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Imaging the drying of a colloidal suspension
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We present an experimental investigation of the drying kinetics seen from inside a sessile droplet laden

with a colloidal sol of silica nanoparticles. We use fast, two-color confocal microscopy imaging to

quantitatively extract on the one hand the concentration field of the rhodamine-tagged nanosol and

on the other hand the velocity field and the mobility field of large, fluorescein-tagged tracers. By

changing the initial concentration at which the drop dries up, we propose a method that yields

a self-consistent way to obtain the rheology of the sol. Based on these results, we analyse the drying

kinetics in terms (i) of flow patterns that include evaporating and Marangoni flows which compete to

determine the final concentration profile and (ii) of truncated dynamics that we quantitatively relate to

the rheology of the sol.
1 Introduction

The drying of sessile droplets in presence of solutes has received

much attention from the scientific community during the past

decade. It has indeed some important applications in many

domains such as coating processes, ink-jet printing and spotting

technologies for bio-assays. Since the work of Deegan et al.,1,2

the basics of the mechanisms that lead to the accumulation of

solutes in a ring-like pattern around an evaporating droplet are

well known. In any situations where the drying is limited by the

solvent diffusion, the evaporation rate is non-uniform and is

maximum in the vicinity of the contact line. This leads to an

outward flow inside the droplet that carries solutes toward the

edge of the droplet. Particle accumulation also requires the

pinning of the contact line.

It seems however that the full description of the phenomena

related to evaporation induced deposition remains a scientific

challenge. Indeed, it has been observed that the strength of the

pinning of the contact line depends on the material properties.2–8

It is however unclear whether the discrepancy in the experimental

results is related to the properties of the corner region which

reaches high concentrations or to the flow and concentration

field properties in the liquid-like central region of the droplet.7

Most of the theoretical attempts to describe the related

phenomena suppose uniform concentration fields in the vertical

direction and lubrication approximation.9,10 Furthermore, it is

usually supposed that the solute concentration reaches near the

contact line a maximum concentration, at which the solution or

suspension could be considered as solid-like.4,10,11 To our

knowledge, these assumptions have not been fully verified

experimentally.

The flow field that develops inside the droplet has also been

a subject of debate, and it has been shown that Marangoni

recirculating flows have a strong influence on the final form of the

deposit.7,12,13 These flows modify the concentration field and

could prevent the solute accumulation near the contact line, if the
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Marangoni number Ma is high enough. In such a case, we may

expect the recirculation to overcome the heterogeneous evapo-

ration and to homogenize the content of the droplet.14 Experi-

mental data and corresponding description seem, however, to be

lacking for intermediate Ma, which are of great importance since

they correspond to the usual case of a water droplet on a glass

substrate. Since the estimation of these Marangoni flows is

usually a difficult task, there is a need for the experimentalists to

estimate the importance of these in order to compare the results.

Local experimental observations inside the droplet were

usually limited to a qualitative description of the particle flow

toward the edge, or to the visualization of the velocity field.7

Kajiya et al.15 were the first to report quantitative data based on

fluorescence intensity measurements inside a droplet of polymer

solution. They were able to measure the concentration as

a function of time and space, and their results bring a direct and

quantitative visualization of the solute accumulation near the

edge. However, as pointed out by these authors, such experi-

ments ask for simultaneous investigations of the velocity field

since the concentration field is coupled to the flow inside the

droplet. These experiments integrate the concentration along the

droplet thickness, which is the usual assumption made in theo-

retical approach.10 When recirculation flows are important, the

use of this assumption is questionable and there is a clear need

for three-dimensional measurements directly inside a droplet.

In the present work, we describe such an approach: it is

a quantitative method able to measure simultaneously the

velocity field, the concentration field, and the local rheology of

the suspension undergoing drying. It is based on fast confocal

microscopy and takes advantage of having two different fluore-

scent dyes and two detectors. With one detector, we follow the

intensity field of a colloidal suspension of silica nanoparticles

tagged with a first fluorescent dye. The fluorescence intensity of

the suspension under study is then related to the local particle

concentration. With the other detector, we monitor the

displacement of larger (mm) colloidal tracers (tagged with

another fluorophore) from which we map the velocity field and

also the viscosity field. We exploit the high acquisition rate of the

automated microscope to scan the inside of the droplet, as

illustrated in Fig. 1. Among the standard velocimetry methods,
Soft Matter, 2010, 6, 5451–5460 | 5451
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Fig. 1 Schematic view of the sessile droplet of colloidal suspension

(nanoparticles + colloidal tracers) sitting on a glass substrate and

undergoing evaporation. The data acquisition process consists in rapidly

and repeatedly scanning the drop with a confocal microscope along the

x-direction at a fixed z-position; at each x-position, 120 images are

acquired at 60 Hz, each frame containing two tracks for the two-color

detection, and then the scanning position is moved. A cycle consists of 10

adjacent frames, lasts about 30 s, and is iterated until the complete drying

occurs. From the two-color analysis, we extract the concentration field of

silica nanoparticles (detector 2, see also Fig. 2), the mobility field of large

tracer particles and their velocity field (detector 1, see also Fig. 3).
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those based on particle tracking algorithms (see for a recent

review ref. 16) offer a major advantage when applied to the

problem of drying droplets. Indeed, with such methods, one has

access to the time-resolved positions of the tracers in an image

sequence. Using colloidal tracers, the local mean displacement

leads to velocity measurements while the mean square displace-

ment associated to Brownian motion allows to measure the self-

diffusion coefficient of the tracers.17 The latter can then be

related to the mean-field local viscosity of the suspension of

nanoparticles. The analysis of the Brownian motion of tracers is

usually designed as passive microrheology18 and has been the

subject of intensive work during the past decades, but mainly for

its application to complex fluid characterization (see for a review

ref. 19). In the present work, we limit our measurements to the

Newtonian regime, but combine viscosimetry and velocimetry.

To summarize, the technique reported here leads to space and

time-resolved measurements of three quantities simultaneously:

the suspension concentration, the velocity, and the suspension
5452 | Soft Matter, 2010, 6, 5451–5460
viscosity. In the following, we report a set of results that illustrate

the technique, and allows us to discuss some features of the

coffee-stain problem. Here, we limit our attention to a series of

experiments performed in a single plane located just above the

substrate, but the method could be applied with a few

improvements to the whole droplet.

2 Experimental

We image the drying kinetics of a colloidal suspension directly

inside the drop. To do so, we use a fast two-color confocal

imaging setup which permits the measurement of the intensity

field by coloring a colloidal suspension of nanosilica with a first

fluorescent probe. We then add another fluorescent probe,

namely large colloidal tracers, from which we obtain a local

measurement of the velocity and the diffusion coefficient. The

principle of the experiment is sketched in Fig. 1. In this part, we

provide details on the system used, before explaining the proce-

dure used to scan the droplet and to measure the fluorescence

intensity, and the tracers velocity and mobility.

2.1 Colloidal system

The colloidal suspension consists of nanosilica coated with

rhodamine. Ludox AM-30 (Sigma-Aldrich, nominal size rs z
(6.5 � 1.0) nm, z 20% w/w) is mixed with rhodamine (Fluka,

maximum of absorption at 550 nm and emission around 575 nm)

which colors the silica by strong spontaneous ionic adsorption.20

After thorough mixing (24 h), centrifugation (4000 rpm, 4 h),

dialysis (against deionized water for 24 h), and recalibration via

a dry extract, we obtain a slightly viscous, vivid pink liquid that

we shelter from light. The volume fraction we use varies between

f ¼ 0.25 and 5%.

In this suspension, we add another fluorescent probe:

a dispersion of latex particles (Yellow-Green Fluorospheres from

Invitrogen, made of polystyrene and stabilized with carboxylate

surface groups, at a volume fraction f ¼ 0.1%, rL ¼ 0.55 �
0.01 mm) dyed with fluorescein (maximum absorption around

490 nm and emission in the range 505–515 nm) which act as

velocity and mobility tracers through the image analysis of their

small displacements.

2.2 Imaging setup

Fast confocal microscopy (Zeiss Live 5 LSM) is used to obtain

image sequences of droplets of the particle suspension during

evaporation. We take advantage of the different spectra of the

fluorescence signal coming from the tracers and the silica parti-

cles. Two lasers (solid-state laser diodes of wavelengths 488 and

561 nm) illuminate continuously the sample while the fluore-

scence intensity is acquired by two different detectors; a set of

filters is chosen to select on two different channels the emission of

the respective fluorophores (two band-pass filters in the range

575–615 nm for the small, rhodamine-based colloids and 495–

550 nm for the large tracers). We thus obtains at each frame a set

of two tracks, one being essentially sensitive to the silica nano-

particles, the other one to the tracers. Note that the spectral

separation of the colors is not ideal in the sense that there is

a slight of overlap of fluorescence from the two probes, which is

however not detrimental to the analysis.
This journal is ª The Royal Society of Chemistry 2010
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The size of the image is 240 � 240 mm, with a resolution of

512 � 512, so that the position of the large tracers is determined

with a good precision—the standard deviation is about 50 nm

thanks to the sub-pixel analysis. The trajectory of the tracers are

obtained from the analysis of sequences of 120 consecutive

images acquired at 60 Hz, using Matlab routines developed by

Blair and Dufresnes.17,21 From the displacements of the tracers,

both the velocity field and the diffusion coefficient field are

measured.

In order to map the droplet during the drying process, the

sample is moved every 2 s along a radial direction on 10 different

locations. Such a cycle is repeated about 20 times during the

drying of the droplet. The z-position remains fixed, at 10 mm

above the glass surface, a distance much larger than the tracer

size (rL z 0.6 mm) so that the diffusion of the tracers is not

affected by the presence of the wall.22
2.3 Intensity profiles

The images that monitor the finely dispersed silica are recom-

bined into stripes of intensity that are eventually averaged to

yield intensity profiles against space and time. The reconstitution

of such a sequence requires however several stages of pretreat-

ment: all images are divided by a reference image to correct for

the illumination imperfections of the microscope; overlap of

fluorescence conditions between the two probes is actually

corrected by filtering out the images from fluorescein-based

fluorescence knowing the position of particles from the analysis

of the other track. The image of Fig. 2 shows such a stack of

intensity stripes or as a spatiotemporal diagram (see Fig. 5, top).

We will explain later on in the text how to extract the concent-

ration field out of intensity and mobility fields through a self-

consistent analysis.
2.4 Tracer velocity and mobility

In order to quantify the velocity and mobility of the tracers, we

proceed in the following sequential way: we detect the position of

tracers; we then track them to establish their trajectories; we

deduce their velocity which is then used to measure their

mobility. One of the crucial issues of the process is that the fields
Fig. 2 Stripes of fluorescence intensity due to rhodamine-coated silica

nanoparticles, collected at 10 mm above the glass substrate with the

confocal microscope on a slice of thickness of the order of 1 mm.

This journal is ª The Royal Society of Chemistry 2010
we want to measure are not homogeneous in space; caution must

be taken in the averaging methods.

The first stage consists in detecting the location of the particles

with a sub-pixel accuracy, and to track the tracers in order to

obtain their trajectories. Fig. 3B shows an example of the

trajectories obtained on one image sequence. After the determi-

nation of these trajectories, the displacements are averaged and

correlated. The displacement vector ui(t, s) ¼ ri(t + s) � ri(t),

where ri(t) is the position of the tracer labeled i, is the sum of

a diffusive displacement uiD(t, s) and a convective one uiC(t, s). In

the dilute and semi-dilute regime, the suspension is assimilated to

a Newtonian liquid†, where in two dimensions the mean diffusive

displacement equals
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4DðrÞs

p
with D(r) the local self-diffusion

coefficient. The convective part is set according to a velocity field

v(r, t) which we measure. By the use of ensemble or time average

of the individual displacements, one can distinguish between the

convective and the diffusive one, since huiDi ¼ 0 and hu2
iCi ¼

huiCi2; thus huiCi ¼ huii and huiDi2 ¼ hu2
i i � huii2. Fig. 3C shows

examples of the diffusive trajectories after the elimination of the

convective displacement.

In an evaporating process, both the velocity and the diffusion

coefficient fields are space and time dependent, and thus

ensemble and time averages of the displacements must be

determined only in selected small time and space windows. The

velocity field actually fluctuates significantly on rather small time

scale (� 0.1 s) but not on small length scales. Therefore, the

convective displacement is estimated for each couple of images,

by taking the ensemble average of the individual displacements.

We take advantage of the cylindrical symmetry of the droplet.

All the local properties vary mainly along the x-axis (the radial

direction), and we assume variations are small in the y-direction.

We thus divide each image into 10 rectangular boxes of dimen-

sions 24 � 240 mm centered at a distance x from the center of the

droplet, the large edge being oriented along the y-axis‡ (see

Fig. 3A). All the ensemble averages are calculated on the parti-

cles inside these boxes, one box containing about 50 particles.

Given the time scale of the drying process (� 500 s), we assume

that the mean velocity field and the diffusion coefficient field is

constant during the period T of acquisition of a sequence of

images starting at time t:

vðx; tÞ ¼
*�

ui

�
t
0
; s
��

i

s

+
ft0˛½t;tþT �;s˛½0;s max�g

(1)

Note that the time average is weighted by the number of

correlations of the ensemble averages. We verified that the

velocity does not depend on T nor on smax, when T is on the order

of a few seconds and smax is a few tenths of a second. For all
† This assumption is not correct in the concentrated regime, close to the
kinetic arrest. In this regime, the displacements are very small and fall
below the precision of the measurement. The assumption of a diffusive
displacement is thus verified for all the non-vanishing data reported in
this article.

‡ In principle, the cylindrical symmetry of the droplet suggests
calculation of the ensemble averages inside annular regions rather than
in rectangular boxes. However, such a calculation requires to know the
center of the droplet with a good precision. It would lead to negligible
effects, except in the central region, where the velocities are small and
thus do not alter the measurement of the diffusion coefficient.
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Fig. 4 Mean square displacement huD
2(s)i, obtained on two droplets of

initial concentrations 1.23% and 4.93% at different drying times. Error

bars are given by uD
2/ON, where N is the number of correlations, ranging

for these experiments between 500 and 5000 depending on the correlation

time. The solid lines are the best parabolic fits to the data using huD
2(s)i ¼

s2 + 4Ds + sv
2s2. The absolute uncertainty of the particle position s is of

the order of 0.1 pixel. The quadratic term sv
2s2 accounts for both an error

in the determination of the convective displacement and a velocity

gradient inside the averaging boxes (see text).

Fig. 3 Tracer velocity and mobility measurements. (A) Example of one

of the 120 images acquired for particle (tracers) tracking; This image is

cut into boxes (vertical lines) to account for the heterogeneity of local

velocity. (B) Magnification showing the tracking of individual particles.

(C) Example of the diffusive displacement obtained once the ensemble

averaged local velocity has been subtracted. The mean square displace-

ment leads to the local mobility of the tracers (see also text and Fig. 4).
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experiments reported here, we used T ¼ 2 s, and smax ¼ 0.33 s.

These choices were guided by the need to map temporally and

spatially the drying of a droplet with a good temporal resolution;

indeed, we decided that the duration of the measurement at one

location should not to exceed 2 s so that the scanning process of

the drop (10 frames) lasts about 30 s, when the time required to

move the stage is added. We also verified that value of the

y-component of the velocity is always at least one order of

magnitude smaller than the x-component.

The mean-square displacement is then calculated according to:

huD
2(x, t, s)i ¼ hui(t

0, s)2 � hui(t
0, s)ii2i{i, t0 ˛ [t, t + T]} (2)

As shown in Fig. 4, the diffusive mean square displacement

increases linearly with the correlation time s, as expected for

a Brownian particle. This allows the determination of the local

self-diffusion coefficient, with a typical accuracy of 10% in the

range from a few 10�14 to a few 10�12 m2 s�1. One may in principle

be able to measure lower diffusion coefficients, but longer corre-

lation times would then be required to reduce the influence of the

particle position uncertainty. The higher measurement limit arises

from the acquisition rate limited in our instrument to 60 Hz.

The uncertainty of the measurements mainly originates from

the difficulty to distinguish diffusive and convective displace-

ments. The method detailed above assumes that the velocity is

homogeneous inside one averaging box. It also assumes that the

uncertainty on the convective displacement is lower than the
5454 | Soft Matter, 2010, 6, 5451–5460
amplitude of diffusive one. Both these assumptions are not

verified for long correlation times. Indeed, the convective

displacement and its standard deviation increase like svs, where

sv is a typical value of the standard deviation of the velocity

estimation inside one averaging box, whereas the diffusive one is

given by
ffiffiffiffiffiffiffiffiffi
4Ds
p

. This defines a threshold of 4D/sv
2 for the

correlation time, above which the errors in the estimation of the

convective displacement dominate the measurement. The value

of sv is rather difficult to estimate and strongly depends on the

averaging box size and on the local velocity gradient. For large

averaging boxes, the error due velocity gradient dominates, but

when the boxes are too small, the standard deviation of the

ensemble average is important due to a small number of particles.

The correlation time threshold, though difficult to estimate

a priori, could be measured by increasing the range of correlation

time. We find a typical value of 10 s, well above the range of

correlation times that we used (smax ¼ 0.33 s). However, in some

regions of the droplet where there are high velocity gradients or

when time fluctuations are exceptionally very high, this value

could be decreased to a few tenths of a second. In order to limit

measurement errors, the mean square displacement data are

fitted by a parabolic function that accounts for the quadratic

term that is discussed above, and reads huD
2(s)i ¼ s2 + 4Ds +

sv
2s2, where s2 accounts for the absolute uncertainty in the

determination of particle position. By doing so, the precision of

the measurement is greatly improved and allows us to verify that

all the measurements fall in the range where diffusive displace-

ment dominates.

3 Results

Fig. 5 displays the typical outcome of an experiment, shown here

as spatiotemporal maps: intensity field of the nanoparticles (top),
This journal is ª The Royal Society of Chemistry 2010
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Fig. 5 Spatiotemporal analysis of the drying inside the droplet: intensity

(top), diffusion coefficient (middle), and velocity profiles (bottom)

against space and time. The narrow dotted lines indicate the domain in

which the velocity and the diffusion coefficient are defined. Outside this

region, there are no tracers on the images, due to the delimination.
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velocity field (middle) and diffusion coefficient field (bottom) of

the tracers. These data were acquired repeatedly in time as

quickly as possible during the course of drying at different

positions and then recombined to produce the maps. The

intensity map shows that the contact line remains pinned during

the drying. It reaches rather high values near the edge of the

droplet quite rapidly, and then a high intensity region develops

from the edge, indicating that the silica particles accumulate.

Correlatively, the tracer mobility shown in the diffusion

coefficient spatiotemporal map in Fig. 5 is greatly decreased in

this corner region, while it remains almost uniform in the central

region of the droplet. Both quantities thus qualitatively coincide

at first sight. At the end of the drying, (about 550 s for the

experiment reported in Fig. 5), the intensity in the edge of

the droplet falls to zero. This is due to the delamination of the

deposit from the glass substrate.

The velocity spatiotemporal map shows that, in the measure-

ment plane, just above the surface, there is a net flow from the

centre to the edge. The point where the velocity changes its sign is

used to determine the exact position of the centre. Similarly to

intensity and mobility map, the velocity is approximately

uniform in the measurement plane, and is on the order of

10 mm s�1. In the high concentration region near the edge and at

the end of the drying, the velocity is greatly decreased.

In the rest of this work, we correlate these maps in order to

extract quantitative features about the drying kinetics seen from

inside the drop.
This journal is ª The Royal Society of Chemistry 2010
3.1 Non-dimensional numbers

Let us start with the usual review of non-dimensional numbers

that are useful to better understand the physics at work. First, we

recall the typical dimension of the drop: a radius that starts at

R z 1 mm with a height h of a few hundreds of microns (contact

angle of about 40�). In the drop, we measure a velocity field with

values that range in 10–100 m ms�1 for a solution made of

nanoparticles (rs z 6 nm) suspended in water with a starting

viscosity close to that of water.

The Reynolds number, which compares inertia to viscous

dissipation in the drop, is calculated for water on the height of

the drop: Re h rvh/h with r the density of the fluid and h its

viscosity. Re is in the range 10�3–10�2, indicating that inertia is

not relevant. Beside, Re can only decrease during the process as h

shrinks and h increases significantly.

The Peclet number compares the efficiency of convection to

that of diffusion Pe h vR/Ds where Ds is the self-diffusion

coefficient of the nanoparticles (Ds z 3� 10�11 m2 s�1). It is large

(Pe z 102–103) when calculated on the largest dimension of the

drop R and remains significant when calculated on its height

(Pe > 10). Therefore, diffusion plays no significant role in

modifying the concentration field of nanoparticles in the most

significant part of the drop.

The capillary number Ca h hv/g compares the effect of

surface tension to that of the viscous dissipation in the drop,

where g is the surface tension between the liquid and the air (g z
70 mN m�1 for the air/water interface). Ca ranges between 10�7

and 10�6 (with typical values given previously) indicating that

capillarity dominates viscous dissipation and fixes the shape of

the drop. Note however that during the drying kinetics, the

viscosity of the solution shall increase which might also diminish

the order of magnitude of the velocity, therefore keeping Ca

roughly unchanged.

Finally, we will show just below, that the Marangoni number

Ma, which compares the surface-induced stress to bulk viscous

dissipation, is large. We will devote a specific part to this point

which implies that evaporation induces significant thermal

gradients that in turn induce surface stress, which then generates

a recirculating flow inside the drop.

We are thus in a situation where the shape of the drop corres-

ponds to a spherical cap, where convection dominates inside the

drop and recirculations are active and probably homogenize the

bulk of the drop, although not sufficient to prevent the formation

of a stain at the edge of the drop and a pinning of the contact line,

as obvious from Fig. 5. Based of these quantitative features, we

will explore successively the role of these inner eddies on the

drying kinetics, then the role of rheology and kinetic arrest of the

colloidal suspension on the formation of the corner, and how it

relates to the final fade-out of the drying kinetics.
3.2 Velocity fields

Fig. 6 shows the velocity field measured at the beginning of the

drying experiment (during the first minute of the drying) in the

monitoring plane located 10 mm above the glass substrate. Here

and in the following, we switch to cylindrical coordinates

centered in the centre of the droplet (r ¼ |x|), and use dimen-

sionless quantities defined by ~r¼ r/R, ~t¼ t/tf and ~v¼ vR/tf, where
Soft Matter, 2010, 6, 5451–5460 | 5455
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R is the initial radius of the droplet (about 1 mm), and tf is the

total drying time of the experiment (about 1000 s).

Except for the most concentrated solution, the radial velocity

component is quantitatively independent on the concentration. It

should be noticed that the viscosity of the most concentrated

solution is about four times higher than that of the others, which

may explain the velocity reduction evidenced in Fig. 6 for this

initial concentration.

One specific feature of the velocity field strongly suggests that

there is a significant circulation flow directed radially outward

along the substrate. Indeed, Fig. 6 (top) shows that vr drops to

zero when ~r / 1; the flow must therefore develop a vertical

component, namely a recirculation. This is confirmed in Fig. 6

(bottom) by calculating the second flow component vz thanks to

the continuity equation in axisymmetric geometry, i.e. vzvz +

vr(rvr)/r ¼ 0. The integration of vz could be done by assuming

a no-slip boundary conditions at the solid surface and a constant

velocity gradient from the surface to the monitoring plane. This

last hypothesis should be well verified at least in the central

region, where the droplet thickness is much greater (300 mm) than

the z-position of the measurement plane. Thus the z-component

of the velocity field could be estimated by vzx �zvr(rvr)/r. In

Fig. 6 (bottom), the vertical component, although much smaller

than the radial one, is that of a recirculating flow directed
Fig. 6 Radial and vertical velocities ~vr and ~vz as a function of the radial

distance ~r ¼ r/R from the centre, at the beginning of the drying, for

several initial volume fraction. The velocities are normalized by R/tf

where R is the radius of the drop and tf the drying time. For all experi-

ments, the order of magnitude of R/tf is 2 mm s�1. The radial component

of the velocity is determined directly from the tracers paths using eqn (1)

while the vertical one is calculated from the continuity equation (see text).

A single experiment is shown for each initial concentration, but leads to

two superimposed curves due to symmetry (x < 0 and x > 0).
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outward near the substrate and inward along the droplet free-

surface.

Several authors have predicted and observed such a circulation

flow, that has been attributed to a thermal Marangoni flow.12,13

The direction of the circulation has been predicted to depend on

both substrate and the fluid thermal conductivity, and on the

contact angle. For our experiments, that is water on glass with

a contact angle of about 40�, the circulation direction is predicted

to be outward along the substrate, which is indeed the direction

we observe.

The estimation of the Marangoni number Ma ^�bDTtf/hR is

a rather difficult task either theoretically or experimentally; here

b x�0.17 mN m�1 K�1 x is the surface tension variation with

respect to the temperature and DT a characteristic temperature

drop inside the droplet. Hu and Larson12 established an analyt-

ical expression for the velocity field under the lubrication

approximation which we use to get a rough estimate of Ma. In

Fig. 6, we plotted their solution with Ma¼ 250 and 500, the other

parameters being set to the experimental values. Although the

theoretical velocity field does not account for the radial variation

of the experimental one, maybe due to the lubrication approxi-

mation, a value of Ma between 200 and 1000 seems necessary to

account for the order of magnitude of the velocity we measured.

At these values, the Marangoni flow is much larger than that due

to evaporation. Let us note that Ma ¼ 500 corresponds to

a temperature variation of about 0.01 K inside the droplet, an

order of magnitude which is in good agreement with the

numerical simulation of ref. 12.

Despite the reasonable agreement between our results and the

above cited theoretical predictions, we should mention that there

is no evidence that the driving force of the Marangoni flow is the

temperature gradient. The suspension may contain contaminants

that could slightly decrease the surface tension, as, for example,

the rhodamine used for tagging the silica nanoparticles.

Complementary experiments are needed to discriminate between

thermal and solutal Marangoni flow.

It turns out that even at Ma ¼ 500, the particle accumulation

around the edge of the particle is very effective despite a Mar-

angoni flow that dominates the one driven by the evaporation

and induces a recirculation in bulk that (tends to) homogenize

the concentration field; the actual flow inside the drop can thus

be seen as a superimposition of a recirculating flow and a radial

one. Yet, at much higher values (a few 104), the Marangoni flow

has been observed to totally suppress the mechanism of particle

accumulation7 and as pointed by Ristenpart et al., the influence

of intermediate Marangoni flow on the coffee-ring deposition is

an important question and asks for deeper work.13 The technique

we report here seems quite appropriate to obtain experimental

insights on this point and promising developments also concern

the measurement 3D velocity fields with a good accuracy.
3.3 Rheology of the suspension

We give now a consistent way to measure the rheology of the

suspension (i.e., viscosity h against volume fraction f) from the

mobility and intensity fields. It should be applicable to any

solution assuming that it can be fluorescently colored and doped
x http://www.surface-tension.de
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Fig. 7 Top: mapping between the diffusion coefficient and the fluore-

scence intensity obtained from Fig. 5 top and middle through a high-

order polynomial fit of degree 9 (solid line), see text for details. Bottom:

viscosity of the suspension as a function of the volume fraction of

particles. The large open circles correspond to the values obtained at the

beginning of the experiment in the middle of the drop where the volume

fraction is known with great accuracy. The volume fraction values of the

other points are then determined from the intensity measurement using

a parabolic interpolation of the initial intensity as a function of the initial

volume fraction (inset: the solid line extrapolates the data points up to

10%). The solid line corresponds to a linear fit in the dilute regime (for f <

1.25 � 10�2), h ¼ h0(1 + 2.5af), where af represents an effective volume

fraction. We obtain a ¼ 6.5(� 1).
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with tracers in order to measure simultaneously the two fields.

The basic idea is simple: during evaporation, the solute accu-

mulates at the edge of the drop, which therefore develops

concentration gradients; we thus correlate the fluorescent inten-

sity to the mobility which also spans a large range of values and

reconstitute a link between mobility and concentration.

Assuming that both the fluorescence intensity and the self-

diffusion coefficient are monotonic (here increasing) functions of

the local particle concentration, we can correlate these two

quantities for every time and position. It provides a method to

determine the absolute fluorescence intensity, although it is not

directly measured for practical reason. Indeed, the laser power

and the detector gain needed to be adjusted in order to have

a good measurement precision for different conditions.

To recover an unequivocal link between I and D, we proceed as

follows: for each experiment, labeled k, we assume that the

measured intensity is proportional to an absolute intensity Iik

with a coefficient ak. For the set of experiments with different

initial concentrations, there is a large number of couples (akIik,

Dik). We however assume that there is a unique relation I ¼ f(D)

and we fit all the data once with an arbitrary polynomial function

of high order. For such a function, the mean-square optimization

problem is linear and the result leads to the determination of the

factors ak of each experiments along with the set of coefficients

for the polynomial form.

We show in the upper part of Fig. 7 the mapping between I and

D once we have accounted for the unknown coefficient ak, along

with the polynomial form. Also, it allows to check out the

validity of the fit as it should be independent on the degree of the

polynomial, as it is indeed for degrees between 3 and 11, with less

than 10% variations on the ak coefficients.

Besides, we use the fluorescence intensity measured at the very

beginning of the experiment right in the middle of the droplet—

where we know exactly the volume fraction—to determine

empirically an intensity/concentration calibration curve, shown

in the inset of Fig. 7. As expected for a concentrated fluorescent

dye, the relation is not linear, yet highly reproducible. We

extrapolate this behavior up to 10% by a polynomial fit (and also

checked experimentally that the extrapolation was consistent

with the measurements).

Then, using this intensity/concentration calibration, the

diffusion coefficient can be measured as a function of the volume

fraction of the particles. Eventually, using the Stokes–Einstein

relation h ¼ kBT/6pDR, we obtain the viscosity of the solution

against the volume fraction. In this process, we assumed that the

viscosity at f¼ 0 must extrapolate to that of water at 25 �C (h0¼
0.89 mPa s) and we adjusted the tracer size. The value found for

the radius of the tracers (z 625 nm) is not in perfect agreement

with that provided by the manufacturer (550 � 10 nm).

Fig. 7 (bottom) shows the rheology of our suspension obtained

from all sets of experiments and thus covering a wide range of

volume fraction, from the very dilute regime up to the concent-

rated regime. The neat collapse of all the results onto a single

curve validates the approach. When comparing these data to

classical colloidal systems, in both the very dilute and in the

concentrated regime, an effective particle volume fraction of

about six times the expected one is found. Indeed, the viscosity

increase at low concentration is much greater than that of

a hard-sphere (HS) suspension and follows Einstein relation
This journal is ª The Royal Society of Chemistry 2010
h ¼ h0(1 + 2.5F), yet with an effective volume fraction F ¼
(6.5 � 1)f, and the apparent divergence of the viscosity takes

place at f z 0.1 ^ FHS/6.

We suggest here two possible mechanisms that may account

for this result. First, electrostatics play a dominant role in the

particle stabilisation, although the exact charge of the silica

nanoparticles must be altered by the adsorption of rhodamine

and remains unknown. Nevertheless, we may naively think that

the apparent size of the particles is modified by electrostatics, to

some degree, up to the Debye length lD. The latter is large in

deionized water but our tracer particles contains antibacterial

agents (sodium azide, down to z 10�1 mM) and thus lD may well

range between 10–100 nm; An apparent volume fraction which

accounts for a large excluded volume effect can be written as F z
f(1 + lD/rp)3 in a first approximation and is expected to deviate
Soft Matter, 2010, 6, 5451–5460 | 5457
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significantly from f. Alternatively, the suspension may also be

made of small fractal flocks of aggregated nanoparticles having

a high apparent volume fraction, although we have not been able

to evidence them using a standard dynamic light scattering

equipment.

It remains that this rheology is robust as it does not depend in

a first approximation on the preparation conditions, initial

concentration, history of sample including kinetic and drying

effects, etc. We therefore keep in mind that the viscosity increases

smoothly and significantly, and that around f z 8–10% it has

reached about 100 times that of water. This value also corres-

ponds to the loss of tracers mobility, and we shall call it the

kinetic arrest concentration for reasons that will become obvious

soon. It also corresponds to the macroscopic observation that

around this concentration, the system has gelled, consistent with

the phase diagram of charged nanocolloids.23 It has tremendous

effects on the kinetics of drying and especially on the way a solid

deposit builds up at the edge of the drop while the latter gets

loaded with nanoparticles.

3.4 The build-up of a solid corner

The calibration curve between fluorescence intensity and

concentration permits to reconstruct the volume fraction profiles

in time and space inside the drop. Note that we extrapolate the

calibration curve above its domain of validity, in principle

restricted to the measurements (f < 5%); however, this extrapo-

lation holds on a limited domain of volume fraction (5 < f < 8%)

and therefore seems acceptable in terms of fluorescence intensity

(but we did not extrapolate that far for the rheology).

We show in Fig. 8 (to be read columnwise) the time and space-

dependent concentration fields and diffusion coefficient fields of

the tracers for several initial conditions, ranging from a dilute

solution (f0 z 0.2%) to a concentrated one (f0 z 5%). The

drying kinetics leads to an increase of the concentration toward

the edge of the drop (the stain effect) along with an increase of the

concentration in the middle of the drop, an effect purely due to

evaporation. It is quite clear that the concentration increases

strongly in a localized portion of space, close to the edge, and
Fig. 8 Volume fraction (top) and diffusion coefficient (bottom) profiles measu

the kinetic arrest occurs at f z 8%, see Fig. 7.

5458 | Soft Matter, 2010, 6, 5451–5460
that once the volume fraction reaches f z 8%, a front develops.

This view is somewhat less pronounced for the most concent-

rated system where the profiles are smooth and may reach f z
12% in the corner. This last value is however high compared to

the validity range of the intensity calibration, and it should be

handled with care.

We thus observe here that the particles accumulate at the

corner until they reach a volume fraction close to that of the

kinetic arrest, fc z 8%, as defined on the basis of the rheology

curve. The exact value of the concentration in the gelled phase

actually slightly overcomes fc but hardly depends on the initial

concentration which varies by one order of magnitude. This is, to

our knowledge, the first experimental evidence in the case of

a sessile droplet that supports the so-called truncated

dynamics,10,11,24 a mechanism which postulates that a shock front

develops and propagates inward, inside the drop, once the

volume fraction at the edge has reached a given threshold

concentration fc. However, these theories rarely address the

origin of fc; the value we observe here is unexpectedly small and

shows that both the phase behavior14,25 and the rheology of the

colloidal sample have a crucial role in determining the

morphology of a drop undergoing drying.

There is a strong qualitative resemblance between our experi-

mental results and the recent theory by Zheng10 which works out

such a truncated dynamics. At a first sight, the comparison seems

audacious as Zheng uses the lubrication theory along with a thin

slab geometry, in which there is no recirculation. We believe that

the model he uses essentially relies on conservation laws, which

make it robust. A significant discrepancy is expected to originate

from the rheology, not included in Zheng’s work, and which will

modify the flow in the drop. This may be the origin of the very

smooth concentration profiles we observe when we start an

experiment at a high enough volume fraction, see Fig. 8.

3.5 Final kinetics

Our results clearly evidence that a front develops once a given

concentration has been reached at the edge of the drop; this front

separates a dense phase from a still liquid phase. We also noticed
red inside the drop, for several initial volume fraction f0. For this system,

This journal is ª The Royal Society of Chemistry 2010
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that the concentration in the central region of the drop increases

with time. It gives rise to an abrupt final kinetics where the front

speeds up as being fed by a solution which is more and more

concentrated; the final stage of the drying is obtained when the

front reaches the centre of the drop, at a time tf.

A simple argument of volume conservation predicts that tf

depends on the initial volume fraction f0 and on that of the final

stage fg: tf¼ te(1� f0/ff) where te is the time needed to evaporate

a drop of pure water in the same conditions. We found ff ¼ (8 �
2)% (Fig. 8, inset), which is an indirect way to corroborate our

results on the truncated dynamics with an equivalence ff ^ fc.

Witten suggested recently11 that the evaporation kinetics can

be split into two limiting regimes: the initial regime where t� tf,

and the final regime t� tf which should be largely independent of

the initial conditions. Then, the end-regime should exhibit

a robust fadeout mechanism. However, his results are obtained in

a different condition, and hold only for the departure of the

front. Inspired by this theory, we found that there is also a final

and abrupt dynamics when the front reaches the centre of the

drop, see Fig. 9. In this figure, we measured the position of the

front L(t) in the late regime (see Fig. 10) by thresholding
Fig. 9 Final kinetics expressed as a function of the time from the end of

the process t � tf and measured from the diffusion coefficient field. The

solid line is a guide with L/R � (t � tf)
0.5, see text. The inset shows the

drying time tf against the volume fraction, and a linear fit which gives an

estimate of the concentration of the final state, ff ¼ 8 � 2%.

Fig. 10 (Top) A schematic view of the results: a droplet laden with

a colloidal suspension, undergoing evaporation and for which the

heterogeneous evaporation rate induces both recirculation and particle

accumulation; (Bottom) the same drop near the final stage of drying

exhibits a fadeout kinetics that depends only on the time that remains, see

Fig. 9.

This journal is ª The Royal Society of Chemistry 2010
the diffusion coefficient maps (at D ¼ 0.5 � 10�13 m2 s�1) and we

plotted this position as a function of the time measured from the

end of the kinetics, t � tf. While in real time units t the final

kinetics tf depends linearly on the initial volume fraction (inset of

Fig. 9), the kinetics seen from the end becomes essentially

independent on the initial conditions as illustrated by the nice

collapse of all fronts.

This collapse indicates that the very end of the drying might be

accounted for by simple conservation laws. Let us assume that

the central region fluid of thickness h of radius L has reached

a concentration f close to fc, and that the total evaporation rate

remains constant (maybe essentially governed by evaporation

across the gelled phase). Then water conservation reads (1 �
f)hL2 f tf � t. In this late regime, neither the thickness nor the

concentration could vary significantly. Thus the radius of the

central region should vanish according to the asymptotic scaling

L f (tf � t)0.5. In Fig. 9, such a relation is plotted as a guide. A

better experimental time resolution would be required to test this

relation. The data reported here however support well the idea

that the propagation of the gelled front greatly accelerates at the

end of the drying, which is simply accounted by conservation

laws.
4 Conclusion

We described the use of fast confocal microscopy for imaging

several time- and space-dependent fields in a droplet of

a colloidal suspension undergoing evaporation. The technique

permits to observe simultaneously the fluorescence due to the

dispersed phase, here a silica nanosol, and the one due to parti-

cles that act as tracers. The drop is repeatedly scanned radially at

high rate in order to obtain the intensity field of the nanosol, and

the velocity and mobility fields of the tracers. We then analyze,

recombine and correlate these fields in order to quantitatively

describe the dynamics of drying as seen from inside the drop. We

observe that in the present case of an aqueous drop on glass,

evaporation generates a three-dimensional flow due to a thermal

Marangoni effect; however, the latter is not active enough to

prevent the solute accumulation at the edge of the drop, the well-

known stain effect; Fig. 10 (top) schematically recasts these

results. We also show that we can extract in a self-consistent

manner the rheology of the suspension directly from the intensity

and mobility fields. The nanosol shows a smooth increase of its

viscosity with the concentration, up to a one hundred times

increase at a moderate volume fraction f z 8–10%. We also

evidence that this value coincides with the one at which a front

develops and invades the inside of the drop. This is in agreement

with the truncated dynamics but offers an unexpectedly low

value for the concentration at which it occurs. The systems

remains very soft yet is able to oppose the capillary force exerted

by the interface, which shows that the phase behavior and the

rheology of the sample select the value at which the dynamics is

actually truncated.

This work therefore opens up several routes for a deeper

observation of the drying droplet problem: 3D reconstruction of

Marangoni flows, quantitative assessment of the truncated

dynamics, the role of the rheology on the build up of the ‘solid’

deposit, etc.
Soft Matter, 2010, 6, 5451–5460 | 5459
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