet
into the pillar structure occurs and further evaporation occurs with a
completely pinned contact area for these collapsed droplets. A quantita-
tive analysis based on the diffusion of water vapor into the surrounding
atmospherewas performed, and estimates of the product of the diffusion
coefficient and the concentration difference (saturation minus ambient)
were obtained [93]. Water droplet evaporation on polydimethylsiloxane
spherical cap micron-arrays with gradually increasing height between 0
and 1.5 μmwas investigated and it was found that the increase in height
of the spherical caps on the substrate enhances the pinning force
resulting in longer pinning of the contact line. The authors also devel-
oped a model to predict the critical pinning force [94].

Meanwhile models of sessile drop evaporation other than diffusion
are also suggested. Murisic and Kondic developed a new model on
drop evaporation including Marangoni forces due to the thermal gradi-
ents produced by non-uniform evaporation, and the heat conduction
effects both in solid and liquid phases in order to investigate the evapo-
ration limited by the processes occurring in the liquid drop [95]. This
model includes capillary, thermal and body forces, as well as the interac-
tion with the solid, via the disjoining pressure approach. The authors
suggested that the material parameters influence the evaporation pro-
cess strongly for the unpinned water and isopropanol drops. Later, the
“kinetic effects” during drop evaporation are defined as the effects
which appear when the rate of molecule transfer across the liquid–gas
interface has a finite value. Kinetic effects become noticeable or even
dominate when this rate is comparable to (or smaller than) the rate of
vapor diffusion above the liquid–gas interface. These new approaches
are recently reviewed and discussed [96].

3. Evaporation of surfactant dissolved drops containing dispersed
particles

Deegan was the first to investigate the addition of surfactants into
evaporating droplets containing particles [4]. When a surfactant is
dissolved in a water drop containing no particulate matter, it alters
the initial contact angle and contact radius of the drop and affects the
pinning conditions of the three-phase contact line due the adsorption
of the surfactant on both water/air and liquid/solid interfaces [54–56,
61,62]. The formation of a surfactant monolayer at the water/air inter-
face could both induce Marangoni flow and act to selectively block
evaporation, affecting the rate of drop evaporation depending on the
surfactant phase state (i.e. condensed state and gaseous state). Howev-
er, if insoluble organic or inorganic micro or nanoparticles are also
present in a drop, then the dissolved surfactants may adsorb on these
particle surfaces and alter the deposit formation due to two different ac-
tions: i — the magnitude of the solutal Marangoni flow which controls
the location of the deposition patterns and ii — the interactions of
surfactant adsorbed particles with the substrate [4,54–63]. In general,
the drop evaporation behavior of such surfactant/particle/substrate sys-
tems is very complex and the deposition patternswhich are obtained by
complete drop evaporation are much dependent on the nature and size
of particles, type of surfactant and the substrate. In this section, we will
examine the properties of the evaporation of surfactant containing
drops under four sub-topics given below.

3.1. Evaporation of surfactant dissolved drops without dispersed particles

The addition of surfactants to water drops alters the contact angle,
contact radius of the drop on a substrate and affects the pinning condi-
tions of the three-phase contact line. There are not too many reports on
the evaporation of surfactant dissolved aqueous drops that do not con-
tain any dispersed particles [54,56,85,97–118]. Sodium dodecyl sulfate
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(SDS, or sodium lauryl sulfate) is one of the most widely studied and
commercially useful anionic surfactants derived from a C12 linear
hydrocarbon alcohol. It is occasionally used in daily life to remove oily
residues etc. and it was also used to control the deposit morphology of
water insoluble inorganic or organic materials by drop evaporation in
many publications (see Section 3.2). Birdi and Vu were the first to
study the evaporation of sessile drops of aqueous solutions of ionic sur-
factants, anionic SDS and cationic cetyltrimethylammonium bromide
(CTAB), placed on a glass surface in order to determine the role of elec-
trostatic interactions present at the liquid–glass interface. They found
that the drops containing SDS evaporated faster than the pure water
drops and a SDS containing sessile drop had a smaller contact angle
and hence a larger radius of the liquid–glass interface than a pure
water drop of the same volume [85].

Chandra et al. tested the addition of SDS surfactant intowater sprays
in order to increase the efficiency of fire suppression and to extinguish
flames on burning objects and also to prevent flame spread by cooling
surfaces that have still not ignited [54,97]. SDS dissolved water drop is
placed on a hot stainless steel surface and it was found that reducing
the contact angle by the SDS addition increases the contact area
between the drop and solid surface, and also reduces drop thickness, en-
hancing heat conduction through the drop and evaporation time of the
drop was reduced by approximately 50% by decreasing the initial con-
tact angle from 90° to 20° [54]. Later, the same group reported that
the addition of the surfactant significantly reduced lifetimes of droplets
during evaporation and nucleate boiling but there is no effect during
film boiling [97]. However, in contrast to the experimental findings
given above, Lunkenheimer and Zembala found that the soluble surfac-
tants have only limited effect on evaporation retardation which was
much less than insoluble monolayers since they cannot form densely
packed compact adsorption layers [98]. They studied the water evapo-
ration retardation in a vapor pressure osmometer by using soluble sur-
factants such as sodium salts of myristic, palmitic, perfluorodecanoic
acid and also SDS in comparison with insoluble n-decanol monolayer.
Similarly, Fainerman et al. reported that the adsorbed layers of ordinary
surfactants, SDS and C14(EO)8 did not affect the water evaporation rate
remarkably when comparedwith the insoluble n-dodecanolmonolayer
which decreased the water evaporation rate by 20–25% by studying the
rate of water evaporation from drops covered by adsorbed layers of
some proteins and surfactants using drop shape analysis tensiometry
[99].

Meanwhile, Dutschk et al. studied the effect of surfactant addition
to drop spreading on polymer surfaces such as polyvinyl fluoride,
polyethyleneterephthalate, polypropylene and Teflon AF [55]. They
used anionic SDS, cationic dodecyltrimethylammonium bromide
(DTAB), and nonionic pentaethylene glycol mono-dodecyl ether surfac-
tants all with the same alkyl chain length and found that the contact
angles for DTAB and SDS solutions do not change with time at any
concentrations investigated on highly hydrophobic surfaces such as
Teflon AF and polypropylene. They concluded that ionic surfactants do
not enhance the spreading of water drops on hydrophobic surfaces
but do spread on moderately hydrophobic surfaces. Conversely, non-
ionic surfactant containing drops were found to enhance the spreading
on both highly hydrophobic and moderately hydrophobic surfaces,
demonstrating rather universal behavior [55].

Sefiane examined the effect of the addition of a nonionic surfactant
(Triton X-100) on wetting behavior of an evaporating drop placed on
aluminum and PTFE surfaces under vacuum. He suggested that an accu-
mulation of the surfactant will lead to a surface tension gradient along
the interface due to the strong evaporation near the triple line and
the maximum evaporation rate corresponds to a minimum contact
angle after the pinning of the droplet [100]. Pierce and coworkers also
investigated the addition of nonionic surfactants in spray solutions to
minimize variations in spray performance and improve pesticide effec-
tiveness for the plants with thick, waxy, or hairy leaf surfaces [101].
They used alkyl polyoxyethylene surfactant (X-77) and found that a
single drop spreads to reach and retain a maximum stationary size on
hydrophilic surfaces and a ring forms at themaximum spread diameter.
Thewater film retracts, resulting in deposition of small islands of surfac-
tant residue inside the ring during the final evaporation stage. Smaller
islands in the interior portion of the substrate contact area are formed
at lower concentrations of surfactant especially in high relative humidity
conditions. Only a solid ring of surfactant remains post-evaporation at
higher concentrations. No pinning, ring formation, or post-evaporation
interior islands are formed on sufficiently hydrophobic surfaces. Pattern
formations of surfactant deposit are also reported [101].

Silicone based surfactants are also used in drop evaporation studies:
Wayner and co-workers investigated the spreading, evaporation, contact
line motion, and thin film characteristics of drops consisting of a water–
silicone surfactant (polyalkyleneoxide-modified heptamethyltrisiloxane)
on a fused silica surface and concluded that the surfactant adsorbsprimar-
ily at the solid–liquid and liquid–vapor interfaces near the contact line re-
gion [102]. The completely wetting corner meniscus was associated with
a flat adsorbed film having a thickness of around 31 nm at equilibrium
however this surfactant solution thin film was unstable and was broken
intomicro-drops having afinite contact angle during a subsequent vapor-
ization/condensation process. When the adsorbed film of the surfactant
solution was hydrated or desiccated, there was an abrupt change in the
velocity of the contact line showing the effect of vesicles and aggregates
of the surfactant on the shape evolution of the drops [102]. Ivanova
et al. studied the kinetics of the fast spreading of aqueous trisiloxane
surfactant containing 4, 6, and 8 ethoxy groups on hydrophobic PTFE
AF coated silicone wafers in comparison with conventional surfactants
such as SDS, Tween 20 and C12(EO)4 and found that the wetting state
of the surfactant containing drop is dependent on critical micelle
concentration (cmc) or critical aggregation concentration (cac) [103].
Some authors argued that the spreading rate of drops can be explained
by an autophilization process where the surfactant molecules adsorb in
front of the moving three-phase contact line resulting in a partial
hydrophilization of an initially hydrophobic substrate in order to
allow spreading (autophilic effect will be discussed later in this section).
Semenov et al. performed an experimental study of the time dependence
of the contact angle, the volume, and the base radius of an aqueous
trisiloxane surfactant (SILWET L77) solution drop placed onto a hydro-
phobic TEFLON-AF substrate and developed a model to predict universal
curves for the contact angle and droplet perimeter dependence on time
[104].

Soboleva and Summ investigated the evaporation of cationic CTAB
containing aqueous drops located on paraffin, glass and Teflon surfaces
in a wide concentration range [105]. CTAB deposits are uniformly
distributed over the whole initially wetted surface area on Teflon
and glass surfaces. At the higher CTAB concentrations, the regions of
increased surfactant content are observed as rings at the three phase
contact line indicating that the highly electronegative fluorine in Teflon
can enhance the retention of the cationic surfactant due to the polar
interactions. It was reported that the dewetting on a Teflon surface
proceeds by a slip mechanism. Conversely, CTAB is distributed quite
randomly on the fluorine free paraffin surface, and lowering the surfac-
tant concentration resulted in a smaller area of the spot indicating the
contraction of the contact area during drop evaporation. The authors
suggested that paraffin interacts with CTAB only with the dispersion
forces and dewetting on the paraffin can proceed by the mechanism
similar to “carpet rolling” [105].

The profiles of SDS deposits on graphite and mica substrates were
reported without giving any detail of deposit sizes [106–108]. Wanless
and Ducker reported the hemi-cylindrical aggregated structure of SDS
adsorbed to the graphite–solution interface in the concentration range
of 2.8–81 mM [106]. Dominguez showed that the self-organization of
SDS molecules on graphite might be altered by the surfactant concen-
tration [107]. SDS surfactant forms a hemi-cylindrical shape with the
tail groups attached to the graphite surface at low concentrations
whereas the surfactants aggregate in a full cylinder with some head-



Fig. 2. SEM images of DTAB (2 mM conc.) dried on mica at 20 °C and 50% RH: (a) scale
bar = 200 μm; (b and c) scale bars = 50 μm; (d) Secondary Electron image, scale
bar = 10 μm. Reprinted with permission from Ref. [108] Copyright (2010) American
Chemical Society.

282 H. Yildirim Erbil / Advances in Colloid and Interface Science 222 (2015) 275–290
groups next to the solid surface at high SDS concentrations because van
der Waals interactions were not the primary interactions for this case.
Since the solid surface was saturated with the SDSmolecules, the initial
monolayer rapidly broke to form a bilayer-like system where water
molecules were adsorbed at the solid surface, then the self-assembly
of themolecules continued until they had a stable structure, a full cylin-
der in this case [107]. Bernardes et al. observed themorphology formed
by dilute solutions of anionic SDS and cationic DTAB containing drops
drying on the negatively charged mica surfaces [108]. SDS deposits dis-
play long branched stripes formed due to fingering instability of the
drop, while DTAB displays patterns of parallel continuous or split stripes
due to stick-slipmotion of the drop as seen in Fig. 2. SDS surfactantmol-
ecules form lamellar structures which are aligned parallel to the sub-
strate showing small negative excess charge, whereas DTAB lamellae
are normal to the mica plane. The lamellae formation is found to be in-
dependent of the drying conditions [108].

Innocenzi et al. investigated the evaporation-induced crystallization
of block copolymer nonionic surfactants such as poly(ethylene oxide)-
b-poly(propylene oxide)-b-poly(ethylene oxide) (Pluronic F127) on a
boron doped siliconwafer substrate [109]. Initially, the block copolymer
is in its amorphous state then a gel phase is formed with the increase of
the concentration of Pluronic F127 due to the close packing of the mi-
celles which basically consist of a PPO core and a corona with hydrated
PEO segments. The micelles are interconnected at this point but the
presence of residual water hampers the crystallization. After the most
of the water is evaporated, an ordered phase forms and a small disk of
surfactant deposit is formed with thick borders where the surfactant
self-organizes into a lamellar mesophase in the dried state as seen in
Fig. 3 [109].

The adsorption of anionic surfactant SDS on low-energy, hydropho-
bic surfaces such as Teflon was reported in many publications and is
subject of debate on the presence or absence of the “autophilic effect”
[55,56,103,110–118]. It was determined that aqueous SDS solutions do
not spread on Teflon surfaces spontaneously [55,103]. Varadaraj report-
ed that there is a linear relationship between the adhesion tension
(γsolution ∗ cos θ) on Teflon with the logarithm of the SDS concentration
below cmc and adhesion tension is roughly constant around 12 mM/m
above cmc [110]. Itwas also found that there is a straight linear relation-
ship between the adhesion tension of solution/Teflon and surface ten-
sion of aqueous SDS solutions indicating that the surface excess of the
surfactant concentrations at the Teflon/SDS solution interface is the
same as that at the solution–air interface for a given bulk concentration
of the surfactant mixtures [111].

Doganci et al. investigated the effect of SDS concentration on the
drop evaporation rate, and also the ratio of SDS adsorption between
the water/air interface and solid/solution interface for aqueous SDS so-
lution drops placed on a hydrophobic Teflon-FEP substrate [56]. They
used a closed chamber where a constant relative humidity and temper-
ature were maintained and the time-dependent decrease in drop pro-
files was monitored with video microscopy and it was concluded that
the addition of SDS into water does not alter the drop evaporation
rate considerably in agreement with some of the previous literature
reports. It was reported that the initial contact angle, θi decreased grad-
ually from 104 ± 2° down to 68 ± 1° when the SDS concentration was
increased from 0.008 to 400 mM in the drop solution showing that the
Teflon-FEP surface becomes increasingly hydrophilic due to the adsorp-
tion of SDS both at the water–air and the solid–water interfaces to
reduce the initial values of interfacial tensions. Adsorption of SDS on
Teflon-FEP surface was found to be 76% of that of its adsorption at the
water–air interface by applying the Lucassen-Reynders equation [56].

Starov and co-workers suggested that it is possible that the dissolved
surfactantmolecules in an aqueous drop can transfer onto the unwetted
(hydrophobic) solid–vapor interface just in front of the drop, depending
on publications of N. V. Churaev and coworkers [112]. They pointed out
that the drop should form an equilibrium contact angle above 90° in the
absence of the surfactant and such a transfer will result in an increase of
local surface tension of the solid. There was around 3–5% increase in the
aqueous SDS drop contact radius at the drop/PTFE interface and this in-
crease was attributed to surfactant transfer onto the PTFE surface just in
front of the drop. The authors neglected thewater adsorption in front of
the spreading drops because of the hydrophobic nature of the substrates
[112]. This hypothesis where the surfactant molecules adsorb in front of
the moving three-phase contact line was named as “autophilic effect” in
subsequent publications [103,113,114]. Starov and co-workers explained



Fig. 3. Optical image of the deposit of the droplet containing nonionic Pluronic F127 sur-
factant at the end of the evaporation. Reprintedwith permission fromRef. [109] Copyright
(2010) American Chemical Society.
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that surfactantmolecules transfer through air onto the hydrophobic sub-
strate and the hydrophobic tail part of the surfactant adsorbs on the sub-
strate and hydrophilic head groups remains on the substrate and thus
increased the solid/vapor interfacial tension and decreased the hydro-
phobicity of the substrate [114]. In general, the autophilic effect would
lead to one of the following two processes: i — if the autophilic effect is
slower than the rate of forced drop triple line advance, then the surfac-
tant solutionwould not autophilize the substrate but could spread across
a hydrophobic surface and ii — alternatively, if the autophilic effect is
faster than the rate of triple line advance, this would lead to a lower con-
tact angle during the forced advance [103]. Starov pointed out that am-
phiphilic surfactant molecules are immobile in a tangential direction
but can rotate in a vertical direction and drop spreading is possible
only if lateral interactions are present between neighboring amphiphilic
molecules (or groups) leading to a tangential transfer of the “overturned
state” ahead of the advancing three-phase contact line making the sub-
strate partially hydrophilic [115].

However, Milne and Amirfazli published a paper in 2011, informing
that such an autophilic effect does not occur for the sub-cmc surfactant
concentrationswhere they tested SDS, HTAB, andN-methyl-N-decanoyl
glucamide (MEGA 10) surfactant solutions at three concentrations each
and using pure water and ethylene glycol on hydrophobic Teflon
and OTS-coated silicon substrates [116]. The authors reported that no
relation exists between the time constant for spreading and surfactant
concentration, indicating that the drop spreading is not due to the pres-
ence of surfactants. Secondly, by applying more detailed tests of SDS
containing drops on Teflon, they found that the observations rule out
the possibility that the speed of the effect is faster than, equal to, or
slower than the rate of advance. The advancing contact angle decreases
between tests on clean surfaces and those pre-exposed to surfactant,
ruling out the possibility that the autophilic effect is faster than the ad-
vance. Thirdly, spreading is seen after the end of the advance over both
clean and pre-exposed surfaces, ruling out the possibility that the
autophilic effect is slower than the advance. Finally, the pure liquids
spread in a similar fashion to surfactant solutions on Teflon [116].
Later, Milne et al. studied the contact angles of SDS surfactant solutions
on rough and smooth hydrophobic Teflon surfaces [117]. They pointed
out that the existence of an autophilic effect is questionable and
constructed a new model based on the Gibbs' adsorption, Wenzel and
Cassie equations and obtained good predictions of equilibrium contact
angles for surfactant solutions on rough hydrophobic surfaces. Liu
et al. did not also consider the autophilic effect in their paper where ad-
sorption behaviors of four cationic surfactants andwettability in Teflon/
solution/air systems are reported [118]. They found that there are two
saturated adsorption stages on Teflon surface after cmc where the
cationic surfactant molecules are oriented parallel to the surface with
saturated monolayer formed through hydrophobic interaction and
hydrogen bonding in the first saturated stage, and later hemimicelles
formed on the surface in the second saturated stage.

3.2. Deposits obtained by evaporation of drops containing polymer colloids

Thedissolved surfactants present in a dispersionmay adsorb onboth
the solid substrate and insoluble organic or inorganic micro/nanoparti-
cles present in a drop. The addition of any surfactant changes final de-
posit shape because both the interactions of surfactant adsorbed
particles with the substrate and themagnitude of the solutalMarangoni
flow which controls the location of the deposition patterns are affected
from the presence of the surfactant [4,54–63]. The deposition patterns
which are obtained by complete drop evaporation are much dependent
on the nature and size of particles, type of surfactant and the substrate.
Easily rolling spherical polymeric colloids have been under use as parti-
cles to form specific templates or patterns by evaporation of dispersion
containingdrops [119–148]. In general, polymeric emulsions containing
spherical colloidal particles contain surfactants which are incorporated
during emulsion polymerization. Unless the surfactants are removed
by a suitable method after polymerization; or prepared with an
emulsifier-free polymerization method, all the polymeric latexes con-
tain surfactants.

Two dimensional arrays of spherical colloidal particles can find ap-
plication as a large area lithographic mask, which can be obtained by
spin coating or electrostatic deposition of monodisperse polystyrene
(PS) lattices as reported by Deckman et al. [119]. PS microspheres
have a negative surface charge due to a persulfate initiator utilized in
the emulsion polymerization process on any substrate which acquires
a positive surface charge when immersed in this aqueous sol. Random
and periodic roughness on a submicron scale length can be used to
produce a variety of optical elements such as gratings, interferometers,
antireflection coatings and solar absorbers [119]. Hayashi et al. investi-
gated the close-packed structure of PS particles which was obtained
by drying the drop of a dilute aqueous solution of the purified PS latexes
on a cover glass below their minimum film-forming temperature. The
arranged PS particles formed an object like a compound eye [120].

Denkov et al. studied the ordering of the suspension of dilute poly-
styrene latex with a particle diameter of 1.70 μm by evaporation on
glass in a confined area which was formed by using a Teflon ring with
an inner diameter of 14mmand determined that the 2D ordering starts
when the thickness of the water layer containing particles becomes
approximately equal to the particle diameter and the main factors
governing the particle ordering are the attractive capillary forces due
to the menisci formed around the particles, and the convection of the
particles toward the ordered region depending on the rate of evapora-
tion [121]. The deformation of the liquidmeniscus gives rise to interpar-
ticle attraction. The authors pointed out that the electrostatic repulsion
and also the van der Waals attraction between the particles are not
responsible for the formation of two-dimensional crystals and themulti-
layer formation depends on the rate of evaporation. They also investigat-
ed the effect of two types of surfactants anionic SDS and cationic
hexadecyltrimethylammonium bromide (HTAB) on the dynamics of or-
dering and determined that the increase of the cationic HTAB surfactant
concentration leads to deposition of many particles on the glass surface
before their incorporation in the array, which causes dislocations and
other defects in the 2D crystal due to the adsorption of positively charged
surfactant molecules on the negatively charged PS particle and glass
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surfaces, which suppresses the electrostatic repulsion between them.
However, the dissolution of anionic SDS in the latex slowed down the
evaporation and also the dynamics of 2D ordering and narrow well-
ordered spherical PS domains are formed, which surround the large
areas free of particles [121].

On the other hand, Brinker and co-workers investigated the
evaporation-induced self-assembly of surfactant containing silica solu-
tions and pointed out that amphiphilic surfactant molecules or poly-
mers assemble into micelles, spherical or cylindrical structures above
the critical micelle concentration (cmc) in aqueous solution tomaintain
the hydrophilic parts of the surfactant in contactwithwaterwhile keep-
ing the hydrophobic parts within the micellar interior. Further increase
in the surfactant concentration results in the self-organization of
micelles into periodic hexagonal, cubic, or lamellar mesophases [122].
It was known that co-assembly of silica-surfactant mesophases is possi-
ble in aqueous solutions of soluble silica species and surfactant removal
creates periodicmesoporous solids [123]. Sol–gel dip coating is an alter-
native method for the formation of thin film mesophases on substrates.
When a homogeneous solution of soluble silica and surfactant is pre-
pared in ethanol/water solvent, the preferential evaporation of ethanol
concentrates the depositing film in water and nonvolatile surfactant
and silica species and the progressively increasing surfactant concentra-
tion drives self-assembly of silica and surfactant to form a thin film
mesophases that are highly oriented with respect to the substrate
surface [124]. Nanocomposite self-assembly is possible by applying a
combined organic/inorganic polymerization which locks in the nano-
composite architecture and covalently bonds the organic/inorganic
interface. This method allows the formation of many hundreds of alter-
nating organic/inorganic layers in seconds [125].

Mostly, striped patterns of particles are deposited when a suspen-
sion droplet dries on a solid substrate [6,121,126–135]. The three-
phase contact line around the droplet shrinks toward the center of the
droplet with an oscillatory motion [126], causing generation of a
particle-array film at the contact line. Such shrinking motion of the
droplet is termed as a “stick-slip”motion [127,128], but other dropmo-
tions which are different from the stick-slip motion were observed by
some researchers [129–131]. Particle-array films are formed by the
assembly of particles [121,132] at the droplet contact line, which is
caused by particle flow induced by the evaporation of water from the
film surface near the receding contact line. This process was termed as
“convective self-assembly of particles”, which characteristically occur
in the thin liquid layer of particle suspensions [133]. Adachi et al. formu-
lated a model that includes a friction force which the contact line feels
when particles flow from the inside of the droplet to the droplet bound-
ary. The droplet oscillates as it evaporates and generates a striped film
composed of particles as a result of competition between this friction
force and surface tensions at the contact line [134].

Fisch and coworkers investigated the evaporation kinematics of PS
bead suspensions [135]. They monitored the evaporation of drops con-
taining surfactant-free PS latex (110–1000 nm in diameter) suspended
in de-ionized water. The drops were placed on a non-wetting surface
and the height, diameter, contact angle, and mass were measured as
functions of time for a range of sessile drop sizes, PS diameters, and ini-
tial PS concentrations up to 22%. Very little drop diameter was seen for
the suspensions containing PS beadsmore than 8%, and similar trends of
time dependence of the height, mass, and contact angle were observed
for such dropswhich are independent of the sphere and droplet size. All
the drop evaporations resulted in the formation of a solid ridge on the
perimeter of the drop having a crater in the drop center. Ridge sizes
are dependent on the PS particle diameter but independent of the
drop volume. Smaller PS beaddiameters resulted in higher ridge heights
and deeper centers and increasingly higher center heights were obtain-
ed with increasing bead diameters upon complete evaporation [135].

Fischer studied the convection of particles in an evaporating colloi-
dal droplet [6] and calculated theflowprofiles in thedroplet using lubri-
cation theory in order to understand the redistribution of particles
under different experimental conditions and found that either an out-
ward flow toward the contact line or an inward flow toward the center
of the droplet can be induced, depending on the evaporative driving
force. A ring-like deposit remains on the substrate if an outwardflow to-
ward the contact line is generated inside the droplet. In contrast, a more
uniform solute deposit will remain on the solid if the liquid inside the
droplet flows away from the contact line [6].

Truskett and Stebe investigated the effect of pentadecanoic acid sur-
factant addition to control the deposition patterns of drops containing
surfactant-free sulfate and amidine functionalized PS microspheres on
hydrophobized silicone wafer substrates after evaporation according
to the state of a surfactant monolayer at the aqueous–gas interface
[63]. The addition of the surfactant affected flow fields in the drop and
thefinal patterns formed bymicrospheres deposited from the evaporat-
ing drop. The coffee-ring patterns were formed from drops having sur-
factant monolayers in either the surface gaseous or the liquid expanded
states, whereas a layer of disordered PS microspheres settled every-
where beneath the droplets is covered when the surfactant monolayer
was in the liquid condensed state [63].

Moon and coworkers fabricated hemispherical particle assemblies
with ordered monodisperse silica microspheres of 330 nm in diameter
by using ink-jet printing the colloidal ink on hydrophobic solid surfaces
[34]. The colloidal silica ink was prepared using a mixed solvent of
75 wt.% water, 15 wt.% diethylene glycol, 7 wt.% ethyl hydroxy
propanediol, and 3 wt.% 2-pyrrolidone and octanol was added to
control surface tension to 35–40 mN/m. Ink droplets are formed by
ink-jet printing and silica particles contained in each ink droplet under-
go self-assembly on evaporation, producing hemispherical colloidal
aggregateswith internal ordered structure. Colloidal silicawas randomly
stacked in flat ring-shaped particle aggregates, and a relatively well-
ordered 2D colloidal monolayer was observed at the periphery of
the drop on the Si wafer surface. On the other hand, colloidal silica
microspheres were arranged in a three-dimensional long range ordered
structure on the hydrophobized Si-wafer surface. This process can be
used to produce functional, hierarchically organized structures in arbi-
trary designs, whichmay be of practical importance for directly writing
fluidic and photonic devices, alongwith displays and sensor arrays [34].
Moon and Park extended their studies [12] and showed that it is possi-
ble to counterbalance the convective flow that drives the suspending
particles accumulated at the contact line by Marangoni flow that is
induced by a surface tension gradient between the periphery and the
interior of the droplet by varying the ink composition. The decrease
of the drying rate from themixed solvents results in a perfect 2Dmono-
layer of the self-assembled silica particles in both single-dot and line
patterns [12].

Velev and coworkers reported that the dynamic shape of the menis-
cus can be controlled by the drop contact angle and particle concentra-
tion during drying of microliter droplets of suspension both on a
hydrophilic surface and on a hydrophobized glass slide surface with a
contact angle between 80 and 100° as seen in Fig. 4 [136]. They used
sulfate-stabilized, polystyrene latexmicrospheres of 10–100 μmindiam-
eter and reported that high contact angles are a necessary but not suffi-
cient condition for maintaining the hemispherical shape of themeniscus
during drying since the final form also depends on the initial particle
concentration. By judicious choice of the solid substrate and droplet
volume, it is possible to tune the microparticle assembly architecture
and dimensions. They obtained miniature porous hemispherical tem-
plates from colloid crystals [136]. They also studied the factors for the
interface-driven assembly of colloidal crystal micro-patches in drying
sessile droplets containing an aqueous suspension of charge-stabilized
PS microspheres. They reported that the air–water droplet interface
guides the assembly and determines the shape of the resulting micro-
patches and the shape of the droplets and of the resulting assemblies
was correlated to the dynamics of the receding contact line [137].
Nguyen and Stebe investigated the effect of surfactants to change drop
evaporation patterns of small particles as a function of the surface state



Fig. 4. Images of micropatches deposited from sessile droplets of 600 nm latex particle suspension on (a) hydrophilic glass, (b) hydrophobic silane-treated glass with latex particle
concentration b1 wt.%, and (c) same substrate at a particle concentration N1 wt.%. (d) SEM image of a hemispherical assembly similar to that shown in (c), imaged at a tilt angle of
30°. Reprinted with permission from Ref. [136] Copyright (2007) American Chemical Society.
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of an insolublemonolayer at the drop interface in order to investigate the
surfactant-enhanced Marangoni–Bénard instability using fluorescence
microscopy. It was previously thought that the presence of surfactants
will prevent Marangoni–Bénard instability but conversely a regime of
surfactant coverage is identified in that work which shows the condi-
tions that enhance the Marangoni–Bénard instability where the pat-
terns formed from an evaporating drop can be controlled [138].

Salt addition to colloidal latex dispersions alters the evaporation rate
of SDS containing droplets due to the formation of a salt induced skin.
The droplets wetted larger areas with the corresponding decrease in
the film thicknesses and the initial evaporation rate when SDS is dis-
solved together with the salt. The decrease in the initial evaporation
rate first continued with increasing SDS concentration but leveled off at
an apparent critical micelle concentration, cmc [139]. The visualization
experiments of water and isopropanol drops loaded with polystyrene
microspheres which are evaporating on glass and polydimethylsiloxane
substrates are carried out and the evaporation times, deposit shape and
sizes and flow fields are found to be in good agreement with the nu-
merical results obtained by applying a finite element numerical
model that solves theNavier–Stokes, heat andmass transport equations
in a Lagrangian framework [140].

The formation of the ordered liquid bridge networks (templates) by
evaporative lithography was studied in order to prepare conducting
nanoparticles into large, optically transparent, and conductingmicrowire
networks on substrates and it was found that the presence of surfactants
in the evaporating suspension is required, even at low concentrations, for
the formation of stable liquid threads on the substrate [141].

The competition of the time scales of the liquid evaporation and the
particlemovement in a suspension dropwas studied to control themin-
imal size of coffee ring structure and it was found that when the liquid
evaporates much faster than the particle movement, coffee ring forma-
tion may cease and for suspended particles of size around 100 nm, the
minimum diameter of the coffee ring structure was found to be around
10 μm [142]. It was determined that nanometric colloids always segre-
gate at the edge of an evaporating drop, whereas micrometric colloids
are blocked further away from the edge and this effect can be used to
sort colloidal mixtures [143]. The colloidal particles pack in a tight de-
posit but leave a thin liquid film of pure water at the edge of the drop,
whose size can be precisely controlled by changing the size of the parti-
cles and the contact angle of water on the substrate as seen in Fig. 5. The
contact angle vanishes at the end of the drying process inducing strong
water and particle flux close to the edge and the width of the ringlike
deposit can be controlled by the decrease in the contact angle [143].
Size-tunable micro/nanoparticle clusters can be formed via evaporative
self-assembly in picoliter-scale droplets containing particle suspension
using a nanofabricated printing head in order to demonstrate the mul-
tiplex printing of various particle clusters with accurate positioning
and alignment [144].

The formation of surfactant monolayers at water/air interface could
both induce Marangoni flow and act to selectively block evaporation,
depending on the surfactant phase state, and the type of particles thus
affecting their deposition patterns. Hu and Larson found that surfactant
contamination can almost entirely suppress the Marangoni flow in an
evaporating droplet [145]. SDS addition leads to a significantly more
uniform deposition of colloidal particles on glass after evaporation and
this phenomenon was explained in the context of circulating radial
Marangoni flows induced by the variation of SDS concentration along
the air–water interface. They suggested that the formation of a
“Marangoni eddy” prevented particle deposition at the drop perimeter
[57]. Contact line dynamics is manipulated by using a dispersion drop
containing carboxylated PSmicrospheres and nonionic surfactant evap-
orating on a PMMA surface [31]. They determined that the addition of a
nonionic surfactant can be tuned to control the morphology of stains,
the dynamics of the contact line, colloid/substrate friction, and the
attachment strength of stains. Recently, particle shape is reported to
be an important parameter to control the deposition type. Yunker



Fig. 5. Photographic images of the colloidal deposit obtained for a mixture of 100 nm fluorescent and 5 μmwhite particles. (a) Photographic image of the deposit obtained using optical
microscopy. (b) Photographic image of the same deposit obtained by fluorescencemicroscopy. It can be seen that the zone ofwidth λ is depleted ofmicrometer-sized particles but is filled
with nanoparticles. Reprinted with permission from Ref. [143] Copyright (2011) American Chemical Society.
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et al. replaced the spherical colloids made of PS by ellipsoidal ones with
length towidth aspect ratio of 1.2 or higher, resulting in the suppression
of the coffee rings and a muchmore uniform deposition was formed on
glass slides [146].

3.3. Deposits obtained by evaporation of drops containing carbon based
particles

Carbon basedmicro- or nanoparticles gainedmuch academic and in-
dustrial attention in the last decade [147–150]. Fullerenes are composed
entirely of carbon in the form of a hollow sphere, ellipsoid or tube
[151–164]. Sphere shaped fullerenes are also called “buckyballs”
which contain pentagon rings as well as hexagon rings (e.g., C60 and
C70). A tubular fullerene is called as carbon nanotube (e.g., single walled
carbon nanotube, SWNT or multi-walled carbon nanotube, MWNT).
Fullerenes have antioxidant properties and produce reactive forms of
oxygen that can kill bacteria and viruses when light is shined on them.
They are incorporated into cosmetics, especially skin rejuvenation for-
mulations [155] and used as drug delivery devices [152–154], supercon-
ductors [156], nanowires for organic electronics [157] and inorganic
solar cells [158,159]. The insolubility of C60 fullerene in water prevents
its widely practical use and different surfactants are added in order to
disperse fullerenes in water for many applications [160–165]. When
SDS surfactant is used to disperse fullerenes, C60 nanoparticle surface
becomes negatively charged after the SDS adsorption, and ionic part of
the adsorbed SDS molecules prevents the agglomeration of C60 in the
aqueous dispersion [162–165]. SDS adsorbs on graphite particles by
van der Waals interaction of its chain exposing its sulfate head group
to water and the dodecyl chain to air and such adsorption affects the
wettability of the particles [62]. CTAB, polyvinyl pyrrolidone surfactants
are also tried to stabilize fullerenes [163]. It was determined that non-
ionic surfactants showed the highest efficacy on fullerene solubilization
whereas ionic surfactants had lower solubilization power with the
formation of aggregates [164]. Sodium dodecylbenzene sulfonate and
ethylene vinyl acetate-ethylene vinyl versatate copolymers were also
used to disperse fullerenes [165].

Carbon nanotubes (CNTs) are cylindrical structures that have diam-
eters as small as 1 nm and lengths up to several centimeters (usually
less than 1 mm). They have the highest strength-to-weight ratio of
any known material and not brittle but can be bent. CNTs are used in
bicycle components, tennis rackets, golf clubs, and skis because of their
strength and lightness in order to improve the race time or decrease fa-
tigue during a game. They are used to manufacture bulletproof clothing.
Electrical properties of CNTs depend on how the carbon hexagons are
orientated along the axis of the tube where only three orientations are
possible: armchair, zigzag, and chiral. Armchair CNTs have electrical
properties similar to metals and they show very good electrical conduc-
tivity. Metallic CNTs can carry 1000 times more electricity for their size
than the copper wire. However, zigzag and chiral CNTs have electrical
properties similar to semiconductors where they will only conduct an
electric current when extra energy in the form of light or an electric
field is applied to free electrons from the carbon atoms. Electrical resis-
tance of CNTs changes significantly when othermolecules are covalently
attached. SuchmodifiedCNTs can be used to detect chemical vapors such
as carbon monoxide or biological molecules when suitably coated on
sensor probes. CNTs are successfully used as scaffolding for bone growth
[166,167]. CNTs are expected to be used to manufacture ultralight and
strong materials for aircraft and car industry to reduce energy usage, to
miniaturize electronics, to develop paper batteries and to increase the ef-
ficiency of solar cells. CNT-epoxy resin composites were preparedwhere
CNTs have been chemically pre-activated to bond to polyepoxy, resulting
in a compositematerial that is 20% to 30% stronger than other composite
materials which can be used for wind turbines, and marine ships. CNTs
also adsorb radars in the microwave frequency range and can be used
in the aircraft industry. In addition, CNTs neither reflect nor scatter visi-
ble light, making it essentially invisible at night and such CNT containing
paints are under investigation [168].

Drop evaporation processes were applied for the controlled deposi-
tions of carbon basedmicro- or nanoparticles such as carbon nanotubes
[29,59,60,160–173], graphites [174–176], graphenes [177–179] and ful-
lerenes [61,180,181]; however, the formation of a uniform coating and
the control of deposit shape are still a challenge. When SDS surfactant
is added to a drop containing carbon based micro- or nanoparticle
dispersions, themagnitude of SDS adsorption depends on the type of par-
ticles, surfactant concentration and interaction between the surfactant
and the substrate [62,106,107,182]. Hemicylindrical surface aggregates
form when SDS molecules are adsorbed on a flat graphite surface for
concentrations above 2.8 mM due to the highly favorable hydrophobic
interaction between the substrate and the surfactant [106,107]. SDS
molecules adsorb on carbon nanotube (CNT) surfaces at different possible
organizations such as perpendicular, half-cylinders or parallel to CNT
surface [182].

Huang et al. applied dip coating and cast-coating methods to obtain
very thin SDS adsorbed SWNT's self-assembled layers on silicon wafer,
glass slide and poly(ethylene terephthalate) surfaces at ambient condi-
tions. The concentration of the SDS-coated nanotubes increased above
critical micelle concentrations for SDS, and the self-organization of the
SDS molecules helps for the orientation and dense assembly of the
CNTs [169]. Pasquali and co-workers investigated drying of a sessile
drop on glass containing suspended SWNTs in an aqueous solution



Fig. 6. The experimental images of dried water-based nanofluid droplets containing a
mass concentration of 2–3 nm graphite nanoparticles is at 2 or 5 g/L with the addition
of CTAB surfactant at 0.1 wt.% and without surfactant. Reprinted with permission from
Ref. [174] Copyright (2013) American Chemical Society.
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non-ionic surfactant (F68 Pluronic) and found that, the SWNTs are self-
assembled into a crust at the free surface instead of assembling on the
substrate [170].

Small et al. investigated the evaporation behavior of SDS/SWNT dis-
persion containing sessile drops on a range of substrates and deter-
mined that the film diameter increases with increasing surfactant
concentration [59]. On hydrophobic substrates, such as hydrophobized
silicon wafer the evaporation dispersion drops proceeds through con-
stant contact area however, SWNT “coffee-stains” are formed on hydro-
philic substrates such as glass where drop pinning occurs. The authors
proposed that the organization of nanotubes during evaporation is con-
trolled by aggregates (in the SDS/SWNT dispersion) and hydrophobicity
of the substrate [59]. Windle and coworkers studied the ordering in a
droplet of a dispersion of SWNTs on solids such as hydrophilic glass
and Si-wafer and found that SWNTs accumulated and organized along
the perimeter of the droplet [171,172]. They showed two orientations
in a ring deposit: one parallel to the outer perimeter of the ring and
the other normal to it in the interior and causing their size separation
[171]. The increase in concentration causes the dispersion to transform
into a nematic liquid crystalline birefringent phase showingmany of the
characteristics shared by molecular liquid crystals [172]. Crivoi and
Duan obtained uniform deposits of graphite nanoparticles by dissolving
cationic CTAB surfactant in the drop dispersion which was evaporated
on silicon wafer [174]. They determined that the addition of CTAB
helps the formation of a coffee ring of graphite nanoparticles instead
of the uniform domain coverage as seen in Fig. 6. The authors suggested
that the observed coffee-ring formation is caused by the changes in par-
ticle interactions [174]. Meanwhile, the presence of graphite particles
over a water drop surface alters the drop evaporation rate [175]. A
good linear relationship was obtained between the surface free energy
of the substrates and the diameters of the graphite/SDS deposits during
evaporation of graphite/SDS dispersion drops and uniform spherical cap
graphite deposits can be obtained on hydrophobic surfaces [176].

Amer and Abdu [180] studied the effect of fullerene concentration
on the evaporation kinetics of toluene in C60/toluene solutions and
showed that saturated fullerene mixture has a higher evaporation rate
than that of the pure toluene and evaporation rates depend on the initial
concentration of fullerene in the solution. Amer andWang [181] inves-
tigated the evaporation kinetics and first-order thermodynamic transi-
tions of C60/water solutions which were prepared via the replacement
method of concentrated C60/toluene solutions and found that fullerene
nanospheres cause a reduction in the evaporation rate, and a slight in-
crease in the freezing point of the system. The initial evaporation rate
of fully saturated fullerene/water solution was almost 80% that of pure
water [181]. Evaporation of fullerene/SDS dispersion drops was studied
on different substrates and uniform circular fullerene deposits were
obtained on a PS substrate whereas only coffee-stain type deposits
were obtained on a glass slide after the complete evaporation of these
dispersion drops as seen in Fig. 7 [61]. It was found that surface free
energy of the substrates is an important parameter to control the
shape and final diameters of the SDS/fullerene deposits [61].

3.4. Suppression of the coffee-ring effect by surfactant addition and
modeling of “stick-slip” behavior of evaporating nanosuspension drops

The elimination of the coffee ring effect is sometimes required to ob-
tain circular deposits at the drop center after complete drop evaporation
for specific applications and several methods have been conducted to
suppress the coffee rings. Electrowetting [28], aerosol inkjet printing
[29], activating capillary forces near the contact line [30], water-
soluble polymer addition [31], initiating Marangoni-flow assistant
drop drying [32,33], varying substrate wettability using an ink-jet print-
er [34] and using substrates having different contact angle hysteresis
[35] methods were applied for this purpose. Truskett and Stebe formed
solutal Marangoni flows within a drop by adding a pentadecanoic acid
surfactant to control deposition patterns of amidine functionalized PS
microspheres on substrates. Surface tension gradients were produced
by change in the concentration of solute along the droplet surface,
which leads to solutal Marangoni flow controlling the deposition
patterns [63]. In general, the formation of surfactant monolayers at
water/air interface could both induce Marangoni flow and act to selec-
tively block evaporation, depending on the surfactant phase state, and
the type of particles thus affecting their deposition patterns. Hu and
Larson found that surfactant contamination (for any surfactant), at a
surface concentration of 300 molecules/μm2 can almost entirely sup-
press the Marangoni flow in an evaporating droplet [145]. Recently,
Yunker and coworkers avoided the formation of coffee-rings using
spherical PS colloids and adding small amount of anionic SDS surfactant
to the drop dispersion which leads to a significantly more uniform
deposition of colloidal particles on glass [57]. This phenomenon was
explained in the context of circulating radial Marangoni flows induced
by the variation of SDS concentration along the air–water interface.
The authors suggested that the formation of a “Marangoni eddy”
prevented particle deposition at the drop perimeter [57]. Meanwhile,
Steenhuis and co workers manipulated contact line dynamics by using
a dispersion drop containing carboxylated polystyrene microspheres
and nonionic and nonvolatile surfactant (Surfynol 485) evaporating
on a PMMA surface. They reported that the addition of a nonionic sur-
factant can be tuned to control the morphology of stains, the dynamics
of the contact line, colloid/substrate friction, and the attachment
strength of stains [58]. Sempels et al. showed that the auto-production
of biosurfactants forms a homogeneous deposition of the bacteria
upon drying and reverses the coffee ring effect in a Pseudomonas
aeruginosa bacterial system [183]. However, Crivoi and Duan [174]
reported an opposite case where they determined that the addition of
the CTAB surfactant helps the formation of a coffee ring of graphite
nanoparticles instead of the uniform domain coverage when this dis-
persion drop was evaporated on a silicon wafer surface. The authors
assigned high agglomeration probability values to the particles with
no surfactant, and the individual particle and large cluster diffusivities
are not the same resulting in deposition of individual graphite nanopar-
ticles adsorbedwith CTAB at the drop three-phase contact line however,
large clusters formedbecause of the absence of surfactant prefers to stay
on the drop/solid interfacial area [174].
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Fig. 7.Deposit shapes obtained from evaporation of C60/SDS dispersion drops on hydrophilic andmoderately hydrophobic surfaces. Uniform circular fullerene/SDS deposits were obtained
on polystyrene surfaces. Reprinted with permission from Ref. [61] Copyright (2013) Elsevier.
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On the other hand, modeling of the “stick-slip” behavior of drops
during evaporation is an important topic for the dispersion drops con-
taining nano-, or microparticles in order to predict the shape of the
final deposit. As given in Section 2, there are two distinct drop evapora-
tion modes: at constant contact angle with decreasing wetting contact
radius, drop height; and at constant wetting contact radius with
decreasing contact angle, drop height [36–38,79]. “Stick-slip” behavior
is observed as a third drop evaporation mode for some pure liquid–
substrate pairs [128,184] and also for the evaporation of colloidal
nanosuspension containing drops [9,10,185–195]. In the “stick-slip”
mode, the nanoparticles inside a nanosuspension drop may cause the
self-pinning along the three phase contact line of the drop and form a
set of concentric rings. In this mode, the drop evaporation cycle follows
two distinct and repetitive phases: first, the droplet evaporates,
retaining a constant contact radius while contact angle and height of
the droplet decrease during the “stick” (pinning) phase. The system
reaches to a threshold after the evaporation proceeds and minimum
contact angle is approached, then the three-phase contact line “slips”
(de-pins) to a more energetically favorable position leading to a new,
smaller contact radius and an increase in both contact angle and drop
height. Stick-slip cycle is repeated until complete evaporation of the
drop liquid. In general, the “stick” phase accounts for the majority of
the evaporation time and the “slip” phase occurs very rapidly.

Shanahan proposed a theory for “stick-slip” drop evaporation mode
depending on the free energy of the system in 1995 [128]. Shanahan
assumed thatwhen the volumeof a pure liquid drop decreased by evap-
oration, the decrease of the contact angle due to pinning on a substrate
with a constant contact radius leads to the lack of capillary equilibrium
Fig. 8. (a) Image of the silicon wafer coatedwith a PTFE layer surface after the evaporation of et
radius (circles), rb, and contact angle (triangles), θ, against time for ethanol containing 0.1 w
Chemistry.
and the absence of the capillary equilibrium is the sole source of excess
free energy giving rise to subsequent triple line motion to increase the
contact radius with a jump. Shanahan ignored the effects of local
features leading to contact angle hysteresis and also line tension for sim-
plicity and the pinning effect was solely attributed to a potential energy
barrier of value, U, per unit length of the triple line. The Gibbs free ener-
gy of the drop, G, was due entirely to the interfacial free energies when
the spherical cap form is retained although the droplet loses liquid.
When the excess Gibbs free energy per unit length of the three phase
contact line (triple line), δG, attains to U, this means that sufficient
energy is available to overcome the potential energy barrier effect and
then the triple line jumps to its next equilibrium position [128]. The
receding contact angle of pure sessile drops was determined experi-
mentally by drop evaporation and it was known that stick-slip motion
could be monitored precisely [184].

Later, Shanahan and coworkers derived two different sets of new
equations to calculate the free energy barriers during drop evaporation
of pure liquids and nanosuspensions [10,185–187]. They derived the
dependence of δG to the change of contact radius, δr, and also to the
change of contact angle, δθ, during the stick-slip motion of the droplet
in the first set [185,186]. Meanwhile, they derived a new equation giving
δG based on the volume constancy of droplets obeying spherical cap
geometry at a given instant, in order to eliminate the equilibrium contact
radius term, ro, in the second set [10,187]. Drop evaporation of
nanosuspensions is an active research area in the last decade [9,
188–193] and the equations derived by Shanahan and coworkers were
used in some of these publication [9,10,79,185–194]. The image of the
silicon wafer coated with a PTFE layer surface after the evaporation of
hanol containing a 0.1% per weight suspension of TiO2 nanoparticles; (b) Results of contact
t.% TiO2. Reprinted with permission from Ref. [190] Copyright (2011) Royal Society of
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ethanol containing a 0.1% per weight suspension of TiO2 nanoparticles
and the results of contact radius, rb, and contact angles, θ, against time
for ethanol containing 0.1 wt.% TiO2 and also the plot of the change
of contact radius and contact angle by time is given in Fig. 8 [192]. In
summary, there are three different equations derived by the same
group on the stick-slip behavior which should be equivalent to each
other [9,10,128,185–188,190], but this is not the case when experimen-
tal data is applied to calculate δG and U values. Then, slightly modified
new equations are derived and specific calculation rules are suggested
in order to calculate consistent δG and Ui values [195].

4. Conclusions and outlook

In this review, we examined the stains obtained by the complete
evaporation of surfactant containing drops under three sub-topics: the
surfactant deposits obtained from drops that do not contain insoluble
dispersed particles; the colloidal deposits obtained from drops contain-
ing surfactants and polymer colloids; and the micro-/nanosized carbon
deposits from drops containing surfactants and carbon based particles
such as carbon nanotubes, graphites and fullerenes in order to control
the stain geometry of these specific cases.

Drop evaporation behavior of surfactant/particle/substrate systems
is very complex since it is mainly a non-equilibrium process and the
deposition patterns are much dependent on the nature and size of par-
ticles, the type of surfactant and the substrate. Surfactant molecules
which are dissolved in a dispersion drop adsorb on both the insoluble
organic/inorganic micro-/nanoparticles, in the air/solution interface
and also on the substrate surface. The presence of a surfactant in a
drop changes the final deposit shape through the interactions of surfac-
tant adsorbed particles with the substrate, with other particles present
in the drop, by creating a solutal Marangoni flow which controls the
location of the deposition and by varying the rate of evaporation due
to the monolayer formation at the air/solution interface. However, the
magnitude of each effect is not very clear for any experimental case,
and cannot be predicted adequately in advance. Thus, every experimen-
tal system under investigation should be carefully studied by consider-
ing these factors. There are many good reports on the modeling of
evaporation of drops containing nanosuspensions and surfactants
which can be applied to existing and new experimental drop evapora-
tion studies in order to test the validity and scope of these models. In
this context, many new experiments and model improvement studies
are required in the future in order to improve our understanding on
how to control the geometry and size of the deposition patterns, to sup-
press the coffee-ring effect and also to understand the energy barriers
causing the “stick-slip” behavior of evaporating nanosuspension drops.
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