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Clogging by sieving in microchannels: Application to the detection
of contaminants in colloidal suspensions
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We report on a microfluidic method that allows measurement of a small concentration of large
contaminants in suspensions of solid micrometer-scale particles. To perform the measurement, we
flow the colloidal suspension through a series of constrictions, i.e., a microchannel of varying
cross-section. We show and quantify the role of large contaminants in the formation of clogs at a
constriction and the growth of the resulting filter cake. By measuring the time interval between two
clogging events in an array of parallel microchannels, we are able to estimate the concentration of
contaminants whose size is selected by the geometry of the microfluidic device. This technique for
characterizing colloidal suspensions offers a versatile and rapid tool to explore the role of contami-
nants on the properties of the suspensions. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4893459]

Particle-laden flows are ubiquitous in many common
industrial applications such as the purification of water or oil
by removing solid particles suspended in the fluid. Filtration
methods generally rely on the capture of solid particles in a
porous media or a filter. However, the efficiency of filters is
reduced by clogging, which happens when particles lodge in
the cross-section of the pore forming a blockage that prevents
particles from flowing downstream; as a result, the flow rate
through the system is reduced dramatically. Pioneering work
on filtration characterized the efficiency of a filter through
macroscopic measurements and theoretical models.'™® More
recently, the use of microfluidic methods allows the investi-
gation at the pore-scale level® of both filtration processes and
model biological systems where hard or soft particles are sus-
pended in complex fluids.'*"?

Clogging can also be a technological challenge for
applications that require transport of colloidal suspensions
through micro or milli-channels. Blockage of channels
results in failure of devices such as inkjet printers or micro-
fluidic systems systems where particles can be intentionally
present or introduced by the surrounding environment in the
form of dust or contaminants.

The simplest clogging mechanism is based on steric
effects: a particle larger than the pore blocks the inlet of the
channel.'* Other mechanisms of clogging are also possible
such as aggregation of particles against the wall of the chan-
nel”'>™ or the jamming of concentrated suspension.”*~" In
addition, clogging can be used to measure the mechanical
properties of flexible particles such as biological cells.*'* In
order to prevent clogging or aggregation of particles® and
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understand the mechanisms involved, it is critical to know
the physicochemical properties of the colloidal suspension.

In this work, we make use of dilute suspensions of rigid
colloidal particles coated with hydrophilic groups, which
limit the aggregation between particles and the PDMS
(polydimethylsiloxane) walls so that clogging is due to steric
effects alone. Relying on steric exclusion allows us to deter-
mine the size and concentration of contaminants, both sim-
ply and rapidly. The present method is more effective than
traditional techniques to detect dilute contaminants whose
size is several times greater than the mean diameter of the
colloidal particles in suspension. To obtain an accurate esti-
mate, optical measurements require several iterations making
them time consuming. Recently, microfluidic methods have
been developed to sort particles using inertial flows: inertial
effects lead to the alignment of particles of similar sizes and/
or shapes.35_38 In the method reported here, inertial effects
are not required as steric exclusion occurs even at low
Reynolds numbers: we take advantage of the clogging of a
microfluidic device to estimate the concentration of large
particles, i.e., contaminants, in a colloidal suspension.

In most studies, the suspensions are assumed to be mono-
disperse or at least to have a narrow distribution around the
mean diameter of the particles. In practice, commercial sus-
pensions often contain a small density of large contaminants.
For instance, Figure 1(a) illustrates the presence of contami-
nants in a commercial colloidal suspension produced by the
classical emulsion polymerization method.

In this Letter, we observe that the formation of clogs is
determined solely by the number of large contaminants that
flows through the device. We report a method to evaluate a
small concentration of these contaminants of large size in a
colloidal suspension. To achieve this goal, we flow the
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FIG. 1. (a) Scanning electron microscope (SEM) image of the colloidal sus-
pension used in this study showing the presence of large contaminants
among the 2 um diameter particles (scale bar is 10 um). (b) Schematic of the
experimental setup. The colloidal suspension is injected at constant pressure
Ap into the reservoir, flows through the parallel microchannels and out of
the device through a second reservoir. Inset: each microchannel is a series of
large (w.= £, =50 um) and small constrictions (w, = 10 um and ¢, =20 um).
The height of the device is 7 = 14.2 um.

suspension in a microfluidic device consisting of an inlet res-
ervoir followed by an array of parallel microchannels in
which the particles of small size flow through while the con-
taminants clog the channels due to sieving. By measuring the
times at which the clogging events occur, we directly esti-
mate the concentration of contaminants of a size set by the
geometry of the device.

In all of the experiments presented here, we use colloi-
dal suspensions of polystyrene microspheres of mean diame-
ter 2.12 um (Polysciences, Inc.). The particles are coated by
carboxylate groups to avoid the adsorption onto the PDMS
walls of the microchannel and the formation of clusters of
particles in suspension. We typically work with small solid
volume fractions in the range ¢ = [10~%; 1072] v/v such that
the clogging events are not induced by jamming at the bottle-
necks of the constrictions within the timescale of our
experiments.

The PDMS microfluidic device is made using standard
soft lithography methods***” and is bonded using plasma
treatment 24 h prior to the experiments. An inlet tubing of
radius a,, = 190 um brings the colloidal suspension into the
microfluidic device through a large reservoir (width
Wres = 3600 um, length /.., = 1800 um) as shown in Figure
1(b). The inlet reservoir feeds the suspension into N =20
parallel microchannels of smallest width w,=10 um and
largest width w. =50 um as illustrated in the inset of Figure
1(b). The unusual shape of the microchannel allows for
non-spherical particles to reorient and clog the microchan-
nel as we shall see later. The colloidal suspension flows
through an outlet reservoir to exit the device. The height of
the device is constant and equal to 7 = 14.2 um.

The fluid is pushed through the device by imposing a
constant pressure difference with a regulator (Omega
AR91-005) in the range Ap € [1.7; 34.5] kPa such that the
flow rate in each open microchannel or pore remains
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approximately constant over time. Because our device is
made of PDMS, the pressure difference induces deformation
of the wide inlet reservoir.*"** Therefore, the contaminants
that contribute to the sieving process (diameter D < 14.2 um)
are not confined, and the velocity of the contaminants in the
reservoir can be approximated as the velocity of the par-
ticles.*> In the vicinity of the parallel microchannels, how-
ever, the deformation is negligible because their typical width
is much smaller (w <50 um). Therefore, only contaminants
of size D < h can flow into the constriction, and contaminants
of diameter D >w; clog the channel by sieving. We thus
select contaminants whose sizes are in the range D € [wg; h].
The flow rate of the suspension through the microfluidic de-
vice can be estimated using the definition of the hydraulic re-
sistance of the device Ry,.**** The pressure difference Ap and
the flow rate Q satisfy the relation Ap =Ry, Q. The clogging
of the microchannels is observed using a Leica DMI4000B
inverted microscope and a Leica DFC360FX camera. From
the movies, we acquire the time interval between two clog-
ging events to obtain statistical information about the clog-
ging process.

During a typical experiment, clogs form successively
blocking the channels until no pore remains open. An exam-
ple of such a clogging cascade is summarized by the time-
lapse presented in Figure 2(a) for Ap =13.8kPa and a solid
volume fraction ¢ =2 x 1073.** The black regions corre-
spond to the presence of aggregated particles, whereas the
lightest regions are the diluted suspension or pure water.
Initially, the colloidal suspension flows through the device,
and no clog is observed: all of the microchannels are open
(top image). When a large contaminant arrives at a constric-
tion, it clogs the channel because of steric effects. After clog-
ging, the smaller particles accumulate against the immobile
contaminant, which leads to the formation of a filter cake (in
black in the pictures).***” A close-up view of a filter cake

time

FIG. 2. (a) Time lapse of a typical clogging experiment (Ap = 13.8kPa) in a
device consisting of 20 parallel microchannels. Particles are black. The pan-
els show the evolution of the number of clogged channels by sieving. After
clogging, the particles accumulate and form a filter cake. The suspension
(¢ =2 x 1073) flows from top to bottom (scale bar is 500 um). Successive
pictures are taken at r=2s, 13s, 365, and 150s. (b) Close-up view of the
clog formed when a large contaminant clogs a microchannel at the entrance
or (c) further inside a microchannel. The white arrows show the position of
the large contaminants and the scale bar is 50 ym.
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demonstrates that the clog is initially generated by a large
particle, i.e., a contaminant (see Figure 2(b)). We note that
some clogs are not formed at the entrance of the channel but
rather within the constricted microchannel (Figure 2(c)). This
behavior could be a consequence of the shape of the contami-
nants that can be non-spherical. For instance, we observe con-
taminants with an elongated ellipsoidal shape.43 Such an
anisotropic particle is able to reorient a few times before
clogging the channel, as observed with fibers.*® One by one,
the channels clog, and we record the clogging cascade. We
analyze the images with a custom-written MATLAB routine,
determine the clogging time for each channel, and extract the
distribution of the clogging time intervals between two
channels.

From the distribution of the clogging time intervals (see
Figure 3), we can estimate the concentration of contaminants
in the colloidal suspension. Indeed, the flow rate when the i-th
channel clogs is Q(i) = Ap/Ry (i) with Ry (i) ~ 2 Ry + 2 Ryes
+R/(N —i). In this expression, R, Rup, and R denote the
hydraulic resistance of reservoir, tubing, and one non-clogged
microchannel, respectively. We assume that once a micro-
channel is clogged, its flow rate becomes zero, and its hydrau-
lic resistance R — +o0. The hydraulic resistance depends on
the geometrical properties of the channel and can be
expressed analytically for a rigid microfluidic device.***
However, the geometry of the constricted channel as well as
the deformation of PDMS*"** make it difficult to estimate
theoretically the hydraulic resistance of the device. Therefore,
we rely on an experimental measurement of the hydraulic re-
sistance of the different parts of the microfluidic device. We
find that in our system, 2Rup + 2R.s = (7.92£0.57)
x10?kgm™*s~" and R = (9.15+0.14) x 10 kgm*s71.

We define ¢, the concentration of large contaminants
susceptible to forming a clog in a channel. The clogging
time interval between the clogging of the i-th and the (i — 1)-
th channel is expressed as feoei =t — tiog = 1/[cQ(i)].
Therefore, the mean time interval <tC10g> between two clog-
ging events is given by

1 3= 2Rup + 2Rees + R/ (N — i)

<tclog> = (1)
N cAp
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FIG. 3. Distribution of clogging time intervals fo, for Ap=13.8kPa and
¢ =2 x 1073, The black dotted line is the best fit assuming a Poisson distri-
bution with (fcj0g) = 3.3s.
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The mean clogging time interval is determined experimen-
tally. The time interval distribution is well fitted by a
Poisson distribution

_ 1 _ tclog
P(teog) = Tleog) eXP( <tdog>>7 ()

with (fei0e) = 3.320.5s for N=20. Using Eq. (1), we obtain
that the concentration of the large contaminants of size in the
range D € [10; 14.2] um is ¢ ~ (5.6 £ 1.1) x 108m 3 for the
2% 1073 v/v suspension. We can thus determine the relative
concentration of large contaminants in the colloidal suspen-
sion, i.e., the ratio f, of the concentration of contaminants c to
that of colloidal particles cpuy: fo = ¢/Cpary = 1.4 = 0.3 x 107°.

To ensure that our method is reliable, we also estimate
the concentration of large contaminants using direct visual-
ization. The obtained value is of the order of f, ~ 107°~10°
and is in fairly good agreement with our microfluidic method
regarding the precision on the determination of the size of
the contaminants using the direct visualization method.
Indeed, we should note that the uncertainties on the range of
size of the contaminant are much larger using direct
visualization.

Our experimental approach is a robust method to deter-
mine the concentration of contaminants in colloidal suspen-
sions. We explore the influence of the control parameters:
the imposed pressure difference and the concentration of the
colloidal suspension. In order to study the role of those
parameters, all of the suspensions are prepared from a
single mother solution, with a fixed contaminant concentra-
tion. The mean clogging interval depends on the number of
contaminants that enter the device per unit time. The total
number of particles that flow through a microchannel is pro-
portional to the volume of suspension and the solid volume
fraction ¢. Therefore, the mean clogging interval should
scale as

1

— X —. 3
06 Ao =

<tclog> X

Both the predicted variation with the pressure difference
(Figure 4(a)) and the solid volume fraction of the colloidal
suspension (Figure 4(b)) are captured experimentally. In
addition, using the results obtained for all of these experi-
ments allows us to estimate the relative concentration f,. of
large contaminants in the mother colloidal suspension
with a better accuracy. We can estimate f. = ¢/Cpay, using

relation (1)
R
. l.) . @

where r >~ 1.06 um is the radius of the small particles. The
obtained value of f. for varying pressure difference Ap and
concentration of the suspension ¢ is constant and equal to
fe=1.6x 1079 as illustrated in Figure 4(c). This result is in
agreement with the value obtained previously for
Ap=138kPa and ¢ =2 x 1073, It confirms that for a

1

4’ =
=— 2R 2R,
fc 3AP¢N<tclog>;< wb + es T
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FIG. 4. (a) Evolution of the mean clogging time as a function of the pressure
difference across the device for ¢ = 2 x 1073, The dashed line has a slope
proportional to 1/Ap. (b) Evolution of the mean clogging time as a function
of the particle volume fraction for Ap = 13.8 kPa where the dashed line has a
slope proportional to 1/¢. (c) Relative concentration of large contaminants
in the colloidal suspension f, as a function of Ap ¢ calculated using relation
(4). The blue circles correspond to Ap = 13.8kPa and ¢ € [107*; 1072], the
red squares correspond to ¢ = 2 x 1073 and Ap € [1.7; 34.5] kPa. The hori-
zontal dashed line represents the mean value, f. = 1.6 X 1076,

given geometry of the device, i.e., a given hydraulic resist-
ance, which can be determined experimentally, the measure-
ment of the mean clogging time interval (f.o,) leads to a
good estimate of the concentration of large contaminants in
the colloidal suspension. In addition, the experiments can be
performed for a broad range of pressure differences or sus-
pension concentrations, which allows for the tuning of the
experimental parameters to the concentration of large con-
taminants. For a large concentration of contaminants, one
may want to use a very dilute suspension and/or a small
pressure difference to avoid very short experiments,
whereas for a small concentration of contaminants, a con-
centrated suspension and/or a large pressure difference is
preferred.

In this Letter, we report an approach to evaluate minute
amounts of contaminants in a colloidal suspension. The con-
centration is determined by measuring the time distribution
of the clogging events in an array of microchannels. Our
approach is simple and rapid to implement as it only requires
a few minutes to run tests with low-cost microfluidic devices.
We demonstrate how the clogging interval relates to the con-
centration of large contaminants in the suspension. By
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controlling the height of the channel and the minimum width
of the constriction, we are able to detect contaminants of di-
ameter wy <d<h. The agreement between our measure-
ments and direct observations is an important validation of
our method. This work demonstrates and takes advantage of
the importance of large contaminants in confined particle-
laden flows, a topic that remains largely unexplored.
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