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depend on local hydrodynamics and colloidal interactions. Using model suspensions flowing into
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the ionic strength. We observe the formation of a large diversity of shapes, and demonstrate that
growing structures in turn influence the local velocity pattern, favouring particle deposition either
locally or over a wide front. We also show that these structures are labile, stabilised by the flow
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strength. The interplay between aggregate cohesion and erosion thus selects preferential growth
modes and therefore dictates the final shape of the structure.
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1 Introduction

Various strategies have been used to form dense structures of col-
loidal particles from suspensions with a low particle concentra-
tion. In most cases, the particles are driven either by a bulk force
or by a flow towards a zone where they eventually accumulate.
The most common example bulk force is gravity which drives ac-
cumulation at the bottom of containers by sedimentation of par-
ticles denser than the suspending fluid. Since this process is slow,
the Péclet number, Pe, is small and diffusion dominates the piling-
up dynamics. The structure of the deposit thus only depends on
the interparticle potential. Hard and charge-stabilised spheres
pack into a dense ordered deposit, i.e. a colloidal crystall, while
weakly attractive systems, by depletion forces for instance, form
tenuous gels2. In the case of flow-driven assembly, a well known
example is the building-up of a ring-shaped stain during the dry-
ing of a colloidal dispersion droplet deposited over a substrate3.
Here, the accumulation rate increases with the driving force, i.e.
the evaporative flux towards the contact line. Particles form a
crystal at low fluxes, while stronger flows lead to amorphous dis-
ordered packings*.

To access a wider range of Péclet numbers in flow-driven accu-
mulation, Kusaka et al. flowed particles in a microfluidic chan-
nel and accumulated them on an obstacle, a cylindrical collector
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1 Electronic Supplementary Information (ESI) available: Estimate of Péclet num-
bers; computed velocity and velocity gradient profiles; movies illustrating the
aggregate growth and withdrawn. Three figures, seven movies. See DOL:
10.1039/b000000x/
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placed within the flow path®. They imposed a high ionic strength
to completely screen the charge of both the PDMS channel and
the particles. For 0.3 < Pe < 50, deposits are nearly uniform on
the upstream half of the obstacle, whereas at Pe > 100, the de-
posit sharpens up to a finger-like shape. A similar aggregate
shape was also observed by Bacchin et al. at the entrance of a
microfluidic filter, also in high ionic strength conditions®7. Or-
tiz et al. performed similar experiments at very high confinement
(channel 1.6 particle diameter high), using a slender porous ob-
stacle, perpendicular to the flow direction®. They showed that a
heap of particles reversibly builds up on the obstacle at low Pe.
Since the polystyrene particles were charge-stabilised, the heap
behaves as a dense repulsive glass, held stable by a sufficient per-
meation flow. Indeed, they observed numerous rearrangements
within the heap, and the structure entirely dissolved when the
flow was turned off. In a companion paper, they used the same
set up with weakly attractive particles®. The overall shape of the
heap was observed similar to the repulsive case but this time it
corresponds to a colloidal gel featuring elastic properties.

In all the above mentioned studies, the mechanical, structural
and geometrical properties of dense structures built by retention
of colloids are expected to depend on the interplay between hy-
drodynamic and colloidal interactions. However, from these in-
vestigations it is difficult to define clearly how those two phenom-
ena are related. Indeed, they focused primarily on the influence
of the flow but considered different obstacle geometries; the influ-
ence of ionic strength was not specifically studied. In the present
paper, we investigate this interplay by characterising the growth
of dense structures (hereafter referred to as aggregates) over mi-
crofabricated constrictions. By tuning both the inflow velocity
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Fig. 1 Sketch of the microfluidic device used throughout this study. Two
types of porous obstacles, referred to as single (left) and sheltered
(right) pores, are placed head to tail into the channel. The aggregation
over single and sheltered pores is selectively studied by injecting
suspensions through either (filled or open arrows) inlet.

and the interparticle electrostatic repulsion, we observe a large di-
versity of aggregate shapes, and characterise their growth dynam-
ics. Computer simulations of the local flow near the constriction
show how hydrodynamic forces drive the localised particle depo-
sition, and how the growing aggregate in turn influences the flow
field. We then use a dedicated obstacle geometry to favour the
formation of larger aggregates. We evidence by this way a struc-
tural transition from a liquid-like state to an aggregated, solid-like
state, when decreasing the electrostatic repulsion. This transition
allows to discuss the observed aggregate shapes through the inter-
play between DIVO (Derjaguin, Landau, Verwey and Overbeek)
colloidal interactions 1 and hydrodynamic drag. We thus distin-
guish three main regimes of particle aggregation: labile, cohesive
without significant erosion, cohesive and eroded.

2 Experimental procedure

We carried out experiments by flowing suspensions within poly-
dimethylsiloxane (PDMS) microfluidic channels, moulded by
standard soft lithography techniques!! and sealed onto PDMS-
coated glass slides. Channels are typically 2 = 16-um high and
millimetric in length and width (Hele-Shaw geometry), which al-
lows to consider a nearly flat velocity profile along the channel
width12. We considered two distinct obstacle shapes, represented
on Fig. 1. The first shape, referred to as ‘single pore’ (see left im-
age in Fig. 1), is composed of two elongated collectors, separated
by a gap of width w = 10 um and ended with spherical caps (total
width of the obstacle, W =70 um). The second shape, called ‘shel-
tered pore’, consists of three parallel single pores (W = 230 pum),
covered with a triangular obstacle placed upstream at a variable
distance D (Fig. 1, right image). These two designs allow to mod-
ulate the velocity gradient, and therefore to consider high- and
low-shear regimes of particle accumulation. Multiple obstacles of
each type are drawn on a line orthogonal to the main flow (eight
single pores in a line, four sheltered pores in another) to follow
several aggregate growths in parallel. Each pore geometry can
be selectively used by flowing the suspension from either inlet,
as shown on Fig. 1 (filled or open arrows for single or sheltered
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pores, respectively).

Dilute colloidal suspensions (volume fraction ¢ ranging from
2x 10™* to 103) were prepared by suspending polystyrene mi-
crospheres (Invitrogen, diameter 4 um+8 %) with 1 mM EDTA
(to prevent bacterial growth) in ultrapure water (also used to
flush the channel prior to any particle injection). Particles are sta-
bilised by long-range electrostatic repulsion due to sulfate groups
producing a negative surface charge (zeta potential —32 mV at
pH 7). We screened this repulsive interaction by tuning the ionic
strength I of the suspension, adding NaCl at concentrations up to
50 mM (the critical coagulation concentration is 70 mM). Care
was taken to avoid the presence of aggregates by sonicating the
suspensions for at least 30 min prior to experiments; finally, net-
works of collectors placed after each inlet act as filters retaining
residual bigger objects. The suspensions are then fed, and may
be withdrawn after experiments, at a constant flow rate Q (in the
range 5-500 uLmin~') by a Harvard Apparatus PHD 2000 syringe
pump. Using Comsol Multiphysics software, we then computed
the velocity map around a pore, and deduced the corresponding
Péclet numbers at the entrance of an empty pore, Pe (see Supple-
mentary Materialf, section S1, for details), which were found in
the range 375-1.5 x 10° in single pores and 119-1.0 x 10* in shel-
tered pores for the considered flow rates (Supplementary Figure
S17).

Finally, the system was imaged in bright-field microscopy on
an inverted microscope (Leica, x40 objective lens) equipped with
a motorised stage to allow a sequential scanning (temporal res-
olution up to 4 s) over a full line of pores. Digital images were
recorded (Hamamatsu Orca Flash 4.0 camera) and further anal-
ysed with a home-written macro in ImageJ!3 to extract aggre-
gates shape and surface area.

3 The high-shear regime: Aggregate growth
over a single pore

Experiments start when each individual pore is clogged by parti-
cles 4, allowing the subsequent accumulation of particles to take
place. As the parallel pores did not clog simultaneously, the ori-
gin of time was individually set when the front of particle accu-
mulation approximately coincided with the apex of the pore [see
dashed line on Fig. 2 (a)]. The total duration of an experiment
typically ranges from 10 min to 3 h depending on the volume frac-
tion and flow rate used. To directly compare experiments, we sys-
tematically calculated the number N of particles flowing through
the cross section W x h of an obstacle. We first focus on the single
pore case.

3.1 Final aggregate shapes

Highly-repulsive particles (I = 0 mM) rapidly accumulate to build
a small corner-shaped aggregate, of 3—4 particles in side length,
centred on the pore axis as represented on Fig. 2 (b) for two
flow rates. Secondary deposits may also grow, though not sys-
tematically, over the pore apex, which are not considered here
as they are not connected with the central aggregate. This trian-
gular shape, hereafter referred to as ‘corner’, is typically reached
after N ~ 10° particles have encountered the pore, and does not

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Typical images illustrating the aggregate shapes obtained over a single pore when varying the ionic strength and flow rate. The box in (a)
illustrates the cropped area considered on the images. The origin of time was set when the growing front approximately coincided with the apex of the
pore (dashed line). (b) I =0 mM, Pe = 781 (i) and 1.3 x 10* (ii), shape: corner; (c) I = 50 mM, Pe = 1.7 x 10° (iii, shape: flat), 3.5 x 10* (iv, shape: finger)
and 1.5 x 10° (v, shape: tip). Representative profiles corresponding to increasing numbers of flowing particles are superimposed to the images to

illustrate the aggregate growth.

significantly evolve afterwards although internal rearrangements
may occur at the single particle scale (see Supplementary Movie
11). Interestingly, both the steady shape and the growth dynam-
ics seem quite independent of the imposed flow rate (compare
profiles on images i and ii). Note that although the depth of the
clog may vary from pore to pore, as seen on the two images, we
did not notice it impacts the aggregate shape significantly.

In contrast, the shape of the aggregate changes with the Pé-
clet number at high ionic strength [Fig. 2 (c), I = 50 mM; see
also Supplementary Movies 2-4t1]. At a low Pe (781, image iii),
particles accumulate over a wide, poorly defined front, and the
aggregate keeps growing even when N > 2 x 10° particles. This
shape is referred to as ‘flat’. Increasing Pe (3.5 x 10%), an elon-
gated aggregate (‘finger’) grows along the pore axis (image iv).
In this case, the growth is continuous (though rather fluctuating
in time) along the pore centreline, on top of a wider basis initially
formed by collection of particles on the pore apex. Finally, at even
higher Pe (1.5 x 10°, image v) a shorter and sharper shape (‘tip”)
forms along the centreline. However, contrary to the previous
case, the growth saturates rather quickly, and the shape of the ex-
tremity permanently oscillates due to a succession of deposition
and erosion of single particles (compare the successive profiles
over 8 x 10° particles).

3.2 Growth dynamics

The various shapes described above suggest that the growth may
follow different routes when varying the experimental parame-
ters (Pe and /), in line with observations reported in the litera-
ture>8. To characterise them more quantitatively, we first mea-
sured the evolution of the area < of the aggregate built over the
clog. Figure 3 (a) represents the aggregate growth dynamics in
the I = 0 mM case (corner shape), for four different Péclet num-
bers spanning almost three orders of magnitude. The growth, ini-
tially fast, progressively slows down and finally saturates around
120 um?. Despite the large amplitude of flow rate variation, the

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Aggregate growth dynamics over a single pore, for several
values of Pe. The cumulated area <7 corresponds to the structure built
upon the apex front, as represented in light grey on Fig. 2 (a). Each
dynamics corresponds to a single aggregate growth; areas measured
over four parallel single pores typically varied by +15 %. (a) I =0 mM,
(b) I =50 mM. Insets in (a): cartoons illustrating the two different
capture scenarios discussed in the text (side view); black arrows
indicate the flow direction.
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Fig. 4 Temporal evolution of the effective capture front w*
(dotted-line-connected symbols) and the aggregate growth rate (running
mean of the derivative of the cumulated surface, solid line), for the four
typical shapes illustrated on Fig. 2. (a) Corner, I = 0 mM, Pe =781, (b)
flat, 7 = 50 mM, Pe = 1.7 x 103, (c) finger, I = 50 mM, Pe = 3.5 x 10, (d)
tip, I = 50 mM, Pe = 1.5 x 10°.

four dynamics are quite comparable, although the growth may
follow distinct paths, rather fast and continuous (Pe = 375 and
1.5 x 10%) or more jerky (1.3 x 10*). These paths may correspond
to distinct capture scenarios, sketched in the two insets of Fig. 3
(a). In the former case, particles would first deposit on the sur-
face, then build a 3D aggregate by capture in the bulk, resulting
in a fast initial growth of the measured area that rapidly saturates
while the captured particles are hidden by surface deposits (up-
per inset). In the latter case, particles would simultaneously be
captured on the surface and in the bulk, resulting in an appar-
ently slower, layer-by-layer build-up (lower inset). However, the
final shape remains similar in both cases, regardless of the growth
scenario, which suggests that the aggregate structure is the same.

In contrast, the I = 50 mM case, represented on Fig. 3 (b),
features clearly distinct behaviours as anticipated from the exper-
imental images. At low Pe (375 and 5.2 x 103), corresponding
to flat-shaped aggregates, the growth is fairly linear, though the
growth rate strongly varies with the inflow speed. A higher flow
rate (corresponding to Pe = 3.5 x 10*, finger shape) features an
alternation between fast and slower growths, but the aggregate
build-up continues over the whole duration of the experiment.
Finally, at the highest investigated flow rate (Pe = 1.5 x 10°, tip
shape) the growth resembles more to the / = 0 mM case, featur-
ing a fast initial growth followed by a saturation; the succession
of erosion and deposition can also be noted through the final os-
cillations of the area.

3.2.1 Location of the particle capture.

Growth dynamics strongly varies from shape to shape. One may
then expect that shape affects the effective capture front, w*, cor-
responding to the cross width over which incident particles may
be captured. We therefore measured the maximal width over
which particles got captured during a time interval As. For in-
stance, w* = W if the particles captured between times ¢ and 7+ Az
span the whole width of the pore, no matter how many particles

4| Journal Name, [year], [vol.],1-10

effectively got captured; conversely, no deposition returns w* = 0.
In Fig. 4 (a—d), the red dotted-line-connected symbols depict the
evolution of w* with N for the four shapes illustrated on Fig. 2.

In addition, we estimated the evolution of the aggregate
growth rate by calculating the derivative of its area with respect
to N. This evolution is also plotted on Fig. 4 (a—d), blue solid line
— a running mean of the derivative is actually plotted to smooth
short-time variations. We clearly see that w* and d.< /dN are well
correlated as will be discussed in section 3.2.3.

The ‘corner’ case [Fig. 4 (a)] is characterised by a rapid de-
crease of the capture front, from about four particles (16 um) to
zero, with punctual jumps corresponding to the capture of a sin-
gle additional particle in the saturated regime. This capture may
occur after an internal rearrangement or erosion have created an
unoccupied deposition site.

In the ‘flat’ case [Fig. 4 (b)], the capture proceeds over a front
which can be wider than W (up to 100 um), long after the ini-
tial deposition. Three main temporal patterns may actually be
observed. At low Pe (781 or less), the capture is sporadic, fea-
turing almost no deposition most of the time and punctual depo-
sition events over a wide front, without apparent periodicity. At
higher flow rate (Pe = 1.7 x 103), the deposition becomes more
continuous, in the sense that deposition always occurs, though ir-
regularly. Finally, another alternating regime can be observed at
high flow rate (Pe = 1.7 x 10%) and salinity (/ =50 mM). In this
regime [see Fig. 4 (b)], the alternation between wide front and
localised capture (over 1-2 particle diameters) is remarkably pe-
riodic. Note finally that the maximal value of w* increases at each
oscillation, which suggests that the aggregate grows laterally as
well as frontally: particles are captured at the edge of the existing
aggregate and create by this way additional capture sites.

The ‘finger’ case [Fig. 4 (c)] is characterised by the building
up of a wide base (N < 2 x 10° particles), followed by a quite con-
tinuous growth over a 3—4-particle wide front. The peak near
3 x 107 particles corresponds to the capture of a residual big object
on the left shoulder (see Fig. 2, image iv) that retains additional
particles on the base.

Finally, the ‘tip’ case is represented on Fig. 4 (d). Here, the
capture front periodically oscillates between 0 (no capture) and
2-3 particle diameters. We also note the erosion (d<//dN < 0) of
single particles at the extremity.

3.2.2 Local flow patterns.

The aggregate growth dynamics is related to the location of
the particle capture, which likely depends on the hydrodynamic
forces and torques experienced by an incident particle. To charac-
terise the influence of the aggregate on local hydrodynamics, we
computed the flow pattern near the pore entrance for different
aggregate geometries.

When our experiments start (N = 0), clogged pores still allow
a permeation flow through the porous clog. We simulated this
porosity by inserting a network of obstacles within the pore en-
trance (as sketched on Supplementary Figure S2fand in the inset
of Fig. 5). From the velocity map, we more specifically calculated
the axial and transverse velocity gradients, dv/dy and dv/dx, over
a so-called ‘interception’ line, transverse to the flow and located

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Profile of the transverse-to-axial ratio of velocity gradients along
the interception line, at three stages of the particle deposition history (no
particle deposited, central deposition, lateral deposition). Inset: Velocity
map computed in the vicinity of the pore entrance for an inflow velocity
vo =8 mms~! (corresponding to Q =20 uLmin~! or Pe = 1.7 x 103),
when a particle is deposited at x = 0 (left half) and 12 um (right half).
The dotted and dashed lines depict the interception line in the central
and lateral deposition cases, respectively. The colour scale is clipped to
emphasise local variations.

1.5 particle radius upstream of the deposition front (see section
S2 in Supplementary Material{for more details, and Supplemen-
tary Figure S37for examples of velocity and velocity gradient pro-
files along this line).

The axial and transverse velocity gradients characterise the
axially- and transversally-oriented stresses (i.e., the normal and
tangential stresses if the flow was unidirectional), respectively.
The ratio (dv/dy)/(dv/dx) therefore compares, up to a constant
multiplier, the lateral particle migration, that would divert an in-
cident particle away from the obstacle, to its advection along the
main flow axis, that would push it on the pore. The initial (N =0)
profile of this ratio along the interception line is plotted on Fig. 5
(solid line). Null on the centreline of the pore, it features a local
maximum that coincides with the gap half-width (x=5 um=w/2)
and a local minimum about 10 pm away, near the connection be-
tween the clog and the obstacle. In other words, an incident par-
ticle tends to be (i) strongly pushed forward if incoming along
the centreline, (ii) pushed outwards if flowing within the pore
entrance (gently near the edge of the clog, more firmly near the
edge of the gap), and (iii) kicked away if flowing outside of this
region.

How will deposited particles alter this pattern? The first par-
ticle is most likely to be captured on the centreline due to the
purely axial pushing force. A particle captured at x = 0, as repre-
sented in light green in the left half of the inset on Fig. 5, in turn
strongly increases the transverse velocity gradient near this axis,
while slightly decreasing the local maximum at x = w/2 (green
dotted line in Fig. 5), thus producing a plateau-like region of
moderate lateral repulsion all over the curved part of the pore

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Profile of the transverse-to-axial ratio of velocity gradients along
the interception line, 3 um upstream from the aggregate front, for three
aggregate shapes (no aggregate, flat aggregate, corner-shaped
aggregate). Inset: Velocity map computed around the pore for

vo =8 mms~! (corresponding to Q =20 uLmin~! or Pe = 1.7 x 10%),
covered by a flat (left half) or a corner-shaped aggregate (right half).

entrance (x = 5-20 um). Subsequent deposition is therefore more
likely within this region. The blue dashed line in Fig. 5 corre-
sponds to a particle deposited at x = 12 um, near the edge of the
clog (Fig. 5, right half of the inset; the particle is depicted in
light blue). The velocity gradient ratio locally becomes negative
between the centreline and the captured particle, due to a rever-
sal of the transverse component. Therefore, in this area a particle
tends to be pushed inwards, favouring its capture right to the gap.

To summarise, particles captured along the centreline tend to
favour subsequent captures on the sides of the pore, while parti-
cles captured on the sides in turn favour more central captures,
up to filling a complete line of the growing front. This process
may then repeat, explaining the fluctuating temporal patterns of
flat growth [Fig. 4 (d)].

However, since one single particle alters the local flow pattern,
the growing aggregate should even more. Figure 6 represents
the dyv/d,v profile for a flat (inset, left half; green dotted line)
and a corner-shaped (right half; blue dashed line) aggregates; the
initial case is also replotted for comparison (solid line). The main
difference between the flat aggregate and the initial state resides
in the appearance of a wide plateau, spanning almost the whole
width of the aggregate. Comparatively to the initial state, the
capture of a particle flowing near the aggregate edge is therefore
more likely. This is consistent with the non-saturating growth of
flat aggregates [Fig. 3 (b)] as the capture front does not narrow
down so long as particles keep depositing at the edge. In fact,
this plateau should even widen as particles are captured at the
aggregate edge, in line with the observed increase of w* over long
times [Fig. 4 (b)].

The d,v/d,v profile in the corner case is actually quite similar
to the initial case, but amplified. Therefore, the lateral repulsion
experienced by incident particles is always very strong, except
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(c) Evolution of the particle capture efficiency (aggregate growth rate)
with Pe for four different ionic strengths.

within a straight zone (less than two-particle wide). Particle accu-
mulation is restricted to this area only. Aggregate growth should
thus be spatially selective provided that a sufficiently wide, flat
base was not built first to allow more lateral deposition.

Simulations of the flow pattern thus give a qualitative view of
the deposition history at the single particle level, but do not ex-
plain the emergence of a particular shape. Understanding the ob-
served equilibrium shapes requires to consider the effect of ionic
strength, which will be discussed in section 5.

Note finally that the growth scenario described here remains
specific to cases laterally unconfined, excluding by the way the
clogging of microfluidic pores 141>, First, the lateral confinement
in pores would indeed prevent particles from avoiding a growing
aggregate; the capture probability would therefore strongly in-
crease as the aggregate grows. This lateral confinement may also
induce inertial effects, such as particle migration due to the con-
vergence of streamlines. Second, within a pore aggregates grow
orthogonally to the flow 4 and therefore experience anisotropic
flow conditions, which may impact the capture efficiency.

3.2.3 Capture efficiency.

We now turn back to the growth dynamics at the pore scale.
As noticed above, the aggregate growth rate d<//dN correlates
very well with the effective capture width w* while the aggregate
grows [Fig. 4 (a—d)]. This correlation suggests that the particle
capture efficiency, which a priori depends on Pe and /, remains
constant during the aggregate growth and does not depend on
the growth history. To estimate it, we first consider the number
N* of particles which have flowed through the effective capture
front during the growth. At first order,

N*(t+At) ~ N* (z)+ANW;éZ), ey

6| Journal Name, [year], [vol.],1—10

with AN the number of particles flowing through a cross section
W x h during the time interval Ar.
Besides, we also estimated the number of collected particles,

A ho,

N =
Vp

2
with V,, the volume of a particle and ¢, the average volume frac-
tion in the aggregate, assumed as ¢, ~ 0.5. Although we do not
know the internal structure of the aggregate, this value close to
the random loose packing allows for an order-of-magnitude esti-
mate.

The growth dynamics can now be rescaled in terms of number
of particles in the aggregate versus particles potentially captured,
as represented on Fig 7 (a, b) for the data of Fig. 3. Remarkably,
this rescaling makes all the growth dynamics linear, regardless of
the aggregate shape; linear fits therefore give the average particle
capture rate, that is plotted against Pe on Fig. 7 (c) for four dif-
ferent ionic strengths. Capture efficiencies are found in the order
of few 1073, slightly increasing up to Pe ~ 10* then decreasing,
down to a factor of about 4-5 compared to the maximum value.
Besides, no clear dependence in ionic strength emerges from the
data considered, although the series at 10 mM seems systemati-
cally lower. However, it must be kept in mind that potential vari-
ations in capture efficiency may be partly screened here since we
assumed a value of ¢, common to all Pe and /. Typical volume
fractions in disordered solids may actually vary depending on the
formulating conditions, ranging from ¢, ~ 35 % (dense colloidal
gels under confinement 1©) to 64 % (random close packing). Nev-
ertheless, this variability is not sufficient to disrupt the observed
trend. The weak variation of capture efficiency with Pe and /
therefore seems quite robust, considering the wide range investi-
gated.

4 The low-shear regime: Aggregate growth
over a sheltered pore

In the previous part, we demonstrated that the flow patterns near
the pore entrance dictate the location of particle capture. We
now investigate the effect of an obstacle located upstream of the
pore, which creates a region of very low velocity in its wake and
therefore reshape the flow pattern.

4.1 Low-shear zone

To evidence the wake effect on aggregate growth, we first varied
the obstacle-to-pore distance, D, from 200 down to 50 um. Rep-
resentative images of the aggregates built for Q = 20 uLmin~!
and / = 0 mM are shown on Fig. 8 (a), together with profiles
illustrating the growth. As observed for single pores, the aggre-
gate grows until a steady shape is reached. For large distances
(D > 150 pm), only small aggregates build up, barely covering
the whole obstacle width. Bringing the obstacle closer (100 um or
below), the aggregate becomes more substantial, taking a ‘bowler
hat’ shape that fully covers the pore. This shape, rather rounded
for D = 100 um, progressively flattens at shorter distances.

As shown in the single pore case, the aggregate shape should
be related to the flow pattern within the obstacle wake. Com-

This journal is © The Royal Society of Chemistry [year]
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Fig. 8 Aggregation behind obstacles. (a) Growing influence of the obstacle when bringing it closer from the porous obstacle. Representative profiles
corresponding to increasing N are superimposed to the images to illustrate the aggregate growth. (b) Calculated velocity maps in the wake of the
obstacle for three obstacle-to-pore distances. The colour scale is clipped to emphasise local variations. The v =0.15 mms~! velocity contour near the
pore is depicted in white. (c) Growth dynamics. Each dynamics corresponds to a single aggregate growth; areas measured over two parallel sheltered
pores typically varied by =10 %. The dotted lines are linear fits to the initial dynamics; the black dashed line indicates the subsequent growth trend
(slope: 0.7 x 1073 um? particle™!). Inset: evolution of the initial growth rate with D. The solid line is an inverse-law fit, drawn as a guide to the eye.
Experimental parameters: Q = 20 uLmin~!, I = 0 mM; inflow velocity used in simulations: vo = 8 mms~.

puted velocity maps are represented on Fig. 8 (b) for D = 50,
100 and 200 um. As D decreases, a low-velocity area, identified
as the dark zone in the image, grows and widens up covering
almost the whole gap between the obstacle and the pore. Inter-
estingly, the aggregate steady shape approximately coincides with
the v =0.15 mms~! velocity contour, where the velocity gradient
starts to become more significant, which suggests that particle ac-
cumulation is favoured within a low-shear sheltered zone. The
growth dynamics [Fig 8 (c)] strengthen this argument. As sug-
gested by comparison of the respective profiles, the initial growth
fastens with the size of the low-shear zone — initial growth rates
actually fall onto a 1/D trend as shown in the inset. In this first
stage, particles rapidly accumulate in the heart of the low-shear
zone where erosion is not significant. The larger this zone, the
more likely incident particles would feed it.

The growth then proceeds at a slower rate (~ 0.7 X
1073 um?particle™!, see dashed line), quite independent on D.
In this regime, the aggregate is already mostly formed and par-
ticles carried by the tangential flow alongside may be progres-
sively captured. Capture probability therefore only depends on
the contour length of the aggregate, which is essentially the same
in all cases considered here. Finally, a saturation, as seen beyond
3 % 10° particles for D = 80 um, is reached when the shear-induced
erosion balances this deposition process.

Lowering the electrostatic repulsion allows particles to bind
more easily, favouring by this way the formation of cohesive ag-
gregates. The erosion should therefore take place at higher criti-

This journal is © The Royal Society of Chemistry [year]

cal shear rates when increasing the ionic strength. Consequently,
for a given flow rate the low-shear zone should expand later-
ally, and aggregates should grow substantially at relatively large
D. Figure 9 (a), showing aggregates grown for / = 50 mM and
D = 100 pm for two flow rates (Q = 20 and 500 uLmin~!, corre-
sponding to Pe = 358 and 8.2 x 10%, respectively), illustrates this
expansion if compared to the corresponding image on Fig. 8 (a).
However, increasing the flow rate attenuates this expansion as
the structure is distinctly smaller in the higher-Péclet case, yet
still larger than without salt, and looks more rounded as was ob-
served without salt for larger values of D.

Figure 9 (b) compares the growth dynamics in the 50 mM
case, with D = 100 (left) or 50 um (right), for Q = 20, 100 and
500 uLmin~! — the corresponding Pe are indicated; note that
they do not significantly vary with D. Interestingly, the initial dy-
namics are similar, irrespective of D, and found close to that of
I=0mM, D =50 um (trend reproduced as grey dotted line). Al-
though this similarity may appear in contradiction with the 1/D
trend observed in the no-salt case, it can actually be understood
as resulting from the lateral expansion of the low-shear zone. As-
suming a higher critical shear [the white line in the insets of Fig. 9
(b), left half, corresponds to the v~ 0.6 mms~! contour], the low-
shear zone indeed has the same width in the two cases, moreover
fairly comparable to that found at / =0 mM, D = 50 pum. It is
therefore not surprising to get a similar dynamics at this stage of
the growth.

Strongly increasing Pe rises the velocity gradient in the wake
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Fig. 9 Aggregation behind obstacles at high ionic strength (/ = 50 mM). (a) Representative images of the aggregates built for two different Pe,

D = 100 um, with profiles corresponding to increasing N. (b) Growth dynamics for three values of Pe, corresponding to Q = 20, 100 and 500 uLmin~!;
D =100 (left) and 50 um (right). Each dynamics corresponds to a single aggregate growth; areas measured over two parallel sheltered pores typically
varied by less than 10 %. The dotted and dashed lines reproduce the initial and tangential deposition trends of Fig. 8 (case D = 50 um), respectively.
Insets show velocity maps for the two extreme flow rates considered here; white lines approximately delimit the low-shear zone. The colour scale is
clipped to emphasise local variations and scaled so as to cover the same range in v/vy.

I=0mM

50 mM

I=

Fig. 10 Influence of the ionic strength on the aggregate cohesion. (a)
Comparison of the aggregate shapes before (left column) and after
(right) reversing the flow (arrows), for I = 0 (top row) and 50 mM
(bottom). (b) Image subtraction of the two corresponding images in (a),
highlighting the withdrawn area (in white).

of the obstacle, in a way similar to increasing its distance to the
pore, and therefore reduces the low-shear zone [Fig. 9 (b), right
half of the insets; the white line corresponds to the same v/v as
of the left-half case], especially in the D = 100 um case. Again, the
more rounded shape and the slower initial dynamics compared to
those of lower Pe values both make sense in this view.

Finally, we should also consider the subsequent stage of growth
dynamics. The tangential capture rate is actually similar to that
estimated without salt (dashed lines on Figs. 8 and 9 have the
same slope), though a slight increase with Pe may be noted. This
independence of the capture rate with [ is consistent with the
trend featured on Fig. 7 (c).

4.2 Aggregate cohesion

The overall greater extent of the aggregates obtained at higher
ionic strength is assumed to result from their better holding
against shear. To check this hypothesis, we probed the influence
of ionic strength on aggregate cohesion, by gently reversing the

8| Journal Name, [year], [vol.],1—10

flow after the end of the experiment. Typical before-and-after
images are represented on Fig. 10 (a). Without salt (top row),
a major part of the aggregate has been withdrawn, only leav-
ing particles stuck on the PDMS surface. This withdrawal occurs
as soon as the flow reverses, independently of the obstacle-to-
pore distance (Supplementary Movies 5 and 61). Note that parti-
cles are sucked mostly one by one, although few doublets can be
seen. This observation strongly suggests that aggregates formed
in weak ionic strength conditions have a repulsive glass-like struc-
ture, and hold in place thanks to the pushing fluid on their bound-
ary. This was also evidenced by monitoring the aggregate evolu-
tion after the flow was slowed down to nearly zero (no reversal),
as seen in Supplementary Movie 7{. Due to thermal agitation,
particles in the peripheral region of the aggregate jiggle around,
whereas some rearrangements can be seen within the aggregate.
Such behaviours were also observed by Ortiz et al. for truly 2D
aggregates, also formed with highly-charged particles®.

In contrast, in the 50 mM case (bottom row) the aggregate
shape is preserved when the flow is stopped or reversed. Im-
age subtractions [Fig. 10 (b)] confirm this qualitative difference
between the high- and low-ionic strength cases. The aggregates
built in high ionic strength conditions are therefore cohesive, as
colloidal gels.

5 Discussion

We have first identified (section 3) four distinct aggregate shapes
depending on the flow and ionic strength conditions (Fig. 2).
These shapes are gathered on a phase diagram on Fig. 11. We
have then (section 4) investigated more finely the effect of erosion
on the final aggregate shape (Figs. 8 and 9). Finally, we have
showed that the ionic strength dramatically alters the aggregate
cohesion (Fig. 10).

In low ionic strength conditions, the strong electrostatic repul-
sion prevents particles from binding. The aggregates formed in
these conditions are not cohesive and are only held stable by

This journal is © The Royal Society of Chemistry [year]
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Fig. 11 Phase diagram in the (Pe,/) plane gathering the different
aggregate shapes observed. Typical images of corner-, flat-, finger- and
tip-shaped aggregates are framed in black, blue, orange and red,
respectively.

the pushing flow. The strong velocity gradient near the pore en-
trance (see Fig. 5) will therefore detach particles captured in
high velocity regions. This erosion thus determines the aggre-
gate equilibrium shape, as observed in the sheltered case [see,
for example, Fig. 8 (b)]. Over single pores, the ‘corner’ shape
also matches the velocity contours near the pore entrance (Fig.
5). This sandpile-like shape is therefore expected in cases when
particles do not have any contact, and is retrieved in the ‘labile’
region of the phase diagram (Fig. 11, dark grey area). It corre-
sponds to the minimal shape that can be built under flow over a
single porous obstacle: no deposition occurs once the equilibrium
shape is reached, and its stability is granted by the imposed flow.

Screening the electrostatic repulsion allows the formation of
cohesive aggregates due to irreversible particle binding. This will
allow larger aggregates to grow as particles captured upon the
aggregate boundaries may resist to the erosive flows further up-
stream of the pore, where the velocity gradients are stronger. In
high ionic strength conditions, one may then distinguish two re-
gions, depending on whether or not the erosion influences the
aggregate shape.

At moderate flow velocity, the shear stresses at the aggregate
boundary are not sufficient to detach particles, which can there-
fore cover the sides of the obstacle or aggregate, and allow the
subsequent capture of particles over a wide front (see Fig. 6).
This is illustrated in the top left quadrant of the phase diagram
(Pe <5 x 1031 > 10 mM, blue area), where ‘flat’ aggregates are
found. Note that even a moderate ionic strength (10 mM) may
actually screen the electrostatic repulsion enough for some parti-
cles to bind, as they may cover the whole width of the pore at low
Pe; smaller, corner-shaped aggregates are retrieved at higher Pe.

At higher flow velocity (top right quadrant of the phase dia-
gram, orange area), the erosion plays a significant role. Parti-
cles that may be captured on the sides of the aggregate will be

This journal is © The Royal Society of Chemistry [year]
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detached by the flow. Erosion thus selects the centreline of the
pore as privileged growth direction, which in turn prevents lat-
eral particle capture due to the reshaping of the flow field (see
Fig. 6, corner case). Elongated ‘finger’ aggregates then progres-
sively build along the centreline of the pore where all particle
depositions take place; note that increasing Pe produces longer
and thinner aggregates, which illustrates that this spatial selec-
tivity strengthens with the erosion. At even higher Pe, particles
start to detach even on the centreline, preventing the growth of
very long aggregates. This regime corresponds to the ‘tip’ shape.
Although this shape resembles to the corner, they are clearly dis-
tinct. First, tips are cohesive, while corners are not — this can
be evidenced be the occurrence of internal rearrangements due
to the permeation flow in the corner case only, compare Supple-
mentary Movies 1 and 4f. Second, their growth dynamics are
different: while a corner does not grow any more once its equi-
librium shape is reached, a tip keeps capturing new particles as
erosion drag the extreme ones out.

6 Concluding remarks

We experimentally investigated the coupling between hydrody-
namic and colloidal interactions on the accumulation of micropar-
ticles over porous obstacles. More specifically, by flowing colloidal
suspensions of tunable ionic strength into microfluidic channels,
we studied the formation of dense structures on obstacles of tun-
able geometry, over almost three orders of magnitude in Péclet
number. We observed a large diversity of geometrical shapes, dis-
tinguishing several localised and more uniform growth modes,
and explained this diversity by the interplay between shear drag
and colloidal interactions.

On the one hand, the flow pattern at the single particle level
drives the trajectory of the incident particles and therefore their
deposition dynamics. Growing structures in turn modify the local
flow conditions, which directs further particle accumulation. Be-
sides, the particle capture efficiency hardly depends on the Péclet
number or the ionic strength in the investigated range.

On the other hand, the cohesion of the structure dictates its
equilibrium shape, as it may allow a particle deposited on the ag-
gregate sides to hold under flow. Aggregates built in low ionic
strength conditions are indeed held in place by the pushing flow,
whereas those formed at high ionic strength are cohesive. This
stability may allow the growth of the structure over a wide front,
whereas erosion selects a localised growth mode along the cen-
treline of the pore. These labile and cohesive structures may be
compared to polarised layers and filtration cakes that grow by re-
tention on membranes 17-18, Further investigation of these dense
states with microfluidic tools could focus on their structural evolu-
tion under controlled flow. More specifically, confocal microscopy
would give access to the local microstructure, and shed light on
their ageing dynamics under vanishing Pe!?. Conversely, strong
flows through the structure may induce non-linear rheological re-
sponses?20. Such studies might eventually find industrial appli-
cations in microfiltration, by allowing new strategies to prevent
membrane fouling.
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