A simple theoretical model is proposed to describe the limiting size of aggregates attained at steady-state under given shear conditions. The stable size is assumed to be the result of a dynamic equilibrium between simultaneous aggregate growth and breakup that are represented as first-order processes. The theory establishes that the evolution of steady-state aggregate size versus shear rate is written as the sum of two exponential laws. The validity of the model is verified by direct observation of the coagulation behavior of latex particles in the stagnant plane of a counterrotating Couette reactor. The influence of latex elementary particle size, initial particle volume fraction, and inner gap spacing of Couette reactor, are investigated. In all cases, the model shows good agreement with the experimental results.

Aggregate growth proceeds with a monomodal size distribution that exhibits a scaling behavior. Such monomodal distribution evolves towards broad and even bimodal steady-state distributions at both low and high shear rates, whereas a narrow monomodal pattern is observed at intermediate shear gradients. The aggregate cohesive force F H can calculated from the critical shear rate of dislocation defined by the model. In contrast to the broadly accepted view that larger flocs should be more fragile than smaller aggregates, we find that F H scales as D 3/2 where D is the aggregate characteristic diameter. The latter relationship may be derived by assuming linear elasticity of aggregates.

INTRODUCTION

Floc binding strength is considered as a key-parameter in most solid/liquid separation processes involving the formation of aggregates under agitation [START_REF] Bache | Flocs in water treatment[END_REF] . At first approximation, it represents the ability of aggregated particles to resist breakup under hydrodynamic shearing forces. However, the way hydrodynamic stresses are applied onto a floc, the irregular shape and the structure of aggregates, the kind of particle-particle association reached within the floc (strength of inter-particle bond and number of individual bonds between primary particles), imply that the cohesive force of aggregates is actually the result of overlapping and interdependent physical phenomena.

A floc binding strength can nevertheless be directly determined by pulling apart individual aggregates using a micromechanics approach [START_REF] Yeung | [END_REF]3 . Rupture forces in the 20-200 nN range were thus measured for calcium carbonate particles flocculated with polymers with no particular dependence of aggregate cohesive force on floc size. The breakup behaviour of flocs can also be investigated by subjecting preformed aggregates to well-defined flow fields such as four-roller extensional flow [4][5][6] , contraction flow [6][7][8][9] or turbulent flow 10,68 . A quantitative estimate of floc strength F C is then obtained by relating the aggregate size at which rupture is observed to the local hydrodynamic shear forces (e.g. F C ~ µ G D 2 under pure shear flow with G the velocity gradient, D a characteristic aggregate size, and µ the dynamic viscosity).

Typically, coagulated systems yield cohesive forces of about 2 nN, whereas flocculated systems are characterized by values of floc strength one to two orders of magnitude higher 9,10 .

Interestingly, the critical force required to induce floc breakup was found to increase with aggregate size for kaolin particles flocculated with either aluminium sulfate, ferric chloride, or polyacrylamide polymer 10,11 and for silica particles aggregated with ferric chloride 6 .

In the general case when the fluid motions can not be precisely specified, the floc strength is evaluated indirectly by monitoring a characteristic size D of aggregates formed under variable shear conditions 12 . Indeed, for suspensions coagulated in the presence of an excess electrolyte at a given shear rate, a steady-state floc size is reached after a certain time, such stable size being smaller and attained more rapidly with an increase in shear rate 12,13 .

The decrease in steady-state floc size D as a function of the applied shear rate G follows the empirical expression: D = G - (1) in which  and  are constants. For colloidal dispersions destabilized with polymers or hydrolyzing metal salts, equation ( 1) is also applied even though the aggregation kinetics is more complex with a frequent overshoot followed by a continuous decrease in aggregate size [14][15][16] .

The experimental values of  reported in the literature vary between 0.3 and 0.8 17 .

Over the past four decades, numerous attempts have been made to model aggregate rupture in agitated reactors, and hence to provide a theoretical basis to equation (1) [18][19][20][21][22][23] . According to the nature of hydrodynamic forces acting on the aggregate, the breakage mechanism of flocs, i.e.

erosion of elementary particles/small floc subunits from the outer part of aggregates or fragmentation of flocs into large-scale pieces, the type of particle-particle connecting bonds within the aggregate, and the description of floc structure, values ranging between 0.2 to 1 have been proposed for the exponent . In most cases, the stable floc size reached under agitation has been interpreted from a simple mechanical approach, i.e. a force balance between aggregate strength and hydrodynamic stresses exerted onto the floc. However, the limiting size may also represent (i) a dynamic equilibrium between simultaneous growth and breakup of aggregates 24 , (ii) a decrease in aggregation efficiency as a function of floc size 25 .

These two dynamic aspects, generally overlooked in previous aggregate breakup modeling, certainly participate to the definition of the steady-state floc size.

The objectives of this paper are then (i) to provide a theoretical description of stable floc size that takes into account the dynamic nature of the aggregation process; the model introduces a critical shear rate of aggregate breakup that enables the calculation of the floc cohesive force. (ii) To verify experimentally the efficacy of our model; this involved the insitu measurements of aggregate size in the laminar flow generated within a counterrotating cylinder Couette device.

THEORETICAL CONSIDERATION

Under dynamic steady-state conditions, we assume that (i) shear aggregation is predominant and Brownian motion insignificant, (ii) floc growth and floc breakup can be described as first-order processes (which is consistent with the formalisms developed in nonequilibrium thermodynamics close to the stationary state), (iii) aggregate plastic deformation is considered negligible during a breakup or a collision event, (iv) the aggregated system can be represented by a characteristic size D. The limiting floc size at a given shear rate can then be expressed by:

(2) where d t is the critical shear stress that must be applied to determine floc dislocation, G f the critical shear gradient for inducing floc formation, and D c the characteristic size of aggregated subunits that participate to the floc growth. The second term on the right-hand side of equation ( 2) accounts for the loss of aggregated matter due to break-up, whereas the last term denotes the gain of aggregated matter due to floc growth. Differentiating twice equation ( 2), yields:
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As a first approximation, we assume that the floc volume fraction remains sufficiently low to consider that the coagulated suspension behaves as a Newtonian fluid. In other terms, µ is constant and hence, and . Substituting into (3) leads to:

which analytical solution is:

(

a and b being two arbitrary integration constants. Therefore, D( =0) = a + b = D max . G F ,  d , a, and b, are obtained by adjusting equation (5) to experimental data. Finally, taking into acount both floc formation and breakup in the definition of a steady-state aggregate size, implies that the evolution of stable floc diameter versus shear rate can be written as the sum of two exponential laws.

EXPERIMENTAL SECTION

Suspension preparation. Polystyrene latex particles carrying a slight anionic charge from sulfate ester groups, were purchased from Polysciences Inc. The mean particle diameters determined by dynamic light scattering (Malvern PCS 4800), were 0.202 µm ± 2% and 2 µm ± 3%. The aggregates were prepared by diluting an aliquot of latex stock suspension with appropriate amounts of deionized water (Milli-Q Millipore) and aqueous 2.9 M NaCl solution (Aldrich 99.7%) to yield solid volume fractions () of either 5 10 -5 , 10 -4 or 10 -3 , and a final 1.45 M NaCl concentration that matches the specific gravity of latex particles (1.05 g/cm 3 ).

Centrifugal forces and differential settling can then be neglected during the experiments. Both deionized water and NaCl solution were preliminarily filtered with a 0.22 µm pore size cellulose-acetate membrane (porafil® Macherey-Nagel), and placed in a thermostated bath set at 30°C. The pH of the salt solution was adjusted to 7.0 using NaOH 0.1 M. The aggregating suspension was then let to reach thermal equilibrium in the thermostated bath for further 30 minutes prior to its introduction in the Couette device.

Couette-flow reactor and aggregation procedure. The shear aggregation experiments were conducted in a Couette-flow reactor in which both the inner and the outer cylinders can rotate in same or in opposite directions (fig. 1a). The outer cylinder had an internal diameter of 10 cm and a height of 25 cm. Two gap spacings, e = 1.5 mm and e = 3 mm, were used to investigate the effect of confinement on aggregate characteristics. Each cylinder was rotated by a precision motor (Maxon A-max PLG32) connected to a digital controller (Encoder HEDL-5540). In the present work, the inner and outer cylinder angular frequencies Ω 1 and Ω 2 were selected such that Ω 1 = -Ω 2 = Ω. A stagnation plane is then created halfway of cylinders.

In cylindrical coordinates, the shear rate (r) at a given radial distance r within the gap can be determined from [START_REF] Guyon | Hydrodynamique physique[END_REF] :

g . r ( ) = W R 2 2 + R 1 2 ( ) R 2 2 -R 1 2 ( ) + 2W R 2 R 1 ( ) 2 R 2 2 -R 1 2 ( ) ´r 2
where R 1 and R 2 are the radii of the inner and outer cylinders, respectively. The variation in with r inside the gap is about ± 3%. Typical (r) profiles determined at various angular velocities are shown in figure 1b. The spatial mean shear rate G reported in the experiments is calculated from:
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A wide range of constant shear rate -1.4 to 138 s -1 (0.2 to 20 rpm) and 0.7 to 40.7 s -1 (0.2 to 12 rpm) for gap spacings of 1.5 and 3 mm, respectivelyin stable circular laminar flow conditions can be obtained with our device ( W = 2p * rpm / 60 ). Indeed, a laminar flow is created in the gap provided that the Taylor number Ta is less than 41 [START_REF] Guyon | Hydrodynamique physique[END_REF] :

Ta = rWe 3 2 R 1 1 2 h
where  and  are the density and the dynamic viscosity of the suspension (=1.08x10 -6 m 2 .s - 1), e the gap spacing between cylinders, and R 1 the radius of inner cyclinder. Maximum

Taylor numbers of about 31 and 41 were attained in our experiments for gap spacings of 1.5 and 3 mm, respectively.

At the beginning of each aggregation sequence, a shear gradient equal to 350 s -1 (i.e.

the maximum shear rate possible with our set-up) was applied to the suspension for 3 min to break up the flocs already formed. A given angular velocity was then set and image acquisition was immediately started. Preliminary experiments revealed no dependence on the order of applied shear rates on floc formation, which is expected for reversible aggregation.

However, close examination of the suspension revealed the presence of remaining aggregates after the breaking procedure. The mean diameter of those initial aggregates is plotted in figure 2 as a function of shear rate applied in the aggregation sequence following break-up. The average values of floc diameters are around 70 and 100 µm for 2 µm latex suspensions coagulated at = 10 -4 and 10 -3 , respectively, and they attain the 100-250 µm and 175-300 µm range for 0.2 µm latex suspensions at particle volume fractions of 10 -4 and 10 -3 , respectively.

Obviously, a higher initial number concentration yields larger aggregates at the start of aggregation.

Therefore, our aggregating system may contain both elementary particles and flocs.

The relative importance of shear aggregation to Brownian aggregation can be assessed by the Péclet number:

Pe = 6phGd 0 3
kT where d 0 is the elementary particle radius, k the Boltzmann constant, and T the absolute temperature. The same expression is also frequently used for aggregates by substituting the -8 -aggregate radius of gyration for d 0 [START_REF] Mokhtari | [END_REF] . Péclet numbers above 4.4 10 5 are thus obtained for flocs remaining after the breaking procedure. For latex particles with a 2 µm diameter, Pe is in the 3.5-712 range. This suggests that, in comparison with shear-induced aggregation, the coagulation due to Brownian motion can be neglected for both initial flocs and 2 µm latex particles. For 0.2 m particles, a Pe smaller than 1 is obtained at all shear rates which implies that the collisions due to Brownian motion become predominant in this aggregating system if those elementary particles are present. However, as our model is intended to describe the steady-state of a fully aggregated system, shear-induced aggregation is obviously the main mechanism at this stage.

Measurements of aggregate size and structure. Both cylinders of Couette reactor are made of transparent Altuglass ® . The outer cylinder is enclosed in a thermostated Altuglass ® square box filled with water in order (i) to eliminate part of the dioptre effect and (ii) to control the temperature of the aggregating suspension (fig. 1c). All experiments were carried out at 30°C.

A Nd/YAG Q-switched laser was used to generate a pulsed laser sheet (about 1 mm in thickness) in the meridional plane of the gap, i.e. the stagnation plane (fig. 1d). The pulsed laser sheet was synchronised with a CCD camera (Kodak Megaplus ES1.0) to obtain a stroboscopic effect. The image capture frequency was fixed at 1Hz for the first 100 seconds of shear aggregation (Dantec PIV2000 processor), and was then equal to 0.1Hz until the end of the experiment. Images (1016x1008 pixels) were saved in a Tiff format. The resolution of the image is 140 µm 2 /pixel. The field of view was 12x12 mm. This corresponds to a 14° arc that determines an inhomogeneous luminosity and a slight distortion effect for aggregates located on the image edges. As a result, both right and left image edges were clipped (about 100 pixels on each side) during image analysis. With this set-up, the aggregates out of focus are either not imaged or excluded during thresholding because of a higher gray level.

Images were first processed using Matlab 7.0 software. The raw gray-scale images were thresholded and converted to binary images (fig. 3a-b). Aggregates in contact with any image edge were erased. The aggregate characteristics (area A, maximum length L max , aspect ratio, tilt angle with respect to the flow direction…) were then assessed with ImageJ software.

The aspect ratio is defined from the ratio of major axis to minor axis of the ellipse that circumvents the aggregate, whereas the tilt angle corresponds to the angle between the primary axis of the best-fitting ellipse to the flow direction (x-axis of images) (fig. 3e). A circle equivalent diameter D was calculated from the projected area A of each floc:

-9 -D = 2 A p . The size distribution was then obtained by counting the number of aggregates in logarithmically spaced size bins such that d i+1 =2 1/3 d i , which yields equally spaced size intervals on a x-axis log scale (fig. 3c). The mean aggregate size was calculated from

D(4,3) = n i D i 4 i=1 i= k å n i D i 3 i=1 i= k å
with n i the number of flocs measured in range i, D i the middle of class range, and k the total number of bins. The use of D(4,3) decreases the statistical weight of small aggregates which are not well resolved with our set-up.

The structure of aggregates was quantified from A~L max F2 where A is the projected area, L max the maximum length, and F 2 the fractal dimension of the two-dimensional projection of aggregates. F 2 is equal to the 3D fractal dimension 28,[START_REF] Jullien | Aggregation and Fractal Aggregates[END_REF] F provided that F ≤ 2. As illustrated in fig. 3f, the finite range of characteristic lengths imposed by our experimental set-upimage resolution of 40 µm and gap spacing of 1500-3000 µmlimits the applicability of the power-law relationship to less than two decades in length, which is barely enough to define a true fractal dimension. Therefore, we will refer to the slope of the Ln(A)-Ln(L max ) plot as the scaling exponent SE rather than the fractal dimension, hereafter.

RESULTS AND DISCUSSION

Time evolution of mean aggregate size. Typical evolutions of D(4,3) with time are shown in figure 4 for various shear rates, latex particle sizes of 0.2 µm and 2 µm, and solid volume fractions of 10 -3 and 10 -4 . In the literature, aggregation results are often reported using dimensionless parameters, i.e. a relative floc size versus a normalized number of collisions 12,24,29 . Such a representation was not adopted in fig. 4 as our primary objective was to determine a steady-state mean aggregate diameter. For suspensions coagulated from 2 µm elementary particles at  = 10 -3 (fig. 4a), the temporal evolution of average floc size exhibits a characteristic S-shape with an initial exponential growth phase which levels off to a steadystate average diameter 12,24 . This plateau size is markedly reduced and more rapidly attained with an increase in shear rate, as classically observed in shear-driven aggregation experiments 12 . On the other hand, at a particle volume fraction of 10 d). This behavior can be related to the higher initial number concentration of elementary particles in 0.2 µm latex suspensions, i.e. 2.2 10 17 /m 3 against 2.2 10 14 /m 3 in the original 2 µm latex suspensions for a particle volume concentration of 10 -3 . Indeed, the aggregation kinetics is, as a first approximation, second-order in destabilized particle/cluster concentration 24,29 . At very low shear gradients (G = 3.7 s -1 in fig. 4c), it should be noted that the steady-state diameter of aggregates built up from 0.2 µm particles at  = 10 -3 is of the order of magnitude of the inner gap spacing of the Couette reactor. In that particular case, the examination of floc images revealed that most aggregates are oriented perpendicular to the flow direction (see fig. 8g), which may then identify a different aggregation regime.

Floc orientation in the shear flow. The preferential orientation of flocs mentioned above, is better evidenced from the distribution of tilt angles of aggregates to the flow direction. As illustrated in figure 5c, the tilt angle shows a peak around + 80-85° at G = 3.7 s -1 , whereas it decreases to about ± 10-15°, i.e. the flocs are aligned with the streamlines, at G = 88.6 s -1 . In contrast, the aggregates formed from 2 µm elementary particles yield a distribution of orientations centered around the horizontal for all shear gradients investigated (fig. 5a-b). The same trend, i.e. flocs generally aligned with the flow direction, was also found at lower particle volume fraction (10 -4 and 5 10 -5 ) for both 0.2 and 2 µm coagulated suspensions (fig. 5d). Actually, aggregates mainly aligned perpendicular to the flow direction were only observed for 0.2 µm elementary particles at a particle volume fraction of 10 -3 .

The distribution of tilt angles represents to some extent the time-averaged non-uniform rotary motion of aggregates in the shear flow. In our case, the time spent by the aggregates perpendicular to the shear direction is then much shorter than that aligned with the streamlines under most conditions. A common assumption in the literature is to consider flocs as solid ellipsoids 6,9 . Indeed, Veerapaneni and Wiesner showed that the flow passing through a porous aggregate drastically decreases with both floc size and fractal dimension 30 . Our flocs generally appear as oblate spheroids except for 0.2 µm latex suspensions at  = 10 -3 and G below 11.1 s -1 in which cases the aggregation regime leads to prolate spheroids. The rotation of a solid ellipsoid in a simple shear flow is strongly dependent on its initial position.

However, a time-averaged period of rotation can be defined such that [START_REF] Van De Ven | Colloidal Hydrodynamics[END_REF] :

T _ = 2p G r e + r e -1 ( ) with r e = 2a 1 a 2 + a 3
where a 1 , a 2 , and a 3 , represent the equatorial radii and the polar radius of the ellipsoid.

Therefore, the nearly identical distributions of floc orientations (fig. 5a) suggest that (i) the period of rotation of our aggregates is indeed inversely proportional to the shear rate, (ii) the flocs of coagulated latex particles behave similarly as solid ellipsoids in the shear flow. The average aspect ratio of latex aggregatesmajor to minor axis length ratio for the best-fit ellipsewas found to range from 1.4 to 1.8 (Tables in fig. 5), the upper value being observed for the higher shear rates. Assuming that our aggregates can be assimilated to spheroids, it can be calculated that T _ G varies between 13.3 and 14.8, which is consistent with T _ G values close to 14 inferred from Blaser data 6 .

Aggregate size distributions.

During floc growth, the number of aggregates contained in the captured images is too small to obtain a well-defined size distribution. Nevertheless, an average floc size D(4,3) can be calculated for each frame, and the size data replotted as a function of the reduced coordinate D/D(4,3), where D is the circle equivalent diameter determined from the floc projected area. As illustrated in figure 6a-c for 2µm latex suspensions coagulated under various shear rates at = 10 -3 , the normalized aggregate size distributions collapse onto a time independent monomodal master curve. Such behavior, known as dynamic scaling [START_REF] Friedlander | Dust and Haze[END_REF] , is consistent with previous experimental, computer, and theoretical descriptions of aggregation processes involving both coagulation and break-up [33][34][35][36] .

Similar self-preserving distributions can also be evidenced during the initial stages of aggregation for flocs of 0.2 and 2 µm latex particles at = 10 -4 (fig. 6d-f). As mentioned above, suspensions of 0.2 µm particles coagulated at a volume fraction of 10 -3 reach the steady-state too rapidly to enable the observation of self-similar distributions. The scaling distributions exhibit a characteristic tail toward the small floc sizes that becomes less extended upon lowering either the initial particle volume fraction or the shear gradient. The latter effect, rather unintuitive at first since an increase in shear rate is expected to generate a higher number of floc fragments and hence to yield a broader distribution, becomes trivial if the size range of aggregates that makes up the distribution starts at the primary particle unit.

Narrower distributions with an increase in shear rate were also reported by Kikuchi et al. 37 for latex particles coagulated between two parallel plates.

At the steady-state, in order to provide sufficient statistics, all floc images recorded under given conditions were used to derive the corresponding aggregate size distribution. It was first verified that a steady-state floc size distribution was indeed achieved by averaging floc data at different time intervals, although, as pointed out by Topelkin et al. 38 , such operation does not ensure that the coagulated suspension has attained a rigorous stationary state. The distributions thus obtained were nearly undistinguishable in the particle size range investigated for suspensions coagulated at a particle volume fraction of 10 -3 . On the other hand, at  = 10 -4 , as can be expected from the time evolutions of mean floc size shown in fig. 4, a slight -although minor -shift was detected between the time-averaged distributions especially at small shear gradients (see the supporting information material). Still, the main features of those time-averaged floc size distributions were not found to vary significantly and they were then assumed to be representative of steady-state.

Figure 7 shows typical time-averaged floc size distributions at -or close to -the steady-state as a function of shear rate for aggregates of 0.2 µm and 2 µm and particle volume fractions of 10 -4 and 10 -3 . The shape of most distributions is reminiscent of that observed during floc growth, i.e. monomodal with a more or less pronounced skewness toward the smaller aggregate sizes. At  = 10 -4 and high shear levels, the tail of the size distribution is truncated because the minimum particle size detection threshold is reached. Interestingly, the distributions are broader at both low and high shear rates, and even bimodal at very low shear gradients. Floc images taken at the steady-state under those conditions (fig. 8a-d-g-j) clearly corroborate the presence of such bimodal patterns. At intermediate shear gradients, truly monodisperse aggregates are obtained, that then rearrange as a function of time to yield an approximate 2-dimension body-centered cubic organization (fig. 8h-k). In the framework of a dynamic aggregation process, such organization is reminiscent of a Turing pattern. However, as the flocs of coagulated latex particles behave in the shear flow similarly as solid ellipsoids, the observed arrangement may also simply originate from the relative influence of wake regions behind the aggregates.

Such results are in contrast with most previous studies on this topic. Indeed, the experimental aggregate size distributions reported in the literature are generally monomodal for a large range of model, natural, and engineered systems 35,38-40, even though destabilized suspensions of casein micelles 42 , bloc copolymer colloids 43 , and aggregated polystyrene sulfate latex 44 have been shown to yield multimodal patterns under certain conditions. As aggregation is more conveniently monitored by using a moment derived from the floc size distribution rather than the distribution itself, e.g. a mean aggregate size determined from the light scattered by the destabilized suspension, the presence of multimodal aggregates may have been overlooked in some cases. Theoretical and experimental investigations of steadystate floc size distributions obtained when simultaneous coagulation and breakup occur, have also revealed that those distributions should be self-preserving with respect to shear rate 34- 36,45 . In our case, the observation of both monomodal and bimodal stable distributions at various shear rates precludes such scaling. Nevertheless, although unusual, the occurrence of bimodal distributions at the steady-state remains within the framework of reversible aggregation. Analytical evidence of such behavior has been provided by Vigil and Ziff 33 for particular forms of coagulation and fragmentation kernels, and more recently, such stable bimodal patterns have been related with a predominant erosion mode 36 . The shift with shear rate of steady-state distributions from bimodal to narrow monomodal and then to broader monomodal, might then indicate a change in the nature of breakage mode according to the shear force exerted onto the floc.

Comparison self-preserving distributions established during floc growth with the corresponding bimodal steady-state distributions (see fig. 67), reveals that the monomodal form evolves towards a bimodal pattern at the end of the growth period. Such observation is consistent with previous work by Soos et al. 46 about the change in shape of floc size distributions during aggregation. It also fits the classical scheme of an aggregate size initially controlled by a dominant shear aggregation, and upon reaching the steady-state, by an enhanced floc breakup 47 . However, according to Brakalov 25 , the stable average floc size could also result from a decrease in collision efficiency. In other terms, the steady-state aggregates would then correspond to hydrodynamically isolated entities and not to flocs undergoing simultaneous aggregation and breakup. The formation at low shear rate of a stable bimodal floc size distribution following a monomodal growth regime appears as a definite experimental evidence of such dynamic equilibrium.

Floc structure. Figure 9 displays the temporal evolution of scaling exponent characterizing the floc structure under experimental conditions identical to those described in figure 4. For all coagulated suspensions, SE closely follows the variation of mean aggregate size with time.

The initial value of scaling exponent is around 1.6 and it remains close to that value at elevated shear rates for which no supplementary floc growth can be detected. At low and intermediate shear gradients, SE increases moderately to about 1.8 ± 0.1. Such range of values, consistent with a diffusion-limited cluster aggregation mechanism 28 , has been observed both experimentally and numerically for shear-induced aggregation in laminar flow at relatively low volume fractions [48][49][50][51] . The scaling exponent of 1.6 is measured for aggregates resulting from the breaking procedure taking place before the aggregation sequence:

according to Le Berre et al. 50 , such lower value might be attributed to a predominant rotational effect during floc formation, although it might also simply be ascribed to the less accurate determination of SE from smaller projected flocs 52 .

A rearrangement of aggregates to more compact fractal structures is frequently evidenced when flocs are exposed to shear 12,24,29 . Similarly to aggregate breakup, the amount of restructuring can be related to the interplay between the bonding forces that hold elementary particles within the floc and the hydrodynamic shear stresses applied onto the aggregate. Typically for electrolyte-induced aggregation, flocs built up from small particles are more easily restructured because of weaker van der Waals interactions between the destabilized particles, whereas aggregates composed of larger primary particles are held by stronger and hence more rigid bonds, which render them more prone to fragmentation under shear stresses 29 . In our case, the aggregates formed from either 0.2 or 2 µm latex particles are characterized by the same scaling exponent close to 1.8 over a large range of shear rates (fig. 10). Taking into account previous literature ,48,49,53,54 , this suggests at first sight that (i) both types of latex particles establish sticky bonds within the floc, (ii) aggregation should proceed on the basis of one or two contact points between colliding flocs, a fractal dimension of 1.8 corresponding to a 2.2 nearest neighbours per particle, and (iii) restructuring can be neglected for the two systems at the aggregate size scale.

Data fitting. The co-existence of both bimodal and monomodal distributions of varying broadness at the steady-state, prevents from using the mean aggregate size as a maximum size criterion. Instead, the mode D m of the largest floc population appears more relevant since, in the framework of investigating the cohesiveness of aggregates, the hydrodynamic forces that are applied onto the floc roughly increases with the square of the aggregate size. The dependence of D m versus shear rate is plotted on a log-log scale in figure 11 for the aggregates built up from 0.2 or 2 µm latex sizes at all particle volume fractions investigated in this study. The solid lines on the graphs represent the least-square regression fits of the experimental data to equation (5), thus showing that the data are nicely described by our model. The influence of particle volume fraction on steady-state aggregate size is in general accordance with previous results of the literature 13,24 , i.e. (i) the stable floc diameter increases with and more significantly at low shear rates, (ii) the dependence on shear rate of the steady-state aggregate size strongly attenuates below a critical particle volume fraction (e.g. 5 10 -5 for 0.2 µm primary particle size). It should also be noted that the change in width of floc size distributions with shear rate noted above, although not predicted by our model, seems quite in line with the decrease of aggregate size in two successive stages.

However, as illustrated in figure 12, the evolution of mean aggregate diameter D (4,3) with shear rate is also adequately described by the classical power law relationship D = G - .

F C = 5 8 pD(G d ) 2 mG d
Figure 13 shows the estimated values of F C as a function of D(G d ). The set of rupture forces determined by Blaser 6 for silica/ferric hydroxide aggregates subjected to a plane Couette flow, is also displayed on the same graph. Interestingly, even though the destabilization mechanisms underlying the formation of the two types of aggregates considered in fig. 13 are certainly different, F c scales as D 3/2 in both cases. Such a result, although disagreeing with the broadly accepted view that larger flocs should be more fragile than smaller aggregates 23 , is consistent with several other experimental reports indicating an increase of the aggregate cohesive force with floc size 6,10,11 . Nevertheless, in the case of aggregates formed from soil particles coagulated with NaCl, CaCl 2 , or HCl, Kobayashi 67 found that the cohesive force remained constant in the 10-50 µm size range. It is then possible that, below a characteristic aggregate size, the floc cohesive force becomes constant and roughly equal to the bonding force between two primary particles.

The 3/2 exponent can be derived from a simple description of the floc deformation in the flow field before rupturing. Let E be the elastic modulus of the aggregate, D an initial characteristic length, and ∆ an infinitesimal displacement of the floc (see inset in fig. 13). ∆ is related to D through:

D = D(1-cosa) » D a 2 2
and hence:
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The shear stress is expressed as:

t xy = Ea » F C D 2
Then, from the two previous equations:

F C = t xy dS » E 2D D ae è ç ö ø ÷ ò 1 2
D 2 which leads to

F C » D 1.5 .
It is however questionable whether the elastic modulus of the aggregate is independent of floc size 58 .

The values of aggregate cohesive forces determined in this study range from 1.64 nN to about 38 nN, which is comparable with direct and indirect measurements of aggregate rupture forces or adhesion forces previously reported [START_REF] Yeung | [END_REF]6,9,46,59,60 . In the literature, the floc cohesive force is often identified to F C = fN C , where f represents the bonding force between two primary particles and N C the number of contacts in the original aggregate between the daughter flocs generated by a breakup event 61 . In addition, for suspensions coagulated with a high electrolyte concentration, the double-layer repulsion is expected to be completely suppressed, and it is then assumed that van der Waals forces represent the main attractive contribution between primary particles. Therefore, for two identical spheres of radius r separated by a minimum distance  with  << r:

f = A H r 12d 2
where A H is the Hamaker constant. A typical value for  is three water layers, i.e.  = 0.75 nm. Using Lifshitz theory, Prieve and Russel 62 calculated a Hamaker constant equal to 1.37 10 -20 J for latex particles in aqueous systems. However, it has been argued that in the presence of a high salt concentration, A H should be reduced to about 1 10 -21 J to adequately describe the aggregation of latex particles 51 .

In the case of 2 µm primary particles, these two values of Hamaker constant yield f = 0.14 nN and f = 2 nN, respectively. Obviously, the 2 nN value, i.e. A H equal to 1.37 10 -20 J, is directly comparable with the magnitude found for the cohesive force of aggregates built-up from 2 µm latex particles. In other words, the number of connecting bonds N C that should be broken to release two daughter flocs, should be comprised between 1 to 3, which is consistent with previous experimental results and aggregate breakup models reported in the literature 22,48,61 . A N C value greater than 1 implies that some structural readjustments have occurred upon aggregate-aggregate association such as rotation about the contacting particle until a second or even a third connecting bond is established between the colliding flocs 63 .

The much higher N C values -17 to 185 -found for the smaller latex size might be attributed to an increased compactness of aggregates that would occur at length scales smaller than those investigated with our set up (image resolution of 40 µm). Indeed, for a given shear environment, a higher fractal dimension is usually determined for flocs formed from smaller elementary particles 29 . In agitated suspensions, it is also common to observe an increasing fractal dimension during aggregation1 12,24,29,64,65 . When the floc structure is characterized by light scattering, the presence at the early growth stages of remaining primary particles and of small clusters certainly affects the determination of fractal exponent 24 . Still, that larger flocs are more compact than smaller aggregates is quite in line with the increase in cohesive force with floc size observed above 12,64 . The length scale of increased floc compactness should then vary with the initial number of primary particles.

Instead of reaching an infinite size, the aggregate size levels off to a maximum diameter when the shear rate tends towards zero (fig. 12). As illustrated in figure 14a, the dimensionless maximum aggregate diameter D max /D o is proportional to the initial number of primary particles on a log-log scale, which suggests that the total number of aggregates colliding flocs, the rotational speed of individual aggregates, and the drainage rate of fluid between aggregating units. Furthermore, as indicated in the inset fig. 15b, although the shear rate experienced by the aggregates is equivalent in both situations, the absolute fluid velocity is slightly lower in the case of an increased degree of confinement. A thorough analysis of all these effects upon floc growth and floc breakup is nevertheless beyond the scope of this paper.

Concluding remarks:

According to our results, the power law relationship classically used in the literature to describe the maximum stable floc size as a function of shear rate, is not valid when a large range of shear conditions is investigated. Instead, a sum of two exponential laws is necessary to adjust the experimental data. Such evolution can be modeled by taking into acount both floc formation and floc breakup in the definition of the steady-state aggregate size. The model introduces a critical shear gradient of aggregate dislocation that is used to calculate the floc cohesive force. In contrast to the accepted view of larger flocs more fragile than smaller ones, but in accordance with previous measurements of floc binding strength reported in the literature, we find that the floc strength increases with aggregate size beyond a given floc size.

The origin of such increase should be investigated, to the least by providing a better description of aggregate structure at various length scales.

Two other experimental systems -latex particles coated with a polymer of tunable hydrophobicity and natural humic substances coagulated either with ferric chloride or Al 13 polycationshave been investigated. All the results obtained corroborate those reported in this publication and are the subject of two forthcoming papers. Data sets from the literature acquired under conditions of turbulent aggregation, were also successfully adjusted by a sum of two exponential laws. An improved aggregation model is nevertheless necessary to explain (i) the formation of multimodal floc populations, (ii) the effect of particle volume fraction on floc size, (iii) the influence of geometrical confinement on the equilibrium aggregate size. At steady-state, it would also be interesting to precise the size distribution of aggregated units exchanged between flocs and the frequency of such exchanges. size of 0.2 and 2 µm and at particle volume fractions of 10 -4 and 10 -3 . Figure S3 presents various temporal evolutions of D(4,3) for the two configurations of Couette reactor investigated in this study. Figure S4 shows the aggregation results obtained with a gap spacing of 3 mm in the case of aggregates formed with 0.2 µm primary particles at a 10 

  The integral represents the shear history that generated the aggregate of characteristic size D at shear rate . Since the model

focuses on the definition of a steady-state floc size, neither the detailed aggregate structure, nor the local hydrodynamic interactions between colliding flocs, need to be explicitly described. It should be noted that equation (1) becomes a solution to (2) if the term representing floc formation is dropped.

Table 1 :

 1 -4 volume fraction. This information is available free of charge via the Internet at http://pubs.acs.org/. Values of G f , G d , D(G f ), D(G d ), and D max , derived from the regression curves displayed in fig.11(gap spacing=1.5 mm).

	d 0 (µm)	2.0	2.0	0.2	0.2	0.2
	Φ	10 -3	10 -4	10 -3	10 -4	5.10 -5
	G d (s -1 )	3.6	7.4	2.4	3.4	5.5
	G f (s -1 )	20.7	43.3	17.4	36.2	47.7
	D(G d ) (µm)	883.7	410.1	2642.9	1391.8	528.7
	D(G f ) (µm)	424.4	222.2	712.8	441.9	359.3
	D max (µm)	1546.3	671.0	5731.0	2939.3	753
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Moreover, the average slopes of the logD(4,3)-logG plots, -0.26 and -0.42 for 0.2 and 2 µm coagulated latex, respectively, are in good agreement with some experimental data reported in the literature 12,19,21,23 . In addition, a theoretical basis for those particular values has been provided by Potanin 22 : thus in the framework of pure breakup events, an exponent equal to -0.42 identifies central interactions between neighboring particles within the floc, whereas the slope of -0.26 can be related to the contribution of a supplementary non-central component such as surface roughness in the two-particle interaction. Still, in most previous studies where a dynamic equilibrium between floc growth and floc breakup is suspected, a slight deviation of experimental results from the power law can generally be detected, the mean aggregate size being most often overpredicted at low shear rate and underestimated at high shear rate 12,19,21,55 .

The sum of two exponential terms appears to reconcile the differing views about the main cause limiting the growth of aggregates under shear 20,25 : indeed, the relative positions on the x-axis of critical shear gradients of floc formation G f and of aggregate dislocation G d (fig. 11), imply that the maximum aggregate size is principally controlled by breakup at G ≥ G d , and that it is also governed by a decrease in capture efficiency at higher shear (G ≥ G f ). The 1. The floc cohesive force F C is generally evaluated from the maximum hydrodynamic force F H acting on the aggregate upon breakage 6,22,46 . Adopting a common assumption in the literature -although conceptually arguablenamely that a floc surface on which F H is applied can be defined for a mass fractal aggregate, F H can be expressed by: 6,21 

Even under pure shear flow, the calculation of hydrodynamic load exerted on a triaxial ellipsoid is far from trivial as it changes with time during the particle rotation 56 . To simplify, we assimilate the aggregate to a sphere, and the maximum drag on each hemisphere is then equal to: 57 formed in the Couette reactor is a constant. Perhaps less surprising but not predicted by our model, figure 14b indicates that the critical shear gradients for floc breakup and for floc formation are linearly correlated for a given primary particle size. In other terms, the manner by which the floc is built-up from small clusters and primary latex particles, is close to the manner it can be disassembled. These two aspects remain to be investigated in details.

Effect of Couette reactor geometry on aggregation results. Most investigations of particle aggregation using a Couette-flow system are performed with a rotating inner cylinder and a stationary outer cylinder 13,29,66 . In that case, the aggregates are dragged with the flow shear which ensures a continuous renewal of the coagulated suspension in the field of view. In contrast, by rotating the cylinders in opposite directions at equal angular velocity, a stagnation plane is created in the middle of the annular gap. However, the aggregates formed do not remain at the same location within that plane: because of the shear profile and of their irregular shape, they are observed to rotate and, from time to time, to tumble outside the field of view upon collision with moving flocs. The renewal of aggregates within the field of view is nevertheless much slower than in the classical Couette reactor at a given average shear rate.

Actually, the evolution of average floc diameter with time showed a similar scatter of data points for both configurations of Couette reactor (see the supporting information material).

Interestingly, when both cylinders rotate in opposite directions at low shear rate (G ≤ 10.3 s -1 ), the steady-state mean aggregate size is slightly shifted to smaller sizes even though the scaling exponents characterizing the structure of aggregates are equivalent for both flow systems (SE ~ 1.9), whereas, at higher shear rate, the opposite pattern is observed (fig. 15a).

Therefore, the hydrodynamic environment experienced by the aggregates is slightly different according to the configuration selected for the Couette reactor. That the same average shear gradient may yield a different steady-state floc size according to the hydrodynamic flow field developed in a reactor, is a well-established result in chemical engineering for turbulent agitation 35 .

A change in the inner gap spacing of Couette reactor may also affect the aggregation process 37 . Indeed, figure 15b reveals that a decrease in the degree of geometrical confinement, i.e. a larger gap spacing, significantly modifies the G f and G d values but not the limiting aggregation regime characterized by D max . In other words, the formation of aggregates is promoted at low shear rates with a larger gap spacing, whereas it becomes clearly hindered at higher shear gradients in comparison with the confined configuration. The presence of walls should influence many aspects of the aggregation process, such as the trajectories of the Supporting Information Material: Figures S1 and S2 show the floc size distributions averaged at different time intervals at steady-state for aggregates formed with latex particle