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Velocity, stress and concentration fields revealed by micro-PIV and SAXS
within concentration polarization layers during cross-flow ultrafiltration of
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Abstract

This study focuses on bringing a better understanding of the mechanisms involved in the formation of
the concentration polarization and fouling phenomena during the cross-flow ultrafiltration process of
colloidal Laponite clay suspensions. New cross-flow ultrafiltration cells were designed to perform
firstly time resolvedn-situ small angle X-ray scattering (SAXS) and secondly time resalwadu

micro particle image velocimetry (micro-PIV) at the vicinity of the membrane surface during the
filtration. These two methods have allowed to access to the concentration profiles and the velocity
field as a function of the distance z from the membrane surface with respectively 20 um and 30 um
accuracy, within the concentration polarization layers. The results obtained show an increase of the
volume fraction related to a decrease of the velocity within the layers formed during the process. The
correlation of these results with the rheological behavior of the suspensions permitted to access to the
calculated stress field within the concentrated layers during the cross-flow ultrafiltration process.
Three different regions near the membrane surface have been emphasized with different shear
stress/shear rate behaviors. The important role of the rheological behavior and inter particle interaction

in the dynamic evolution in space and time of the accumulated layers has been highlighted.
*Corresponding authors at: CNRS, Univ. Grenoble Alpes, LRP, F-38000 Grenoble, France
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1. INTRODUCTION

Membrane separation processes are commonly useedvaral industrial applications, like bio and
agro industries, waste and water treatments, anck mexently biorefinery. Ultrafiltration process
permits concentrating or separating colloidal sosmms, for several applications like food,
pharmaceutics, cosmetics, chemical, nuclear, atuirentive industries among others.

Although it presents numerous advantages, thelisgabf the crossflow ultrafiltration process is
governed by the increase of particle concentratioihie membrane surface due to simultaneous effect
of the shear involved by the flow and the pressarees generated by the transmembrane pressure
(TMP). These two external forces in competitionhwititernal colloidal forces lead to the formatidn o
two phenomena named concentration polarizationfanlihg of the membrane, which decrease the
filtration performance [1-5]This phenomenon of concentration polarization layeas evidenced in
ultrafiltration processes as well as in others psses like microfiltration processes [6] reverse
osmosis [7] as well as direct contact membranelldigin systems [8] used for treating very high
salinity produced water. In ultrafiltration procesghese concentrated layers have a thickness of tens
to few hundreds micrometers depending on the tiittnaconditions and the inter-particles interaction
within the filtrated suspension and can generatecaease of the permeate flux of 50PBlus, it is of
primary interest to characterize the particles pizgtion and interactions within these accumulated
layers (hundreds of micrometers thick) and to ustded the mechanisms involved in the

concentration phenomena during the ultrafiltrapoocess.

Several previous works have investigated the faonaif the concentrated layer during this filtratio
process and showed an increase of the concentragimnthe membrane surface in relation with the
decrease of the permeation flux [9-11]. Some erpemial investigations have probed the deposit
formation at different length scales by means dfedint approaches. Specifino-situ monitoring
techniques have been developed and have been eskibw Chen et al. [12]. To understand the
mechanisms of cake formation and fouling mechanissome techniques are more dedicated to
characterize the particle deposition, thicknesdegosit and cake layer formation. In a general way,
the whole of the characterization techniques usedhbe separated in two domains of length scales

probed: at micrometric and nanometric length scales

Firstly, at micrometric length scales some opticah invasive methods like optical, confocal or
fluorescence microscopy, have been implementeddgnsof direct observation through or above the
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membrane to characterize the organization of th@osleed particles [13-15]. The increase of the
concentration inside the concentration polarizatiagers has been optically investigated by
holographic interferometry [16] during a microfétron process. This optical method has allowed
quantifying the increase of concentration in theinity of the microfiltration membrane before
reaching a “pseudo steady state” after 20 minufediltoation. Others techniques like, nuclear
magnetic resonance (NMR) have been put in operdtbomvestigate the phenomena during the
filtration of colloidal silica suspensions usingsigle tubular microfiltration membrane [17]. The
authors are able to reach the concentration palawiz profile in the filtration device and show tha
the axial component of the flow is driven by theahinduced cross-flow filtration. Another example
of concentration polarization investigation is rgpd by Donogh et al. [18] using two different non-
intrusive techniques for different filtration pr@ses. The authors observed a similar phenomenon for
different pore sizes and a good match betweeratilez value and measured value concerning the
thickness of the concentration polarization layeeach processes for radioactively labelled protein
suspensionsMore recently, a new optical method using a ladezets has been developed and
validated to characterize-situ the cake formation in a narrow channel, to obth@gmechanisms of
cake growth and better understand the relatiorissiywyeen deposit structure and process performance
[19-21]. New microfluidic devices in poly-dimethglloxane have also been developed for dead-end
and cross-flow filtration, which allow direct obsation of clogging dynamics in microchannels (20
pm) wide by micrometric particles (5 um) [22-23heTresults allow distinguishing different clogging
behaviors according to filtration conditions andhsidering the different interaction (particle - fice

and patrticle - wall) colloidal interactions. At ¢gr length scales, direct optical observation @f th
surface of a single hollow fiber membrane have bperformed during cross-flow filtration of
monodisperse polymer model particles with waryingfece charge densities [24]. Some recent
measurement by fluid dynamic gauging have invegigesitu the thickness and cohesive strength of
cake fouling layers formed during cross-flow midiodition of a softwood kraft lignin model system
[25].

Secondly, at nanometer length scales, ser®tu or in-situ scattering techniques, like small-angle
neutron scattering (SANS) as well as small anglayxscattering (SAXS) have been used to probe the
structural organization of colloids during the riion processes. Thanks to the development of a
filtration cell dedicated to neutron scatterimgssitu SANS measurements have allowed monitoring
thein-situ development of the fouling layer inside the membrpores [26]. The mechanisms of cake
collapse in dead-end filtration have been studietielucidated by filtration of aqueous dispersiofis
latex particles aggregated by CaCHX-situ SANS experiments on filtered cakes in differerggsure
conditions have allowed to show that the mechanisitake collapse are made of very small relative
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motions of the particles, which leave the localrdomation of the latex particles unchanged butvallo
large voids to be reduced [27]. In the same maBANS and transmission electron microscopy have
been linked to determine the process by which #régles move and reorganize during cake collapse
[28]. Combination of static light scattering , SAMSd local birefringence techniques have been used
to quantify the inner structure, structural orig¢iota and organization of deposited colloid fouling
layers on the membrane surface during dead-endtidh of Laponite clay dispersions [29]. Some
developed dead-end filtration cells, simultaneoagplying a transmembrane pressure and a magnetic
field have allowed to simultaneously characterigeSAXS, the structure of particle deposit during
ultrafiltration, manipulate the particle orientat®oand enhance the filtration performance [30].ti@n
same principle custom made ultrafiltration dead-eetls have allowed get access to thesitu
structural organization of casein micelle suspersiby SAXS and the corresponding spatial and

temporalin situ concentration profile evolution during dead-erutdtion [31-32].

On the bases of these dead-end ultrafiltratiorscelédicated to SAXS measurements, some others
cross-flow ultrafiltration cells and ultrasound eted cross-flow ultrafiltration cells have been
designed to performn-situ SAXS. Thanks to these cells, concentration prefisnd structural
organizations have been explored as a functiorhefdistance z from the membrane surface, for

different colloidal systems, in different crossyiidiltration / ultrasound conditions [33-36].

Apart from these structural characterization of teposited particles near the membrane surface,
some measurements or numerical modelling have beae to access to the velocity fields in
filtration processe§37-39]. Nevertheless some important information like ¥e#ocity field near and
inside the concentrated layer formed during crossilltrafiltration and the corresponding local shea
stresses are still missing to overcome the phenanmyolved during the filtration. This knowledge is
necessary to develop the theoretical models andowepthe understanding of stability of the
ultrafiltration process and the related mechanisesponsible of the concentration polarization
phenomena. The objective of this study is toims&tu scattering techniques and develop micro-PIV
investigations to get access to concentration lpfivelocity fields and deduce the corresponding

calculated shear stresses inside the accumulateddaring membrane separation processes.

New cross-flow ultrafiltration cells were designedperform firstly time resolveth-situ small angle
X-ray scattering (SAXS) and secondly time resolireditu micro particle image velocimetry (micro-
P1V) at the vicinity of the membrane surface durihg filtration. The SAXS measurement performed
in-situ during ultrafiltration of Laponite clay suspenssomllowed characterizing the structural
organization at the nanometer length scales andetration profiles measured as a function of the
distance z from the membrane surface with 20 pnuracg. These structural and concentration
information's have been linked to the permeate, ftuass-flow and transmembrane pressure registered
simultaneously. In the same manner, the micro-Pl&¥asarements have allowed to establish the
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velocity field evolutions and corresponding sheateras a function of the distance z with 30 um
accuracy, within the concentration polarizationel@yand during filtration time. These concentration
and shear rate evolutions in space and time, wene ¢orrelated to the rheological behavior of the
suspensions, in order to calculate the correspgnsiiress field evolutions within the concentration

polarization and fouling layer during the crossaflaltrafiltration process.

2. MATERIALS AND METHODS

2.1 Sample preparation

The clay used in this study was Laponite XLG whedmes from Laporte Industries. It is a synthetic
disk-shaped Laponite 30 nm in diameter and 1 nithickness. The particles have a density of 2.53
g.cm®. The suspension was prepared by mixing the Lapgutvder with demineralized water at 20
°C with a fixed ionic strength of TOM NaCl and pH = 10, following the protocol used Jiy et al.

[34]. Suspensions to be filtered were prepared atwmlfraction of 1 vol%. The suspension aged in
closed bottle during 12 to 26 days before thedfiibm experiments. As shown before the structuce an
the rheological behavior evolves during the agingetand the value of the yield stress increases for
increasing aging timg83, 40-43] Changes were observed in the viscoelastic priegesihd structural
characteristics of the gels over time. This is dneart, to the osmotic swelling caused by reulsi
between the double layers and also to the progeessiganization of the particles into fractal
aggregates over larger length scales as alreadiedtin detail§40]. Ruzicka and co-workefd?2] are
able to identify the presence of two distinct aedsstates. While repulsion is felt almost immesliat
after samples are prepared, attraction, due tanitsotropic nature and to the presence of an éféect
repulsive barrier, develops on a much longer ticades More recently43] this aging dynamics was
studied as a function of solid content, salt, catregion and pH, and discuss in term of the edge to
face or face to face contact between the parti€lesisequently, to pass over this aging phenomena,
the time tp that has elapsed between the end girdgaration and the different structural or fiitva
investigations will always be indicated in the oling. For the different kinds of measurements
(rheometric behavior, cross-flow ultrafiltratioret results will be compared at the same tp time.

The interaction can be controlled by the additiba peptizer which reduces the positive charges and
change the global charge of the particles to balsege. The peptizer used in the present studiigs t
tetrasodium diphosphate NaO; (tspp) and has a molecular weight of 446 gmdhe effect of the
peptizer on the rheological behavior and the stinechas already been studied in previous wfg#ks

40]. The reduction of the interaction leads to a cleaingthe rheological properties from yield stress
fluids to shear thinning fluids behavior with thdd#ion of peptizer. Several suspensions were

prepared for the rheometric measurements dendgte€p(0 or 6),with i corresponding to the volume

5
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fraction content, and O or 6 corresponding to thec@ncentration in peptizer equal respectively%o 0

or 6% of the mass fraction of dry clay.
2.2 Rheometric measurements

Rheometric measurements were carried out usingear state controlled rheometer (ARG2, TA
Instrument) with a cone — plate geometry of 49 mrdiameter and with an angle of 4°21’ in the same
conditions ag34]. In order to avoid interfacial effect, the surfamlethe plate geometry has been
covered with sand paper with a roughness of 200 Measurements were performed at a fixed
temperature of 251 °C. An evaporation proof systeas been added on the top of the geometry to

ensure the saturation of the atmosphere of thelsamp
2.3 SAXS cross-flow filtration: cell and filtration pro cedure

A SAXS coupled to cross-flow filtration cell wassigned to measurn@-situ concentration profiles
and structural organization of the colloidal suspens during the time of filtratiorF(g. 1 a, B. This
information is obtained as a function of the disezfrom the membrane surface. The cell was made
of transparent polycarbonate and the membrane las sheet of polyethersulfone of (100 x 4) mm
(100 kD, Pleyade, Orelis environnement). The filtra cell is composed of two polycarbonate pieces
with a retentate channel for the upper part andpreneate channel for the lower part. The retentate
channel was 100 mm long in x cross-flow flow directand the flow section was 7.4 mm z high for 4
mm Yy large. Three windows of observation were jpasitd at the entrance, the middle and the outlet
of the cell at 43 mm of each other. These windowd l dimension of (3 x 5.5 x 0.3) mm,
respectively, in width, height and thickness. Tleenpeate channel was 100 mm long in x cross-flow
flow direction and the flow section was 10 mm zthfgr 4 mm y large. The membrane is strengthen
between these two upper and lower parts of the @éle zz = 0 position of the filtration cell,
correspond to the edge of the membrane in contilsttive permeate lower part of the filtration cell.
During the filtration, the feed suspension was pedfMono pump LF series, Axflow) from a high
pressure tank (Millipore). Pressure was appliethéorig via purified compressed air and the retenta
pressure P was measured at the inlet and outtbeafell with a pressure gauge (FP 110 FGP Sensors
& Instrument). Cross flow flux was continuously rmeeed (Optiflux 6300C flowmeter, Krohne). The
permeate flux was recovered and weighed duringtithe with an accuracy of 0.001 g every 5 s
(balance Precisa 400 M). During the filtration teenperature was monitored by a cryo thermostat
(Thermo & Scientific SC, 150 A25, HAAKE) and fixeat 25 °C. Filtration procedure with several
steps was performed for the Laponite suspensiondeasribed bytable 1 for each system. To
emphasize the phenomenon about the formation o€dheentration layer during the ultrafiltration
process, only the last filtration step at 0.06 Infnconcerning these two kinds of suspension will be

presented in detail.
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2.3.1 In-situ SAXS cross-flow filtration: conditions and analyss

SAXS experiments were performed at the Europeart8giron Radiation Facility (ESRF, Grenoble,
France), at the ID02 TRUSAXS beamline. The incidémays beam had a wavelength of 0.1 nm and
was highly collimated with a corresponding Full it Half Maximum (FWHM) (20 pm (FWHM)
vertically and 400 pm (FWHM) horizontally) to reaeh high spatial resolution in the vertical
direction. The sample-to-detector distances wetedfito 2 m and 10 m. The SAXS measurements
covered the following scattering vector range: 2.461* < q< 2 nm", q = (4/A) sin(/2) and is the
scattering angle. The correspondirdg=( 217q) length scale range is 3.14 renA < 314 nm. The
filtration cell was mounted on motorized stagesotational stage was used to align the incidentrbea
parallel with the membrane surface. A vertical $tation stage allowed moving the filtration cell in
front of the beam, in order to probe the structatealifferent vertical position. The incident beam
passed through the sample in the filtration cell #me two-dimensional scattered intensity patterns

were recorded on a high-resolution CCD detedtar.(1 a, .

The analysis of the SAXS patterns registered irctbes-flow cell is the same which has already been
described in preceding work33, 34} Four different zones were defined by measuriregithnsmitted
X-ray signal as a function of the distangethrough the SAXS cross flow filtration cell. The
description of these zones has allowed to defieentimimal distance. above which the scattered
intensity is not influence by the X-ray beam pditiarossing the polycarbonate permeate channel and
the membrane. The detection of this minimalposition for which the scattered intensity can be
properly registered (without influence of the palglmonate permeate channel and the membrane) is
fixed at zero 4. = 0). Thanks to a new design of the windows ofeobstion and also with the use of
the angular motion stage, the minimal distance alibisz; position for obtaining exploitable SAXS
data was reduce to 20 um. To clarify the locatibthe zero position corresponding to the edge ef th
membrane surface, the description according to. (Fig) is the following: four areas are defined
depending on the vertical distance in the filtnataell. A first zone Z1 correspond to the permeate
channel in polycarbonate matter. The X- ray beatotaly absorbed in this region. A second area Z2
is defined as being the membrane since a transhsttmal is received. This means that the X- ray
beam starts to pass through the membrane, pogitiome the permeate channel. The signal increases
for increasing vertical distance. In the third af&athe signal received is provided by the sample b

is still affected by the membrane signal. This areasures a determined thickness depending on the
beam width, here 20 pm. When the scattering intiensieceived are constant, any influences from
the membrane are detected and the area Z4 cordiegaio the measure area is configured. So this
area Z4 starts from 20 um above the membrane suiiacur experiments and tie= 0 position is
fixed at the bottom of the area Z3 (Fig. 1 c).
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Scattering patterns were normalized to an absohignsity scale after applying standard detector
corrections and then azimuthally averaged to oliteenone-dimensional intensity profiles denoted by
I(q). Before the filtration experiments the cellsiled with demineralized water and the normalize

background scattering associated was systematmattifracted to the scattering of suspensions during

filtration experiment$33, 34]

An initial investigation of 5 suspensions of knowslume fractions was performed in a flow through
capillary cell 2 mm in diameter. This step allowestablishing the calibration curve of the absolute
intensity as a function of the volume fraction. Tlesults of the scattered intensity as a functibn o
volume fractions allowed us to define the followiingar relationship | (q = 0.6 ifh= 0.192q, [34].
This equation has been established in the lineae b the scattered intensity{gower law decay)
corresponding to the form factor of the dispersjomich indicates that it was not affected by the
increasing mutual particle interaction (described the structure factor of the dispersions) and
therefore valid at high dispersion concentratif@8. Indeed, the size of the Laponite clay is 8D in
diameter and 1 nm in thickness. This size corredpdo g range, which defines the form factor of the
scattering curve. This form factor does not varthvgarticle concentration. But at smaller g vectors
(larger distances than the particle sizes) the eaggion phenomena could change the scattering
intensity as a function of the particle concentmat{(in a q vector range which is attributed to the
structure factor) [33]. To properly extract the centration from the scattering intensity, the asialy
as to be done in the g range corresponding todhm factor, to determine the volume fraction as a

function of the distance from the membrane.

Then, with the obtained calibration curve, the wodufraction of any Laponite suspension could be
determined by introducing the corresponding absatohttered intensity at a scattering vector 6= 0.
nm™. This method has already been uf22+36]to determine the evolution of the volume fractafn

the dispersions as a function of the distance m filoe membrane. In other words, the concentration
profiles in the accumulated layers during filtratizwere determined by this method. The scattering
intensity for all the volume fractions reached \vitlthe concentrated particles layers at scattering
vector q = 0.6 nf were in the q range where the scattering intenisityot affected by neither the
structure factor nor the possible anisotropy of $#eXS pattern, as already discussed in a precedent
work [33]. Following these resultsn-situ SAXS measurements during Laponite clay suspensions

filtrations were performed.

2.3.2 In-situ velocity field measurements during cross-flow ultrafiltration process

Some relevant precedent work have proposed a matwdto predict pressure and velocity field in
hollow fiber network of a filtration modul89]. The results were focalized on the effect of geoynetr
of the module and the membranes, the membrane pbilihe as well as the operating filtration
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conditions. The effects of shear forces inducecitmgsflow velocities on ex situ dead end filtration
formed alginate fouling layer, were studied by sftlwav experiments using multi slice multi echo
imaging (MSME). The flow velocity measurements weerformed to gain more insight into the
hydrodynamics in the fouled membrarj@8]. Nuclear magnetic resonance imaging (MRI) combined
with MSME flow velocity measurements allowed funtheharacterization of alginate layer structure
and was used to elucidate the influence ot @a the fouling layer structure for alginate fittom
within ceramic hollow fiber membranes. However,ilunbw not any direcin-situ measurements of
the flow field within the accumulated layers nedre tmembrane surface during cross flow
ultrafiltration, have been reported. Consequetitiyhis goal, a new cell was designed using Plesigl
(PMMA) to allow a complete visualization of the wiofield along the feed channel. Micro-PIV
technigue was used to quantify the velocity fiehnthe membrane surface during the filtration of
Laponite suspensions. The dimensions of the feedireil were the same as for the cell used for
SAXS filtration coupled experiments, The retentetb@nnel was 100 mm long in x cross-flow flow
direction and the flow section was 7.4 mm z high4omm y large. The design of the cell allows
performing micro-PIV measurements all along thegtbnof the channel in the cross-flow flow
directions Fig. 1d). Then velocity profiles have been characterizethe same conditions and at the
same X positions as those used for SAXS experimpfhitso-PlV measurements were performed with
high-resolution camera synchronized with a pulssei. The laser used was a Nd:YAG pulsed with a
wavelength of 532 nm and a power of 50 mJ/pulsesvWave Solo). A specific lens was used to
generate the thickness of the laser sheet depemdiripe flow and geometric characteristics. The
thickness of this laser sheet was 1 mm. The ldssgtshas been positioned in the middle of the canal
in the y direction. Although the camera has a wggm of 2657 x 4000 pixels (Hisense 11M) with a
cadency of 15 Hz, a visualization area of 2657 @®2fixels was used to optimize the storage size of
the pictures. Polystyrene fluorescent particlesrd in diameter (microParticle GmBh), with an
absorbance and emission wavelength of 532 nm a@dn®4, respectively, were included in the
filtrated Laponite suspension. Fluorescent padiclgere used in order to inhibit reflection
phenomenon near the wall and surface membranecfidiee of tracers was the most suitable for our
experiments and the Stokes number was 8.6 % I@e concentration in polystyrene fluorescent
particles has been optimized to avoid any chanditration performance or rheological behavior of
the Laponite suspensions, and simultaneously pesuitable signals detected by the camera to get

reliable correlation functions and velocity measoeats.

The optical device was composed of a Canon 65 mr& MAs linked to a filter (LaVision) with a
range of 545 to 800 nm. The device is parameteriizextder to the field of view be focused in the
middle of the channel thickness in the y directioarresponding to the laser sheet position. PIV
processing requires a careful selection of intextiog window size to take into account robustness

and accuracy for the calculation of the velocitgezsally in regions of high gradients. Adaptive PIV
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approach leads to obtain the optimal local inteatimyp window size and shape based on flow
gradients and image quality. The interrogation windsize is varied according to the local flow
gradient and the correlation value. Couples of sdgave been taken during the filtration time wsith
time laps between the first and the second imageoaples corresponding of 150 ps in average,
taking into account the order of magnitude of thelowsity (about 0.06 M3 to a particles
displacement of 8 pixels on average, accordingtéoature about that paramet@8]. Taking into
account the order of magnitude of the velocity (ab@06 m.3) the time lap chosen corresponds to
150 ps in average. This time must be small enoagbbtain a valid measure of the velocity and a
certain length of displacement in the window of mea is required to quantify the velocity field. If
the time laps are too high, particles will not ltedted by the software from one picture to themth
and if the time laps are too small, the particléls mot move enough and any displacement will be

detected.

Commercial software “DynamicStudio” (Dantec) wasdifo extract the mean velocity fields from the
recorded image frames. The processing principb@sed on cross-correlation analysis of the particle
image patterns in small sub-domains between twoessive image frames. To convert the pixel space
into physical space, a calibration was performeidigus specific target. Adaptive PIV processing
requires a careful selection of interrogation wiwdize to take into account robustness and accuracy
for the calculation of the velocity especially ggrons of high gradients. Adaptive PIV approachisea

to obtain the optimal local interrogation windowzesiand shape based on flow gradients and image
quality. The interrogation window size is variedcaaling to the local flow gradient and the

correlation value.

The number of image frames (200 pairs of imagdeyvald a good convergence for statistical values
of the velocity field. Due to high spatial-resobuti of the camera, the measurements of the mean
velocity components allowed an accurate quantificabf the velocity gradients and the strain rate
tensor each 30 um of distance above the membrafecsuAn example of velocity profile obtained
by this method is presentedfig. le.

3. RESULTS AND DISCUSSIONS

3.1 Rheometric measurements

From rheometric measurements, the flow curves @gisg and shear stress as a function of the shear
rate) are presented figure 2 as a function of volume fraction and tspp contditte rheological

behavior of the Laponite suspensions without tspmfl vol% to 3 vol% exhibits a shear thinning
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behavior: the viscosity decreases while the sheassincreases with an increasing shear rate. The
yield stress behavior of the suspensions abovetaiesolume fraction is emphasis ofid. 2b) at

low shear rates 0.1'sthe stresses reach a plateau value correspondlitise yield stress of the
suspensions. When the peptizer is added to theessisms interparticular interactions are turned to
globally repulsive via linking to positive chargen the surface of the particl¢40]. As discussed
before, the effect of this peptizer on the strugtuheological behavior, osmotic pressure and eeald-
filtration performance of the Laponite dispersidrae been studied in details in our precedent works
[29, 33, 40].The diphosphate anion binds the positive surfaeege of the edges of the platelets. This
has the consequence to reduce the strength of fadgeand edge-edge attractions between the
particles. The result of this reduction in attreetforces between the particles is a partial diswapf

the network. As a consequence, the yield stressesumed for the same volume fractions are reduced
when the peptizer is added to the suspensibits @b). For example, at 2 vol% the yield stress
without peptizer (L2-Cp0) is equal to 105 Pa anthwieptizer (L2-CP6) the yield stress is reduced to
33 Pa (respectively open and closed square symbblg 2b).

3.2 Method for calculation of the shear stress profilavithin the accumulated layers,

during cross-flow ultrafiltration

In the aim to calculate the stresses reach withm ¢oncentrated layers during the cross-flow
ultrafiltration process, an analysis of the rheaimeftow curves Fig. 2) has been made. This will
allow relating the shear rate to the shear strgshéological laws. From the shear rate measured by
micro-PI1V within the concentrated layers during thess-flow ultrafiltration process, these equation
will allow to calculate the corresponding shearsdr within the concentrated layers. The linear
regression of the experimental rheometric detg. (2b) gives power law (eq. 1) or Herschel-Buckley

(eq. 2) laws depending on the volume fraction aggtiper content:

() = K(9).y"@ (eq 1)
() = K@®)-v"@ + 1,(9) (eq 2)

Whereg s the volume fraction (vol%X,(¢) is the shear stress (P#)the shear rate , K (¢) is the

consistency, i) the shear thinning index, angl($) is the yield stress.

From the fitted laws, the expressions of K and d anas a function of the volume fraction are
deduced (eq. 3 to 8).

For Laponite suspensions with peptizer, the exasdor K, n andr,(¢) are the following:

K(¢) = 64318 x ¢>3% (eq. 3)
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n(¢) = 500 x ¢> —30 X ¢ + 0.65 (eq. 4)
1,(¢) = 1.046 x 106 x $>°° (eq. 5)

For Laponite suspensions without peptizer, theesgions for K, n and,(¢) are the following:

K(p=1) =0.968 (eq. 6)
n(¢=1)=0.39 (eq. 7)
1, = 1.592 x 10° x ¢*?7 (eq. 8)

From the velocity profiles\((z)) obtained by micro-PIV the following expressifay. 9) gives access

to a calculation of the corresponding shear rate:

V(@) = (eq. 9)

With z the distance from the membrane surface #mjV the measured velocity (i)s

For each filtration condition during time and dista z from the membrane surface, it is then passibl
to calculate the shear stress within the conceaftrgtolarization (eq. 10), thanks to the knowledfie

i) the value of the volume fraction measured by $AX) the value of the calculated shear rate
deduced from the micro-PIV (eq. 9) and iii) thealogical laws @) (eq. 3 to 8). It is important to
notice here that one assumption is made which denghat rheological behavior of concentration
polarization and gel layers of Laponite in the srlew experiment is equivalent to those of bulk
Laponite suspensions having same particle condemtrdt will be difficult to verify this assumptio

as any direct measurements with a specific protimpduce in the flow, will modify the measuring

stresses.

(,2) = K(@).v@)"® + 15(4,2) (eq. 10)

For Laponite suspensions without peptizer, theldgcal behavior is shear thinning only for 1 vol%.
For higher volume fractions, the expression of shear stress (eqg. 10) can be replace only by the
expression of the yield stress corresponding te Kid of suspension, because@rX) = 0 and

¥(z)"@>D = 0. So forp > 1vol%, (eq. 10) equals (eq. 8).

3.3 In-situ Concentration profiles during cross-flow ultrafiltr ation: SAXS analysis,

relaxation phenomena and lowering of the membrane

a) SAXS Analysis.To investigate the accumulation phenomena durimmgseflow ultrafiltration,
different filtration condition steps have been expl. In a first step, under a transmembrane pressu
of 1.1 x 16 Pa a cross-flow of 0.3 L.minhas been applied and the structural organizatiuh a
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concentration profiles deduced by SAXS have beearded during timeHig. 338). In a second step,
under the same pressure conditions the cross-flasveen reduced to 0.06 L.mifn order to
emphasis the phenomena in a regime for which atitienditions (limiting flux) are reached as shown
previously in details in previous work83]. The corresponding concentration profilddg( 3b)
deduced from the SAXS measuremeiiiig(3c and g show a continual increase in concentration as
a function ofz and filtration time. OnKig. 3 c)are plotted the scattering intensities I(q) aarecfion

of the g vector for different distances registermeditu inside the crossflow ultrafiltration cels a
function of distance z, at filtration time t = 94muof step 2. This curve show the increase of theles
scattering intensity curve at decreasing distamd®svard the membrane in relation with the increase
of particle concentration. The corresponding Kraphgt representation (g2*I(q)) is plotted ifig.

3d). Kratky plot is another way to represent scattemstensities, emphasizing the variation of
scattering intensities (slopes and local maximusna éunction of g vectors. Peaks can be observed at
a certain gax Wave vector which correspond to a maximum of sciag) intensity. This gxx position
correspond to a mean inter-particle distance davg.2,[29, 33]Fig. 3d show that the,g, position is
increasing at decreasing z distances wiictphasizeshe fact that inter-particle distances d decreases

as concentration increase toward the membranecsurfa

b) Lowering of the membrane.In a third step, to explore the relaxation phenaoneturing time and
the dynamic of the change in structural organiratiod concentration evolution, the cross-flow was
stopped and the pressure was released. In thistedrestate, the SAXS measurements were
continuously registered as a function of the dista and time(Fig. 4 @. Thanks to this relaxation
step, a specificity of our experimental setup waspkasized. In our experimental set-up the
membrane is not supported by any porous rigid mediich has induced an effect of lowering of the
membrane in the permeate channel due to the efférainsmembrane pressuFég. 4 acompares the
scattering intensities inside the accumulated kyest before and after the time when the cross-flo
was stopped and the pressure was released. A sygitipnin the scattering intensity in the upper
distances has been highlighted. This sudden inerefshe corresponding calculated concentration
profile is due to the fact that without transmennigr@ressure, the membrane has now the ability-to de
stress and recover its initial flat form, whichoalied now to let appear in front of the beam frgm 0
position, the whole concentration profile from #arface. In this relaxed configuration tke= 0
position correspond to the distance z from the nramd surface as the membrane is not lowered
anymore. Many measurements on different sampleg ladlowed checking this phenomenon of
lowering of the membrane under pressure and dssstvtethe membrane when the transmembrane
pressure is released. All the measurements giwesame sudden change of the concentration profile
which is shift 350 um above tle = 0 position. In order to take into account trosvéring of the

membrane, all the results presented thereaftergeruttdnsmembrane pressure, will be plotted as a
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function of the distance z from the membrane serfsamed z (um) in the graphs, wherez = 350

um.

The consequence of this observation is twofoldstlfirit has allowed us to evidence that the first
layers deposited near the membrane surface duittrgfibn reach higher concentration levels and
better orientated states than initially detectedy.(3). Secondly, it has allowed us to define the
effective z distance from the membrane surface £z+=350 pum). In order to take into account this
lowering of the membrane, all the concentratiorfifg® in the next figures were shifted by 350 um
from the measured. position. It is important to notice that this pberenon of lowering of the

membrane has been emphasized also in micro-PIVureaents performed with an equivalent set-
up, so that the concentration profiles and the ciglgrofiles deduced by micro-PIV can be related

one to each other as they are finally registeraiersame membrane position conditions.

c) Description of the relaxation phenomenaDuring the relaxation, the concentration profiles
evolves(Fig. 4 @ from a gradient of concentration with an expor@nirend as a function of z,

towards a flat concentration profile near the meamnbrsurface on time scales of about half an hour.
This relaxation phenomena could be interpreted d#fasion process of the concentrated particles
accumulated near the membrane surface (hundredscobmeters) towards the lowest concentrated
layers in the upper part of the accumulated lagerslistances of thousands of micrometers length

scale.

Regarding the scattering patterns evolutions (Eidp) at relaxation time t = 2 min the scattering
patterns are anisotropic near the membrane suataxe 20 um and become more and more isotropic
at increasing distances This anisotropy of the scattering pattern is indubg a parallel orientation

of the particles along the membrane surface dutedfiltration under the effect of transmembrane
and shear flow forces as already descril3adl After cessation of flow and release of the presshis
orientation slowly disappear, for example the sraty patterns at position z = 20 um becomes more
and more isotropic at relaxation times 9, 20 andn8utes. This decrease in anisotropy is also hasib
as a function of distance z for a certain relaxatime. Finally, at relaxation time t = 30 minuted,

the scattering patterns are isotropic for eachadis# z, denoted a complete relaxation of the
orientations in relation with a flattening of thencentration profile. The concentration is almbs t

same around 3 vol% from z = 0 to 1200 pm.

3.4 Concentration profiles deduced fromin-situ SAXS,

Laponite suspension with peptizer After one step of filtration at 0.3 L.niin(step 1) during 80 min
Fig 5 ashows the results of accumulation during step & faw rate of 0.06 L.min, for a Laponite
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suspension with peptizer (L1-Cp6). The volume faacincreases near 350 um above the membrane
surface and by further distance from this refereatcmcreasing filtration times. At the beginning o
this step 2, the volume fraction near 350 um altbgemembrane is around 1.8 vol#d. 5 g. After

94 min of filtration, the volume fraction reachey&@% near the membrane and the thickness of the
concentrated layer formed during the process rea@h@e pm. The SAXS patterns show an increase of
the oval shape for closer distances from the menebgairface than for further distances. This non
circular shape in the vertical direction means thhbrizontal orientation within the colloidal pales
aggregated at the membrane surface is inducedebinthease of the concentration during the cross-
flow filtration. Above a distance of 1000 um where particles accumulation is detected, the SAXS
pattern shows a circular shape, meaning that there preferential orientation.

Laponite suspension without peptizer:After one step of filtration at 0.3 L.miin(step 1) during 70
min and then one step at 0.2 L.fhiduring 57 min (step 2Fig 5 b shows the results of accumulation
during step 3, at a flow rate of 0.06 L.Mjrfor the Laponite suspension without peptizer. The
concentrated layer is thicker and the volume faacteaches a higher value than for Laponite without
peptizer. As for a suspension of Laponite with [zept the SAXS patterns after 81 min of filtration
(Fig. 5b) show an increase in the orientation foser distances from the membrane surface during
the process. It is worth noting that the conceattdayer is thicker for the suspension without jzept
due the ease of the particles to create aggregltés.observation confirms the role played by the

interparticular interactions and the rheologicdidngor in the build up of the concentrated layers.
3.5 Velocity field deduced from thein-situ micro-PIV

A first set of experiments was conducted to charaet the permeation flux evolutions as a function
of cross-flow conditions at increasing transmemébrpressures. The goal is to evaluate if the limitin
flux is reached or not. In this first experimentc@nstant cross-flow is maintained and an incrgasin
transmembrane pressure was applied for the digpersivith and without peptizer. For each
transmembrane pressure applied, the permeatiomffisxrecorded until reaching a steady state value
after an average value of 25 minutes. The steadg geermeation flux J is plotted figure 6 for the
different cross-flow conditions investigated ingfarticle. For all these conditions the limitingXlis
reached for a higher permeation flux of about 6'lnf¥ for the higher cross-flow conditions (Q = 0.3
L.min™) compared to about 2.5 [:m? for the lower cross-flow conditions (Q = 0.06 L. In the
following some measurements of the shear veloa@tgd have been performed for all these cross-flow
conditions, and give the same features. In ordé&etp concise presentation, only the results at (Q
0.06 L.min") are presented. The same phenomena are obsemeg the filtration step 1 with a flow
rate of Q = 0.3 L.miftfor the Laponite suspension with peptizer, andfiltration step 1 and 2 for the
Laponite suspension without peptizer. The velopityfiles show the reduction of the velocity near th
membrane surface for increasing time of filtrateord show the formation of the concentrated layers
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during the time of filtration and as a functiontbé flow rate. Indeed, when the flow rate is deseea

the velocity profiles show a higher area with argasurement of flow than for a high flow rate.

Suspensions of Laponite with peptizerBecause of previous filtration steps to highligha effect of

the hydrodynamic condition on the formation of gwncentrated layers, the velocity profile at the
beginning of the filtration step 2 at Q = 0.06 Lnthi does not show any velocity at the surface of the
membrane and an area of no velocity of 700 um alibeemembrane surfac&i§. 7 @. The
corresponding permeation flux measured in-skg.(7 b) continuously decreases and stabilizes
around 2.5 L.H.m? at time t = 22 min until the end of the experiméfr increasing filtration times,
PIV results show an increasing thickness of tha afeno velocity near the membrane surface. At the
end of this filtration step, any velocity is detttover a distance of about 900 um above the
membrane instead of 700 um at the beginning ofstieis. This is important to notice that the velpcit
profile starts to stabilize since 90 minutes ofrdiion whereas 22 minutes are enough to show a
stabilization of the permeate flux. the stabiliaatof the upper flowing layers (from time t = 22mo

t = 140 min) will affect not to much the permeatitux as the corresponding changes in concentration
are lower than the one in the more concentrateghatd layer. This emphasis the fact that the most
important resistance inducing a flux reduction igdo the stagnant concentrated layer near the
membrane surface. This result agrees with SAXSraxgat results which show an increasing volume
fraction near the membrane surface for increasltrgtion times.We can conclude that the reduction
of the velocity is linked to the increase in volufnaction, which conduct to an arrested state ef th
suspensions in the most concentrated layers neanémbrane surface.

Suspensions of Laponite without peptizerin the same way, for the last filtration step3 wéthow

flow rate of Q = 0.06 L.min (Fig. 7 ¢ the same phenomenon is observed. The region wéloaity

has grown for increasing filtration times, everthié permeate flow J has reached a permanent state
(Fig 7 d). At the end of the filtration, a concentrateddapf 2100 um (higher than the one reported

with tspp) is formed at the membrane surface.

3.6 Shear rate fields within accumulated layers duringcross-flow ultrafiltration

Figures 8 a) and b)show shear rate profiles calculated from veloEity measurements during the
time of filtration of a suspension of L1-Cp&ig. 8 & and for a suspension of Laponite without
peptizer L1-CPORig. 8 b) during, respectively, the step 2 and the step fiitrdtion at 0.06 L.mift
flow rate, corresponding to a limiting flux previsly describedTab. 1 and Fig. §.

These shear rate profiles exhibit three differardlgions as a function of the distance z from the

membrane surface. Firstly, a zero value correspgnth the area of no velocity near the membrane
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surface is observed as shownFig. 7. Secondly, an increase in the shear rate as d@idanaf z is
reported (Fig 8a and b) which corresponds to tieease in the velocity until reaching a maximum.
Thirdly a decrease in the shear rate until reachingwer value corresponding to an area where the
velocity field reaches middle of the cell in z gimsi is noted. For higher filtration times, the ebged
phenomena are the same with a difference in troknibss of the area of no flow; a change in the
maximum value and position of the shear rate, whghn accordance with the fact that the
concentrated layer becomes thicker for increasitigation times and decreasing flow rate, in

agreement with the previous SAXS and micro-PIV itssu

For the suspension with peptiz&igure 8 ashows a high shear rate of about 14tnear 700 pm
above the membrane surface at the beginning dfltta¢ion step (t= 0 min), which corresponds te th
shear of the suspension at the initial filteredosmtration ¢ = 1 vol %). Indeed, at 700 um above the
membrane surface, fig. 5a shows for time t = O afithis filtration step, that the concentratiorthe
initial value of the suspension, which means that Bncrease in concentration is detected at this
distance on z direction. The shear properties @ob#ée suspension correspond to a shear thinning
behavior with a shear thinning index n = 0.4 actwgydo eq. 4. After 60 and 90 min filtration, the
maximum value of the shear rate decreases anditigned at increasing z levels. This evolutioimis
accordance with the formation of a higher concéetrand thicker layer during the filtration process

as shown irFigures 5 and 7

For the suspension without peptizer, for the saitration conditions the maximum of the shear rate
profile is positioned at higher z position (1500 jabove the membrane surface) than with peptizer,
and the shear rate maximum value (8pis lower than with peptizer. This is in accordandth the
fact that the filtration of the Laponite suspensiaithout peptizer forms a thicker and more
concentrated layer than without peptizer, as shiovigures 5 b and 7 cNevertheless, at increasing
filtration times the maximum value of the sheaernaicreases, contrary to the case with peptizés Th
emphasises a more complex phenomenon certainlyedelto the more complex thixotropic
rheological of the Laponite dispersions without tpegs. One way to better understand these
evolutions is to link the shear rate, velocity amhcentration profiles to the rheological behawbr

the suspensions as a function of their volumeifyact
3.7 Shear stress fields within accumulated layers durig cross-flow ultrafiltration

To understand the concentration polarization phemanwe will take advantage of the combined
results obtained by SAXS and micro-PIV on the saogpensions in the same filtration procedures
which have allowed to get access to the velocigashate and concentration profiles as a functfon o
the distance z from the membrane surface. Combadingese results with the rheological behavior of

the suspensions, we had the opportunity to caketitet shear stresses inside the concentrated kayers
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described in part 3.2 of this article. The onlyumsption made is that the rheological behavior of
concentration polarization and gel layers of Lapomn the cross-flow experiment is equivalent to
those determined by rheometric measurements foorlite suspensions having the same particle
concentration.

Figure 9 ashows the shear stress profiles calculated faeasing filtration times as a function of the
distance z from the membrane surface of a Lapauispension with peptizer during the last step 3 of
filtration at Q = 0.06 L.mifl. This result shows that the stress near 350 prmeatte membrane
increases during the filtration time due to tharfation of the concentrated layer. For the 3 difiere
times of filtration presented, the shear stres§ilprbas the same behavior: a first area wherestitess
value decreases in link with firstly the decreasgdlume fraction at increasing z and secondlyrik |
with the area of no flow measured by micro-RRig. 7 a)and Fig. 8 @. The values of shear stress
calculated for this area correspond to the yietdsst valueFigure 10 alocate the calculated shear
stress in the concentrated layers during the fiittina on the shear stress/shear rate flow curvihef
suspension as a function of the volume fractiore 3tnesses reach in this decreasing part of the she
stress(Fig. 9a) are located in the yield stress domain of the ftmwe of the suspension. After this
first area of decreasing stress, the evolutiomefshear stress profile reaches a plateau witmstaat
value for increasing filtration times. In this arahove z = 1000 pm, the volume fraction of the
suspension reaches the initial filtered suspenkieol% and the shear rate stabilizes towards w&ito

value.

Figure 9 b shows the calculated shear stress profiles dihiedast filtration step3 for a suspension of
Laponite without peptizer. The shear stress pofgbow the same behavior during the time of
filtration for L1-CpO suspensions and L1-Cp6 sugp@ms. Nevertheless, near the membrane surface,
the stress has a higher value than with peptizem(f500 Pa to 8000 Pa depending on the filtration
time) and decreases until reaching a plateau anatant value around 10 Pa, for the 3 different
filtration times. As previously seen for a suspensbf Laponite with peptizer, the shear stress
measured near the membrane surface (before tleap)atorresponds to the stresses obtained when no
flow is measured by micro-PIV in the concentratagel, and thus corresponds to the yield stresses.
Figurel0 b shows the location of the stress calculated froenvielocity profiles in the concentrated
layer, on shear stress/shear rate flow curve ofstiepension without pepetizer as a function of the
volume fraction measured by rheometric measureméntappears that the stress obtained for a
suspension of Laponite without peptizer has a higladue than for a suspension of Laponite with
peptizer in accordance with the change in the dgichl behavior due to the modification in
interparticular interactions. Starting from the sawolume fraction of 1 vol % and following the same
filtration procedure in the same conditions, thargies observed in the concentration, velocity and
stresses profiles in the concentrated layers ®stispensions with and without peptizer, are lirnked
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the change in the rheological behavior. One ofgtiacipal change in this behavior is the sol/gel
volume fraction transition. Without peptizer thel/sgel transition is around 1 vol%, while with
peptizer, the sol/gel transition is between 1 an@l%. This has a huge consequence on the way the
particles concentrate near the membrane surfaceigetd simultaneously to shear, pressure and
colloidal forces. Another interesting point is the already shown in previous papg8, 34] the
osmotic pressure of the Laponite suspensions withvdthout peptizer follows the same dependence
with the volume fraction, same equation of statee @ifferences emphasized in these results for the
suspensions with and without peptizer reinforce phecedent conclusiong@3], namely that the
pertinent parameter which control the filtrationfpemance is the hydrodynamic/rheological behavior
of the suspension and even though the osmotic ymeegvolution is an important parameter of the

filtration, it is not the most important parameitethis kind of colloidal suspensions.

3.8 Concentrated layers behavior: relationship with rhelogical behavior of the
suspensions

In this section we will analyze the effect of theeological behavior on the formation of the
concentrated layer and the influence on the hydradyc field, structural organization and the stress
field applied near the membrane surface. From thelevdata and calculations obtained in this article
Figures 11and12 summarize and compare on the same figure the wftewtion (red empty circles
curve), calculated shear stress (black full cirdesse) and calculated shear rate (blue full thesg
curve) as a function of the distance z from the brame surface. For each suspension with peptizer
(Fig. 11) and without peptizerHig. 12) these profiles have been plotted for three diffiefiltration
times, in the same cross-flow and transmembrangspre conditions. The calculations have been
done from the SAXS and micro-PIV measurements pedd mostly at the same filtration time. For
example for the results presented in Fig. 11, thleutations are done from the volume fractions
deduced from SAXS experiments (Fig. 5a) at filoattime (t= 0 min, t = 59 min and t = 94 min) and
the calculated shear rates and shear stress fremittvo-PIV measurements (Fig. 7 a) at the related
filtration times (t = 0 min, t= 60 min, t = 90 minjhese two set of data from SAXS and micro- PIV
experiments are recorded at namely the same ifiitréimes. The largest difference of recording sme
between the SAXS and micro-PIV data is 5 minutesth®e phenomena of accumulations are slower:
the whole accumulation phenomena is on the ordé00fminutes, this small difference of 5 minutes
in recording times will negligibly affect the calation of the shear stress. Consequently, the
conclusions on the whole concentration phenomermh teand of the calculated shear tress as a

function of z or filtration time, will not be afféad by this difference of recording times.

These combined results and calculations allow ghllght three different regions (A, B, C) from the
membrane surface to the feed channel, with diftespecific behaviors in terms of rheological and

filtration accumulation.
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Laponite suspensions with peptizer (L1-Cp6)Figures 11 a), b) and c)exhibit the three different
regions (A, B, C) at different times of filtratiorgspectively t = 0 min, t = 60 min and t = 90 mi.
the beginning of step 2 of filtration at Q = 0.08nin™, the volume fraction is the same as the volume
fraction measured at the end of the previous fitirestep 1 at Q = 0.3 L.iifn as shown irFigures 3

a) and b).

In the first region called A which expends up t®%0m, the velocity and shear rate are close to, zero
corresponding to a suspension at rest. This mémtgie calculated stress, which corresponds to the
yield stress, is not high enough to give rise tloa inside the concentrated layer. This regionchas
with the fouling layer, with a decreasing stresslevthe volume fraction decreases, in agreemerit wit
the rheometry measuremeniisg. 10 a) At the beginning of the second region calledr®, shear rate
and corresponding calculated shear stress stamctease until reaching a maximum value of 7 Pa
when the shear rate maximum is about 135Is this region B the shear flow forces are suéintly
high, compare to colloidal interactions and presgarces, to initiate the flow of the suspensiohisT
region B can be assimilated to the concentratidarzation layer. The third region called C appears
when the shear rate starts to decrease until mgehminimum value. In this region C, the volume
fraction is constant and equal to the initial vokufraction 1 vol%., the shear rate decreases Wéh t
corresponding shear stress until reaching the dondiwhere the suspension is circulating in thezife
channel. This region C is out of the concentrafppenomena and corresponds to the flowing layer

above the concentration polarization layer (red@n

After 60 and 90 mins of filtration correspondingRmures 11 b) and c) the same phenomena are
observed but over a higher z distance range dugctomulation of particles. The values of the
calculated shear stresses near the membrane sinfagases when increasing the volume fraction for
fixed distances depending on the filtration timeaN350 pum above the membrane surface, the stress
reaches 200 Pa after 60 min of filtratidfig. 11 b and 300 Pa after 90 min of filtratioRi¢. 11 9 in

the fouling layer (region A). When the shear raieréases (region B), the required stress to invalve
flow is about 40 Pa at 60 min and 90 min of filivat This critical stress value to initiate theviltvas

the same value because this phenomenon appeargheheolume fraction is between 1 and 2 vol%,
corresponding to the sol/gel volume fraction traosifor a suspension of Laponite with peptizereTh
value of the shear rate and shear stress far awaythe membrane (z = 2000 um), are the same at
time t = 60 min and t = 80 min which shows thatthégion of the flowing suspensions is not

influenced anymore by the concentrated lower layers

Laponite suspensions without peptizer (L1-Cp0):In the case of Laponite suspensions without
peptizer the three regions A, B and C are also ideltified but extend on higher z distances frbm t
membrane surfacd=ig. 12 g. In the first region A corresponding to the foglilayer, the calculated
stress decreases as a function of z as a consegoktie decrease in volume fraction, and the stres
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corresponds to the yield stress of the suspensi@hen the filtration time increasésig. 12 b and 12

c), the thickness of the fouling layer (region A)r@ases within higher values of shear stress due to
the increase of volume fraction during the timdiltfation. The stress level can reach high valaes
time t = 80 min of filtration, as high as 5000 Ba & corresponding volume fraction of 20 vol% at z
350 um. It is interesting to underline that in thegion A, the volume fraction decreases until neag

the initial volume fraction of 1 vol% at z = 115@npfor filtration time t = 35 minKig. 12 b and at z

= 1360 pm for filtration time t = 80 mirkF{g. 12 9, then the stress becomes flat and corresponds to

the yield stress 5 Pa of the Laponite suspensions.

In the region B the maximum shear rate obtainethig concentration polarization layer is higher at
the end of the filtration than at the beginningr{@st 80 & instead of 60§ at the beginning) because
the velocity profiles associated show more brukalnges for increasing filtration times. Indeed, the
thickness of the concentrated layer increaseqfoeasing filtration times and the mean flow vdlpci
is more important for larger distances from the oeame surface. Therefore, during the time of
filtration when the particles leave the accumuldsser to be introduced in the flow, the velocitat

they will adopted will be more important on show&tances during the time of filtration.

The change between region A and B is not only ediab the static yield stress of the suspension but
also to the shear history of the suspension of thiotropic system. Consequently, for the two
different filtration times the limit between theggo regions A and B is pushed towards higher z
values, at increasing filtration times. At 0 miltréition time this limit is at z = 1030 um and $hifo z

= 1400 pm at t = 35 min until z = 1700 um at t =r8ih. It is then necessary to take into account the
complex relationships between the restructuringll®f the Laponite suspensions and the stresses

applied by the upper flowing layers which are highteincreasing z distances.

Another interesting point is that in this regiontBe maximum value of the shear rate reached withou
peptizer, is lower than for a suspension of Laponiith peptizer, in agreement with the fact that fo
the same volume fraction 1 vol%, the viscosityled suspension without peptizer is higher than the
one with peptizer. The required stress to involMiow at the interface between the fouling and the
concentration polarization layers is weaker foragpanite suspension without peptizer than when the
peptizer is added. This is mostly explained bydtiference of the sol/gel volume fraction trangitio
that depends on the presence of the peptizer. \Weepeptizer is mixed to the suspension, the dol/ge
volume fraction transition is higher than withoueppizer and according to the rheometric

measurements, the yield stress is more importanmdéoeasing volume fractions.

These observations emphasize the fact that fosainee filtration conditions, same cross-flow and
same transmembrane pressure, the stresses insid®rhbentration polarizations layers adjust their

values in order to find an equilibrium between éxternal forces imposed by the cross-flow (which
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tend to disrupt the structure) and the resistanoee$ (which tend to build up the structure reldted
internal forces of the suspension). In the parsicehse of this thixotropic colloidal suspensioesth
internal colloidal forces are a complex combinatidrthe colloidal interaction between the particles
the history of the previous shear and pressureegoapplied, which could have disrupt the structifire
the suspensions and weaken the interparticle foasea function of time. These time-dependent
evolutions (break-down and build-up) of the struetare highly dependent on the volume fraction of
the particles and also on the modification of thdace forces between the particles (with peptizer
not) as already showi@3] Consequently during the filtration process, undeomstant cross-flow and
transmembrane pressure, starting from an initilime fraction, the final equilibrium concentration
polarization layer reached is the consequence efwhy the particles (starting from a certain
structuring state) start to accumulate and conantiuring time. It has been previously shown that
the concentration of the particles within the acolated layers follow an exponential trend as a
function of distance z from the membrane surfacevels as a function of filtration tim¢34]. Each
layer of the Laponite suspension at each volumaitna has a certain "destructuring” or restructgrin
time. It is then a complex combination of this resturing time (at each sublayer with a given vodum
fraction) in competition with the destructuring 8rmposed by the cross-flow, which at the end,ltesu
in a certain stabilized concentration polarizatiayer. These time- and spatial-dependent phenomena
are well emphasized iRigures 11 and 12for which in the same filtration conditions (cseffow and
transmembrane pressure) the two different suspemsjoith and without peptizer) in terms of
interparticle interactions and consequently rheickdgbehavior, give rise to different equilibrium
concentration layers. Nevertheless, it is importarglaim that the mechanisms involved for these tw
different suspensions are the same with the exister the three same behaviors associated to the

three regions A, B and C.

CONCLUSIONS

This work combinesn-situ SAXS, in-situ micro-PIV and rheological measurement to bring tielbe
understanding of the time and spatial-dependeravyehof the concentrated layer near the membrane
surface during the ultrafiltration process of Lapensuspensions. The structural and kinematic
evolutions of the concentrated layers have bedwdirto the rheological behavior evolutions of the

filtered suspensions.

The results of SAXS experiments performadsitu during the filtration process have allowed
highlighting the exponential increase of the volufraetion as a function of the distance z from the
membrane surface as well as a function of theafiin time. The obtained results revealed the

importance of the level and the type of electrastatteractions between the particles in the
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mechanism of formation of the concentrated lay@ise Laponite suspensions without peptiser,
namely in attractive particle interactions, giveeriat equilibrium to a thicker and more concentrate

layers than the suspensions with peptisant in s@piparticles interactions.

The original micro-PIV characterization performeithin the accumulated layers during the crossflow
ultrafiltration of colloids allowed giving access the velocity field as a function of the distarce
from the membrane surface. Thanks to rheometricsurements, the rheological behaviors were
investigated for each concentration reached inatteaimulated layers and revealeditmsitu SAXS
experiments. The integration of thesitu shear rate fields obtained from the velocity fibidmicro-
PIV into the rheological laws gives access to thkudatedin-situ stress field of the concentrated

layers.

These measurements allowed revealing certain mechanof flow in link with the rheological
behavior evolutions of the suspensions, inducethbysimultaneous effect of velocity and pressure at
the vicinity of the membrane surface during thérdtion process. It thus was highlighted several
specific flow regions with well-identified behavirFirstly, a region A has been identified at the
nearest vicinity to the membrane surface, for whigre is no velocity, corresponding to a suspensio
at rest. Secondly a region B for which the sheter aad corresponding calculated shear stresststart
increase until reaching a maximum. In this regiom $hear flow forces are sufficiently high compare
to colloidal interactions and pressure forcesnitiate the flow of the suspension. This regiondh c
be assimilated as the concentration polarizatigerlarhese two first regions A and B had a thicknes
of about a few hundreds of micrometer. Their thedsevolves according to the time of filtration and
the operating conditions, the history of shear fiowolved and the physico—chemical conditions of
the suspensions. This original information has tedhe stress level required to involve a flow
between regions A and B during the filtration psxcand for different physico-chemical conditions of
the suspensions, which highlights the importane rplayed by the rheological behavior in the
formation of the concentrated layers. Lastly, adlregion C is defined in which the suspension
reaches the conditions where the suspension iglaiirg in the feed channel without being affected
by any concentration phenomenon. The concentrafidine suspension is constant and corresponds to
the initial filtered concentration, with a decrewpishear rate until reaching the maximum velocity

value between 2000 and 2500 pm above the memloeseds the center of the cell.

From a fundamental point of view, obtaining thessrlevels inside the concentrated layers, retated
the concentration profile, the cross-flow and theotogical behavior of the filtered suspensions,
improves the understanding of the phenomena indalvéhe formation of the concentrated layers and
fouling phenomena. From an industrial point of vighis work allows to improve the efficiency of

ultrafiltration since it gives a better understangdof the formation of these phenomena.
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at t = 94 min, 6% tspp and d) kratky plot repreagon (dfl(q)) of the scattering

intensity

(same profile).
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Fig. 4: a) Concentration profiles deduced fromsitu SAXS in the middle window during
relaxation step (TMP = 0, Q = 0) of Laponite suspems with 6% tspp, and b)
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; Flow rate Transmembrane Time N° of
Suspension (L.min™) pressure (x 1T0Pa) (min) filtration step
0.3 1.1 80 1
C
L1-Cp6 0.0¢ 11 14¢ 2
0 0 3C 3
0.2 1.1 7C 1
L1-Cpo 0.2 1.1 57 2
0.0¢ 1.1 141 3

Table 1: description of the filtration procedure for suspensions of Laponite with peptizer (L1-

Cp6) and without peptizer (L1-CpO0).
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