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l. Introduction — Scope of the review

The review will try to answer to two main goalsetproduct classification and the product
removal in the nano-size range and specificallyliagpto wet suspensions. The product
classification means the removal of the coarsetilacfrom a size distribution, targeting
specific size regimes (e.g. those > 0.5 pum andetkro$00nm). The product recovery is the
removal of all particles from a suspension, dowsdweeral nanometers. In that case however,
the separation may be done differently if the pod interest is the solid (the separation is
focused on the recovery of particles in the naze-sange) or the liquid phase (the separation
is focused on the liquid phase purification).

Usually, one considers that nanoparticles are gestihaving their three dimensions lower
than 100 nm. The size range covered by this revigies from a few nanometers to several
microns or even more. One raison is that nanoskpararocesses are often not specific
technologies but current technologies that have leetended towards the submicronic range.

Il. Nanoparticles properties related to separation

Most of conventional separators for particle cliassiion are based on the difference of the
sedimentation rate (in a gravitational or a ceagyd field) for particles having different sizes.
Concerning the liquid phase purification, commonogasses often involve filters.
Nanoparticles, due to small size and high surfacea-to-volume ratios, exhibit
physicochemical properties that differ from thogah® constituent atoms or molecules yet
are also different from macroscopic material. Bamaple, nanoparticles in stable suspensions
may sediment only after extremely long periods aen they settle down they may form
compact cakes. Nanoparticles are also highly seadiv interparticle forces, especially in
dense suspensions. When they are suspended inui, ligne important property of
nanoparticles in relation with separation processeiseir ability to form aggregates. Indeed,
nanoparticles are subjected to different kinds afcds : diffusionnal forces (Brownian
motion), hydrodynamical forces induced by gravgfirring or transport and interparticular
forces such as van der Waals and electrostati@gowhich are taken into account in the
DLVO theory, but also non DLVO forces (proximityré@s, solvatation forces, hydrodynamic
interactions, hydrogen bonds, ...). So, one imporpannt before discussing nanoseparation
processes is to determine if the dispersed phastalide or not. Both electrostatic and steric
stabilization are discussed below.

Electrostatic stabilization

Even if it is limited to diluted suspensions, DLMBeory can be used to predict if a system
will remain stable or nofThe DLVO theory considers van der Waals attractiod double-
layer repulsion in order to establish an energyadise curve to describe the conditions of
stability or instability.

Attractive energy: The attractive energ, between two individual atoms or molecules is
given by:
B

a= " (I1.1)

Where, 511 is a constant that refers to identical atoms olemdes whereas, r is interatomic
distance. The individual contributions of atoms raplecules may be compounded for



colloidal particles composed of assemblies of mdis or atoms. Such assemblies show no
net dipole moment because of overall cancellatibiKeesom and Debye forces (vectors).
Therefore, only London interaction is taken intonsideration. For two equal colloidal
particles, each of radiu® and at a distandein vacuum, Van der Waals energy of attraction
is given by:

Ga=- >, T2t 2
6 | s°-4 s S (1.2)

WhereAq; is Hamaker constant and given By; = 770 i1, g represents number of atoms or
molecules per unit volume arsd= (2R+h)/R. For very short distance of separation between
colloidal particles wheh <<R, the above expressions may be approximated as:

__RA,
AT 12h (I1.3)

In presence of a medium (solvent), the Hamakertaohs;, of material 1 dispersed in a
medium of Hamaker constantAs given as:

1 1) 2
Ap = Ay + Ay - 2A, = [Ali - AzzzJ (11.4)

In most disperse systemyi>A,, resulting in positive values o4y, indicating attraction
between the particles.

Energy of repulsion: In a diffused double layere thotential at the surface®, reduces
linearly and then exponentially with decrease istaticex, approaching zero in bulk
solutions. Double layer thicknesd/) may be presented by reciprocal of Debye-Huckel
parameter£):

1
1 [ e,e,kT 2
K 2n,Z %e? (11.5)

Where,¢; is relative permittivity,go permittivity of free spacek is Boltzmann constant, is
absolute temperaturgy of ions of each sort in the bulk phagds the valency of ions arsl

is the electronic charge. Let the distance betweensame patrticles in dispersion then the
cases whem > 2/k , two double layers can be developed between thihout restriction
leading to zero stern or surface potential at tie point between the particles. However, in
the case wheh < 2/« the situation is different, there appears a pakat the mid-distance
between the particles leading to repulsion betwberparticles. Tadros (2006) explains that
energy of repulsion(e may be presented by the following expression whsckalid for
xkR<3.
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Where, ¢, represents relative permittivityy permittivity of free spaceR radius of each
particles, ¥4 surface potentialk Debye-Huckel parameter and distance between two
particles. The expression explains tk&t decreases exponentially with increase of distance
between particleshj. At higher values oh, G, tends to zero. At any givem G increases
with increase in thickness of double lay&f<f which ultimately depends upon concentration
of electrolyte and valency of ions.

The evolution of G, Ga and G with h is illustrated orfrigures 11.1 and 1.2

(10~ 7 mol dm—3)

Gr (10~5 mol dm—3)

» G

(102 mol dm~3)
N

(10~ mol dm—3)

Fig. 1.1 - Fig. 1.2
Figure II.1: Variation of G with h (distance between two patrticles), as function
of the electrolyte concentration
Figure Il.2:Variation Gej, Ga andGr with h.

Following Tadros (2006) for stability of a colloidal dispersion, the value @&f.x must be
larger than thermal energkT) of the particles. GenerallyGmax > 25KT is an adequate
condition for colloidal stability.Gmax particularly depends upon on surface (stern or zeta)
potential, electrolytes concentration and valency. Tadros (2006)sdiaguhe example of an
electrolyte of monovalent ions and cations, describes that corgldfostability Gmae>25KT)

may be achieved by having a high zeta potential f#40and low electrolyte concentration
(< 10% mol/dn?). He demonstrated ho®., gradually decreases and eventually approaches
to zero at a critical electrolyte concentration for 1:1 electrolyte. Theaserin the valency of
electrolyte at any given concentration of electrolyte causes a decrdagsg ieading to poor
stability.

Steric stabilization

Steric stabilization is a generic term that embraces all aspects ofdabktabilization by
non-ionic macromolecule©ferbeek 1997 Tadros (2006expresses that steric stabilization
arises from the presence of adsorbed or grafted surfactant or polynms; lagstly of the
non-ionic type, creating repulsion between the partidlagaly (2005)describes when two
particles with their organic chains come closer; the chains lose confonaagintropy in the
gap between the particles leading to volume restriction effect or enstghdization that



ultimately results in a resistance between thegeastas shown ifrigure 11.3 (a) Taking on
another possibility of steric stabilizatidoagaly (2005)emphasizes that in all cases there is a
strong possibility of a local increase in concetmraof organic material between the particles
(mentioned by region of dotted lineskgure 11.3 (b) that may create an osmotic effect and
result in repulsive force between the particlessoayistability. The pragmatic formulae may
be employed for calculating the interaction enedgeg to steric stabilizationvV{ncent et al.
1986. Generally, it is difficult to find the correchput data such as the segment density
distribution of the macromolecules or the contoemgth of the macromolecular envelope
(Lagaly, 200%. He further expresses that in some colloidalesyst especially in biological
ones, a combination of electrostatic and sterigilstation occurs when particles carry surface
charges or when the adherent macromolecules ayegimns or polyanions as shown in
Figure 11.3 (c) andFigure 11.3 (d)

Figure 11.3: Different patterns of steric stabiliza.

lll.  Coagulation-flocculation of nanoparticles

Coagulation and/or flocculation of nanoparticles d@e used as a pre-treatment step to
produce coarser particles or less compact depadiabow conventional separation processes
(centrifugation, filtration or flotation). When cgalation is performed, nanopatrticles lost their
specific properties but depending on aggregatdoor dohesive strength, reversible process
(post-treatment step) can be imagined in orderetmover nanoparticles. Conditions of

reversibility (control of aggregation) are essdntia

Mechanisms of coagulation and flocculation

On the opposite of the stabilization processesdéstabilization of a colloidal dispersion can
be achieved modifying the attractive and repuldieeces in the dispersion. In order to
destabilize a solution, it is necessary to redbeedistance at which the repulsive forces are
acting, reducing the double layer thickness, alfmathe particles to get closer and aggregate.
It is possible to act on the system modifying thiei¢ strength, the pH or adding a polymer or
a surfactant into the suspension. Indeed, the isinength can be changed adding salt which
allows neutralizing the surface charges of theigag and thus reducing the repulsion
distance. For a salt concentration greater thar¢bgcoagulation critical concentration), the
attractive forces will become predominant and thdigles will aggregate. Moreover, there
exists a pH value at which the mean charge atahtgcfe surface will be zero. At this pH, the
electrostatic repulsion no more occurs and theilgjalmf the system is minimal. The
depletion flocculation is a third type of destatalion process. It consists in adding a great



amount of free polymers into the suspension umélinterparticular distance is filled with the
polymer chains. But a solvent layer still existouard the particles, exerting an osmotic
pressure and leading to the aggregation of pasticleher destabilization methods could be
mentioned.

Re-dispersion of aggregated suspensions - Condgiohreversibility

The recovery of nanopatrticles is more efficient wiparticles are aggregated. However, if the
product of interest is the solid phase, one careexthat the aggregation process will be
reversible. Redispersion of aggregates can be uh@cbanically imposing shear or elongation
stresses to the medium and controlling the physiemical properties to get stable product.
One example is illustrated oRigure 11l.1 (Tourbin, 200%. A silica colloidal dispersion
suspended in a stirred tank was first consideregljrtitial particles having a size around 100
nm. The aggregation of the primary particles watiolkd by salt addition leading to a
monomodal particle size distribution; the mean sifeaggregates being around a few
microns. Increasing the stirring rate the aggregateviously formed were broken. At 2000
rpm, the proportion of primary particles was alngadportant. Higher shear and stress may
be obtained using high shear mixers or stirred enedills ensuring a re-dispersion of the
aggregates.

Another way to re-disperse aggregates is chandiegphysico-chemical properties of the
suspension, modifying the pH or using additivé&egset et al., 2000 However, the
conditions for reversibility depend on the natufehe stabilization. In case of electrostatic
stabilization, if coagulation of particles is indwacby the addition of electrolyte, it remains
irreversible on subsequent dilution. In contrdsizdulation of sterically stabilized dispersions
(induced by the addition of a non-solvent) can Uguze reversed spontaneously by mere
dilution of the non-solvent concentration to a @iy low value. It points out that sterically
stabilized dispersions may be thermodynamicallyplstavhile charge stabilized dispersions
are only thermodynamically metastable. As a redult,charge stabilized dispersions, the
coagulated state represents a lower energy stdttharcoagulation can be reversed only after
input of work into the system. Another importanhsequence of the thermodynamic stability
of sterically stabilized dispersions is that thegymedisperse spontaneously after drying.
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IV.  Nanoseparation processes and technologies
IV.1. Particle classification by sieving - Microsiging

Conventional sieves are limited to particle sizesater than about 40 um. Microsieves are
available with mesh sizes down to 5 um. They reqgpecial sieve foils and additional

equipments (electromagnetic vibrator, ultrasoniocvegatransmitter, ...) for dispersing the

solid and removing clogging particles from the sieveshes.

Microsieving is used in various fields of industrghemical, biological, ceramic, food,
pharmaceutical industries, production of buildingtemials and environmental technology. It
has two main goals:

- the characterization of fine powders by determirpagicle size distribution

- the fractionation of particle systems

However, microsieving is not well adapted for naatiples separation.

I\V.2. Particle classification under centrifugal forces
IV.2.1. Disk stack centrifugation

Centrifugation has an important role in many indabkprocesses. It aims to separate liquid
phases and solids from each other. Decanter aggesfare used to separate liquid and micro
or macropatrticles with solids concentration up 45 Disk stack centrifugation (ckigure
IV.2.1) is used for lower solids concentration (up to 2%¥d smaller particles sizes (around
0.1 pm to 200 um). It uses extremely high centafufiprces. Denser solids are forced
outwards the solid bowl wall while less dense lijphases form concentric inner layers.
Inserting special plates provides additional swfaettling area. The removal of solids can be
done discontinuously, by intermittence or continslpuThe separation efficiency depends on
solids volume fraction, sedimentation area andtimtal speed. It can be improved if the
residence time or the distance for sedimentationaeased. The efficiency is also improved
if particle diameter is increased by coagulatiod #iocculation.

feed inlet

_ liquid discharge

“ solids discharge

Figure IV.2.1 : Disk Stack Centrifuge (from Alfa Lauaiochure)



I\V.2.2. Ultracentrifugation

Ultracentrifuges are instruments designed for nogatin object around a fixed axis while
applying a perpendicular force. They are used parsge tiny particles from one another in
order to determine their sizes and molecular wsightey are also widely used to study high
polymers, particularly proteins, nucleic acidsusgies, and other biological macromolecules.

Ultracentrifugation is carried out at speed fadten 20,000 rpm (typically 100,000 or
150,000 rpm, creating centrifugal speed force @,800g to 1,000,0009). This force causes
sedimentation of macromolecules, and can even caosauniform distributions of small
molecules. Sedimentation depends on mass, shapk,partial specific volume of a
macromolecule, as well as solvent density, rotee sind rate of rotation. The sedimentation
velocity can be monitored during the experimentaiculate molecular weight. Values of
sedimentation coefficient (S) can be calculatedgeavalues of S (faster sedimentation rate)
correspond to larger molecular weight. Dense gdartsediments more rapidly. Elongated
proteins have larger frictional coefficients, ardisnent more slowly.

There are preparative and analytical ultracentefughnalytical ultracentrifugation is used to
characterize size and molecular weight. Preparatit@centrifugation is used to isolate
specific particles for reuse. It is considered ¢oabhigh-performance process that is reliable
and efficient, and operates quickly and quietly. the cell biology field for example,
ultracentrifugation is used to separate cell coneptsy Since different fragments of a cell
have different sizes and densities, each fragmeltsettle into a pellet with different
minimum centrifugal forces. Thus, separation of saenple into different layers can be done
by first centrifuging the original homogenate uneerak forces, removing the pellet, then
exposing the subsequent supernatants to sequergrathter centrifugal fields. Each time a
portion of different density is sedimented to thetdm of the container and extracted, and
repeated application produces a rank of layers lwincludes different parts of the original
sample. Additional steps can be taken to furthigneesach of the obtained pellets.

There are a variety of rotors that are suitableafoange of separation tasks used in polymer
science, biochemistry and molecular biology.

I\VV.2.3. Microcyclones

Hydrocyclones have been used by industry sinceldte 1800s. They are particularly
interesting in that they require low maintenance #mey can handle large flowrates. The
basic internal workings of the hydrocyclone, or lope for short, have been known for
decadesTomlinson Il and Tuck, 19%2to the point where robust empirical models hiagen
developed that predict hydrocyclones’ partition diwon under standard condition®lift,
1976; Nageswararao et al, 2004Such macroscopic design and operating models can
account for some of the complex interrelationstbpsveen cyclone’s geometrical features
and operating conditions (e.g. inlet pressure dsotioncentration). However, separation of
particles below a few microns becomes ineffectivth weonventional cyclones (cfigure
IV.2.2). The problem lies with entrainment of fine pddgof various origins, referred to as
bypass and fish-hook phenomena. Understanding rigen® of these inefficiencies, which
plague the partition function towards the finertjgées remains a significant field of research
(Frachon and Cilliers, 1999; Neesse, Dueck and Mini2904.
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After Frachon and Ciliers, 1999
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Figure IV.2.2: Hydrocyclones separation efficiency

Geometry and basic principles of microcyclones

Alongside the emergence of nanosciences and nameemigg, scientists and engineers are
becoming increasingly interested with small diamelsydrocyclones. The engineering
community has chosen to refer to such cyclonesiiasocyclones for both their miniature
size and their capability with classifying partel@ the micron range.

Typically, microcyclones are millimetric

same physical dimensions as a small syringe ornailp@=igure 1V.2.3.

dimensions (cylindrical section, vortex finder,aplspigot, etc.) and operat
at high inlet feed pressure. For visualisationlsesanicrocyclones are of thg ;/)
They can be used as multi-cyclone assemblies fwrggsing any desirabl

in all time characteristic

flowrate. The rationale behind microcyclone desgystraightforward.

Figure IV.2.3:
Microcyclones

The centrifugal force fdeveloped at any radius r inside the cyclone ssleed by:

F =V?%gr
where V is the horizontal linear velocity and ghe acceleration due to gravity.

(IV.2.1)

Since fine particle separation requires high caurgsl force, both high velocity (i.e. high inlet

feed pressure) and low hydrocyclone radius argaldsito achieve fine particle separation. It
goes without saying that progress in manufacturgotiniques has contributed greatly to the
development of microcyclones.
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Commercialized technologies

The truth be known, microcyclones ha
been around and even commercialised
a long time. For example, Dorr-Olive
(now  Dorr-Oliver Eimco)  started
commercializing high-pressure  10mi
cyclones in the 1960s, and Mozley enter
the business in the 1970s. Dorr-Oliv

Doxie 5

Six 10mm cyclones manifolded in a common pressurized &=

housing {patented). Adjustable capacity and self-contained |
strainer. Available in 316 SS. Maximum working pressure
2,000 psi @ 400°F and 1,000 psi at 800°F temperature.

Doxie Type A
Single 10 mm cyclone machined from a single block of

316 SS. Also available in other alloys. Exclusive Dorr-Oliver

U

Eimco design. Maximum working pressure 2,000 psi @
temperatures below 400°F

developed the Doxie®  Impurity
Eliminator  Hydrocyclones in  this
timeframe, as ancillary equipment for removing dintd abrasives from liquid streams where
maximum purity is essential, such as with pump peatiection. These cyclones come single
or in assemblies of 6. From Dorr-Oliver's brochurgse insert), feed is introduced

tangentially into the cyclone at very high pressowver 140 bars (2000 psi !) to create a high
gravity vortex effect. The fine solids are throwm the walls of the cyclone and pass
downward to the underflow outlet for the removalheT company claims that this

microcyclone removes all particles larger than 1, pmich are eliminated out the underflow.

If all particles larger than 1um are removed wiils technology, the cut-point must then lie
below 1um. It must be emphasised that no quaniatiformation about the performance of
the Dixie hydrocyclone, such as the partition fisrtican be found in peer-reviewed articles.
In any event, the performance of the Dixie separatdicates that the separation limit of
microcyclones clearly lies somewhere below 1 prat ik in the area targeted by the review.
The extremely high inlet feed pressure necessaryhi® Dixie separator to remove minus
lpum particles is probably an indicator that thefqremance of the Dixie separator may
benchmark the actual separation limit for microopels. Hence, the separation limit for
microcyclones lies probably below 1um, yet it must lie far below.

Examples of use of microcyclones

It is interesting to note that the Doxie microcywoappears in several industry patents, in
particular in the biological field. Typically, itsiused for recovering micron size cells,
vitamins, yeast, etc from suspensions. One poimthaoting is that “particles” have a near-
water specific gravity in such applications. UnitSthtes Pater8878545 Deckwer et al,
1985 for example uses the Doxie hydrocyclone type r2skparating viable cells from cell
suspensions. The hydrocyclone is operated at iméstsure between 2 and 4 bars. Low inlet
pressures are used in the biological field in ordeminimise damage to the cells during
processing. The inventors use microcyclones inesein order to control overall process
efficiency.

In support of the development of microcyclon€spssley (2004has published an interesting
summary of the performance of 10m Axsia Mozley'sni® Microspin™ hydrocyclones. He
reports that such microcyclones, which are operhttdieen 6 and 12 bars (85 to 170 psi)
yield 2 um cut-point reliably with kaolin particle€onstant displacement pumps are used to
maintain constant high inlet pressure. He presiachsstrial minerals applications where the
microcyclones handle 10% solids wilwrner (2003)quotes similar values, with feed inlet
pressure from 3.5 to 12 bars (50 to 170 psi), femdrate from 10 to 20 fith, and feed solids
concentration from 6wt% to 10wt%. He presents tssiubm several case studies obtained
with Axsia Mozley’'s 10mm and 12mm Microspth hydrocyclones. These cyclones are

12



recent development, and can be made of a wide rahgmaterials depending on the
application (polyurethane, popypropylene, cerarmic) thanks to progress in manufacturing
technology. The level of dilution reported by Cilegsand Turner is not surprising for micron
range particle separation, since hindered settdomglitions must be avoided. Microcyclones
are used single or in assemblies up to severalrbdnghits. Moreover, different cycloning
stages are used for higher overall separation i@fioy. Turner showed that such
microcyclones can yield cut-point as low as 1 pnthway 80% minus 2 microns. The author
did not publish any complete partition function lemsr, so it is not possible to assess the full
performance of microcyclones from published literat In comparison to the claims from
Dorr-Oliver that the Dixie separator can removenaithus 1um particles, it would appear that
the Microspif™ hydrocyclones’ performance is no as good. Thisoperance difference is
probably attributable to the higher inlet feed pree used by the Dixie separator. Overall, no
conclusive quantitative information about the sapan efficiency of microcyclones in the
submicron range can be found in the literature.

Not surprisingly however, microcyclones appear ufes the same inefficiencies as larger
cyclones. Using low inlet feed pressures in the 2 bars range in a 10 mm diameter cyclone,
Frachon and Cillers (1999)xperimentally confirmed the fish-hook phenomenaith
microcyclones. They concluded that the observedasyppossibly consists of two
components: the dispersed solids recovered in piiopao water and an additional fraction
possibly due to boundary layer flow directly to thederflow. Although the latter fraction is
negligible in large diameter cyclones, they indichthat it probably becomes significant with
microcyclones. However, such a statement is unedriis neither the boundary layer
thickness nor the flow patterns in 10 mm hydrocye® have been measured accurately.
Their conclusion suggests that quality experimémtatand computational fluid flow
modelling is necessary to assess the flow behavimide microcyclones, and understand
whether there exist inherent separation limitatiansubmicron sizes.

Frachon and Cilliers also observed the expectedctamh in cut-size with increased pressure,
however without penalty on either classificatiomargimess or dispersion for both cut-size and
sharpness. Logically, they measured an increasypmpds with increased pressure. This
suggests that microcyclones must be used in ser@sler to achieve a given recovery rate.

Performances, limitations and research needs

In the past decade, small diameter hydrocyclongs baen the focus of increasing research
and development. Hydrocyclones are attractivel&cales because they offer cheap and easy
maintenance and operability. Moreover, multi-hygmone assemblies can handle any
desired flowrate. Microcyclones combine high veip@nd small diameter, which are both
desirable for very fine particle classification. efhare millimetric in all their dimensions
(typically 10 mm diameter), and are operated ah higet feed pressure. Published reports
about their performance limit are lacking; yet #thes sufficient evidence that they can
achieve a 1 um cut-point.

Since microcyclones are capable of 1 um cut-pdhgy ought to have some separation
capability below 1 um. Despite the lack of quatitita result about their operating
performance in the submicron range, the separétimh of microcyclones lies probably not
far below 1um, and yet it may be somewhere belom.1IMicrocyclones may therefore have
some potential for removing particles a few hundradometers in size; hence they might be
a possible candidate for removal of +500nm padidexperimental testwork using high feed
inlet pressure must however be conducted in oml@ugantify microcyclones’ potential for
removal of submicron particles.
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IV.3. Nanoparticle separation by Field Flow Fractiamation

Here we will make a clear distinction between safan and fractionatiorSeparationis the
removal of particles from a suspending fluid drattionation is a removal of a class of
particles from a complex suspension, based onisitas example. Even if sieving/filtration
and sedimentation/centrifugation can be used astidration method, Field Flow
Fractionation is the most capable and versatilertecie for colloidal fractionation in terms of
separation range, selectivity and resolution.

Basic Principles of Field Flow Fractionation (FFF)

In this section of the review, we discuss aboutdFiow Fractionation (FFF), which has
become a widely used technique for size separatiorarious kind of nanoparticles taking
advantage of a balance between random thermal amokm flow driven motions on the
object of interest. The technique is used in sé\elds: polymer technology, biotechnology,
biochemical and environmental technology. It isyveften used with specific detectors to
enable characterisation of colloids properties amation of their sizes.

Briefly the FFF colloidal separation principle takelace under the effect of a field applied
perpendicularly to a main parabolic flow of a melphase. The main difference between FFF
and chromatography is that the separation is ne@dan interaction between analytes and a
stationary phase but on the interaction of theyaesalwith the field in a non uniform flow.

Field Flow Fractionation (FFF) is a technology intedl by Calvin Giddings in the 1960’s
(Giddings, 1993 from Giddings, 1966 and Thompsal.efi969. The separation is achieved
by hydrodynamic conditions within a well definedvl channel. The sample is introduced in
the laminar flow that exists in the channel. Aneeral field might be applied perpendicular to
the channel. If, as a result of the imposed fiéhe, sample moves closer to the wall of the
channel, it will experience a lower velocity of tharabolic flow profile. FFF operations can
be used in 3 modes: normal, steric or hyperlayedentn normal mode, suspended patrticles
are driven towards the accumulation wall by thesdl field. As a result, a concentration
polarization layer is built up at the wall of thecnochannel. The build up of that layer is
partly opposed by Brownian diffusion that makestips move away from the wall.
Consequently, the smaller particles with largefudivity have the higher probability to move
to the middle of the channel, and therewith to fdster streamlines of the parabolic profile
resulting in the shorter residence tinkégure 1V.3.1shows the mechanisms of the patrticle
separation in normal mode which is the most fretjuarde. In the steric mode FFF operates
on larger particles with particles around 0.5¢40, where Brownian diffusion is too weak to
oppose the particle build up. The particles accateuhow while forming a thin layer. Larger
particles protrude out this thin layer. Via stdriteractions they can leave the thin layer and
enter faster stream lines, resulting in smallerdeggce time than smaller particles. For the
larger particles (> 1fuim), particle accumulation on the wall is opposedh®s/hydrodynamic
lift force acting on single particles. The distartey are lifted away from the wall is greater
than their diameterd={gure 1IV.3.9 The residence time in this hyperlayer mode deperad
only on particle size but also on physical prapsrof the particle (e.g. shape, polydispersity)
which jointly affect the intensity of the hydrodyng lift force.
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Figure IV.3.2 : Schematic diagram showing the maigmas of particle separation in:
A) normal mode, B) steric mode, C) hyper layer mode
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Field Flow Fractionation Theory

This section collects the equations to evaluaterétation between the hydrodynamic radius
of a particle and the retention time in a normaFFrode. In this technique, the separation
occurs as a result of the physical interactiorhefdample with the perpendicular field.

The particle equilibrates at a distance from th#é, wawhich is dependent on the applied field
velocity, V. and its diffusion coefficient D

| =— (IV.3.1)

The laminar flow through the channel with a parabptofile separates particles so that the
particles far from the accumulation wall will beutdd faster. Thus, particle retention is a
function of diffusion coefficient as:

2 1/3
D= ch i (ﬁj (IV.3.2)

where\P is the channel (void) volume @n, V. the crossflow rate (fs8¥, R the retention
parameter defined as ratio between void tigent retention time,tw the channel thickness

(m).

Hydrodynamic radius (@ can be calculated from diffusion coefficient, bjpg
Stokes’Einstein equation under the assumption ofpamtnspheres:

KT

R, = — —
R (IV.3.3)

where k is Boltzman constant (k=1.38x10-23 Kfi ™, T is the temperature (K) amdthe
viscosity (Pa.s).

Therefore the general expression for the hydrodyoamadius as a function of retention
parameter is (which can conversely be expresserins of retention parameter versus
hydrodynamic radius):

R = kTV® (@-R)®?
YA R

(IV.3.4)

When the cross flow rates kept constant and sufficiently high, the formula can be
simplified in a linear relationship between hydrodgnic radius and retention parameter:

R, = At, (IV.3.5)

with A a constant parameter
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Main Field Flow Fractionation Sub Techniques

Sub techniques of FFF are distinguished accordirigd nature of the field applied. Common
fields applied are gravitational, centrifugal, matio, thermal, electrical or flow fields.

By essence, gravitation and centrifugal fields Wil applied for the separation of particles
when a difference in density occurs. Magnetic fieidl be applied for magnetic particles.
Thermal and electrical fields as well as flowdiétactionation will be use to create a second
flow of mobile phase - perpendicular to the maie envhich will drive the particle across the
main parabolic profile.

The choice between these different types of fiekisentially depends on feasibility as well as
on technical and economical considerations.

Flow Field Flow Fractionation is one of these sabhhiques where the field is created by a
secondary flow of mobile phase perpendicular to rin one (cross flow). This flow
arrangement has been implemented by using a symaietonfiguration of the two walls
which are both permeable to the permeable flow. ddoamulation wall (lower wall) consists
of a semi-permeable membrane supported on a flipanmeable to the carrier but not to the
sample. The upper wall has been made of a frit mahtd he field is induced by pumping
carrier into the channel through the upper wall &etting it exit through the accumulation
wall. Performance requires that this cross flowcafrier to be uniform which puts high
technical demands, requiring permeability of botilsvto be homogeneous. However, little is
known about the quality of frits and membranedis tespect.

A new design has therefore been introduced, calsgmmetrical Flow Field Flow
fractionation, where the porous upper wall of tharmel is impermeable to the carrier flow
and lower wall is a semi permeable wall covered d&ysemi-permeable membrane
characterized by variable cut-off. The main diffexe is that the cross flow is created by a
difference in carrier in and out flow volumetricoW rate instead of a secondary pump
directing the crossflow via the to-frit to the chah Because the membrane cut —off as well
as the channel flow rate can be optimized, thidgdess a very versatile design for the
fractionation of components in a very large sizegea However, because the cross flow has
to be preserve to ensure performances, cloggintheflower wall should absolutely be
avoided which means that it is limited from diltdeemoderate concentration in particles in the
sample.

Flow fractionation and microfluidic devices

A wildly and growing number and types of such fiagation microfluidic devices has
appeared in recent years as reviewedHikel and Van den Berg (2006yith mainly
biological applications in mind (sorting cells, DNs&d proteins), which are also based on
flow fractionation but with different principles.h€se derivative techniques might be more
applicable to samples of moderate concentration.

There are four strategies for sieving particlehvdEF microfluidic devicesKulrattanarak et
al., 2009. The first strategy is called hydrodynamic chremgaaphy (HDC) in some papers
but it is basically the principle of FFF, wheredar particles are excluded from the wall
region via steric hindrance of the wall. The secstrdtegy is size exclusion chromatography
where the microchannel now incorporates dead endspwith stagnant fluid in which
particles smaller than pores can dwell. A third/isig strategy is that of a classical membrane
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or sieving media where the particles smaller thame pliameter or aperture can pass while the
larger ones are retaineigure 1V.3.3.

_% Stagnant region
7

Figure 1V.3.3: FFF — Size exclusion strategy

The last strategy is called flow line sievirgidure 1V.3.9. Via the inclusion of obstacles in
the microchannel or via multiple outlets, the flowld in the microchannel gets structured
into “flow lanes” which are separated by dividingestmlines. If Brownian diffusion is
negligible the smaller particles will stay in tharsaflow stream line while larger particles
can cross to another flow line via steric interactwith obstacles in the microchannel.
Fractionation is on the basis of the flow lane.
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Figure IV.3.4: FFF — Flow line sieving strategy
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We note that chromatographic strategies are réstrio batch operation as smaller and large
particles are only separated in time while flowelisieving devices do allow continuous
operation. On the other hand although the seiéctof flow line sieving devices appears
high, the risks of plugging or jamming the poreslso high for concentrated or polydisperse
suspensions which turns into low yield and sel@gtiof the operation.

From batch to continuous operation

According to these principles, FFF can be usedrémtionating a very broad size of particles
around 1 nm to 10Qm but its application for large scale applicatioigint be limited due to

its batch-wise operation. Operating FFF in cordiml operation is though possible using
SPLITT techniqueKigure 1V.3.5. The SPLITT microchannel has so-called splitegr&oth
inlet and outlet which create three flow laneshe microchannel between inlet and outlet.
The particle suspension is introduced into the feddt channel and a carrier fluid is
introduced into the other inlet channel at différgalocity. In general the flow rate of the
carrier fluid is higher that the flow rate of thespension. Particles which are not affected by
the external force field remain in the flow lanadare transported to the outlet (a). Particles
which are affected cross the distance to the dlaerlane in the transport region leave at the
outlet (b). The yield is high compared to FFF du¢hie continuous operation. The selectivity
depends on the effect of the force on the partiéMhin the residence time in the transport
region, the particles have to cross the distantedsn divided streamlines. Via controlling
the flow rate, one can change this distance and tihe selectivity. For small particles the
selectivity can also be imparted by Brownian matiéor concentrated suspensions, steric and
hydrodynamic interactions leading to shear indutifdsion) can also impart the selectivity.

Sample Flow In

Sample Flow Out
'5%‘
"{}"“':':*-"liua';;;:; T T uﬂ
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fﬁefoFﬁiiijjﬁﬂ Sou0,

Carrier Flow In sample Flow Out

Figure IV.3.5: Schematic representation of a SPL$y3tem — from Post-nova analytics

Commercial technologies

There are two main companies which commercialibevFHFF systems: Post-nova. Analytics
GmbH (Landsberg, Germanwj{w.postnova.com and Wyatt Technology , (Dernbach,
Germany)( www.wyatt.com).
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Both companies claim capability for rapid and fl#giisolation of narrow size cuts and the
high efficiency removal of oversized or undersipeadticles.

System operate in a large range: the lower limgize depends on the particle density and
typically is located around 50-80nm for common matend down to 10 nm for high density

material such as gold particles and sols. The upperis reached around 100 micrometer

and also depends on the materials characteristics.

Some Examples of Field Flow Fractionation uses
The first example presented here was recently tegdayDubascoux et al., 2008.

Environmental colloids are of high interest becaok¢heir role especially in pollutant and
trace element mobility. In groundwater, they cobkl divided in two main parts: organic
matter compounds (small colloids with size in tlEometer range) and inorganic particles
(ranging fron nm to micron range). Very often ituseful to fractionate natural colloids in
order to specifically characterize their trace nighibioavailability and transfer.

Here, the fractionation of natural nanoparticlesrigertaken by Asymetrical Flow Field Flow

fractionation (AS-FFFF). In order to assess theemimlities of this technique, different

following operating conditions (ionic strength, fatant concentration and cross flow rate)
have been considered. The method performances ascliractionation recovery and

fractionation efficiency were evaluated on a staalkition of colloidal-size natural inorganic

particles. Online multidetection UV and laser tigleattering provided the monitoring of the
sample during the separation and the evaluatidracfionation efficiency.

The AS-FFF system used is an Eclispe 2 (Wyatt Teldgy, Germany). The spacer has 250
pm thickness and the channel dimensions were 26.5dength and from 2.1 to 0.6 cm in
width. The membranes used are 10 kD regeneratddoss. Flows were controlled with
isocratic pump (Agilent Technologies). Test samplesre prepared from soil particles
dispersions. Briefly, the dispersion contains 12filmmineral colloids mainly consist of clay-
like plakelets.

The main parameter which controls the distributodrparticles along the channel thickness
(and so their separation), is the crossflow ratéo@dlow cross flow rate leads to no particle
separation since all materials are eluted quickly leave the channel in the void volume. On
the other hand, a too high cross flow rate leads t@ry long separation time (the smallest
particles do no have time to diffuse) and coulducel irreversible adsorption on the
membrane.

Figure 1V.3.6shows the influence of cross flow rate on partithetionation. An optimal
cross flow rate appears here at 0.5 ml/min. Fa& thoss flow, a fractionation peak is well
separated from void volume which prevents to asyudbance eluting in the void volume. A
soil leachate was then analyzed. One of the m#fiereinces from the previous case is that the
sample contain inorganic soil particles and organitoids.
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Figure IV.3.6: Effect of the cross flow on the sdenfpactionation (¥ is the cross flow rate
and anddthe time corresponding to the void volume).

The figure presents the MALLS (multi angle lasghti scattering) signal versus retention
time, for samples which have been prefiltered &tdhd 0.45um. The presence of large

particle in the second sample, largely affectsdbality of the fractionation because these
large particles are actually eluted in the voiduvoé. According to these fractogramms, the
fractionation of soil leachate appears possiblehwat satisfactory quality, provided a

prefiltration step is realized.

The second example presented here concerns TiO2wasdreported byContado and
Pagnoni (2008) For several years now, the rapidly developintgdfigf nanotechnology has
been capturing the attention of the scientific camity. The increase in the use of engineered
nanoparticles in various sectors of human life psas great benefits for the society although
there is also some concern that exposure to ermgiti@@nomaterials may result in significant
adverse effects for both man and environment. Anthieginnumerable types of materials,
titanium dioxide TiO2, is widely used since it isnsidered as insoluble, highly stable, non
reactive with other materials, low cost and envinental friendly. In sunscreen for instance,
TiO2, is used as a physical adsorber of UV rayss ieffective against UVB and gives a
reasonable protection in the UV-A range. The plagiasually 10-20 nm through an optimal
balance between scattering and adsorption, providesgllent protection associated with
satisfactory transparency. But recent studies saegn that on the human skin, 20 nm TiO2
nanoengineered particles are photoactive and peaduoee radicals that might cause
complete destruction of super coiled skin DNA, eathow doses in absence of exposure to
UV (Dunford et al., 1997; Tsuiji et al., 2006).

Today, along with the need to develop technologpesynthesize or handle nanomaterials,
there is a growing interest in finding techniquédeao characterize nanorange particles. In
such applications the ability to detect aggregasswell as “primary” particles is of

paramount importance. In this study, FFF is evaeldlads an alternative to most common
sizing technique photon correlation spectroscogySP The FFF system is coupled with an
inductively coupled plasma atomic emission specttem (ICP-AES) to assess the
concentration of nanoparticles for different retemttime, i.e. hydrodynamic radius. The
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hyphenation of FFF with ICP-AES provides a meaddtermine the particle size distribution
in a complex sample by a fast and very sensitivihatk It should be noted that unlike PCS
system there is no requirement of transparency.

The flow FFF system used is a model F-1000 symmeé#iF channel (Post Nova, Salt Lake
City, UT). The channel dimensions were: 0.0254 bioktspacer, length 29.5 cm and breadth
2cm. Nadir regenerated cellulose membranes, norautadff 10 and 30kDa have been used.
The channel void volume was typically 1.41 (+/-5).6n7.

The theoretical model (described in section Thedsypased on punctiform non interacting
particles so that ideally separations should oeatinout particle-particle and particle-wall
interactions. Therefore parameters, such as temyeracarrier composition, pH and ionic
strength should be adjusted to avoid those typestefactions. When FFF separation occurs
by respecting non interacting particles, the frgcmns can be elaborated to obtain a PSD.
The conversion can be made by converting the rietetitne axis into a particle size and by
elaborating the detector signal into a concentnatior frequency signal.

The FFF channel thickness is subjected to somati@rs because the membranes may swell
or shrink when adjusting the carrier compositiom.this work the system channel, was
measured by injecting polystyrene nanoparticlesoohparable size and the carrier changing
the carrier composition (deionized water, low tod@@te ionic strength carrier).

TiO2 nanoparticles were purchased from Degussa &g P-25). The suspension was
prepared for a volume fraction of 0.1% v/v and®¥0 KNO; (pH=10.23). Under these
conditions all the particles should be negativeeithe IEP of TiO2 is 5.8 igure 1V.3.7a
reports the fractogramm resulting from the injected 2Qug of P -25 sample. The separation
was obtained with a carrier flow rate of 2.040 miirand a cross flow rate of 2.968 ml/min.
The fractogramm clearly confirm the presence of ghmallest particles (d=25nm) while the
second reflects the presence of aggregates, whidicate that the method used for the
redispersion of the patrticles in partially inadelgud o isolate the very “nano” sized particles
from the whole sample, a relatively rough settlirgatment was applied and this time a single
peal corresponding to 22 nm particles was obtaifiedure 1V.3.7). Experiments using
different sun screen formulations were carriedtoudefinitely assess the applicability of this
method to commercial cosmetic formulatioRggure 1V.3.8reports the fractogramm obtained
by injecting sunscreen lotions. The fractogramnes@nted irFigure 1V.3.7andlV.3.8differ
only in the concentration of TiO2 since the sunesaor lotions were diluted before the
injection. This example shows that such lotionsialty contain TiO2 particles of about 50
nm in radius. FFF fractionation thus appears pglrand sensitive method to characterize
particle size in complex samples.
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IV.4. Classification and removal of particles by mgnetic separation

Principle of Magnetic Separation

Although the ancient Greeks were familiar with sopmenomena of magnetism as early as
550 BC, the practical significance of magnetism ahthagnetic separation in particular was
recognised only as late as the middle of th& &éntury. Ball, Norton, Edison and others
demonstrated the possibility of separation of a@atsongly magnetic iron cores from “non
magnetic’ gangue. Since the end of thé” X@ntury the separability from less magnetic
materials was demonstrated in numerous applicatizmsa broad range of magnetic
separators. However, only recent considerable pssgrin the understanding of the
fundamentals of magnetism and development of Speatgligns allowed magnetic separation
(MS) to be applied to materials ranging from coaeolloidal (down to a few microns
sometimes nanometers) and from strongly magnetiamagnetic material.

Magnetic Separation Theory

When a magnetisable particle is placed in a nondgameous magnetic field, it is acted upon
by the magnetic force given by:

Xv BOB (IV.4.1)
Ho

where « is the volumetric magnetic susceptibility of thartcle, 4, is the magnetic
permeability of the vacuum, V is the volume of tbarticle, B is the external magnetic

induction anddB is the gradient of the magnetic induction.
Magnetic force is thus proportional to the prodoicthe external magnetic field and the field
gradient and has the direction of the gradiena homogeneous magnetic field, in which

(0B =0, the force on a particle is zero.

In a magnetic separator, several competing foroeseting on the particles (gravity, inertial
forces, hydrodynamic drag and surface and inteigbarforces. This situation is shown
schematically irFigure 1V.4.1

F-

The force of gravity can be written as :

F,=poV.g (IvV.4.2)
where p is the density of the particle while g is the decasion of gravity.
The hydrodynamic drag is given by:

Fy =6mbv, (IvV.4.3)
wherep is the dynamic viscosity of the fluid b, is tharficle radius andvis the relative
velocity of the particle with respect to the fluillagnetic particles will be separated from

“non magnetic” (or more magnetic particles fromslesagnetic particles), if the following
conditions are met:

Fr9 2> F™ and Fpomm™9 < ) Flomm (IV.4.4)
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where E is a competing force (resulting from gravity, hydynamic drag), while fg and
Fron-mag @re forces acting on magnetic and non-magnetidicles (or less magnetic),
respectively.

FEED

T T COAPET NG
DAL ML L FORCES

FORCE

MALS MU DAL S

TATTLITHES

Figure 1V.4.1: Schematic diagram of the processafinetic separation
from Svoboda and Fujita (2003)

In order to achieve high recovery of particles, thagnetic separating force must thus be
greater than the sum of the competing forces. Electvity of the process will be critically
determined by the relative values of the magneiit @ompeting forces for different classes
of particles ranging in magnetic properties bub afssize. Indeed, the relative significance of
the forces is determined mainly by the particleslz can be seen from above equations that

while F_ Ob® or b?, the competing forces have the following dependemt particles size
F, Ob' and F, Ob® . In dry magnetic separation, where the drag fosceusually

negligible, the particle size, as a rule, does afbéct the efficiency of the separation
significantly because of the same size dependehtganagnetic force and of the force of
gravity. But, in wet separation where the hydrodygitadrag is important, selectivity of the
separation will be influenced by particle size mlsttion. With decreasing particle size the
relative importance of the hydrodynamic drag desgean comparison with magnetic force
because the particle hydrodynamic is reduced sat bécause the relative velocity of the
particle to the fluid is limited (for a given fluidelocity, inertia forces are reduced when
particle size is reduced). Therefore for a givegnadic force, the smaller the size, the least is
the particle influenced by the magnetic field. Aatingly, one can use Magnetic Separation
to selectively remove fine particles from dispensidhe cut off will be determined by the
separator itself and its operating conditions ashadl see in the examples below. Of course
if the fine particles are diamagnetic and the |lgvggicle magnetic, the selectivity is further
enhanced. Methods used for artificial enhancemérth® magnetic susceptibility will be
discussed later on.

Generation of the magnetic field and its gradient
In the early days, iron core electromagnets werd u® generate the magnetic fields in
magnetic separators. Although, they still play amportant role, their significance has

diminished with the advent of permanent magnetsandore solenoid electromagnets. The
main drawbacks of the iron-core magnets are thediian by the saturation magnetisation of
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iron, the scale up, the mass of equipment andrtitel magnetic field generated which does
not exceed 1 Tesla. On the other hand, solenoichetagan create a field as high as 2 T in
large volumes of working space which allow buildiagge high intensity magnetic separators
capable of treating as much as 100 tonnes per dioaraterial. Superconducting magnets
extends the range to 5 T.

There are two fundamental methods of generatinggtadient of the magnetic field, which,
as follows equation IV.4.1, is equally important the efficiency of the separation. By a
judicious arrangement of permanent magnet elen@rity a suitable shaping or positioning
of the pole pieces, it is possible to exploit aiatéon of the magnetic field as a function of
distance from the magnetic field generating elementis, so-called open-gradient
arrangement is used in most drum, roll and floviidge magnetic separators as we will see an
example later on. For comparison, a magnetic fig&dlient of approximatively 1 T/m can be
achieved in a suspended magnet whereas the fiattleget for permanent magnet rolls is of
the order of 100 T/m.

A significant increase in the magnetic field casoabe achieved by placing ferromagnetic
bodies such as balls, mesh or steel wool into thgnetic field of a separat@rantz, 1937

to generate as high local field gradient as 5.10%. This so-called High Gradient Magnetic
Separation (HGMS) considerably extends the rangemafnetic force and thus the
applicability of magnetic separation to many weaklggnetic or even diamagnetic minerals
of micrometer sizeFigure 1V.4.2 illustrates the range of magnetic force generdigd
different classes of magnetic separators.
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Figure IV.4.2: Magnetlc force generated by varimeggnetic separation on a hematite particle
as a function of particle sizécom Svoboda and Fujita (2003)

Magnetic separators
We shall restraint to the description of wet magnséparators. The choice of a separator is
dictated by numerous considerations, the most itapbibeing the particle size distribution,

distribution of magnetic properties of particles ie separated and the throughput of the
machine.
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Drum separators

Historically, magnetic separation was hugely usedining applications for the removal of
contaminant from a valuable component. In this lohdpplication, the most frequently used
wet low-intensity magnetic separators dram separatorsThese separators are used for the
recovery of heavy medium, such as magnetite ood$éicon, concentration of iron ores. The
availability of rare-earth magnets further externids applicability of drum separators to
medium of even weakly magnetic materials.

A separator unit is constituted by a chamber witeeeproduct to be treated flows and means
for creating a magnetic field perpendicular to fllogv direction of the product to be treated.
In order to reduce the weight, the size and th¢ abthe separator and to reduce its energy
consumption, permanent magnets optionally assatiaith pole pieces, are used for creating
the magnetic field. There are two basic designsema radial and axial configurations of
drum separators as illustrated kigure 1V.4.3 In a radial configuration, the polarity of
permanent magnets alternates across the drum width in an axial arrangement the poles
alternate along the circumference. Radial configomais usually used in those applications
where high recovery of strongly magnetic mateainmportant. On the other hand, the axial
configuration is preferred when the quality of r@duct is of significance. In this case, the
tumbling motion of particles over the rows of maigwéh alternating polarity will facilitates
the release of entrained non-magnetic particlestinsl improves the grade of the magnetic
concentrate.

b
Roadiol poles: Alternaling across drum width, same along
circumference

Drum head
?x \ : Rotating
ifé Stationary CYlinder
- \a___ : magnets
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shaft

Axial poles: Alternating along circumference, same along

width =
Drum head

) Ratating
Stationary cylinder
shft

Stationary
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Figure IV.4.3: Pole configuration in drum magnetgparators-
from Svoboda and Fujita (2003)

High gradient magnetic separatio(HGMS)
Because, drum separators are limited to the tredtoferather large and strongly magnetic
particles; new techniques have been developed tenéxapplication to smaller and or less

magnetic particles. High Gradient Magnetic SepanaiHGMS) is used to separate less
susceptible materials from a liquid medium. Thisgaiss has been applied to removal of iron
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particles from process streams in steel an powantpl wastewater treatment of bacteria
(Gerber et al., 1988and solids through magnetic seedingng et al., 2000 and more
recently the recovery of tailored particles usedsw®ectively remove cells, proteins or
environmental contaminants such as radionucleifleshholz et al., 1996

An HGMS systems consists in the introduction ofatrm (such as balls, mesh or steel wool)
into a circuit of magnetic separators resultingaidramatic extension of the applicability of
magnetic separation to materials that were prelyocsnsidered too fine and not enough
magnetizable. These matrix generate when magreetiegh local field gradient (5xf0r/m).
which considerably extends the range of the magh@ite and thus the applicability to many
weakly or even diamagnetic minerals of the micr@nsize.

Technically an HGMS systems generally consists ofolumn packed with a bed of
magnetically susceptible wires (diameter about %) placed inside an electromagnet. When
a magnetic fields is applied across the columnwiie dehomogenize the magnetic field in
the column, producing large field gradients aroth@wires that attract magnetic particles to
their surfaces and trap them. The collection otiglas strongly depends on the creation of
this magnetic field (intensity, orientation) at flbeation of the particle. The HGMS collection
process is illustrated schematically Figure 1V.4.4 which represents a magnetically
susceptible wire of radius “a” coated with a statanoparticle buildup of radius “b”. As
described before for successful collection of phati the magnetic force attracting the
particles towards the wire must dominate the flilrialg, gravitational, inertial, and diffusional
forces (for Brownian particles) as the particlesv$ through the separator. The static particle
buildup is assumed to be the region where thecstbatiance of these forces is met which of
course depends on particle properties (size arabptibility).

it Magnatic
W Magnetic field, /7, nanoparticle

@
L8y
Static
D nanoparticle
! buildup
Ly e Magnetically suscaplibla
packing (stainless steel wire) (a)

Figure IV.4.4: Overview of system and model
The HGMS systems consist s of a column packednaigimetizable wires with a radius a of
about 50 microns. The magnetic particles build upuad the wires up to a radius b - from
Moeser et al., 2007

Typically HGMS has been used to separate magnetimmscale particles or larger particles
or aggregates; in some cases recovery of magnatioparticles was reported but these
nanoparticles have been usually present at micrale @iggregates or encapsulated onto large
polymer beadslLeun and Sengupta, 2000'he larger volume of these particles makes their
collection relatively straightforward.

For instance, magnetic separation of weakly magneineral fines has been carried out
(Song et al. 2002after a selective hydrophobization. This procesfgrred as Floc Magnetic
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Separation consist of four steps namely disperselective hydrophobization, hydrophobic
flocculation and magnetic separatioRigure I1V.4.5. Dispersion is usually achieved by
adding special dispersants together with pH adjuste to eliminate hetero-coagulation of
magnetic and non-magnetic mineral fines in suspenstelective hydrophobization of fines
is then induced by surfactants upon their adsamptvbich is familiar to flotation scientists
and engineers in order to apply a hydrophobic fitatton by adding non polar oil. Magnetic
separation is then applied to separate flocs frmmelsed non-magnetic fines.

Slime slurry
J,Di spersants )Ll-hlrl.u.l.-mh' }Ntln]:cﬂhr H

" GELEGTIVE HYDROPHOBIC |
DISPERSION |===> |y pROPHOBIZATION | | FLOCCULATION

J

Magnetic concentrate  <——2 SEP.EF:I:-'T:SN

!

Tailinps
Figure 1V.4.5: Schematic representation of the Mtagnetic Separation (FMS) proceBsm
Leun and Sengupta, 2000

Concerning the separation of individually dispersenetic nanopatrticles, a large amount of
works has been devoted to theory and simulatiomobparticles around one or two HGMS
wires (Chen et al., 2008 These simulations suggest that the collectiomagnetic particles
by HGMS is possible but the small size presentdlaiges not associated with larger
particles. More specifically, diffusion effects ameting upon sub-micron size particles thus
influencing their capture efficiency. As in typicsituations where drag force and diffusion
simultaneously compete in the mass transport phenama most important operating
parameter is the flow velocity as illustratedrigure 1V.4.6(Moeser et al., 2007 where the
force ratios of the magnetic to respectively difflesand fluid drag forces are plotted as a
function of fluid velocity. A model has been propdsby Fletcher (1991)and further
extended byyring et al. (200pto calculate the minimum aggregate diameter fEm@anent
capture for the removal of magnetite nanopartigfee304) from water. The minimum
aggregate size for permanent capture was calcutaté® 40 nm. The feasibility has been
examined in a 0.285 cm internal radius column packeh fine grade stainless steel wool.
Approximately 87 % of 50 nm aggregates were permiyneaptured when the liquid was
passed at the low flow velocity (0.4 cm/1) whichiresponds to a diffusion controlled regime.

When patrticles are not magneti€nhancing magnetic separation

Among methods developed to meet the problem of fisxicle processing, there is a group
based on the enhancement or artificial establishnoénthe magnetic susceptibility of
particles. For minerals for instance the weakly nedig properties are enhanced by
pyrometallurgical treatment (roasting or reductioAytificial establishment can also be
achieved by incorporating a magnetic coating oheodurface of the particles. For instance,
the attachment of extremely fine magnetite on qubes been realized in the presence of
dodecylamine and kerosene by controlling the ploysteemical properties of the particles
involved Anastassakis, 2002
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Figure IV.4.6: Effect of flow velocity on the dimsion less ratios expressing the ratio of the
magnetic force to the diffusive forég,gand fluid drag forc&,,- from Moeser et al. (2007)

Some Examples of Magnetic Separation uses
The first example concerns biological applicatidhsias reported bZhen et al. (2008).

Technologies which can remove physically substarices the blood such as biological,
chemical or radiological toxins could dramaticaltyprove treatment of diseases. Effective
management of intoxication emergencies includdseeitleactivation from biological and
chemical toxins or internal decontamination forioémbical toxins. Current methods are not
optimal. From examples current treatment for irdéped radionuclides are limited to a
combination of chelator drug therapy, which achsgewanly a modest reduction in the
biological half-life of a few radionucleides andpportive care. One method in development
proposes to use magnetic-polymer spheres to sedctbind toxins and remove them by
magnetic filtration. Although magnetic filtratios ia developed technology, the conditions
required for this application are quite specifit:aamagnetic field which is produced with a
permanent magnet to eliminate energy requirembhi separation capacity which is capable
of processing 6 liters of blood in 30 minutes, @apture efficiency that is greater than 90%
from one pass through the separator, d) weightvahdne that make it portable and easy to
use in the field. In conventional HGMS systems, iegnetisable matrix is in direct contact
with the medium which is not appropriate for extaporeal blood applications. Magnetic
separators for biological have mainly been devalope micro-scale and were operated at
extreme conditions such as very low flow ratesamgle volumes or very high external field
and relatively large beads which do not generatlyith the specific requirements for the
system. Those separators are suitable for micthél@pplications. For instance, HGMS cells
have been used to trap magnetic labelled cells &xdhaid but the maximum flow rate which
is compatible with a high efficiency is only 10 1®0 ml per hour. To circumvent this
problem, a device prototype in which the smallest consist in a capillary tube with two
magnetized fine wires on opposite sides of the tuée been proposed. An external field
magnetizes the parallel wires which in turn geregaffficient local magnetic field gradients
within each tube segment. This device borrows framd combines two established
techniques: first the high gradient magnetic samargHGMS) principle, commonly used
and secondly the biomedical application of extrpoogal blood circulation.
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The design of an optimized basic functional unitloé separator has been supported by 2S
mathematical model and simulation in order to idgrthe concept feasibility (geometry,
efficiency, flow rate limits) of this magnetic septor. The magnetic separator consists of a
piece of capillary tubing and two pieces of stassleteel wires positioned at the top and
bottom of the tube. A relatively homogeneous exemagnetic field was created by two
parallel rectangular magnets. The applied magtietid strength (0.05 0.6 T) was varied by
adjusting the distance between the magnets. A ggripump drives the sample solution
through the separator where a fraction of the miagsepheres are collected against the tubing
wall and remaining drained into a receiving corgairMultiplications of such basic wires-
tube unit can be employed to accommodate a vasfdtiood volume and users settings.

The systems were tested for polystyrene magnehersg with a diameter of about uih
and about 12.45% (m/m) of magnetic content. Thpeeres were dispersed in fluid solutions
(water and water ethylene glycol solutions). Theam#low velocities in the separator were
adjusted in the range 0.5 -8 Um The capture efficiency (CE) was calculated frgamma
activity before and after the separation. The prymautcome parameters were spheres
removal as a function of applied magnetic fieldsl dwcal velocities Figure 1V.4.7. It is
observed that the efficiency decreases of abo50hen the local flow velocity is higher
than 2 cm/s when the highest achievable magnedid (D.6 T) is applied. Higher is the flow
velocity, higher is the required magnetic field Bogiven CE. Local flow velocity remains a
dominant factor for efficient CE and mean flow \@t®s smaller than 2 cm/s are needed to
achieve first pass sphere trapping at > 90% focous fluids (viscosity 3-4 cp). Such low
flow velocities can be attained without comprongsthe volumetric flow rate by increasing
the number of wires-tubing units per device in agglwith human body where large material
flow rates distribute into capillary network to &Ved flow reductions.
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Figure 1V.4.7: Comparison between theoretical axgeemental results of the capture
efficiency as a function of flow rate (mean flowlagty = 5.0 cm/s) from Chen et al. (2008)
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A second example is presented here concerningetheval of nanopatrticles from chemical
mechanical polishing wasterwaters in the semi-cotaundustry (Chin et al., 2006).

Nanoparticles have fascinated industries and relsees for their broad application in many
processes. It can be foreseen that there will be @od more nanoparticles manufactured but
also discharged to natural water environmentaicé&ihanoparticles in chemical mechanical
polishing (CMP) wastewaters from the semi-conduatdustry, for instance, have become a
major source of nanoscale waste. Silica nanopesti@ate commonly used as abrasive in CMP
slurries in which particles are highly charged twid aggregation between particles and
particles or between particles and wafer surfatesrefore, the CMP wastewater has very
high solids content and the removal of those solds received a great attention.
Conventional chemical coagulation is mostly usedetaove silica nanopatrticles from CMP
water: however it has been notorious for tremendmasluction of sludge. Also dramatic
variations in the turbidity of the CMP wastewat@5{400 NTU) always lead to difficulties in
controls of coagulant dosage. Alternative treatmaaicesses, such as electrocoagulation,
flotation and membrane filtration have been devetbfo remove CMP. Recently, magnetic
separation attracts great attention because magfoetie is a long range attraction, thus
separation of nanoparticles can be enhanced. Nagmeta materials can become magnetic
via magnetic seeding aggregation, which can bedyeadopted in various processes. For
instance magnetic seeding aggregation has beentasedprove sludge characteristics in
activated sludge systems. Removal of silica padidfom the oxide CMP water is studied.
Magnetite particles were synthetized and used énatgregation experiments. They were
synthetized by chemical co-precipitation of Fe@hd FeG in NaOH solutions. To prevent
the aggregation between magnetite nanoparticlesauemnant magnetization and to avoid
the difficulties in capturing nanopatrticles, theesbf magnetite nanoparticles was controlled
to 100 nm by the addition of sodium dodecyl sulfg@®S). The oxide CM wastewater was
obtained from as semi-conductor plant. The dimmnsif silica particles in 60 nm and the
zeta potentials are respectively negative and igesior silica and magnetite particles. The
pH iep of silica and magnetite particles are ab2i& and 6.7 respectively. Silica and
magnetite particles are therefore opposite chalgadieen 2.2 and 6.7. As a consequence
aggregation can be achieved. Classical jar-tesgutagon experiments were used to
determine the optimum pH, which was at a value.df @as found that it is necessary to use
well dispersed nanoscale magnetic particles torersufficient collisions. The size reaches 2
mm after 4 minutes of stirring. After they are segavith oppositely charged patrticles, silica
particles can be easily separated from aqueousnsii@ble 1V.4shows the residual turbidity
at different magnetic field strengths. A smallergmetic field unit is used here, the Gauss (1
Tesla = 10,000 Gauss). Remarkably when the magfietit is higher than 800 G, the
residual turbidity is about 1 NTU which is very s#oto that of CMP wastewater treated by
membrane filtration. Though large amount of magneérticles are used but the advantage is
that they can be recycled and reused in the pramagal times. Preliminary results showed
they can be reused for 3 times.
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Residual turhidity of CMP wastewater treated by magnetic

Time Magnetic field ﬂrength (3]

(tnin) 0 500 800 1300
0 9500 3500 9500 9500
10 6.3" 2.1 1.07 1.04

pH = 6, no addition of salt. and 10 g of magnetite particles.
4 a0 min.
Table IV.4: Residual turbidity from CMP treated tmagnetic seeding aggregation and
separated by a magnetic fieldrem Chin et al. (2006)

Future trends in magnetic separation

Magnetic separation and magnetic techniques inrgef@ave been applied with variable

success in numerous areas of engineering and sciéhts technique has at its disposal the
magnetic force which can be selectively controlcer a wide range of values and is
universal in nature since all matter possesses etiagoroperties.

Several areas are likely to receive attention sichmproving the theoretical and operational
principles of high gradient magnetic separatorjgdis incorporation of supraconductivity
with particular emphasis on both high temperaturpraconductivity and the inclusion of
permanent magnetic material.

Many magnetic separation methods have been conmteampirically and applied.
Applications to small particles are being studiszhf a more fundamental point of view and
further progress can be expected. Processes suchgetic flocculation of weakly magnetic
materials, magnetic flotation or magnetism assigeity separation are some examples
(Svoboda and Fujita, 2003
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IV.5. Removal of particles by Filtration Processes
IV.5.1. Pressure Filtration

General goal and pressure filtration principle

Pressure filtration is a separation process by hwisieme constituents of a suspension are
separated from the liquid by a membrane mainlyngclis a sieve. Ideally the filter allows the
passage of the fluid through its pores while retgrall suspended solid particles originally
present in the fluid. The ideal picture standsoifcsparticles are all larger than the pores of
the membrane and the pore structure consists illacggs. However in almost all practical
cases a fairly wide range of effective particleesizxists in the feed as well as a random
distribution of pores exists in the membrane. lmalscases, when filtering suspensions
containing more than a few percents of solids plbeking of particles occurs inside or on the
top of the filter leading to a reduction of theestf pores and/or the build up of the cake.

This impacts both on filtration rate and filtrati@fficiency: filtration rate decreases and
filtration efficiency increases.

Flux Modelling background :

Darcy Law :
AP
dv/dt=py——— (IV.5.1)
Rmedia + Rcake
Kozeny- Carman Law :
2 _ A3
AP = a4 -9 (IV.5.2)
180 ¢

Typical filtration efficiency and limitations

Filtration efficiency is a measurement of the sesllisize of particle that can be captured by
the filter. The filtration efficiency can be given microns, the lesser the value the more
efficient will be the filtration.

For liquid filtration, both woven and unwoven medan be used.

For woven media, the efficiency depends on the thgpanesh (mono or multiflament) yarns,
weaves and fabric finishing. The efficiency isl tmicrometer range.

For unwoven media, by combining different fiber rdeters, various pore sizes and
distributions can be attained. The retention ratigen extends downward to 0.5 pum for
filtration efficiency.

Compressible cake and high specific resistancesoglfy in the field of fine scale products,
result in slow cake building and low water dewatgriwhich leads to economic inefficiency.
The size retention range for 99 % efficiency doatsaxtend lower than 0.5 microns.

New trends on pressure filtration

Filter aids

Filter aids are used to assist filtration of calli extra fine particles, deformable particles,
and highly compactible materials, which are diffido be filtered due to low filtrate rate,
unacceptable filtrate clarity, high cake moistuoatent, high compressibility, or serious filter
medium clogging. They can be used as “precoat” len durface of filter media or in

34



conjunction with feeding suspension as “body fe¢df “admix”), or a combination of
“precoat” and “body feed”. Principle types of filtaids include Diatomaceous Earth(DE),
Perlite, Cellulose, and Rice Hull Ash(RHA).

A filter aid material is characterized by the feliog properties:

- Porous particulate structure with irregular shapes;
- Rigid particle and non-compactible filter cake;

- Excellent dispersing and suspending properties;

- Low bulk density;

- Chemical stable and inert within operating condiio

Besides their use in filtration, filter aids mighé useful to techniques where concentrated
dispersions are used by promoting an average Idwte density or techniques where a
woven cloth or any porous media is used to preglgiying from the finest class of particles.

Field enhanced separation:

A magnetic field can be superimposed to pressiiration. Two major effects are observed
() in inhomogeneous fields, magnetic particles ezignce a force counter directed to the
pressure force, that results in slow down of cakenétion (ii) interparticle forces cause a
self-assembly structure of the cake which imprditgation kinetics.

Granular magnetic particles can also be used &s &id inducing the formation of highly
porous structures in the top of the media by magasdn. By a magnetization sorting step of
the filter cake including the magnetic filter algetparticles can be recycled.

Both directions (filter aids and field enhanced aafion) aim at improving the filtration
kinetics for the filtration of fine or ultrafine picles.

For the improvement of wet filtration efficiencyhet surface modification of the fibers by
coating of micropatterning to improve the partiatthesion on the filter is reported.

For the recovery of particles, combining pressutiation with reversible coagulating
procedure can be imagined.

IV.5.2 Membrane processes : ultrafiltration/nanofikration

Membrane filtration is a technique in which a meami& acts as a selective barrier between
two phasesNulder). As a result of a driving force across the memeracomponents are
transported towards the membrane surface where somponents pass the membrane and
others are retained at the membrane surface. Memlmacesses are available for numerous
applications each with its own driving force angaations characteristics. We shall restrain
here to pressure driven processes: e.g. micro-@trd nanofiltration which are more
concerned with our topic.
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Principle and classification
Pressure driven membrane technologies are clasdifjetheir sieving mechanism. Porous
membranes are on one side of the spectrum: ixngiés achieved mainly by size separation
and in the limit of small pore size by charge & tomponents. Porous membrane processes
are microfiltration (MF) and ultrafiltration (UF) here the distinction between the two
processes is based on the size of the pores.
MF features pore sizes @00 nm
up to a few micrometers
Microfiltration membranes can b
symmetric or asymmetric i
structure. In symmetric membra
porosity and pore size are const
over the thickness of the membra
while in asymmetric membraneS
become denser towards th
separation layer Higure 1V.5.].
Symetric membranes are more
resistant to structure degradatign
over time of use, while asymmetri
membranes feature higher flui ,

agags Gran 50 X Détecteur = SE1
permeabllltles. EHT = 15.00 kY — Date :26 Fév 2004

Figure IV.5.1: SEM photo of polymeric hollovbfe:
external diameter: 1.41 mm, internal diame@ef8 mm.

Ultrafiltration (UF) membranes feature smaller mifeom 1 to 100 nm They are always
asymmetric membranes. An ultrafiltration membragsge due to its smaller pores, better
capable to remove small components than a migaidih membrane. A complete rejection
of viruses is found for ultrafiltration whereadstnot the case of microfiltration. Size sieving
is the main mechanism for ultrafiltration membrdmé& charge may play a role as well.
Nanofiltration (NF) membranes are considered aselefhey are usually prepared by coating
a thin top layer on top of an ultrafiltration merabe. Contrary to porous membranes, the
separation mechanism for dense membranes is basadaolution diffusion mechanism. NF
membranes can retain selectively dissolved salts.membranes will have a very high
retention rate for bivalent ions and a moderatent&tn for monovalent ions. Nanofiltration
membranes are mainly used for softening or remof/@mall organic solutes or salts. The
prefix “nano” refers here to the equivalent sizgpofes of NF membranes, even if membranes
are considered as dense, rather than the sizeeofpghcies which are retained by these
membranes. In many NF applications, the size @fimetl constituents is well below a few
nanometers.

Figure 1V.5.2shows the applicability of most membrane processeised by the constituents

of the feed that can be retained. Membranes areddpr molecular levels to particle size up
to a few micrometers.
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Figure IV.5.2: Various membrane processes sortetidiy size sieving ability

Referring to the main topic of this review, i.epagtion of particles in the nanometric range,
both microfiltration and ultrafiltration processes can be operated. The choice between
them is dictated by the size of the particle tadtained or removed: larger than 100 nm for
microfiltration processes, smaller than 100 nm ddirafiltration processes, if one wants a
complete retention.

Membrane market materials and assemblies

Since the mid-eighties application of membrane rietdgy has taken a flight. Numbers of
applications are water treatments and food proegsdip coming application is the pre-
treatment of sea water for desalination purposes. \Bater is often of too low quality to
directly use in reverse osmosis plant.

Most membranes used for water treatment applicarenorganic membranes that are made
of propylene, cellulose acetate, aromatic polyamide thin film composite. Inorganic
membranes used for application requiring more drasinditions of temperature of pH, like
in food processing or pharmaceutical applicati@me, made of sintered layers of aluminium
oxide or zirconium oxide. Inorganic membranes casterilized.

The termmembrane moduleis used to describe a complete unit comprised eéhbranes,
pressure support structure, feed inlet, concemtrattlet and an overall support structure. The
principal types of membrane modules akptél and Buckley, 1996

= tubular membranes having an internal diameter fatgen 3 mm which are bundled in
a module of 8 to 10 tubes.

= hollow fiber or capillary membranes having an intdrdiameter of less than 3 mm ,
which are bundled in a module with hundreds of samals fibres

= gpiral wound membranes are flat membranes wounchdra spacer

= plate and frame membranes, comprised of a seriefabimembrane sheets and
support layers.
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Membrane Processes Theory

The most common terms and theory used in MF, UFslaoetly described in this section. An
important property of a membrane is its flux, whishdefined as the permeate volume (or
mass) through the membrane per unit of membrarze @he permeate flux or simply the flux
J through the membrane is given by the generaltequéV.5.3) in ni/m?.s. In practice the
flux J is represented as litre filtered volume pémembrane area per hour as@m

The fluxes for ultrafiltration are in the range  to 200 hour l/rhh while the fluxes for
microfiltration are in the range of 250 to 400 ht/or’.h depending on the pressure applied.

_dv 1
dt 'Anemb

(IV.5.3)

where J is the flux (fm?.s); V, the filtered volume (f); t , the time (s) and Avemn the
membrane area (th

The pressure difference over a membrane is cdiledransmembrane pressure (TMP) and is
the difference between the pressure at the feedasid the pressure at the permeate side. The
relationship between flux J and pressure TMP isnddfas modified form of Darcy’s law and

is introduced in equation (IV.5.4):

AP
1-Rit

J= (IV.5.4)

WhereAP is the pressure difference (Pp);the viscosity of the fluid (Pa.s);drthe total
hydraulic resistance over membrane (1/m).

The viscosity is related to the feed temperatuf€Ythrough the following relation:
497107

o (IV.5.5)

Another characteristic of a membrane is its selagti Selectivity can be expressed as the
retention R that is defined in equation (IV.5.6)h& solutes are completely retained by the
membrane, the membrane has a retention of R=1.

CP
R=1-—% (IV.5.6)
C
Where R is the retention;,Cthe concentration in the permeate and tBe concentration in
the feed.

Filtration and fouling mechanisms
Nanoparticles from 1 nm to 100 um can be easilyceotrated or contrary eliminated from a

stream by membrane processes. Membranes processefash and gentle operations.
Limitations are mainly related to the fouling of mieranes.
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Membrane fouling mechanims

During membrane filtration, some constituents oé tfeed solution, deposit onto the
membrane surface and/or the matrix. This retenpiacess is often referred to as fouling of
the membrane and causes a decrease of the fluxcorlmon definition of membrane fouling

is provided by the IUPACKoros et al., 1996

Fouling is the process resulting in loss of perfange of a membrane due to the deposition of
suspended or dissolved substances on its extausrfaces at its pore openings or within its
pores. The easily removable part is called thers#vie fouling layer part of the fouling layer
the remaining part is callec

the irreversible fouling. The S
retention of the constituent: E
causes an increase in tr

hydraulic resistance,

resulting at a constan
transmembrane pressure |

a decreased flux a

schematically drawn in
Figure IV.5.3. —® time

Figure IV.5.3: Membrane fouling evidence.

Essentially, five so-called “fouling mechanisms’hdae distinguished; each mechanism may
contribute to the total hydraulic resistance overmembrane:

= adsorption inside the membrane pores

» blocking of the membrane pores

» high concentration of foulants near the membrar@centration polarization

= deposition on the membrane surface forming a cayer |

= compression of the cake layer
These fouling mechanisms are schematically drawfrigure IV.5.4 During membrane
filtration, these mechanisms may occur simultangouBuring filtration, due to these
mechanisms, the total resistance may exceed thal imembrane resistance up to 10 or 20
times.

Modes of operation: cross flow versus dead enttdtion

Membrane processes can be operated in two modess fflow and dead end. In cross flow
systems the concentrate is constantly transporiédasrecirculation loop as shown kigure
IV.5.5where as in dead end mode, the total volume ofdabd water passes the membrane
leaving all components that are larger than the bmane pore size in or on the membrane.
Cross flow systems are widely used but they useenemergy than dead end configured
systems. These latter are more widely used for wagatment applications where high
throughput and low energy are required.
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poraLs
feed cake mermbrane

Figure 1V.5.4: The resistance of a fouled membragevarious fouling mechanisms, the
driving force is from the left to the right;R adsorption, R=pore blocking, R =initial
membrane resistance; Rcake filtration, B,=concentration polarisation
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Figure IV.5.5: Typical operational modes for UF Mfembrane processes
(a) cross flow configuration, (b) dead end confagion

Methods for removal of retained material
First, fouling is influenced by membrane charastas. Generally minimal membrane

fouling is found for membranes with a narrow paee glistribution, with a high hydrophilic
rather than hydrophobic surface and with a negativéace chargd-@ne and Fell, 1987
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Second there are different methods for removaletdined material. One way to remove a
layer of retained material is by cross flushingl®d membrane. If this is done regularly, it is
called forward flushing. It may be improved by #dddition of air bubbles.

Another commonly applied method is back flushing.this case, the flow is reversed and
permeate is flushed through the pores. As reswdtrétained material in the pores and on the
surface membrane is released lifted up and is édighut of the module. If components are
adsorbed on the membrane, this method is not fergtive, but if particles have piled up on
to the membrane in the cake layer or if they hdeeked pore entrance, backflushing can be
very effective. Typical back flush periods of 3060 seconds at every 30 to 60 minutes are
mostly found to be effective. By regular back flughunder a constant TMP a typical curve
is found which is drawn ifrigure 1V.5.6(black curve). Relatively new cleaning methods are
ultrasound (at 45 HZ) or vibration (50-1000Hz) b&ktmodule. However these cleaning
methods are not applied at full-scale.

—— flux

——  lime

Figure IV.5.6: Effect of a backflush on the fluxvedopment during dead end
ultrafiltration at a constant transmembrane pness
The dotted line shows a continuous flux decreasisowi back flushing of the membrane, the
black line shows a decrease in flux followed biua increase due to back flush; the average
flux is higher in the latter.

Critical flux: a concept to handle fouling in menrane processes

The critical flux concept is now widely used to Hbn fouling limitation in membrane
processes. Without denoting it as the “criticalxfluCohen and Probstein (198@)rst
measured a threshold flux when using a reverse sisnppocess to filter solutions of ferric
hydroxide. Depending on the stability of the saunti(i.e. pH), a flux was reported below
which the fouling layer did not grow. This was iiifited to double layer interaction between
the colloids in the bulk and in the initial foulitgyer formed on the surface.

Over the years, the concept gained additionalestetill 1995, where three key papers were
published that presented the first definitions iical flux. Field et al. (1995)roposed the
following definition in the form of a hypothesis:

“The critical flux hypothesis is that in start-upeisists a flow which a decline of the flux with
time does not occur; above it fouling is observEkis flux is the critical flux and its value
depends on the hydrodynamic and other variables”.

Howell (1995)described a number of experimental methods torméte critical process
parameters and implications for plant desigacchin et al (1995jnanage to explain the flux
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paradox pointed out by Cohen and Probstein base®lorO theory. Since interactions
between particles and membrane play a major rofeuling phenomena, the pH and ionic
strength of the fouling solution influence theicat flux.

In practice there are three different methods wingly be used to determine the critical flux
that are applicable to submicron particle mattére Tirst method focuses on the relationship
between flux and pressure. In its most simple fotihe, flux is held constant while the
transmembrane pressure is measukad €t al., 2008 The pressure will be constant at sub-
critical flux. Then the flux is stepwise increasmad the pressure is monitored again. Above
the critical flux, the pressure will increase witime. The accuracy of this method is limited
by the precision of the equipment used to meastesspre variations and to set the flux.
Alternatively, one can also set the pressure alidwahe flux decline in time. The pressure
and cross flow velocity are set at constant vaaresthe permeate flux is measured over time.
Apart from determining the critical pressure usihgs method, the limiting flux is also
determined. The limiting flux is the maximum flukan can be achieved, regardless of an
increase in operating pressure. The standard s&tpech to determine the critical flux was
further improved byEspinasse et al. (2002n this method to an alternating step-pattern is
applied. The method is shownhingure IV.5.7 The flux is recorded at different pressures. As
long as the flux has the same value as the cleanbnage permeate flux, the critical flux is
not reached where as when the pressure reachealtleecorresponding to the point n°3 on
this figure, the critical flux is attained as thexfis lower than the clean membrane permeate
permeability. The strong point of this method istthit also determines the fraction of
irreversible fouling that build up at a given prnasswith the help of the flux effectively
measured at the applied pressure. If all the fguknreversible, the flux will be the same at
pressure (3) and at pressure (1), when the fougicgmpletely irreversible, the flux will have
a value corresponding to b) in the same Figure.thind method to determine the critical flux
is to make a particle balance over the membrang &l retentateGesan-Guizou et al.,
2002. As long as the concentration of particles in thed and the retentate is the same,
deposition on the membrane does not occur and ftier¢he critical flux has not been
reached. The limitation of the method is that guiees that all particles are retained by the
membrane.

The critical flux for irreversibility is a valid @ as it refers to the control of fouling rate over
time. In cross flow filtration, it allows to defireevalue for the operating flux above which the
operation is not longer sustainable while in dead éltration, the critical flux can be
incorporated in backwash procedures.
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Figure IV.5.7: Schematic overview of the transmeamlerpressure

The method determines the reversibility of foulbegond the critical flux. When operated at
pressure 1 the flux measured after the pressuredsced is identical to the clean membrane
permeate flux represented by the upper straiglg imthe diagram. If the flux has the same
value as (same as the pressure 1) the foulingvisrsible and the conditions are subcritical.
When operated at pressure 3, the critical flux &sged, when reducing the pressure, the
permeate flow is lower, it has now the value afreyersible fouling has occurred.
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IV.6 Removal of particles by Flotation Processes
General goal and Flotation Processes principle

Flotation is a solid-liquid separation process ifrlusions whose density is lower than the
suspending liquid density. As particle density suaily higher than the liquid one, it is
lowered by the help of bubbles that aggregated#rticles or flocs.

The principle of the flotation process, illustrategFigure 1V.6.1 is based on the capture of a

suspended object in a pulp system, by flotatingectdrs which most often are air bubbles.

After this capture, also named heterocoagulatios biubbles drive the trapped particles up to
the surface of the flotation cell. In this uppertp# the cell, the agglomerates formed are kept
in natural or artificial foam that traps the aggregl systems. Then, the loaded foam is
evacuated by discharge or skimming, in order teeenr definitely eliminate the suspended

material.

foam of the () =~Le) O O (o
BT m) o
agglomerates -‘9.5993’0"3‘.9333 3%

agglomerate . . ° .
bubble-particle —0 O O O O O

Pulp systen‘O .O o Q * o particle

Bubble:
Figure IV.6.1: Flotation process principle

The flotation process is widely used in mineral istties. A very important number of papers
deal with all the economical, practical and sciéntéfspects of the process. Some reviews
(Nguyen, 2007, Ralston, 199€an be found on the subject as well as bo&khilze, 1984,
Matis, 1995; Parekh and Miller, 1999; Nguyen andh@ze, 2004; Fuerstenau et al, 2007
Nowadays, this type of process has emerged too a# process for water and wastewater
treatment. Compared with other solid-liquid separatprocesses in the nano-size range,
advantages of flotation include a lower amount leémicals, a lower amount of sludge, a
moderate cost and a flexibility in treating suspems with a wide range of concentration.

Of course, the removal of very fine particles andaparticles by flotation has been treated
more recently, but some papers can yet be fourtiéniterature:Mangravite et al, 1972;
Rulyov (1999, 2001); Chuang et al, 2002; Georgalak004; Hu et al, 2005; Lien et Liu,
2006; Mansur et al, 2006; Nguyen et al, 2006; Tetial, 2007; Fukui and Yuu, 1980;
Manohar et al., 1982In particular, the majority of the applied stuglaeals with the removal
of nanoparticles from the industrial wastewater dirifzs of microelectronic components in
Asia working by chemical and mechanical polishing @MHu et al, 2005; Lien et Liu,
2006; Tsai et al , 2007

As the efficiency of flotation for classical pargsl evolved as the ratio of particle size over
the bubble size, the idea to use very small bubloleshe capture of fine particles leads to
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produce bubbles by dissolved air (DAF process) #&wyd electrolysis. The so called
electroflotation process is able to create smédbbibes and then capture efficiently very small
particles Fukui and Yuu, 1977 and 1985); Lai et Lin, 2003nBet Huang, 2005; Hu et al,
2005; Blazy and Jdid, 2000Dissolved air flotation and electroflotation épd to the
separation of nanoparticles (or very small parsickre treated successively on the following.

Mechanism of the heteroaggregation process

The mechanism of the aggregation between the budnidethe particle is relatively well
known for micronic particles. Three successive stegn be distinguishedgmeson et al.,
1977; Schulze, 1984; King, 2001; Phan et al., 2003

1. The collision between the bubble and the partidhich is controlled by the hydrodynamic
interactions in the case of micronic particles;

2. The attachment of the particle at the surfacéhefbubble (the liquid film between the
particle and the bubble must be drained to createngact between both objects) which is
controlled by the interparticular forces (DLVO amah DLVO);

3. The detachment: the heteroaggregate particleleulormed may be broken under the
effects of the hydrodynamic forces (capillary fortlee particle weight and the detaching
forces due to the turbulent acceleration).

It is important to note that the bubble-particleogesses of collision, attachment and
detachment are not completely discrete, rather thede into one another. Since the
governing (long-range hydrodynamic, surface andlleay) forces are independent, each of
them has only significant influence on one of tmecpsses. The efficiency of the flotation
process is then the combination of the respecfii@ency of these three steps.

Use of chemical additives

Chemical additives are used in flotation in ordemptomote the heteroaggregation between
the bubble and the particle and to increase tlengtin of the formed aggregates. There are
two usual types of additives: the collector reagett make hydrophobic the suspended
particles in order to ease the particle adhesionthen bubbles surface (e.g. xanthans,
dithiphosphates, fatty acids, etc.), and the fognneagents which are surfactants that favour
the formation of the gas bubbles and their stabilit

Effect of some main parameters on nanoparticle #itibn

Effect of the particle size
As mentioned previously, the first stage of thedlmn is the collision of the particle by the
bubble which is controlled by the hydrodynamic ratgions in the case of large particles. But
for nanoparticles, promoting those collisions i$ s easy. Because of the very small size of
the particles, the mechanism of heteroaggregasotominated by the Brownian diffusion
towards the liquid/gas interface.
The study ofNguyen et al. (2006)ighlighted that there is a size of particle whigrere is a
minimum of the collection efficiency. Underneathstiize, the efficiency increases because
of the Brownian diffusion and the colloidal forabst control the collection of particles. With
bubbles of typical average diameter of 150 um,rte&perimental (in a small laboratory
column cell) and numerical results show the calbecefficiency to have a minimum at a
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particle size in order of 100 nm. With larger paes, the interception and collision
mechanisms predominate.

Colloidal solids are normally too small to allowrrimation of sufficient air-particle bonding. It
is acknowledged that they must be coagulated liysé chemical. Indeed, the relevance of
combining the coagulation and the flotation proess$or the removal of submicronic
particles was highlighted in many works on thedtmn process of such small particles
(Rulyov, 1999; Tsai et al., 2007; Han et al., 2p0eor instanceTsai et al. (2007xhowed
that a treatment by flotation of wastewater contgjnnanoparticles may not be the best
operation for a good and fast efficiency of the ogal process especially because of the low
rising speed of the bubbles. AccordingRolyov (1999)the process could be enhanced by the
aggregation of nanoparticles before flotation. Ilaswdemonstrated numerically and
experimentally Rulyov, 200} that with bubbles of about 40 pum, to ensure isiten
heterocoagulation of particles and bubbles, theedsions of the particles shall be enlarged
by coagulation to reach at least 7 um (smaller tth@nbubbles, but of the same order of
magnitude). Note that the presence of “nanobubblaesthe medium has been found
significant for coagulation of solid particleSr{oswell et al., 200Q3this effect could be also
used to replace chemicals for coagulation.

Effect of the bubble size on nanoparticle flotation
A few workers have investigated the effect of belbdike on the rate of flotation. The bubble
size is the parameter that is most difficult toyar flotation, and this is the probable reason
for the lack of experimental data on its effectsnparing to the other parameteRe@y and
Ratcliff, 1973; Anfruns and Kitchener, 1977; Janresbal., 1977; Fukui and Yuu, 1985; Lee
and Lee, 2002; Schubert, 2005; Sarrot et al., 2AH)7; Legendre et al., 2009or DAF
system, the bubble size varies slightly by increg$he pressure when dissolving the gas, but
it remains difficult to be decreased under aroudh2.

For micronic particles, it was proved experimentéiiat the collection efficiency should vary
as (bubble diametef)for bubbles smaller than 100 um and particles fleas 30 um Reay
and Ratcliff, 197bor as (bubble diametér§’ for larger bubbles and particleanfruns and
Kitchener, 197Y.

The efficiency of microflotation is significantlymiproved if the bubble diameter decreases
until a dimension near to the particles or aggregaize Rulyov, 1999, 2001; Han, 2002;
Han et al., 20086 Modelling and experimental studidlulyov, 1999, 2001showed that an
effective recovery of submicron particles from wdig the method of microflotation can only
be achieved with the use of relatively fine bubblgth the initial size of around 40 um.
That's the reason why micro and even “nanobubllesiiobubbles is often the name given to
submicronic bubbles) are necessary for an efficeygaration solid-liquid of very small
particles, due to their high collision rate wittetparticles Mishchuk et al., 2006; Nguyen et
al., 2008.

A very small bubble size encourages the true flmtabecause when bubbles are larger, the
entrainment increases. Indedggorge et al. (20043howed that the high efficiency of true
flotation obtained with colloidal silica is due tee fine bubble size, about 150 um. As the
bubble collides with the froth it rapidly deceleratcausing the hydraulic entrainment of the
particles in its wake into the froth. A smaller lbld size has a smaller associated wake and
hence fewer particles are entrained into the froth.
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Effect of the colloidal interfacial forces on nanagticle flotation
Some works have shown the significant effect ofloiddl forces on the capture of
nanoparticles Gollins and Jameson, 1976; Fukui and Yuu, 1980; dfan et al., 1982;
Mishchuk et al., 2001; Lien and Liu, 2006; Nguyeale 2006.
As indicated byNguyen et al. (2006)uring their experimental study of the removal of
colloidal silica from water, the colloidal forceseamportant for the efficiency of capture of
the nanoparticles. Indeed, if strong attractivdoidl forces are present between the bubble
and particle surfaces, the particle concentratioth@ bubble surface is significantly higher
than the concentration in the suspension. It wasvehthat there is a major effect of the
electrical double-layer and non-DLVO hydrophobitraadtive forces on the collection of
nanoparticles by air bubbleSlduyen et al., 2006; Schubert, 2Q00burthermore, if the forces
are non attractive, then the flotation efficiensyniear to zero, while when the particles are
made hydrophobic, the patrticle collection efficigrget near 99 %.

Among other studied,ien and Liu (2006)rought out the importance of the choice of the
collector. Indeed, it is noted that a better flaatcan be observed if the zeta potential of the
particles (silica particles in this case) surfac@asitive, because thus particles and bubbles
are of opposite charge. The advantages of thectotlare that:
- it adsorbs on the particle surface through eletitims interactions and makes the
particles more hydrophobic;
- it decreases gas bubble size and increases bubtibces by decreasing surface
tension at the gas-liquid interface, that alsoeases the collection efficiency;
- itimproves the particle aggregation, then theigiartlotation.
Tsai et al. (2007)proved that collector ions adsorbed at the auiiginterface during
flotation also enhanced the resistance of the leutabfupture.

By measuring the surface charge of micronic glastgbes (¢ = 1-20 um) and bubbleReay
and Ratcliff (1973)concluded that the rate of flotation drasticalgpdnds on the charge of
both the bubble and the particle. The authors mega simple correlation for the effect of
particle and bubble charges on the flotation ratestant that puts in evidence the effect of
particle diameter:

~In(k,/d)= 39+ 0.116u.U, (IV.6.1)

where k, is the rate constant (mth d, the particle diameter (um) angt et ug the
electromobilities (um:EV™.cm™) of the particle and bubble respectively.

However, there is no modelled correlation establisyet in the case of nanoparticles because
of the complexity of the influence of the interfalciorces in the nano-size range.

IV.6.1 The Dissolved Air Flotation (DAF) process

Dissolved Air Flotation (DAF) is the process of ®rmg suspended solids, oils and other
contaminants via the use of air bubble flotationtHis process, small bubbles are generated
(mean diameter of 40-70 um) in situ by the expansibsaturated water into a gas (usually
dissolved air at high pressure, 3-5 bar). Afterdhs dissolution, the expansion occurs at the
atmospheric pressure, through equipment which nih@gir bubbles with the waste stream.
The water pressurized flow is a fraction of the mahflow of the process and it usually
accounts for 10 to 50% of the flow to be floatetheTair dissolution is realized for a 70%
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saturation rate at the studied pressure. In thég,ch5 to 60 liters of air per’nof treated
suspension are consumelgzy and Jdid, 2090

DAF was recognized as a method of separating pestio the early 20th century and since
then has found many applications (clarificatiorreffnery wastewater, separation of solids in
drinking water treatment plants, sludge thickeniagd separation of biological flocs,

removal/separation of ions, treatment of ultrafmaeral, removal of organic solids, etc.)
(Rubio et al, 200

Figure 1V.6.2 represents a schematic view of a DAF system. iit lsa seen that air is
dissolved into water, mixed with the wastestreanh i@heased from solution while in intimate
contact with the contaminants. Air bubbles forntaett to the solids, increase their buoyancy
and float the solids to the water's surface. A @etage of the clean effluent is recycled and
super-saturated with air, mixed with the wastewatdiuent and injected into the DAF
separation chamber.

In the case of water production, flotation oftefldas a coagulation-flocculation process
(chemical pre-treatment) that helps to improvepghdormance of solids removal increasing
the particle size by their agglomeration in flocs.

(¥ 1 Bypass

| ‘J:/ﬂ\
J

Air
Tank

Wastewatar
Influent

~Drag Skimmer
b

s . ."_=-|'.'. B .

s Fa,
Microbubbles Lift
Solids to Surface

vvvvvvvvv

Clean

Effluent

Discharge
Valve

I
«

— Comgreseed Air

Pump & Motar

Figure IV.6.2: Dissolved Air Flotation Systeflan America Environmental, Inc.)

The following of this work is a review of the maaninciples of the flotation of nanoparticles
dealing with the main factors that influence thegass efficiency. Among the large number
of parameters affecting the collection efficiendyparticles by bubbles, the particle size and
charge, the bubble size and charge and the eféeElamaker constant which is a measure of
the hydrophobicity of the surfaces of particle d@ubble are probably the most important
variables Fukui and Yuu, 19%7

IV.6.2 The electroflotation (EF) processes

Since it has been found empirically that it is rsseey to use very small bubbles (less than
100 um in diameter) for the removal of very finetmées, electroflotationKigure 1V.6.3 has
become of interest, as emphasizedHokui and Yuu (1977; 1985because the diameter of
bubble generated by this method is around 20 pmth&umore, electroflotation is also
advantageous, compared with the usual treatmembitpee in many aspects, and for instance:
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- the apparatus is small and compact;

- the system can be controlled electrically corresgjpanto the amount of aggregates;

- the temperature of the suspension does not affecye¢neration of gas bubbles even

when it is high.

Applications, to date, at an industrial scale, hlbgen in the area of removal of light colloidal
systems such as emulsified oil from water, iongmants, ink and fibers from watefgbel,
1992 ; Mavros and Matis, 1992Another field of applications is actually thadkening of
biological sludge. EF is also interesting when $rithings are necessary or when the waste
flow rate to be treated is very small. In procested already release gas via chemical or
biochemical reactions, EF is used as a supplemestarrce of fine bubbles to ensure a good
flotation efficiency for the removing of particlegs the case of the treatment of nanoparticles,
the electroflotation process could be of greatredebecause of the low space requirements of
the plants.
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Figure IV.6.3: Electro Flotation Systef@ourtesy Trionetics, Inc.)
Principle of the electroflotation (EF) process

The bubbles are created by means of inert eledrgtaphite, stainless steel, titanium;®p
etc.) that realize the electrolysis of the watdre produced gases are hydrogen and oxygen:
Anode 2 }”LIO(I) - Oz(g) +4 H(aq)+ 4e (|V.6.2)
Cathode 4 bD(|) +4e—->2 Hgt+ 4 OH(aq) (IV.6.3)

The current densities are of the order of 80-90%ér nf of the flotation cell surface. The
electrolysis produces 50 to 60 [.m? of gas Blazy and Jdid, 20Q0The rising velocities of
the bubbles are lower than those of bubbles pratibgalissolved air flotation due to smaller
sizes (20 pm vs 70 um).

However, this mode of production of gas involvesntemance problems because the anodes
are very sensitive to corrosion and the cathodesemsitive to scaling by decarbonisation. A
preliminary protection of the anode is thus neagssa
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IV.6.3 The electro-coagulation-flotation (ECF) proess

As mentioned above, it is common to enhance thatit; process by the agglomeration of
nanoparticles before flotation (like the coagulatftocculation steps of a wastewater
treatment plant). And this, for instance, could performed without any addition of
chemicals, thanks to the electroflotation proceser® one of the electrodes generates the
coagulating ions.

When the electrodes are of iron or aluminium, theran anodic dissolution of the electrode
itself to give hydroxides. Then a coagulation idmait to that obtained with mineral
coagulating agents occurs but without enrichingrtteglium in anions. Indeed, in the case of
aluminium anode for instance, Al(lll) ions and hyden gas are produced stoichiometrically
and simultaneously when electric current passesititr the aluminum electrodes:

Anode Als) = Al + 36 (IV.6.4)

Cathode 2 bD(|) +2e—->2 OH(aq)+ Ha(g) (IV.6.5)

Nanoparticles can be coagulated by Al(lll) ionsdueed from anodes and then removed by
flotation with hydrogen gas generated from cathoddéswever, the particles cannot be
completely removed by flotation in a convention&lFEprocess when the solid content of the
wastewater is high because of the low collectiVigiehcy of the hydrogen gas. Indeed, due
to the hydrophobic nature of hydrogen gas, sontee@hydrogen bubbles generated from the
cathode coalesce and then are lost to the air.rOttwmalesced bubbles have a high rising
velocity because of their larger size and so tbellision efficiency with the small particles
results lower.

But it is known that surfactants can be used taicedbubble size and increase collective
efficiency. Then Hu et al. (2005) determined experimentally that CTAB (Cetyl

trimethylammonium bromide), which is usually used the flotation process, can be

employed not only as a frothing agent but also aslkector in the process of flotation of

silica nanoparticles from CMP wastewater, (d 79.8 nm) and that it enhances the
performance of electroflotation. The surfactanoalsduces the volume of sludge and the
settling time. The authors showed too that thedtesi turbidity, which is one of the main

problem encountered with flotation process, nalyrdeclines in the ECF process with

increasing the charge loading applied. In this wtutle minimum of the charge loading

applied for 90% turbidity removal was 2000 C.L

Performances, limitations and research needs on Rhtion Processes

Table IV.6 gives some comparative elements in tesmechnique and performance of the
flotation processes compared to the other procesfsescovery of nanoparticles (especially
the coagulation process) and compares as welltppés of flotation.

It can be observed that the flotation process [gamising removal technique for particles
from suspensions in the nano-size range. Indeedjuite good efficiencies of recovery, it

requires much less chemicals quantities than thgudation of flocculation processes and a
low cost.
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Dissolved Air Flotation Electroflotation

Bubble size (um) 20-200 pum (meart 70 um) ~20 um
Power consumption
Suspension flow 10 - several hundreds

treated (Mh) (for low solid content suspension) 1-100

- less amount of chemicals than for coagulatiorcgse
- less amount of sludge than for coagulation preces
- lower cost than for coagulation process

- flexibility in treating suspensions with a widenge of concentratior]
- narrow distribution of bubbl
size

Advantages - increase of particle size

- removal of nanoparticles easier
than for flotation or coagulatio
only (40% more efficient tha
coagulation alone)

- less amount of chemicals than
coagulation process only

D

= e |

- type and amount of surfactants hardly dependhensuspensio
properties
- removal of the residual

Disadvantages | surfactants in the wastewater . .
required - choice of surfactant in good

- difficult reuse of the mediu proportions not easy.
because of the residual turbidity|

-

Table IV.6: Comparison of the characteristics @ tlissolved air flotation and
electroflotation processes between them and witbrateparation processes in the nano-size
range.

It is clear that flotation is a reasonable candidatocess for the removing of nanoparticles
from liquids, alone or in combination with coagidat Some prospective works has been
devoted to these topics bBiyourbin et al. (2008) Furthermore, as the flotation efficiency
actually depends upon the particle size, flotationld also be used as an innovative process
for particle classification.

For both applications, strategic research workd s&imain on several aspects. The
development and the validation of “nanobubble” maitbn techniques appear to be
necessary because the flotation efficiency is higtteen the bubble to particle size ratio is as
low as possible. As the capture mechanism for namicfes relies on Brownian diffusion, an
important research objective would be to find a meaimprove this diffusion flux at the
bubble interface.
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V. Conclusions on nanoseparation

The particle size ranges usually concerned withdifferent techniques considered in this
review are reported on Table V.1

nanoparticles

>

A

. T T |
° atoms/ macromolecules/ micropatrticles macroparticles
&2 ions molecules polymers pl P
q’ a) 1 I 1 1
5 S 1nm 10 nm 100 nm 1pm 10 pm 100 pm
I I
| Microsieving Sieving

| Decanter centrifugation
I

Disk stack centrifugation |
I

| Ultracentrifugation |

T

| Microcyclones ydrocyclones|

| Field Flow Hractionation |

| Magnetic Separation |
[ [ [

| Electroflotation Dissolved Air Flotation |
I I

| Pressure filtration

| Microfiltration |

Ultrafiltration |

Nanofiltration

Table V.1: A summary of separation techniques értano and micro size ranges

As a conclusion, the performances, main limitatiand research needs with regard to nano-
size range for the different techniques discusaeithis review are reported on Table V.2. It
can be noticed that for nearly all the techniquexsotked to particle classification and product
removal, the separation efficiency increases whartigke size increases. A common
prospective work could be done on the control gérsibility in the aggregation-flocculation
processes in order to recover the nanoparticles thi¢ separation step.

Separation processes Performances Research needs
Limitations
Sieving —Microsieving Particle fractionation in the It seems it will be very difficult
Sieves available down to 5 pmmicro and macro range to adapt sieving for the nano-size
Applied in various fields of Particle size characterization | range due to the technical
industry Not well adapted for limitations in producing small
nanoparticles separation meshes and to specific properties

(brownian motion, particle
interactions, ..)

Centrifugation Separation of liquid and solid | These techniques are mostly uged
Decanter centrifugation phases from each other. to separate solid and liquid
Disk stack centrifugation The efficiency for nanoparticles phases. Particle classification can
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Ultracentrifugation

separation using disk stack
centrifugation must be
improved. Ultracentrifugation is
usually applied to low dense
products (polymers, molecules

~
D

)

be done but there is a need to
better quantify separation
efficiency. Needs for scale up
and extension to other kind of
materials

Hydraulic separation
Microcyclones

Commercial equipments
available

Applications in biological
field, mineral, food, chemical,

Particle classification

Particle size > 1 pmor 0.5 um
Put in assemblies - Any flow
rate

Cut point ?

Fish-hook phenomena

Lack of quantitative information
on performance limit.

Needs for experimental work
using high feed inlet pressure.
Needs for CF flow modelling to
analyze boundary effects, ..

Field Flow Fractionation
Several techniques upon the
external field applied and
different sub-techniques
Some commercial equipments

Particle separation and
fractionation (removal of one
size class) in a broad range
(Lnm-100mm)

5 Often batch operations, not tog
complex suspensions, small
scale systems, control of
hydrodynamics, ...

Promising techniques but yet
rather fundamental work.
Needs for technological
improvements (large scale
systems).

Needs for process and pilot scale
experimentation and modelling.

Magnetic Separation
Several magnetic separators
depending on particle size an
magnetic properties

Classification of magnetic/non-
magnetic particles — Removal
dparticles down to the sub-
micron range with HGMS
Limitations : non magnetic or
weakly magnetic particles mus
have their magnetic
susceptibility increased

t

pparticular magnetic products.

An interesting method for some

Further developments are
necessary for nanoparticles sin
small particles are less influenc
by magnetic field.

Applied works must be done on
other kinds of materials.

ce
ad

Pressure Filtration

Several processes — woven o
unwoven media

Widely used in industrial
applications

Removal of particles in the
umicrometric range.

Typical limit size around 0.5
pum.

New trends to improve the
process efficiency: filter aids,
magnetic field, fibre surface
modification, ...

—

Mostly devoted to the removal d
micronic particles.

Needs to develop new trends tg
extend the size range.

For nanopatrticles, the chain
aggregation-filtration-
redispersion could be examined.

Membrane Processes
Several processes depending
on particle size and needs
Widely used in the industry

Concentration of slurries and
removal of particles from 1nm
to 100 pm.

Main limitation : fouling
mechanisms, washing
procedure, loss of performancg

nY

Well known techniques for the
removal of particles until the
nano-size range.

Mostly devoted to liquid
purification.

Flotation/Electroflotation
processes

Often coupled with
coagulation, flocculation
Mainly used in mineral
industries, water and
wastewater treatment

Removal of particles — liquid
purification — Post-treatment
steps necessary to recover
particles

Collection efficiency affected
by particle size, bubble size,
interfacial phenomena

Further developments necessar
for the removal of nanoparticles;
production of small bubbles,
improve collection efficiency,
use of surfactants,...

Needs to develop pilot processe
Needs to examine the possibilit
to combine coagulation and
flotation and redispersion of
aggregates

2S.
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