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Dynamics of progressive pore clogging by colloidal aggregates

The flow of a suspension through a bottleneck often leads to its obstruction. Such a continuous flow to clogging transition has been well characterized when the constriction width to particle size ratio, W/D, is smaller than 3-4. In such cases, the constriction is either blocked by a single particle that is larger than the constriction width (W/D <1), or there is an arch formed by several particles that try to enter it together (2<W/D<4). For larger W/D ratios, 4<W/D<10, the blockage of the constriction is presumed to be due to the successive accumulations of particles. Such a clogging mechanism may also apply to wider pores. The dynamics of this progressive obstruction remains largely unexplored since it is difficult to see through the forming clog and we still do not know how particles accumulate inside the constriction. In this paper, we use particle tracking and image analysis to study the clogging of a constriction/pore by stable colloidal particles. These techniques allow us to determine the shape and the size of all the objects, be they single particles or aggregates, captured inside the pore. We show that even with the rather monodisperse colloidal suspension we used individual particles cannot clog a pore alone. These individual particles can only partially cover the pore surface whilst it is the very small fraction of aggregates present in the suspension that can pile up and clog the pore. We analyzed the dynamics of aggregate motion up to the point of capture within the pore, which helps us to elucidate why the probability of aggregate capture inside the pore is high.

Introduction

The flow of colloidal suspensions in confined environments often leads to partial or complete clogging in various contexts including natural flows inside soils and rocks 1 , filtration through a membrane 2 , during chemical synthesis 3 or transport in micro-engineered channels 4 , porous networks 5 and reactors 6 . Three main mechanisms have been identified to explain pore clogging by spherical particles, which depend on the width to particle size ratio, W/D 4 . Firstly, there is clogging by sieving for particles bigger than the mean pore/channel size 7,8 or for pores whose dimensions are 2-3 diameters of the particles, W/D<2-3, hydrodynamic bridging occurs when several particles try to enter the pore together [9][10][11] . Finally for even larger pores the clogging process is progressive and there is an accumulation of particles until pore blocking happens [12][13][14][15][16] . Microfluidic experiments have largely helped to quantify and better understand the way clogs are formed. This technology, that emerged twenty years ago, gives access to various geometric features in 2D 17 and more recently in 3D 18 such as those encountered in membranes used in the filtration processes inside industrial equipment. The transparent model filters made by this technique enable us to follow and track particles up to the point of their capture by the surface of the pores 14,19,20 . Most of the previous clogging studies have focused on the impact of the geometry of the pore 13,14,[21][22][23] , focusing particularly on the influence of the confinement 12-14 , as discussed above. Others have looked at the influence of the particles' properties like the interparticle interactions or the interactions between the particle-and pore surface 12,13,21,[24][25][26] and the effect of the polydispersity of the suspension 7,8,27 . More recently, studies on the clogging of model filters have been performed with deformable particles like microgels [28][29][30] . Finally, microfluidics has been used to determine under which conditions a pore blocked by colloidal particles can be de-clogged by reversing the flow 31 . Among this growing set of publications most of them provide images of the pore either partially or completely clogged 21,28,[32][33][34][35] , but only few have gone further and considered the behavior of the particle inside a clog or in a deposit 14,15,29 . The dynamics of particle deposition have been monitored only in very confined situations for both non Brownian 36,37 and colloidal particles 14 . No such dynamics have been provided at the particle level for progressive fouling since it requires challenging imaging conditions to see through the forming clog 15 . In such mild confinement, for 4 < W/D <10, with W and D respectively the pore width and the particle diameter, particles partly cover the pore surface and at some point, they are supposed to start accumulating on top of this first layer until the pore is finally blocked. However, several works have pointed out that in such confinement the fouling process may be not due to the progressive accumulation of monodisperse particles. Gerber et al. 38 show that particles can form only a monolayer on glass beads in a 3D packed bed when the ionic strength is low compared to the critical coagulation concentration. Others experiments in transparent model filters have shown that frequently particles of different sizes are involved in the clogging process. Even though they worked with monodisperse suspensions, they found that a few particles in the suspension, larger than the mean size, are mainly responsible for pore blocking. Either their size is bigger than the pore size leading directly to pore blocking; the particle being arrested at the pore entrance, or smaller particles first deposit on the pore surface, forming a monolayer, and then a larger one blocks the remaining part of the pore cross section 7,8,27 . Such pore blocking is often seen when one uses natural and engineered suspensions that are composed of aggregates and are polydisperse in shape and size. For instance, injections of therapeutic proteins like monoclonal antibodies often contain aggregates so large that they lead to clogging of the needle or infusion catheters 39 and flocculated clay particles form large aggregates that are responsible of the clogging of membrane filters 40 and drippers in microirrigation 41 . When there is a salt gradient and colloidal particles flowing through a porous network we also observe pore clogging as in a reverse osmosis membrane 42 . Microfluidics has also helped to better understand how aluminium salts used in antiperspirants gels lead to the aggregation of sweat proteins which block eccrine sweat pores 43 . Shin et al show that flows in porous media can induce strong diffusiophoretic focusing at fluid junctions where particles spontaneously accumulate until their concentration is high enough to cause a blockage 44 . This localized salt gradient can lead to irreversible blocking by particles two orders of magnitude smaller that the pore width. Clogging issues are also often encountered when solid particles are formed under flow either by mixing different species 45 as for instance during the formation of kidney stones 46 or as a product of chemical reactions. During flow chemistry, the solid particles and aggregates produced are transported by the flow and deposited inside the processing equipment 47,48 . These aggregates grow continuously due to the constant supply of reactants and also help to capture other flowing aggregates or isolated particles 3 . The growth under different flow conditions leads to different shapes and morphologies of aggregates, which can also be fragmented by the flow 49,50 . As far as we know nobody has determined the different features of the clogging dynamics at the pore scale by such particle aggregates even though they make up most of the natural and industrial colloidal suspensions. In this paper we describe clogging experiments with a dilute, stable against aggregation, mostly monodisperse colloidal suspension inside a microfluidics model porous medium over a wide range of applied pressures. During these experiments we systematically monitor the deposition history of colloidal particles within a pore and the mean size and shape of each deposited object. These observations allow us to show that there is a major influence from a minute quantity of aggregates present in our monodisperse suspension. There is no progressive accumulation of single particles alone leading to the pore clogging. These particles can only form a monolayer on top of the pore surface onto which a small number of aggregates deposit and eventually block the pore. The higher deposition rate of aggregates directly on the pore walls or on the colloidal monolayer deposit is due to their rotation around their center of mass that increases significantly their physical capture at a higher distance from the pore/deposit surface than is seen for single particles.

Materials and methods

1-Microfluidics filter and image analysis

We used standard methods of soft lithography and PDMS molding 51 to build our microfluidic device. We followed the same protocol used by Dersoir et al. 15 to obtain a model filter completely made of PDMS in order to have the same colloidal interactions between the particles and the lateral and horizontal walls of the device. The device is 12µm high and composed of two large channels on both sides of a model filter made of 26 identical and independent channels in parallel (figure 1a-b). Each channel is composed of two consecutive reservoirs connected to a pore, which corresponds to the narrowest part of the filter with a width W equal to 7µm, which corresponds to a pore width-mean particle size ratio equal to 3.9 (figure 1c). When the pore is clogged, the two reservoirs are never completely filled by particles which avoids the premature clogging of the two adjacent channels. During the experiments we image only the six channels in the middle of the filter (figure 1b, dotted rectangle), which allows us to use an acquisition frame rate high enough to perform particle tracking (PT) on all the particles that flow through both the pore and the reservoir just upstream. The experiment is stopped when these six channels are clogged. We image the transport of fluorescent particles with a scmos camera (Hamamatsu Orca Flash 4.0). To flow the suspension, we used a precise microfluidics pressure control system (Elveflow OB1 Mk2 or Fluigent MSFC) to impose a constant pressure gradient between the pore inlet and the outlet. We work with a wide pressure range (0.5mbar to 120mbar) corresponding to a flow rate Q at the beginning of the experiment, between 0.008 and 0.9µl/min. There is an increase of W is lower than 0.5µm for the highest applied pressure. We measure this flow rate by weighing the mass of water flowing through the device for one hour with an analytical scale, with an accuracy of 0.2mg, connected to the device outlet. Since we work with a pressure gradient the clogging of several pores does not significantly change the flow rate in the other pores. The Reynolds number is always smaller than 10 -3 and the Péclet number is high and between 1.6.10 4 to 5.2.10 6 . Under these conditions inertia and particle Brownian diffusion are negligible. The particles with a diameter D=1.8µm were synthetized following the procedure detailed in Shen et al. 52 . They are made of PMMA in which a NBD (7-nitrobenzo-2-oxa-1,3-diazole) dye is incorporated. These particles use a polymer brush coating, composed of polyvinylpyrrolidone chains that bear negatives charges, to stabilize themselves against aggregation. The resulting zeta-potential is equal to -70mV. We used a mixture of water (33% by weight), urea (37%) and glycerol (30%) in order to obtain an isodense suspension to negate particle sedimentation over the course of the entire experiment.

2-Suspension characterization

Characterization of aggregates

The monodisperse suspensions are characterized by a size distribution with a peak around the mean diameter of the particles. However, like all monodisperse suspensions, we also find contaminants, mainly particle aggregates and to a lesser extent large particles. The aggregates are likely formed at the beginning of the particle synthesis when the semi-stable PMMA particles are rapidly growing and by random chance encounter other such particles [START_REF]Monodisperse polymeric spheres in the micron size range by a single step process -Almog -1982[END_REF] . This may lead to the formation of few stabilized aggregates. Those aggregates are composed of 1.8µm particles which seems to be linked permanently to each other. Examples of such aggregates are shown in figure 2. We checked that the distributions of aggregate shape and size do not change when these aggregates flow through the different parts of the model filter where they experience various levels of shear. From this we conclude that the aggregates of our suspensions are stable against shear flow and their distribution does not evolve as they flow through the model filter. We also added various amount of salt and determined the aggregate size distribution and found no difference even for salt concentrations where the surface charge of the polymer brush is completely screened. This confirms that both particles and aggregates are stabilized by the polymer brush grafted on their surface. This means there is a steric stabilization of all the types of particles which prevent them from adhering to each other. To characterize the size distribution of the different objects that compose the suspension we inject a suspension with a very low volume fraction of 5.10 -4 into a rectangular channel (1cm long, 0.5mm wide and 20µm high). During this experiment, we stop the injection for 6-7s and image the particles in one part of the channel. Thereafter we flush the channel with a large pressure for 3-4s, high enough to get new particles in the image. In this way, we obtain typical pictures with around 1200-1400 objects and after 7-8h of experiment, we obtain a total amount of roughly 3.3.10 6 objects. In each image we start by detecting the particle position and determine whether it is in an aggregate or not. To locate and characterize fluorescent particles, the most commonly used method is Gaussian fitting. Due to the proximity of neighbouring particles within an aggregate there is an overlapping of their respective Gaussian fits, which makes it difficult to distinguish each particle (triplet in sup. figure 1a,left). In addition, when particles are well packed inside an aggregate the intensity distribution can be so smoothed that the algorithm eventually detects only one particle (quintuplet in sup. Figure 1b, left). To overcome these difficulties, we use Fast Radial Symmetry 54 which detects zones with a high radial symmetry from gradients in the images. Rather than looking at the contribution of the pixels around a central one, the FRS algorithm quantifies the contribution each pixel makes to the symmetry of pixels around it. Thanks to this method, we are able to determine the particle centre of overlapping particles inside the aggregates (figure 2). Secondly, we determine the centroid of the projected areas of the aggregates. The coupling of this second step with the FRS method gives us access to the number of particles within an aggregate and also the geometrical descriptors of the aggregates (sup figure 1 and figure 2). We use a particle tracking method at 100 frames per second to capture the aggregate dynamics under flow, with a flow rate of 0.05µL/min and a low particle concentration of 5.10 -3 . This method is able to discriminate adjacent flowing particles and also those which are deposited in the reservoir. Using the FRS method and the centroid detection, we get various useful features of the flowing aggregates (orientation, shape and number of particles inside an aggregate). We systematically determine the type and size of the objects that flow through the microfluidic filter during the clogging experiments, with an acquisition frame rate sufficiently high, between 3 to 30 fps, to be able to monitor separately each object that deposits. The type of captured aggregate is determined manually and the capture probability is calculated from the number of flowing particles through the pore and the distribution obtained from the stop and go experiments.

Results and discussion

We have previously performed clogging experiments with 4µm particles in two confined situations (1.5< H/D<3) where particles captured by the pore walls lead directly to the clogging of the pore 14,15 . More precisely, there is no need to accumulate particle on each other to block the pore, i.e., the formation of particle monolayers on the different pore surfaces lead to the pore blocking. Thanks to confocal microscopy we were able to monitor the clog formation at the particle scale by following the particle deposition individually. We show in both studies that self-filtration is the main mechanism of pore clogging since the confinement is rather high. After the deposition of a few particles inside the pore by direct interception by the pore walls, the following deposition events are due to hydrodynamic interactions between those immobile objects and those about to be captured. The influence of aggregates was rather limited since we observed very few aggregates larger than doublets being captured within the pores. Even though confocal imaging is a very powerful tool to get the structure of the clog it does not give access to the dynamics of particle deposition, which is the goal of the present work. Here, we perform clogging experiments in long pores but in a less confined configuration where we flow smaller, 1.8µm PMMA particles through 8µm wide and 12µm high pores. In this case there must be particle accumulation over several layers in addition to the initial particle monolayer in contact with the pore walls to completely obstruct the pore. Rather than using confocal microscopy we use a SCMOS camera able to track particles when they flow through the pore which means that, in contrast to our previous studies 14,15 , we do not have access to the structure within the forming clog. Instead, we are able to determine the dynamics of the particles as they get captured, and also their size and shape, which allows us to determine the aggregate size distribution as the aggregates flow through the pore.

1-Major contribution of aggregates to pore clogging

We first count the number of particles deposited inside the pore for flow rates, Q, between 0.008 and 0.9µl/min. The clogging process is not due to the progressive deposition of single particles alone, as is presupposed 12,13,25 , even though the suspension is rather monodisperse with around 97% of the particles having the same size (figure 2, left table). Single particles are mainly captured on the pore walls by physical interception, but they are then unable to pile up on that initial monolayer to progressively clog the pore (figure 3a). It turns out that particle aggregates, which corresponds to 3% of the particle population, are mainly responsible of the pore clogging. Whatever the flow rate there are three to five aggregates, from doublets up to aggregates composed of 10-12 particles, that deposit inside the pore in each experiment (figure 3b-d). The capture of these aggregates also facilitates the deposition of isolated single particles as these capture events lead to the formation of a porous deposit through which fluid can still flow and individual particles that follow these fluid paths can get trapped. The pore is completely obstructed by few additional single particles in each step. All the deposited aggregates were identified as they flowed through the reservoir zone prior their deposition. The position of these captured aggregates in the pore is approximate since this is a 2d view of the pore constructed to show that the aggregates were effectively immobilized in the forming clog. Note that individual particles are also captured by the deposited aggregates but we do not highlight their position in the clog so as not to overload the images.

Since we have enough aggregates, (figure 2, right table), we are able to determine their probability of capture, which is the ratio of the number of aggregates deposited over the total number that flow through the pore, for each aggregate type. Note that there are large variations of this probability from one experiment to another since the history of the clogging formation for a given pore, i.e., the successive particle-aggregate deposition process, is unique. However, since we have performed an important number of trials clear trends emerge from the variation of the capture probability with Q (figure 4). The capture of aggregates, irrespective of their size, is much higher than the deposition of single particles for the full range of Q. For 0.02<Q<0.24µl/min there is a sharp decrease in the capture probability corresponding to a lower particle deposition by physical interception by the pore walls 14 , for all particle types. From Q > 0.2-0.4 µl/min the capture probability does not change with Q for aggregates while there is a very slight decrease for single particles. In this flow regime the physical interception of particles by the pore walls is the smallest while capture by the deposit, i.e., by particles already stuck in the pore, remains constant. It is worth noting that the capture probability increases rapidly with the number of particles within an aggregate, irrespective of the flow rate. This is intuitively related to the aggregate's dimensions, the bigger the aggregate the more they are confined and the closer to the pore walls they are, enhancing their capture. However it is not just a question of size since particles bigger than the mean size are also present in the suspension and these have a very limited contribution to the pore clogging even though they quite numerous (figure 2, left table). Indeed, big particles, with a diameter smaller than the width of the pore, can be easily wiped off the pore walls by the flow since they experience high shear variations. In the case of aggregates they can withstand higher shear stresses as their structures are more open, reducing the torque due to the shear, since the fluid can pass through them 55 . In addition, aggregates have multi-contact with either the pore wall and/or the deposit that increases significantly their stability against removal by the flow. This is particularly true for the aggregates formed from four or more particles for which we observe that their capture probability remains high and varies between 0.3 and 0.7 over the range of Q we used. To identify the underlying physical processes that are responsible for the capture of aggregates we look at their dynamics near the pore entrance, following their motion from the reservoir zone up to their capture by the pore walls or the deposit inside the pore. In this way we will be able to determine the features of the physical interception of aggregates. The interception of spherical particles by the pore walls is well known 12, 56 . In our filter geometry spherical particles flow through the reservoir and follow a given straight streamline along its path. When the particle get closer to the pore entrance, the width of the channel is narrower leading to a compression of the streamlines, which allows the particle to move from its original streamline to another that is closer to the surface of the pore wall. At some point the particle cannot avoid the pore surface, due to its finite size, and comes sufficiently close to the surface, below tens of nanometer from it, and falls in the attractive part of the interaction potential between the particle and the pore surface and thus becomes stuck 12 .

Figure 5: (a) Variation of the orientation in the XY plane (see sketch on the bottom left corner), parallel to the top and bottom surfaces of the pore and corresponding to the observation plane of the microscope, for a doublet that flows consecutively in the reservoir and then in the pore. The numbers refer to the images on the left. The long axis of the doublet is in the z-direction at the beginning and the end of each period (images 1, 4, 5 and 8). Inside the pore the trajectory of the doublet is modified by the deposit (the red triplet is in contact with the pore wall) in image 1'. (b) Variation of the orientation for a flat triangular shaped triplet until it gets captured inside the pore. At the beginning of each period the triplet lies completely in the YZ plane, perpendicular to the flow direction (images 1 and 10), while at the middle of the period it lies in the XY plane, parallel to the top and bottom surface of the channel (image 5). (c) Variation of the orientation for a large aggregate with a complex shape and composed of at least of 6 particles. The dynamics of deposition inside the pore for the triplet (b) and the large aggregate (c) are shown in figure 6a andb, respectively.

Whatever their size and shape aggregates rotate periodically during their transport through the microchannel (fig. 5a-c and sup figure 3), like a rod that exhibits Jeffery orbits in pure shear flow 57,58 . This that even though the center of mass of an aggregate remains located on the same streamline in the reservoir, just upstream of the pore, their edges come periodically closer to the nearby pore walls. However, contrary to the simple case of rods, in our experiments there are large variations in the dynamics of the aggregate spinning process due to the flow conditions in high confinement and there are especially important variations of the shear along the height of the channel. These lead to additional hydrodynamic interactions of the aggregates with the pore walls, modifying the spinning process especially at the transition between the reservoir and the pore. For instance, for the doublet in figure 6, upstream of the pore, it rotates along the flow direction in XZ plane, the plane perpendicular to the lateral walls of the pore, i.e., it has a tumbling motion in the reservoir. We observe an important change in the doublet's rotation dynamics at the pore entrance (red dashed line in figure 5a). At this position the channel becomes more confined along the width (8µm) than along the height (12µm) leading first to an increase of the local fluid velocity and more importantly, to a modification of the orientation of the aggregate. In less than 30µm, corresponding to the distance over which the channel is progressively narrowed, the doublet rotates in all planes and then becomes stabilized when the pore section no longer changes, rotating only in the XY plane, parallel to the top and bottom walls as it travels along the pore (see also fig. 6a for the case of a triplet that deposits and sup fig 3 for other examples). This means that when the pore cross section becomes constant the doublet finds an equilibrium position relative to the pore surfaces and performs periodic rotations, while at the pore entrance the edges of the doublet can come closer to the lateral walls of the channel increasing its probability of being captured at this point. Such modifications of both the rotation planes and the trajectory also occur when aggregates encounter a particle/aggregate attached to the pore surface (figure 6c). We suggest that this rather fast modification of the aggregate orientation leads to their capture mainly near the pore entrance and no further than 30-40 µm inside the pore, as illustrated in figure 6a-c, where various aggregate types encounter new flow conditions as they either enter a pore or come across the surface of the deposit inside the pore. During that short moment one of their edges cannot avoid touching the pore walls (figure 6a-b). This is also true when aggregates come across particles/aggregates already deposited at the pore surface (figure 6c). An important observation, which confirms our hypothesis, is that almost no aggregate deposition occurs inside the pore far downstream of the entrance. Most of the time aggregates find a new equilibrium position around which they rotate without any possibility of touching the pore walls as they flow through the pore. However aggregates can still be stopped anywhere within the pore if they encounter other particles/aggregates or a channel defect; events which are rare in our set of experiments. As already mentioned above, similarly to spherical particles, aggregates have to flow near the lateral walls of the reservoir, upstream of the pore, to be captured by physical interception by the pore walls. Aggregates that are closer to the lateral walls of the reservoir zone have more chance of being captured further downstream at the pore entrance since they have to flow very close to the walls at that location (figure 6a-b and sup figure 2). After the capture of several particles and aggregates inside the pore there is also physical interception of flowing aggregates but this time by these immobile particles that compose the deposit (figure 6c). In such a case, there is no dependence on the position in the reservoir of the aggregates about to be captured. Thus aggregates that flow in the middle part of the reservoir can be captured by the colloidal deposit, in contrast to direct interception by the lateral walls. This also suggests that the probability to capture aggregates is increased when the surface of the pore becomes crowded. In the following, we focus on the influence that the geometrical features and shape of the aggregates has on their capture. It turns out that aggregates that deposit in the pore have no preferential shape whatever their size. Actually, the distribution of the shape of the captured aggregates during clogging experiments is identical to that obtained from the stop and go experiment, simply meaning that it is a matter of probability (sup. figure 4). Nevertheless, we can go a bit further on the influence of the aggregate shape by considering that the probability of capturing aggregates is related to their maximum length or major axis, called here Lmax, since the two opposite edges along Lmax are the closest points to the pore walls during the aggregate We found that the capture probability increases and scales with the third power of Lmax (figure 7). This suggests that aggregates act as "effective spheres" with a diameter equal to their long axes Lmax as they enter into the pore. In other words, aggregates spin around their center of mass in such a way that their two edges along their greater dimension describes the surface of a sphere of diameter Lmax. This evolution of the capture probability with diameter, Lmax, is the same for both high and low flow regimes, but it appears to be greater in the low Q regime. We suppose that the higher rotation speed of the aggregates in this low flow regime 57 is responsible for such a behavior as this will mean that the edges of the aggregates will encounter the pore surface more frequently and thus increases their probability to be captured.

Summary and conclusions

In this paper we show that pores are mainly clogged by aggregates coming from the particle synthesis, when a predominantly monodisperse suspension of colloidal particles flows through a transparent model filter. In addition, we have determined the dynamics of aggregate particle deposition within a pore. Contrary to the work of Sauret et al. the contaminant particles in our suspension are smaller than the pore size and thus pore clogging mainly results from the progressive accumulation of these aggregates and not from sieving a large aggregate. The analysis of the particle motion enables us to know what the shape and the size of the particles eventually captured are. We systematically found that aggregates, corresponding to a very small fraction of the suspension, i.e., few percent, are actually responsible for the pore blocking. Unlike single particles, aggregates are able to deposit on the pore surface and on top of each other without being wiped off by the flow, since they can have multi contact points with the pore/colloidal deposit surface. The capture mechanism of aggregates is similar to that of single spherical particles, but in the former case there is physical interception of one of the two edges of the aggregates. As they flow through the channel, aggregates rotate around their center of mass, and thus behave as effective spheres with a diameter corresponding to their maximum length Lmax, especially when they first enter in the constriction. Such a rotation enables the aggregates to get periodically closer to the pore or deposit surface and be captured, since the edges of the aggregates cannot always deviate from the deposit surface and avoid contact with it, unlike spherical particles that can more easily depart from the surface. The probability of aggregate capture is higher for low flow rates since the rotation speed of the aggregates is greater and thus increases their frequency of encountering the deposit/pore surface 57 . We performed clogging experiments with other suspensions, which were stabilized only by charge on their surface (for instance sulfate groups), obtained from different companies and also observed systematically that pore blocking results from aggregate accumulation. In each case there are between 0.5 and 2% of aggregates in the suspensions, before they are injected in the microfluidic devices. The geometrical features of these aggregates also remain unchanged until they deposit in the pores, i.e., they are not broken by the flow while they are transported through the microfluidic channel.

We think that pore clogging by aggregates will also be observed in two other common situations in which aggregates are formed inside the porous structure. In a first situation, flow can induce particle aggregation in the bulk of the flowing suspension and also breaks up the aggregates. In a second one, colloidal particles can form a deposit on the pore walls but its growth can be limited by the flow that erodes its surface, releasing aggregates that may be captured further downstream. Generally speaking, this experimental work clearly shows that in order to draw sound conclusions on the dynamics of clog formation one must have to (i) know precisely the distribution of size and shape of the particles/aggregates that compose the suspension about to be filtered and (ii) be able to capture the dynamics of particle deposition in the pore. This methodology has to be used with different colloidal suspensions to check whether or not aggregates are indeed the main objects that accumulate and eventually block the pores.
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 1 Figure 1: (a) Model filter with inlet and outlet and the filtering zone in the middle, highlighted by the red rectangle (colour online). (b) Zoom of the filtering zone composed of 26 identical channels. The dotted rectangle corresponds to the zone
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 2 Figure 2: (Top-left) Distribution of aggregate sizes inside the PMMA suspension. The size of aggregates corresponds to the number of particles within an aggregate. The continuous line is a power law fit of the data with power index of -4.4. (Inset) particle size distribution of the single particles determined from image analysis, which is centred on 1.4µm. More accurate size measurements from MEB images lead to a greater mean particle size of 1.8µm. (Right) Proportion of the different types of particles that composed the PMMA suspension from the "stop and go" and the "pore clogging" experiments. (Bottom) Examples of images of triplets, quadruplets and quintuplets with different shapes characterized by the ratio Lmin / Lmax, defined in the scheme in the bottom right corner.

Figure 3 :

 3 Figure 3: Successive images for pore clogging by single particles and aggregates, a quintuplet in (b), a triplet in (c) and a doublet in (d).The pore is completely obstructed by few additional single particles in each step. All the deposited aggregates were identified as they flowed through the reservoir zone prior their deposition. The position of these captured aggregates in the pore is approximate since this is a 2d view of the pore constructed to show that the aggregates were effectively immobilized in the forming clog. Note that individual particles are also captured by the deposited aggregates but we do not highlight their position in the clog so as not to overload the images.

Figure 4 :

 4 Figure 4: Variation of the capture probability of single and aggregate particles with the flow rate Q. The dashed line corresponds to the limit between the two flow regimes.

Figure 6 :

 6 Figure 6: Deposition dynamics of various aggregates inside the same pore for Q=0.05µL/min. The different colors in (a) and (c) help to see the abrupt variation of rotation of the aggregates as they enter the pore. The arrow points in the flow direction while the dashed line in (a) corresponds to the transition between the reservoir and the pore. The red squares in (b) and (c) outline the final position of the large aggregate deposited in (b), around which the quadruplet performs an abrupt rotation, while the green triplet corresponds to the first deposition event in this pore that takes place in (a).

Figure 7 :

 7 Figure 7: Variation of the capture probability of aggregates with Lmax for Q=0.017 (top curve with full symbols) and 0.228 µl/min (bottom curve with empty symbols). The continuous lines are power law fits of the data with an exponent equal to 3. The value of Lmax corresponds to the value of the median of the Lmax distribution for the different aggregate sizes.
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