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A B S T R A C T   

During the filtration of colloidal dispersions by a membrane, pores often get clogged by the suspended particles. 
Knowing the shape and size of the particles that cause this clog would be a great help to membrane users since 
they could then choose the ideal filtering device. Microfluidic technology enables the fabrication of model 
membranes or filters that are transparent, which allows for measuring the particle geometrical features that 
deposit either at the surface of the pores or on top of the fouling layer that has already formed. However, the use 
of microfluidic filters have been confined to the study of clog formation at the pore scale, overlooking the in
fluence of the dynamics of the particle deposition on the clogging process. We have recently shown that looking 
precisely at what is deposited and how this is captured inside the pore provides new insight into the clogging 
process. In particular, we have found that a minute concentration of aggregates in a supposedly monodisperse 
dispersions are mainly responsible for pore fouling. In this paper, we use the same imaging technique to 
determine the entire clogging process for different types of monodisperses dispersions under various flow con
ditions, DLVO interactions with the pore walls, and confinements. We show that the way clogs form is appear 
complex but is also quite systematic in the fact that aggregates are the building blocks of the clog. Pores are 
clogged by progressive accumulation of aggregates with the average size of the aggregate required to cause the 
blockage increasing with increasing flow velocity. This work demonstrates that particle size and shape distri
butions of the feeding dispersion must be determined to understand which physical mechanisms are at play 
during the clogging process.   

1. Introduction 

Even though the consequences of membrane fouling on the flow 
conditions across a membrane are well documented, the precise un
derlying mechanisms remain poorly understood. We know that deposi
tion of solids carried by a fluid at the surface of a membrane or inside its 
porous structure leads to a drop of pressure, but we have not yet 
determined the dynamics of particle deposition or capture by the 
membrane, up to the complete fouling of the membrane. This difficulty 
comes from the fact that it is rather challenging to see through a 
membrane as a suspension flows through it, since membranes are opti
cally opaque. We can still monitor the deposit growth in situ using so
phisticated techniques [1–3] but the temporal dynamics of the clogging 
formation remains inaccessible. We do not have access to the solid 
particle dynamics in the vicinity of a membrane except in model 

situations, i.e., with model filters like micro-sieves or microfluidics 
channels [4–8]. For instance, Valencia et al. were able to determine the 
dynamics of the very first stages of the cake formation on the top of a 
membrane with particles bigger than the pore size. Only a few confocal 
studies have allowed imaging of the entire clogging process at the par
ticle level inside a pore [9–11]. However, these works deal with very 
narrow pores where only the interaction between the particles and the 
pore surface are responsible for the fouling, i.e., the pore clogging 
resulted exclusively from the fouling of the pore surfaces. As far as we 
are aware, there is no experimental evidence at the pore scale of the 
clogging process that relies on the progressive accumulation of multi
layers of particles either inside a microfluidic model filter or membrane. 
This type of study is challenging to carry out since three advanced 
experimental conditions have to be met. Firstly, the particle deposit 
must be transparent to have access to the internal structure of the 
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particle deposit as it grows unless one uses confocal microscopy with 
very restrictive conditions on the nature of the suspending liquid and 
particles [11]. Secondly, accessing the dynamics of the deposit growth 
requires high speed imaging, around ten thousand frames per second to 
be able to image the particle capture by the deposit [9]. Finally, 
measuring the variations of the flow conditions across the pore during 
fouling is required to determine the hydrodynamic resistance of the 
deposit. As a starting point to tackle these arduous issues, we have 
recently focused on the dynamics of the particles capture by the forming 
deposit [12]. We detect all the particles that go across a single pore. This 
configuration enables us to follow the trajectory of the particles about to 
be captured and also their size and shape. In addition, we can determine 
the probability of capture for the different type of particles, stabilized 
either by surface charges or polymer brushes. 

We have discovered that when a rather monodisperse latex suspen
sion flows through our model filter, the pores are clogged by an accu
mulation of aggregates and not by single particles, even though 
aggregates represent only small fraction of the suspension. In this paper, 
we use this new approach to determine the entire clogging formation for 
a wide range of flow conditions, using various monodisperse latex sus
pensions with different surface charges flowing through a model filter. 
During these experiments, we monitor the deposition history of colloidal 
particles within the pore and the mean size of each deposited object, 
which allows us to determine different clogging scenarios. We also 
determine different features of the deposit stability as it grows. In 
particular, we monitor detachment events of single particles or aggre
gates, which helps to quantify the erodibility of the deposits by the fluid 
flow. We show that for each type of dispersion that pore clogging always 
results from aggregate accumulation whatever the flow conditions. We 
distinguish two clogging regimes depending on the flow conditions. At 
low flow rates, pores are either clogged by an accumulation of small 
aggregates or by a mixture of small and large aggregates, while at higher 
flow rates, most of the clogs are formed with large aggregates. The 
transition between these two regimes is related to the detachment of 
small aggregates by the flow while the larger ones remain more firmly 
attached. 

2. Materials and methods 

2.1. Microfluidics filter and image analysis 

We used the methodology developed in Delouche et al. [12] to make 
our model microfluidic filter. All pore walls are made of PDMS to obtain 

the same particle-surface interactions everywhere on the pore surface 
[11]. During the filtration experiments particles flow through a main 
wide channel before entering the filter zone composed of long inde
pendent pores in parallel (Fig. 1). In this zone, there are two reservoirs 
upstream of the constriction/pore, which is the thinnest part of the filter 
and where clogging takes place. The two reservoirs are long and wide 
enough to ensure that the particle accumulation after the pore clogging 
event remains located in these reservoirs. Thus in such a configuration 
we can safely consider that the clogging process for each individual pore 
is independent of what happens in the surrounding pores. In addition, 
we can easily track particles over long distances in these two reservoir 
zones enabling a more accurate determination of their shape. The length 
of the reservoir also allows us proper tracking of the particles prior to 
their transport inside the pore. The experiment is stopped when the six 
pores at the center of the model filter clog. Most of the time not more 
than half of the pores are clogged when we stop the experiments. We 
image the transport of the different type of colloidal particles with a 
sensitive camera (Hamamatsu Orca Flash 4.0 v2). The suspension is 
injected in the filter by applying a difference of pressure with a regular 
pressure controller (Elveflow OB1 Mk2 or Fluigent MSFC). We deter
mine the corresponding flow rate at the beginning of the experiment for 
each applied pressure with a sensor flow (Fluigent, 5% accuracy) located 
at the outlet of the filter. Particles follow fluid streamlines and their 
inertia is negligible since the Péclet and Reynolds numbers for the 
different flow conditions are respectively higher than 103 and smaller 
than 10− 3. In addition, we use different mixtures of liquid to match the 
particle density with that of the fluid mixture. We use homemade 1.8 μm 
PMMA and 2.4 μm PS particles coated by a polymer brush and com
mercial suspensions of 1 μm and 1.8 μm PS particles stabilized by sulfate 
groups on their surface, bought from Microparticles GmbH (Berlin). 
Details on the synthesis of 1.8 μm PMMA particles can be found in 
Delouche et al. [12]. PS coated particles were synthesized using a type of 
dispersion polymerization where the dispersant is formed in-situ [13]. 
During the formation of these particles, a reactive initiator-monomer, or 
inimer, is added which allows for a controlled growth of charged poly
mer brush by ATRP; the resulting particles have a well-defined charge 
density. Other 1.8 μm and 1 μm PS latex particles, stabilized by sulfate 
groups on their surface, were bought from Microparticles GmbH 
(Berlin). 

2.2. Suspensions characterization 

We use the stop and go method to obtain the particle size and shape 

Fig. 1. (Left) A Zoom image of three independent 
parallel channels in the filter zone. The thinnest 
part on the left corresponds to the pore/constriction 
while the two consecutive reservoirs are on the 
right are where we capture the dynamics of the 
particles about to deposit in the pore. The numbers 
in parentheses are related to the larger pore width 
used with PVP coated PS particles while the other 
numbers correspond to the pores used in the PMMA 
and PS particle experiments. All the dimensions are 
given in μm. The blue arrow indicates the flow di
rection. (Right) Zoom on the constriction/pore zone 
where the deposition of particles/aggregates takes 
place with the same flow direction as in (a). Three 
series of images along the clog formation with 2.4 
μm polymer coated PS particles. In the top (b) and 
middle (c) series a doublet and a single particle, 
respectively, are captured by one of the pore walls 
while in the bottom series (d), near the end of the 
clogging process, a triplet is captured by the depo
sit. In each series particles were tracked automati
cally, indicated by the red arrows, up to their 

deposition. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)   

N. Delouche et al.                                                                                                                                                                                                                               



Journal of Membrane Science 635 (2021) 119509

3

distribution for all the suspensions we used [12]. Briefly, each suspen
sion is injected inside a straight channel (500 μm wide and 20 μm high) 
and we applied a rectangular wave pressure such that the suspension 
first does not move for few seconds allowing us to take non-blurred 
images of the suspended particles. Then the suspension flows for 3–4 
s, to renew the particles in the field of view, and the flow is stopped 
again, and another image of the particles is taken. In this way, we obtain 
the size and the shape of thousands to millions of particles for each 
suspension. Such a high particle number counting enables us to easily 
detect the aggregates present in the suspension thanks to a Fast Radial 
Symmetry algorithm (FRS) [14]. Whether for the commercial or the 
synthetized monodisperse suspensions, aggregate particles represent but 
a few percent of the particle population (Fig. 2, top). Whatever their size, 
aggregates have very diverse shapes (Fig. 2a–b), and we define only 
two-dimensional features of each object, Lmax and Lmin (Fig. 2c). To 
obtain these lengths, we compute the convex hull of each object which 
can be simply conceptualized by a rubber band released around the 
aggregate. Lmax also known as the Feret diameter, is the largest antipodal 
pair of the convex hull, and Lmin the smallest [15,16]. 

We also determine the shape of the particles that get captured inside 
the pore during the clogging experiments with FRS. These size and shape 
characterizations are coupled with a particle tracking algorithm in the 
reservoir before entering the constriction (Fig. 1b–d). Due to the opacity 
of the deposit, the particle tracking does not directly allow knowledge of 
what object is deposited. Instead, we subtract the number of each type of 
deposited object manually from all objects in the reservoir. It is worth 
noting that we cannot get the precise 3D position of the particle center 
with this approach since we do not know at which height the particles 
are deposited, relative to the top or bottom part of the pore. 

3. Results 

3.1. Influence of particle type and confinement ratio W/D on the overall 
clogging dynamics 

We have shown recently that minute quantities of aggregates inside a 
stable and highly monodisperse colloidal suspension deposit more 
frequently than the spherical particles [12]. In this previous article we 
focused on the dynamics of the capture of single aggregates directly on 
the pore walls or at the surface of the colloidal deposit. We also provided 
some qualitative information that explains why aggregates have such a 
high probability of capture. Here, we use the same experimental 

approach to study the dynamics of successive deposition of single par
ticles/aggregates leading to complete pore blocking for different types of 
particles, various flow conditions and two degrees of confinement 
defined as the ratio of the pore width, W, to the particle size, D, W/D. We 
first used monodisperse dispersions of 1.8 μm PMMA and PS particles 
and 1 μm PS particles and flow them in a microfluidic filter with a pore 
width W = 8 μm and H = 12 μm. We begin by focusing on the global 
dynamics of pore clogging by looking at the evolution of the average 
number of particles that flow through the pore prior to clogging, N*, 
with the flow rate Q [17–20] (Fig. 3). We determine N* either by 
tracking all the particles that flow inside the pore, or from the knowl
edge of the clogging time and the volume fraction of the suspension 
[19]. For all the suspensions we used the average value of N* is almost 
constant for low Q values while it increases for higher ones, as already 
observed with other particles [11,19]. In this new work, after careful 
inspection of the dynamics of all the particles that flow through the pore, 
we observe that there is indeed a progressive clogging of the pore, 
irrespective of the flow rate. However, most of the particles that form the 
clog are not single particles but rather aggregate particles, even though 
all the suspensions we used are primarily composed of individual par
ticles (Fig. 2, top). The growth of the deposit up to complete pore 
blocking is mainly due to the progressive accumulation of aggregates, 
between two to six, irrespective of the flow rate and the particle type 
(Fig. 3, right). It is worth noting that for each suspension and flow 
condition there are large variations of N* showing that pores are clogged 
in many different ways, involving aggregates with various shapes and 
sizes (Fig. 2, bottom). 

Hereafter, we determine the different parameters that explain (i) 
such fluctuations for each Q value and (ii) the evolution of N* with the 
flow rate. We consider separately regimes of high (W/D = 4.5) and low 
(W/D = 8) confinement for the 1.8 μm PMMA-PS and 1 μm PS particles, 
respectively. For the higher confinement, we mainly focus on PMMA 
particles, since similar conclusions can be drawn for PS particles. Despite 
the high variability in the clog composition, it is still possible to define 
different categories of clogs, irrespective of the flow conditions, based 
on geometrical features of the deposited aggregates. We split our clog
ging experiments into two categories depending on the size of aggregate 
present within the clog, by considering the greatest dimension of the 
aggregates, the length Lmax that rules out the probability of aggregate 
capture [12]. Since aggregates have an anisotropic shape they rotate 
around their center of mass as they flow through our model filter. During 
this rotation, their two opposite edges along Lmax come closer to either 

Fig. 2. (Top) Composition of the different 
suspensions and relative proportion of single 
particles and aggregates. We work with 6 
suspensions of 1.8 μm PS particles contain
ing different amount of added NaCl salt (top) 
while we work with three suspensions of 2.4 
μm PS coated particles exhibiting different 
surface charges with no addition of salt 
(bottom right). (Bottom) (a–b) Various 
fluorescent images of 1.8 μm PMMA aggre
gates in the two clogging regimes with spe
cific conditions of the aggregates length 
Lmax. (c) Definition of the length Lmax and 
the width Lmin of the aggregates.   
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the pore walls or the colloidal deposit and thus increase their probability 
to touch the surface, which eventually leads to the aggregate capture. 
We consider that aggregates larger than the pore width, Lmax ≥ W, have 
the greatest chance to be captured near the pore entrance, by the lateral 
sides of the pore. In our case this configuration corresponds to Lmax ≈ 8 
μm. Note that aggregates with a length Lmax = 8 μm can be composed of 
5–7 individual particles, depending on the shape of the aggregates. We 
found that in the first clog category, every deposited aggregate had its 
length Lmax <8 μm. In the second category, there is at least one aggregate 
with a Lmax > 8 μm. Thus, we divide our results into two distinct regimes 
of clogging when Lmax < W and Lmax > W. 

Figs. 4 and 5 contain consecutive images of the entire clogging 
process for the 1st and the 2nd clog categories, respectively. Frequently 
single particles, the most numerous in the suspensions, start to be 
captured at the pore walls and are unable to form a thicker deposit 
(Fig. 4, image 1 to 4). It should be noted that aggregates are often 
captured by the pore walls as well. As discussed elsewhere [11,12,19], 
the presence of this monolayer of single or aggregate particles greatly 
enhances the capture of flowing particles. Aggregates, regardless of their 
dimension, can deposit at any time whatever the degree of fouling (sup. 
Fig. 1). In addition, not all captured particles belong to the clog, i.e. they 
are not inside the portion of the deposit that eventually blocks the pore. 

Indeed, while most of the particles are captured near the pore entrance 
over a distance between 20 and 30 μm into the pore, the length over 
which clogs are built corresponds roughly to the pore width, W [19] (last 
image of Figs. 4 and 5). The final location of the clog and the entire 
dynamics of the clog formation are not predictable; the growth of the 
deposit being highly dependent on the local morphology of the deposit, 
the distance between the flowing aggregates from the deposit surface, 
and the shape and size of the aggregates [12]. Therefore, even if the 
deposit becomes important at a given location, reducing appreciably the 
pore cross section, the final position of the clog can be eventually located 
elsewhere (Fig. 5). 

In the 1st category, Lmax < W, there is often no more than two large 
aggregates from quadruplet to sextuplet, which partake in the clog 
build-up. Even with the deposition of such large aggregates, the pore 
remains partially clogged and then other smaller aggregates block the 
remaining pore space, leading to the complete obstruction of the pore 
(sup. Fig. 1a–b). In the 2nd category, even though the greatest aggregate 
dimension can be larger than the pore width, Lmax > W, almost no 
clogging event is produced by the sieving of a single aggregate. More 
frequently an aggregate, larger than a quadruplet, is deposited and leads 
to an important reduction of the pore space, such that only a few objects 
are needed to terminate the clogging process. Other large aggregates can 

Fig. 3. (Left) Variation of the median value of N* with the flow rate for 1.8 μm PMMA (top), 1.8 μm PS (middle) and 1 μm PS particles (bottom). The number of 
experiments for each flow rate are given in Fig. 2 of the supplementary. (Right) Evolution with Q of the average number of aggregates inside a clog when the pore is 
blocked. The continuous line on each plot are guides to the eyes. For each experiments the root mean square deviations is the same going from 2 to 7 particles. 
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also pile up and completely block the pore in this way (sup. Fig. 1c–d). 
In the following, we determine the relationship between the occur

rences of the two clogging categories and the flow conditions. For the 
lower flow rates, 0.01 < Q < 1 μl/min, N* is constant, around 2000 
particles, a value high enough to observe several dozens of doublets, a 
few triplets and larger aggregates that flow through the pore according 
to the particle size distribution (Fig. 2, top), confirming that the pore can 

be blocked by aggregate deposition. For these low flow conditions, clogs 
mainly belong to the first category but as Q increases this trend is 
inversed (sup Fig. 2, top-left). For Q > 1 μl/min, there is an important 
increase of N* with Q (Fig. 3, top left) and almost all the clogged pores 
belong to the 2nd category. This indicates that larger aggregates are 
more involved in the clogging process at higher flow rates. All together 
these results suggest that the mean size of deposited aggregates increases 

Fig. 4. Consecutive images of the clog formation for the 1st type of clogging corresponding to the data of sup. Fig. 1b. The blue objects correspond to particles that 
are just being captured while the yellow ones are already deposited. In images 11 and 13, the open circles denote particles detached by the flow. In image 14, the pore 
is finally blocked by the blue particle, the length of the clog being equal to W. Thereafter the accumulation of particles starts at the rear of the clog (two green 
particles). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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with Q, evolution that can be understood if we consider the erosion by 
the fluid flow. At high flow rate the erosion prevents mainly the depo
sition of single particles and small aggregates, which thus leads to an 
increase of N* since the clogging process mainly relies on large aggre
gates that are less numerous and thus requires that more particles flow 
through the pore prior to aggregate capture. A more detailed discussion 
in provided in the supplementary material (sup Fig. 3). 

When we consider the PS particles, with the same size as the PMMA 
particles, we observe the same trend for the evolution of N* with Q. 
However, the average value of N* in the 1st clogging regime is 2.5 times 
higher than for PMMA particle, which can be explained mainly by the 
difference in distribution of particle size between the two suspensions. 
Indeed, for this suspension the total amount of aggregate number is only 
0.56% while for the PMMA this is equal to 3.17% (Fig. 2, top) and hence 
more PS particles must flow through the pore to observe aggregate 
deposition. There is also an important variation of the particle size/ 
object distribution. The proportion of large aggregates, which includes 
quadruplets, is equal to 0.37% for the PMMA while it is much smaller for 
PS, around to 0.01%. However, among this population of large aggre
gates for PS particles there are few very larges objects that alone can 
plug the pore. These particles are responsible for 37% of the total 
clogging events at low flow rates, which increases significantly the 
number of clogs belonging to the 2nd clog category compared to the 
PMMA case (sup Fig. 2, top right). The increases of N* with the flow rate 
starts from a higher Q value, presumably because PS particles have an 
increased adhesion on the pore walls and also with each other [19], and 
thus higher flow conditions are needed for particle detachment by the 
flow to occur. 

The situation for the smaller 1 μm PS particles is similar despite the 
degree of confinement being seemingly less favorable to the formation of 
clogs since more particles being required to clog a pore. The average 

number of aggregates to block the pore is slightly larger than for the two 
other types of particles, being around four (Fig. 3, bottom). Therefore, 
since the aggregates are formed with smaller particles there are more 
particles per aggregates, around 12–14 on average. Regardless of flow 
rate, all the clogs belong to the second category, which means that large 
aggregates are always involved in the clogging process (sup Fig. 2, 
bottom). The evolution of the average number of aggregates is similar to 
that of observed for the 1.8 μm PS (Fig. 3, bottom right). Since the 
particle size distribution is quite monodisperse (Fig. 2), the probability 
that such large aggregates flow through the pore is low, which explains 
why the average value of N* at low flow rate is high, close to 7⋅105. 
(Fig. 3, bottom left). 

3.2. Influence of the ionic strength 

The clogging dynamics are modified by changing either the ionic 
strength of the suspension or the surface charge of the particles. In a first 
set of experiments involving 1.8 μm PS particles, the ionic strength of the 
suspension was modified by adding NaCl salt. In such a case, both par
ticles and pore wall surface charges are modified simultaneously. In a 
second set of experiments, we worked with rather monodisperse poly
styrene particles (PS) coated with a PVP brush which imparts steric 
stabilizations. In these experiments, another polymer is grown from the 
particle surface but with varying ratio of neutral, cationic and an anionic 
monomer to create particles of varying surface charge density [13]. 

3.3. Change of ionic strength of the suspensions by salt addition 

We used the classical strategy to screen the surface charge the 1.8 μm 
PS particles, simply by adding NaCl salt to the particle suspension. 
Before each experiment the model filter is saturated by a salty solution 

Fig. 5. Consecutive images of the clog for
mation for the 2nd type of clogging. The 
blue objects correspond to those particles 
which are just being captured while the 
yellow to green ones are already deposited. 
The rectangles in images 1–2 and 4 highlight 
the final position of various aggregates 
whose deposition dynamics can be found in 
Delouche et al. [12]. In image 9, a large 
particle is captured and remains static for 2 s 
before it again moves towards the location 
where the pore will eventually clog (image 
10). In image 11, there are rearrangements 
within the clog that lead to the expulsion of 
particles at the clog front which do not seem 
to weaken the internal structure of the clog. 
In image 12, the pore is completely blocked; 
the length of the clog being equal to W and 
then the accumulation of particles starts at 
the rear of the clog (two green particles). 
(For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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with the same salt concentration, C, as that of the colloidal suspension 
about to be injected. For C above 50 mM and 200 mM, respectively, the 
surface charge of the pore walls and that of the particles is completely 
screened. The particle size and type distribution in the various salty 
suspensions were determined thanks to the stop and go experiments 
previously described (Fig. 2, top). For C ≤ 100 mM the population of 
aggregates are slightly modified, while above 100 mM it rises up 
significantly, with a steeper increase of the number of aggregates larger 
than quadruplets (Fig. 6a–b). 

In the clogging experiments the salt addition has a direct impact on 
the evolution of N* with flow rate (Fig. 6c–d). For the first clogging 
regime, Q < 1 μl/min, N* decreases with C, with the sharpest decrease, 
found when the salt concentration comes closer to the critical coagula
tion concentration (CCC) of the suspension, C = 200 mM (Fig. 6d). While 
N* does not vary with the flow conditions for the C = 0 mM dispersion, it 
first increases and then becomes constant for increasing Q for all the 
salty dispersion. These variations are far less pronounced for C = 200 
mM. These evolutions of N* are again directly related to the relative 
proportion of the aggregate population inside the suspensions (Fig. 2, 
top). The average number of aggregates required to clog a pore remains 
constant as long as the concentration of aggregates slightly increases, for 
C smaller than 100 mM (sup Fig. 4c). Even though the size of the ag
gregates involved in the clog formation significantly increases for C >
100 mM, the clogs are formed with more aggregates. The measure of the 
relative proportion of the two clogging categories defined previously 
indicates that the average size of the aggregates forming the clogs in
creases with both the flow rate and the salt concentration (see sup. Fig. 4 
for a detailed description). 

3.4. Influence of the surface charge of the particles 

We performed clogging experiments with suspensions of 2.4 μm PS 

particles with an anionic, cationic and neutral surface charges polymer 
coating for which the confinement ratio is higher than previously, W/D 
= 3.3 and with no salt addition. In such a high confinement the clog 
formation depends chiefly on the interactions between the surface of the 
particles and the pore walls rather than on the interparticle interactions 
[11]. In a given cross section only two monolayers need to deposit on 
both pore walls before only one extra layer of particle in between them is 
needed to block the pore almost completely. Thus, we may expect that 
the pores will be clogged more rapidly by the cationic particles since 
there is a net attraction between these particles and the negatively 
charged pore surface. Neutral particles should also rapidly clog the pores 
since they do not bear surface charges. We indeed observe that deposi
tion of single particles directly on the pore surface is two times higher for 
the neutral and cationic particles than for the anionic ones. However, 
when we look at the overall clogging dynamics, the surface charge of the 
particles does not appear to play a role since the average number of 
particles needed to block the pore, N*, is about the same, around 2000 
particles for each particle type (Fig. 7a). 

Looking at the particle level and the type of particles, we found again 
that aggregates play a dominant role in the clogging process. Since the 
confinement is higher, with W/D = 3.3, there is more particle capture by 
the pore walls and the average number of aggregates that deposit inside 
the pore, is also twice as high compared to other particles tested in 
section 2 of this paper (Fig. 7c). This can also come, in a lesser extent, 
from the higher aggregate concentration in the coated PS particles, 
around 7–8% of the total number of particles (Fig. 2, top). For the 
anionic particles, there are on average more than four large aggregates 
(quadruplets or larger) within each clog (Fig. 7c) which represent 
around 6% of the total amount of deposited particles within the clogs 
while they are the least numerous population of the suspension, less than 
0.4% (Fig. 2, top). This is due to their high probability of capture 
(Fig. 7b). The situation is a bit different for the two other types of 

Fig. 6. Particle population percentage of doublet 
up to quadruplet (a) and larger aggregates bigger 
than quadruplets (b) measured during the stop and 
go experiments for suspensions of 1.8 μm PS with 
various amount of salt. (c) Variation of N* with Q 
for suspensions with ionic strength. The data for the 
suspension with no salt added is identical to those 
shown in Fig. 3 (middle, left). (d) Evolution of N* 
averaged for all Q values vs. the salt concentration. 
The continuous lines on all plots are guides to the 
eyes. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the 
Web version of this article.)   
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particles. For cationic and neutral particles there are only 1.5 aggregates 
larger than triplets in each clog on average (Fig. 7c). Note that signifi
cant part of the pores is clogged only by the accumulation of single 
particles and small aggregates, doublets and triplets. This is directly 
related to both the relative proportion of single particles and doublet in 
the suspensions and the surface charge properties of these suspensions. 
The population of single particles and doublets corresponds to 98.4% of 
the total amount of particles for both suspensions (Fig. 2, top) which 
increases their probability of capture. In addition, there is no electro
static barrier between the pore surface and the neutral particles and 
even a net attraction for the cationic ones since the pore walls are 
negatively charged [21] promoting the particle deposition of both types 
of particles, since their capture probability is roughly 5 times higher 
than for the anionic particles (Fig. 7b). We supposed that neutral par
ticles are captured only by physical interception, while the anionic and 
cationic particles are driven towards the pore surfaces due to very 
short-range electrostatic attractions, 30–50 nm from the pore surface. 
Therefore, cationic particles that are further away from the pore walls 
than the neutral ones can still deposit, which explains why the capture 
probability is slightly higher for cationic particles (Fig. 7b). 

Surprisingly, these favorable conditions for particle deposition for 
the cationic and neutral particles do not play a role when we consider 
larger aggregates, starting from triplets. Indeed, the probability of cap
ture for these aggregates are roughly the same, irrespective of the sur
face charge (Fig. 7b). This capture probability does not depend on the 
aggregate shape since aggregates have on average the same shape for the 
different particle types (sup Fig. 5). We suppose that the motion of large 
aggregates inside the pore is responsible of their capture. These aggre
gates are captured by physical interception as they rotate, when one of 
their edges come into contact with either the pore wall or the deposit 
[12]. Our results suggest that the nature of the surface charge does not 
modify the capture dynamics of large aggregates, since the capture 
probability is the same whatever the particle type. Therefore, the pres
ence of large aggregates inside clogs formed by anionic particles is only 
due to the higher quantity of such aggregates in the anionic suspension 
injected in the model filter. 

4. Discussion 

In this work we considered fouling within the pore rather than on top 
of the membrane since the size of the particles of our suspensions are 
smaller than the pore size. We identified the different clogging mecha
nisms when the feeding suspensions contains aggregates and particles 
smaller and/or larger than the mean pore size of the filter. Pores can first 
be blocked by sieving a large particle or an aggregate. However, there 
are still some free spaces between the pore surface and this big object in 
which small particles can flow through and eventually block them. A 
second mechanism relies on successive accumulation of smaller aggre
gates, which is the more common case in our experiments. Whatever the 

mechanism, even though single spherical particles can also be involved 
in the clogging process, they cannot alone block the pore by successive 
accumulation. They are mainly captured directly on the pore walls, by 
physical interception, or by the deposit, likely by sieving. Indeed, we 
have not observed physical interception of single particles by those 
which belong to the monolayer in contact with the pore walls or at the 
top of a deposit, while such a mechanism of particle capture is 
commonly used in numerical simulations of pore clogging [22,23]. 
However, from our experiments we cannot conclude definitively that 
there is no physical interception of a flowing particle by another 
immobile one, but rather that physical interception of aggregates is far 
more likely than physical interception of single particles. In the light of 
these results, it may be useful to have a new look at the results of almost 
all the works related to the clogging dynamics and mechanisms that used 
microfluidic channels as a model filter and monodisperse suspensions of 
spherical colloids [17,19,20,24–28] as the filtrate. Indeed, the results of 
these studies rely on the implicit hypothesis that single particles accu
mulate one after the other forming the deposit and thus they have not 
considered that aggregates could have played any role in the fouling 
process. In particular, we think that clogging of small pore sizes, not 
larger than two particle diameters, is more likely the result of doublet or 
larger aggregates capture rather than the hydrodynamic bridging of two 
single particles that enter simultaneously inside the pore [26,28–31]. 
Indeed, irrespective of the chemical synthesis of monodisperse particles, 
there are always small aggregates like doublets or even triplets in the 
suspensions. For instance in all the suspensions we used, the population 
of doublets is far from negligible since doublets represent between 0.5% 
and 8% of all the particles. This means that from a dozen up to 200 
particles of these dispersions pass through a filter with pore sizes around 
two particle diameters doublets may statistically be present and can 
block the pores at their entrance. Therefore, even if there is only a tenth 
of a percent of aggregates in a suspension the probability to block the 
pore by aggregate sieving should be far more important than clogging 
the pore by hydrodynamic bridging. New experimental investigations 
involving the imaging of the particle capture inside or at the pore 
entrance have to be performed to confirm the sieving of aggregates in 
very confined situations. 

5. Conclusion 

By observing the dynamics of particle deposition within a pore, we 
show that for different types of monodisperse colloidal suspensions, 
under various flow conditions, confinements and electrostatic in
teractions, clogging proceeds mainly by successive depositions of 
aggregated particles. Therefore, even though these aggregates represent 
only few percent of the population they represent a major impact on the 
clogging process. We considered the clogging within the pore rather 
than on top of the membrane since the size of the particles of our feeding 
suspensions are smaller than the pore size. We identified two main 

Fig. 7. (a) Variation of N* with Q for the three types of PS coated particles (neutral in black, anionic in blue and cationic in red). Shaded areas correspond to the 
deviation between the extreme values of N*. (b) Probability of capture for the various particle types. The last point of the graph on the right corresponds to the 
probability of capture for quintuplets and larger aggregates. (c). Average number of each particle/aggregate deposited inside a pore during the clogging experiments 
for all the flow rates. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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mechanisms of pore clogging. Pores can first be blocked by sieving a 
large particle or an aggregate. However, there are still some free spaces 
between the pore surface and this big object in which small particles can 
flow through and eventually block them. A second mechanism relies on 
successive accumulation of smaller aggregates, which is the more 
common case in our experiments. 

We show that when an average number of particles N*, or equiva
lently a Critical Volume of Suspension (CVS), passes through a pore it 
becomes clogged. Contrary to other works in dead end configurations 
[26,27] we found that there is always a CVS above which the pore will 
be completely fouled, irrespective of the flow conditions. We show that 
the CVS is directly related to the concentration of aggregates in the 
suspension. The CVS is constant for lower pressures while it increases 
with the pressure for higher pressures. Since we performed on average 
around fourteen replicates for each pressure, we can observe that for the 
range of pressure we used pores can be clogged either by accumulation 
of aggregates or by a partial fouling of the pore followed by the sieving 
of a large aggregate. The proportion of each category strongly depends 
on the aggregate size distribution of the different suspensions, however 
the average size of the aggregates involved in the clog formation always 
increases with increasing pressure. This trend is due to the detachment 
by flow of the smaller aggregates since they have less contact points with 
the deposit. 

The role of aggregates in the clogging process has also to be 
confirmed in other pore geometries, especially for those encountered in 
industrial filters and membranes. Here the maximum average speed of 
the particles is not greater than 7 mm/s, a value which is comparable to 
those measured inside microfiltration membranes with the same pore 
size, around 10 mm/s [28]. Therefore, we expect that such membranes 
will be clogged mainly by the sieving of large aggregates rather than by 
the successive deposition of small aggregates which are smaller than the 
mean pore size. 

Since our model filters are deformable, we cannot perform back
washing experiments to determine the mechanical resistance of the 
different types of clog. However, our results suggest that even if most of 
the particles forming the clog can be removed aggregates lying on the 
pore surface will rarely be detached by the flow. Finally, we believe that 
pore clogging by accumulation of aggregates should also be considered 
in cross flow conditions. 
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predicts clogging at the microscale, Sci. Rep. 6 (2016) 28450, https://doi.org/ 
10.1038/srep28450. 

[25] R. van Zwieten, T. van de Laar, J. Sprakel, K. Schroën, From cooperative to 
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