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Abstract

We reported the interactions of the gravitational sedimentation, the interface shrinkage and
the outward capillary flow in drying droplets. This coupling effect is the inference we draw
from deposition patterns of both sessile and pendant droplets, which contain particles of
different sizes, evaporating on a patterned substrate. The deposition differnence between sessile
and pendant droplet containing microparticles indicated that gravitational sedimentation has
significant influence on the deposition morphology. A phase diagram shows that the particle
deposition process can be divided into two stages: In the first stage, the competition between
the interface shrinkage and the gravitational sedimentation determines whether the particles can
be captured by the liquid-air interface. In the second stage, the capillary flow takes the particles
inside the droplet towards the edge. The deposition morphology is the result of competition and
cooperation interactions of the free setting, the interface shrinkage and the outward capillary
flow.

Keywords: colloidal particles; pattern; capillary flow; coffee ring; droplet evaporation
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Introduction

Drying of a colloidal droplet and the final deposition pattern are highly important in many
biological and industrial applications such as DNA microarrays,'? inkjet printing,>*
colloidal crystal formation,>” disease diagnosis,®!? electronic devices,!'"'> and drug
discovery.!® However, it is difficult to control the droplet evaporation process artificially
because many complicated physical phenomena are involved, including gravity-induced
sedimentation, evaporative convection, surface-tension-driven flow, wetting and dewetting
processes, the buoyancy effect, and diffusion of colloidal particles.!*

A wide range of patterns can be left from the drying of a colloidal drop. The most observed
deposition pattern, typically similar to a ring stain, is known as the ‘coffee-ring’ effect.!> The
coffee ring is usually induced by outward capillary flow, which would carry colloids towards
the pinned contact line, eventually forming a ring-like stain.!®!” The coffee-ring pattern can be
reversed by the Marangoni effect, leading to a more uniform deposition pattern.'® The
Marangoni flow may be induced by temperature gradient or concentration gradient at the
liquid—air interface of the droplet, which can substantially change the flow field and influence
final deposition patterns.!*?! Apart from convective flows, deposition patterns can be highly
affected by many other factors, such as interface capture,>?3 gravity sedimentation,?*-23
substrate wettability,?6-?° environmental pressure,* and particle size3! and shape®2.

In fact, the above-mentioned physical effects are frequently involved simultaneously in the
droplet evaporation process; therefore, the final deposition pattern should be determined by two
or more such effects.?*34 For instance, the coexistence of capillary and Marangoni flows during
evaporation can render flow patterns of the drying droplet complex, further influencing
deposition patterns.’>7 Weon and Je*® clarified a finger-pattern formation driven by
competition between outward capillary flow and inward Marangoni flow. Nguyen et al.* found
that the air-liquid interface capture effect can compete with the coffee-ring effect to manipulate
colloidal residue deposits. Shen et al.’* reported that the competition between time scales of
liquid evaporation and particle movement influences ring formation. Bhardwaj et al.*> showed
that the shape of a colloidal deposit results from competition among three flow patterns:
capillary flow, Marangoni recirculating flow, and Derjaguin—Landau—Verwey—Overbeek
(DLVO) interactions.

Despite many studies emphasizing the interactions among different physical effects in drying
droplets, a comprehensive understanding of such cooperative/competitive interactions on
pattern formation is lacking. This paper investigates interactions of gravity settling, interface
shrinkage, and capillary flow in the deposition patterns of evaporating droplets. Comparative
studies were performed for sessile and pendant colloidal droplets. The influence of gravity on
deposition morphology has been clarified. Furthermore, we propose a phase diagram and
illustrate cooperative and competitive interactions among interface shrinkage, particle
sedimentation, and capillary flow.

Experimental methods

Polystyrene (PS) colloidal particles, dispersed in pure water, were purchased from Duke
Scientific Corporation and measured 300 nm, 500 nm, 700 nm, 1000 nm, 2200 nm, 3000 nm,
and 6000 nm in diameter, respectively. The original mass concentration was 10 wt.% and
nominal density was 1.05 g/cm?3. The monodisperse PS colloidal solution used in the experiment
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was diluted to 0.1 wt.% with high-purity water. Prior to each experiment, the suspensions were
stabilized wusing an ultrasonic cleaner (KQ2200DE, KUNSHAN ULTRASONIC
INSTRUMENTS) for at least 10 min.

To ensure the sessile and pendant droplets each evaporated in constant contact radius (CCR)
mode, we designed a patterned substrate with a circular hydrophilic region (7107 microscope
slides, HAD) surrounded by a hydrophobic region (YC-AS coating, YuCrystal Encapsulation
Company), as shown in Fig. 1. The dotted red circle represents the boundary of hydrophilic and
hydrophobic regions. The radius of the hydrophilic region was chosen as 2 mm, 1.5 mm, and
0.9 mm. Each substrate was cleaned in an ultrasonic bath of alcohol and deionized water for 20
min successively and dried under a nitrogen stream. The contact angles for the hydrophilic and
hydrophobic region were 5°and 115°, respectively; thus, a water-based droplet with the contact
angle between [5°, 115°] could be restricted in the hydrophilic region. Considering the pinning
effect for a droplet evaporating on a patterned substrate, the contact radius was kept constant,
and the droplet evaporated in CCR mode. If the influence of gravity on droplet shape can be
neglected, the shapes of the sessile and pendant droplets are similar. Detailed description about
the patterned substrate and pinned droplet can be seen in our previous works.*! Different
volumes (20 pL, 10 pL, 3 pL) of diluted colloidal droplets were injected manually using
micropipettes (DragonLAB, volume range: 0.5-10 pL, 5-50 pL) onto the patterned substrate.

Droplet shapes were captured with a Pentax DSLR Camera (K-30) equipped with a zoom
lens (Pentax, DA 18-55mm {/3.5-5.6 AL) from a side view. The final deposition patterns were
recorded using a microscope equipped with a digital camera (A1R-si, Nikon) from a bottom
view. Images were analyzed in IMAGE-PRO PLUS 6.0 software. Experiments were repeated
3 times to establish reproducibility. All experiments were performed at an approximate
environmental temperature of 25°C and 30% relative humidity. The uncertainty of
measurement is below 2% for generated volume, 1.5% for static contact angle, and 5% for
wetted radius.
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Results and discussion

Experimental results

Ring-like stain

Particle size/nm

Figure 1. Deposition morphology near droplet edge after drying droplets with initial volume of 20 pL
and concentration 0.1 wt.%; depositions at left blue and right green parts correspond to sessile and
pendant droplets, respectively, which changed with particle size (300 nm, 500 nm, 700 nm, 1000 nm,
2200 nm, 3000 nm, 6000 nm). The red dotted circle line represents the interface between the hydrophobic

and hydrophilic regions (with radius of 2 mm), where ring-like stains formed.

The aqueous colloidal droplets had the same initial concentration (0.1 wt.%) of PS micro-
and nanoparticles. The evaporation of pendant and sessile colloidal droplets of different particle
sizes (300 nm, 500 nm, 700 nm, 1000 nm, 2200 nm, 3000 nm, 6000 nm) on the same patterned
substrate were studied simultaneously. The initial volume of the droplets was 20 pL, and the
patterned substrate had a hydrophilic region with radius of 2 mm. After evaporating process
was complete, the deposition morphology in the vicinity of the droplet periphery was recorded
via microscopy, as depicted in Fig. 1. The red dotted circle line represents the position of the
pinned contact line, where ring-like stains formed. The particle size increased along the
vertical axis; depositions in the left blue and right green parts correspond to the sessile and
pendant droplets, respectively. The deposition patterns for sessile and pendant droplets were
entirely different. For sessile droplets, we observed a ring-like stain near the contact line for
particle sizes between 300 and 3000 nm. The ring-like stain diminished for larger particles
(6000 nm). The central deposition images were diverse for different particle sizes: nanoparticles
(300 nm—700 nm) resulted in relatively uniform central depositions, whereas microparticles
(1000-3000 nm) induced network-like patterns inside the ring. For pendant droplets, a ring-
like stain was observed for nanoparticles only (300-700 nm); however, the ring vanished
entirely for microparticles (1000-6000 nm). The central depositions of the pendant droplet also
varied for different particle sizes: nanoparticles (300 nm—700 nm) resulted in more uniform
depositions, and microparticles (1000-6000 nm) induced bumps. Comparing sessile and
pendant droplets, the deposition patterns for nanoparticles were similar, but those for
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microparticles were entirely different. These differences may result from a gravitational
sedimentation effect or different droplet shapes.

0.45mm

Figure 2. Deposition of drying small (initial volume: 3 pL) droplets containing 0.1wt.% PS
microparticles (d = 2.2 pm) on patterned substrate (hydrophilic region with diameter of 0.9 mm). (a)—(b)
are micrographs of deposition patterns for sessile and pendant droplets; (c)—(d) are side-view images of

sessile and pendant droplets.

To further analyze the depositions of drying droplets, we used smaller droplets to eliminate
the influence of droplet shape on the deposition pattern. The initial volumes of sessile amd
pendant droplets (containing microparticles with sizes of 2.2 um) were 3 pL with a contact
radius of 0.9 mm. This droplet size was smaller than a characteristic length scale L,

L=./y/ pg, labeled capillary length, where } is the surface tensition, p is the density of

liquid, and g is the gravity acceleration (the capillary length of water is approximately 2.7
mm).* Thus, the gravitational influence on the droplet shape can be negligible. Furthermore,
sessile and pendant droplets evaporated simultaneously in CCR mode under the same
environmental conditions. Therefore, the shapes of the sessile and pendant droplets were
identical, as presented in Fig. 2(c) and (d). The overall deposition patterns left by evaporation
of the sessile and pendant droplets are shown in Fig. 2(a) and Fig. 2(b), respectively. The
deposition patterns were distinct: for a sessile droplet, a typical ring-like stain was observed
surrounding the central network pattern; for a pendant droplet, a weak ring-like stain was
observed, with most particles aggregated at the center of the ring and forming a central bump.
A more sparse network pattern was found between the ring-like stain and the central bump.
Compared with the sessile droplet, the coffee-ring effect was greatly weakened for the pendant
droplet, and the central stain was more concentrated. The formation of different deposition
profiles can be ascribed to gravitational particle sedimentation, which is a unique variable
among sessile and pendant droplets.
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Figure 3. (a) Deposition patterns of binary colloidal solutions containing particles with sizes of 3000 nm
(0.1 wt.%) and 300 nm (0.1 wt.%) after pendant droplet (with initial volume of 10 uL and contact radius
1.5 mm) evaporation; details of deposition morphology are in (b) the center region for microparticles,

(c) the adjacent region between micro- and nanoparticles, and (d) the edge region for nanoparticles.

To further investigate the interactions of gravitional sedimentation and other effects, we
conducted an experiment with an evaporating pendant droplet containing microparticles (d = 3000
nm) and nanoparticles (d = 300 nm). The initial volume of pendant droplet is 10 pL, and the radius
of hydrophilic region is 1.5 mm. The final deposition patterns are depicted in Fig. 3(a), where the
black and grey regions represent the deposition morphology of microparticles and nanoparticles,
respectively. Figs. 3(b)—(d) are enlarged images of the red, green, and blue rectangular regions
in Fig. 3(a) in sequence. Fig. 3(a) shows that nanoparticles formed central uniform depositions
surrounded by a ring-like stain, whereas microparticles formed inner deposits consisting of
monolayer or multilayer crystallites (Fig. 3[b]). A clear border appeared for depositions of
nanoparticles and microparticles (Fig. 3[c]), and nearly no microparticles were deposited at the
edge, as shown in Fig. 3(d).

Gravitational sedimentation effect

Gravity appeared to play a vital role in suppressing coffee-ring effects for the pendant droplet
containing microparticles. The differences in deposition patterns of the sessile and pendant
droplets may be due to either buoyancy-induced flow or Marangoni flow. However, the
contribution of buoyancy to flow was considered negligible.'* In addition, studies have shown
that the Marangoni flow is weak in water droplets.'® We observed recirculation flow on the
surface of drying colloidal droplets at a large contact angle.*® In this experiment, the Marangoni
flow in sessile and pendant droplets was unlikely to be different; rather, we presume that
Marangoni convection could accelerate particles close to the liquid—air interface to be captured
by the interface, forming a quasi-steady-state monolayer island?> 4 that prevents particles from
escaping.
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Figure 4. Ratio of deposition area and hydrophilic area (S/Sy) versus gravitational Pelect number (Peg,
changed with particle sizes: 500 nm, 1000nm, 3000nm, 6000nm) for sessile (blue line) and pendant
droplet (red line); the micrographs for each scatter point are visible (initial volume of the droplet is 10

uL, and radius of the hydrophilic region is 1.5 mm).

The only reason for differences in the deposition patterns between sessile and pendant
droplets is the gravity effect. According to Devlin et al.?* , sedimentation of large particles or
aggregates is a dominating process in colloidal droplet evaporation, which could be described
by the gravitational Peclet number:

_md*ghp

Pe, = 74 82P I
T 2k, T M

where d is the particle diameter, Apis the difference in density between particles and the

surrounding fluid, g is gravitational acceleration, kp is the Boltzman constant, and 7 is
temperature. The gravitational Peclet number can be used to evaluate the relative contribution
of gravitational sedimentation versus Brownian or thermal motion effects. The smaller the
particle, the lower the Peclet number. Thus, small particles follow the streamlines closely,
whereas larger particles can be easily dragged downward by gravity. Fig. 4 illustrates the ratio
of the deposition area to the hydrophilic area (S/S)) as a function of the gravitational Pelect
number (P,s) for a sessile droplet (blue line) and pendant droplet (red line). S/S, describes the
extent to which particles were deposited on the substrate (S/S) <t 1). As the Peclet number
increased, S/Sy remained nearly unchanged for the sessile droplet (blue line) but declined for
the pendant droplet (red line).

When the Peclet number was small (P, < 10-2), it formed a ring-like stain for the sessile and
pendant droplets; gravitational sedimentation for nanoparticles can be negligible, leading
capillary flow to dominate the deposition process. In another aspect, if the Peclet number were
larger ( P,g>>102), the deposition for sessile and pendant droplets would be totally different.
For sessile droplets, a ring-like stain still existed while the deposition morphologies changed
with an increase in the Peclet number, which remained relatively uniform for a larger Peclet
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number. For pendant droplets, most particles aggregated and formed inner deposits, which
became more concentrated as the Peclet number increased. The differences in deposition
patterns for sessile and pendant droplets with a larger Peclet number can be attributed to
gravitational sedimentation of microparticles. The microparticles settled down towards the
substrate for sessile droplets, so most particles were deposited directly on the substrate and
formed a relatively uniform deposition. By contrast, the microparticles settled towards the
liquid—air interface and were captured in the central area for pendant droplets; thus, those
captured particles were transferred from the liquid—air interface to the substrate and formed
inner deposits. Although the influence of gravitational sedimentation on deposition patterns
was analyzed, interactions among gravity and other effects in a drying droplet remained unclear
and are further discussed in the next section.

Competitive and cooperative interactions

We developed a theoretical model to examine the relationship among gravitational
sedimentation, interface shrinkage, and capillary flow in different evaporation stages. The three
effects are important in a drying droplet. For an evaporating droplet, the terminal velocity of a
particle falling downward in a fluid can be described by the Stokes law:*

2
y :d Apg 2
P18y

where u, is the terminal velocity, d is the particle diameter, n is the viscosity, g is the

gravitational constant, and Ap is the difference in the density of the particle and the dispersed
phase. As the particle size increases, the sedimentation rate increases and particles settle faster.
The average interface shrinkage rate can be expressed as follows:??

u =— 3)

where # is the initial height of the droplet; and ¢# is the final evaporation time, which can be
calculated if droplet evaporation is considered in a quasi-steady, diffusion-driven evaporation
model.*® The average interface shrinkage rate is determined by the droplet shape and
evaporation rate. Capillary flow, caused by uneven evaporation flux on the droplet surface, will
take particles from the center to the periphery. Close to the contact line, the height-averaged
radial velocity u, can be expressed by the following equation:*’

*

w21 )
0 JRR-r)

where D" is the diffusion coefficient, R is the contact radius of the drop, 7 is the distance from

the drop center, and & is the contact angle. There is an inverse correlation between the

velocity of capillary flow and the contact angle. As mentioned earlier, the droplet evaporates in

CCR mode, thereby strengthening capillary flow as the contact angle declines during the

evaporation process.
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35 Figure 5. Variations in dimensionless numbers u,/u. (solid line) and u;/u. (dotted line) with particle size
36 under different contact angles: 2° (black line); 30° (red line); 60° (blue line), and 90° (green line). The
37 dominant regimes for u;, u,, u. are represented in brown (regime A), blue (regime B), and purple (regime
C) regions, respectively. In regime A, interface shrinkage rate is dominant (#>u,>u,), and particles are
40 captured by the interface and form inner deposit. In regime B, the gravitational sedimentation is dominant
41 (up>uu.), and particles settle downward and deposit on the substrate and form ring with inner deposit.
In regime C, capillary flow plays a leading role (u.> u,&u. >u;), and particles are pulled towards the

44 contact line and form ring-like deposit.

The competitive effect between radial velocity and terminal velocity can be described as the
49 dimensionless group number from Eqs. 2 and 4:

50 [
51 /u :Apg R(R_r) d20

u,lu, P
52 P 187D

)

54 The ratio of interface shrinkage rate and radial velocity can be expressed through Egs. 3 and 4:

R(R-
u,u, :(—*r)ﬁ (6)
57 D tf

59 We propose a phase diagram to predict deposit shapes from evaporated droplets containing
colloidal particles. Considering this scenario in a specific experiment, we set # = 0.89 X 10-3Pa.s
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in25°C, R= 1.5 mm, p = 1050 kg/m3, p,= 998 kg/m3, D*=2.599 X 10-1m?/s,*” g =10 m/s?%, r
=0 mm, 2 =3 mm, and #= 6000 s. Fig. 5 shows the ratios of u,/u. and u;/u. compared to particle
size under different droplet contact angles. The diagram is divided into three regions (brown,
blue, and purple), corresponding to three dominant regimes (A, B, and C) in the deposition
process, respectively. In regime A, interface shrinkage rate was dominant (u>u,>u.) and
particles close to the liquid—air interface were easily captured by the interface, these captured
particles finally formed inner deposit, as shown in the micrograph in Fig. 5-A. In regime B, the
terminal velocity of particles was dominant (u,>u>u.), so particles settled downward easily and
deposited on the substrate, which eventually formed a ring with inner deposit, as presented in
Fig. 5-B. Inregime C, capillary flow played a leading role in particle deposition (u.> u,&u. >u;),
such that particles were taken towards the contact line and formed ring-like deposit, as indicated
in Fig. 5-C.

E Uy

j \ u,| llqulq i
| ‘ Jair
‘ \\ //
— - e p
U; :
Pursuit regime Meeting regime

Figure 6. Schematic of pursuit regime and meeting regime for sessile and pendant droplets, respectively
(Ap>0).

The diagram in Fig. 5 reveals that the deposit shape results from the competition of three
convective flow patterns: interface shrinkage, gravitational sedimentation, and capillary flow.
During droplet evaporation, the particle deposition process can be divided into two stages. In
the first stage, the contact angle was sufficiently large and capillary flow was weak, as shown
in the brown and blue regions in Fig. 5. Two different regimes applied to sessile and pendant
droplets at this stage: the pursuit regime and meeting regime, as pictured in Fig. 6. In the pursuit
regime, the directions of interface shrinkage and particle sedimentation were each downward,
suggesting that the descending interface was pursuing the particles. If u, > u; (Fig. 5-B), the
particles fell quickly and never came into contact with the liquid—air interface. Thus, parts of
particles fell directly on the substrate while the other particles remained inside the droplet. If u,,
<u; (Fig. 5-A), the interface could catch up with the particles and capture them. Then, one part
of these particles accumulated at the interface, and the rest remained inside the droplet.In the
meeting regime, the directions of interface shrinkage and particle sedimentation were opposite,

indicating that the ascending interface tended to meet with the particles. If the ‘u pui‘ value

was large, the interface met particles and captured them; nearly all particles accumulated and

formed monolayer islands at the interface, as shown in Fig. 5-A. If the ‘u pui‘ value was small,

the interface hardly came into contact with particles, and most remained inside the droplet.
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Particles close to the liquid—air interface could be captured more quickly under the effect of
recirculated Marangoni flow.* In the second stage, the contact angle was small and the outward
capillary flow dominated particle motion (Fig. 5-C). Given sufficient particles inside the droplet,
these particles were taken to the edge and formed a ring-like stain. Otherwise, particles trapped
at the liquid—air interface were transferred directly to the substrate. When the contact angle was
close to zero, the liquid film dewetting effect ¥ or DLVO forces 4 could affect the final
depositions.

Droplet evaporation

“;\. — e |
(b)
o Bt R o G

(c)

.
e uoI. m oo oo soee see ofb

Stage 1 Stage 11 Final deposition

Figure 7. Formation mechanism of schematic of evaporation patterns of sessile and pendant droplets
containing nanoparticles and microparticles. For (a) pendant or (b) sessile droplet containing
nanoparticles, interface shrinkage and capillary flow dominate particle deposition and always form a ring
with inner deposit. (¢) For pendant droplet containing microparticles, interface shrinkage and
gravitational sedimentation dominate particle deposition and eventually form an inner deposit. (d) For
sessile droplet containing microparticles, gravitational sedimentation and capillary flow dominate

particle deposition and finally form a ring with inner deposit.

The aforementioned theories explain the deposition of sessile and pendant droplets
containing different sized particles. For example, for deposition patterns of a pendant droplet
containing microparticles and nanoparticles (Fig. 3), microparticle settling and a rising liquid—

air interface were concurrent and the ‘upui‘ value was large, so nearly all settling

microparticles were easily captured by the ascending interface, as shown in Fig. 7(c). Otherwise,

fewer nanoparticles could be captured by the ascending interface because the ‘u U ‘ value was

small, as depicted in Fig. 7(a). In the final evaporation stage (i.e., the period of outward capillary
flow), nearly no microparticles were observed but many nanoparticles were left in the droplet.
These trapped microparticles, which were prevented from moving towards the droplet edge,
were transferred from the liquid—air interface to the substrate and aggregated into inner deposits,
as shown in Fig. 3(a) and Fig. 7(c). However, nanoparticles inside the droplet could be taken
by capillary flow to the edge to form a ring-like stain, as shown in Fig. 3(d) and Fig. 7(a). For
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the sessile droplet, only some nanoparticles were captured by the descending surface (u, <u;),
these trapped particles by the interface formed inner deposit; most nanoparticles inside the
droplet were transported to the edge and formed a ring-like stain, as pictured in Fig. 7(b).
However, most microparticles fell onto the solid-liquid interface under the action of gravity
(u,>u;), these sedimentation particles finally formed deposition patterns inside the ring-like
stain; other fewer microparticles were transported to the droplet edge under the effect of
capillary flow and formed ring-like stain, as shown in Fig. 7(d). Compared with the model of
particle deposition from drying sessile droplet established by Nguyen et al.?3, it was shown that
both have a similar result in determining deposition patterns from competition between
particles sedimentation and interface shrinkage. After calculating with the model by using our
experimental data, the capture efficiency of the air/liquid interface of evaporating sessile
droplet was equal to 95%, 87% and 2% as the particle diameter was 500 nm, 1000 nm, 3000
nm, respectively (the contact radius was chosen as 1.5 mm). Therefore, most of nanoparticles
would be captured by the liquid-air interface, but few microparticles could be captured because
of particle sedimentation due to gravity, which is consistent with our theoretical and
experimental results of sessile droplet (Fig. 4).

Conclusions

In summary, we perform experiments on sessile and pendant colloidal droplets of various
particle sizes. Results show similar ring-like stains and central depositions for sessile and
pendant droplets containing nanoparticles, whereas these patterns were quite different for
droplets containing microparticles. Pendant droplets formed a central deposition, and the ring
vanished completely; for sessile droplets, the deposition was more uniform, and the ring still
existed. The differences in deposition morphologies for microparticles were attributed to the
gravitational sedimentation effect. We also propose a phase diagram and illustrate cooperative
and competitive interactions of particle sedimentation, interface shrinkage, and capillary flow.
The particle deposition process can thus be divided into two stages as with droplet evaporation.
In the first stage, the competition between interface shrinkage and gravitational sedimentation
determined whether particles could be captured by the liquid—air interface, which is the pursuit
regime for sessile droplets and the meeting regime for pendant droplets. In the second stage,
capillary flow dominated particle deposition and took particles inside the droplet towards the
contact line.
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