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Preface

This report is a dissertation for a European datéom Applied Chemistry. The
research work was fulfilled at the Faculty of Phacy (Université de Limoges, France)
and the University of Applied Sciences (Offenbugrmany).

The first part contains condensed background inftion on the subject of the thesis and
a short overview with a general discussion aboet rtain results presented in the
manuscripts in the second part. The first part gitree necessary elements to scientists
who are not active in this field to facilitate tteading of the second part. The second part
is composed of manuscripts intended for publicatroscientific journals. At the end,
two technical reports are added as they describge sostrumentation achievements
especially made in the frame of this research work.

This report is of interest for active scientistslie same field and easily understandable
by students (with little or no experience in theld) who often tend to search for
information on various practical issues in reseadicles. The content is diverse and
well structured. It is also written with specialeaition to the minor practical details that

seldom are mentioned in research articles.
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Shortest distance of the particle from the aadation wall

Electrophoretic mobility
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Concentration of the solute
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Absolute temperature
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Data points
Perturbation factor
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Résumé

Le principe de séparation par la méthode du franement par couplage flux-
force (FFF) est basé sur I'action simultanée deoldement d’un liquide dans un canal
de faible épaisseur et I'effet d’'un champ exterppligué perpendiculairement au canal.
Le champ d’'application de cette technique estlagge avec une étendue en taille allant
du submicronique a des particules de plus de 100 emnouvelles améliorations et
modifications instrumentales sont apportées auopme de FFF opérant a champ
multigravitationnel (SAFFF) utilisé dans ce trawdel recherche. Une séparation a champ
multigravitationnel programmeé a été explorée daasalyse de taille de suspensions
colloidales diverses en taille et densité tellssparticules oxydées et celles des aérosols
de diesels. Une seconde séparation a effet deidattah plane par effet de paroi a été
effectuée sur des particules de latex microniquesutdisant des canaux de faibles
épaisseurs visant la minimisation du volume matfdcteur de dilution ainsi que le
temps de rétention et la consommation de phaselen@u outre, une nouvelle technique
de détection optiqgue a multi longueurs d'onde (OME} présentée tout d’abord
séparément dans une étude d’analyse de taille vigsds suspensions particulaires et
ensuite dans un couplage « off-line » avec la SAHES résultats obtenus sont
prometteurs et intéressants pour I'analyse destdils especes particulaires fractionnées
par la FFF.

Abstract

The particle separation in field flow fractionati(fiFF) is based on the combined
action of a carrier liquid flowing through a thiribbonlike channel and an external field
applied perpendicularly to the channel. The patglke range that can be separated is
very broad ranging from a few nanometers to 100 powering the entire colloidal,
polymeric and even most of the micron particle dom&edimentation field flow
fractionation (SdFFF) operating at multi gravitagb field is the separating technique
used in this research work. This thesis describedurther evaluation and development
of SAFFF systems. A field programmed separatiorexplored in size analysis of
colloidal suspensions such oxide and soot partiddast hyperlayer separation of latex
micron particles is also performed using channéleduced thickness which aims are to
reduce the channel void volume, dilution factorywedl as elution time and mobile phase
consumption. Furthermore, a detection techniqudedaloptical multiwavelength
technique (OMT) is newly introduced alone firstarstudy for size analysis of particle
suspensions with different complexity and then fiilioe hyphenation with SdFFF
which promising results are of a great interest ffactionated particulate samples by
FFF.
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Introduction

Field Flow Fractionation (FFF) is a family of flée analytical fractionating
techniques which have the great advantage thatregepa is achieved through the
interaction of the sample with an external physfedt and without a stationary phase.
This has the advantage of avoiding the large warétproblems due to non-specific
sample interactions with column materials assodiatgth other chromatographic
techniques. Furthermore, the range of informatiooessible is very broad and often
complimentary when various FFF techniques are e@plso that even very complex
systems with broad size distribution, heterogenemirgures or strongly interacting
systems can be characterized. The particle sizgertirat can be separated is very broad
ranging from a few nanometers to 100 pm, covetegentire colloidal, polymeric and
even most of the microparticle domain. No othehitégue can cover about 5 orders of
magnitude of the particle size, even with complistridhutions.

This thesis introduces the basic separation prl@@pFFF and an overview on the most
relevant subtechniques focusing on sedimentatioR &€FFF) used in this research
work. It describes also the latest instrumentati@velopments made on our SdFFF
system: i) the field programming applied to theasapon of broadly distributed colloidal
particulate samples; ii) the use of channels oficed thickness to reduce the channel
void volume, dilution factor, as well as elutiom& and mobile phase consumption. The
performance of these channels is tested on statetasdmicron particles. Furthermore, a
new detection set up is introduced, called opticaltiwavelength technique (OMT). It is
a particle measurement technique developed foresisggns and aerosols based on the
Mie theory. It delivers in on-line/in-line mode thearticle mean size and volume
concentration over an entire particle populatiodMTOis still unknown among other
detection techniques used in the FFF domain. Itdopeance has been mostly
demonstrated in applications of size analysis spelised particles in aerosols. However,
it is not yet well investigated on particulate reatin suspension. In this report, OMT’s
performance is firstly explored in size analysissospended particles with different
complexity and then in off-line hyphenation withF&&F. Promising results are obtained
from applications for size analysis of fractionfiected from various colloids.

13



Field Flow Fractionation (FFF)

1. Historical introduction

Field flow fractionation (FFF) was first conceptaald in the 1960s by J.C.
Giddings [1-3] and has since then evolved into miper of subtechniques [4, 5]. Species
can be separated in the®¥0ld size range from Idto 1¢ um. The separation is carried
out inside a thin, ribbonlike flow channel (Figutg This channel is composed of a thin
piece of sheet material (usually 70-300 um thickavipr polyimide) in which a channel
is cut and clamped afterwards between two wallshighly polished plane parallel

surfaces.
Field

Figure 1. Schematic representation of an FFF channel.

Common to all FFF subtechniques is the establishofes laminar flow with a parabolic

profile in the volume of the channel, as a carhiguid is pumped through. Samples
components are eluted from the channel at certatention times but unlike

chromatography, the retention of sample componentsaused by an external field
applied perpendicular to the flow (Figure 1). THisld interacts with the sample
components and concentrates them against one ofclth@nel walls, called the
accumulation wall. The retention times in FFF agkated to various physicochemical
properties of the retained species. These physaoidal properties (Table 1) can be

determined from the measured retention times depgmh the FFF subtechnique used.
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Table 1.Physicochemical properties of solutes in the comiynosed FFF subtechniques

FFF subtechnique Physicochemical progerontrolling the retention
Sedimentation FFF M, D, p,d
Flow FFF D,d
Thermal FFF a, Dy
Electrical FFF D, U
& Symbols: M: Molecular weight 0 : density
D: diffusion coefficient d: diameter

a : thermal diffusion coefficient P coefficient of thermal diffusion
U: electrophoretic mobility

2. Most used FFF subtechniques

Over the years, several fields have been usedrinifstead of a single universal
field because the different field types have ddfdérranges and areas of applicability.
Therefore, several subtechniques have been devkl@mme are more successful than
others due to the instrumentation complexity or treure of macromolecular or
particulate sample under investigation. The mostroonly used FFF subtechniques are
thermal, electrical, flow and sedimentation FFFeffhal and flow FFF are largely used
in polymer analysis, of which thermal FFF is used polymer analysis in organic
solvents and flow FFF in aqueous solvents [6]. FEWF has on occasion been used for
polymer analysis in organic solvents [7, 8]. FloHHs commonly used in one of three
variants, symmetrical, asymmetrical or hollow filflerw FFF. The subtechnique used in
the present work is the sedimentation FFF (SdFRE)the discussion will therefore be
limited to that, although some of the principlesl alsscussions will also apply to FFF in
general. A brief introduction to SAFFF is givendwel For a presentation of the other FFF

subtechniques, the reader is referred to a setecfiarticles and books [9-16].

3. Sedimentation field flow fractionation (SAFFF)

SdFFF uses a sedimentation field at right anglethe¢ channel flow. The earth
gravity is the simplest sedimentation field thah dee used. This technique, known as
gravitational FFF, is not difficult and expensiweluild. It is suitable for the separation

of rather large particles ( > 1 pm in diameter) &ad been used in the analysis of blood
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cells [17, 18], yeast [19] and stem cells [20]. BdFFF, stronger fields are applied.
Therefore, the channel is coiled inside a centdfugtor basket (Figure 2). The field

strength is monitored by the rotation speed.

SdFFF Separator Thickness
Principle +

Outlet _
stream

4= Inlet stream

Flow out

Accumulation B
Wall

Figure 2. Schematic representation of the channel coilediéngie rotor basket. The channel is spun at

different rotation speeds, thereby controlling sledimentation field strength.

Samples components are separated according tosikeirand density. The centrifugal

force [21] applied on spherical particles can heegiby several forms:
F =miG =V, E[Bp|BB:%Ej3[|Bp|[G (1)

where m’ is the effective particle masy/r the particle volume, Ap the density
difference between the particle and carri@rthe centrifugal acceleration, amtithe
particle diameter.

The first SAFFF system was commercially availabieces the mid eighties. The
instrumentation for SAFFF is complex and expenleaause of the need for a centrifugal
apparatus with special rotating seals. Despitérteid applicability and high separating
effectiveness, the usage of SAFFF became limiteduse of several instrumentation
problems that were found on the commercial systéandot et al. are nowadays the only
team who is mainly active in SAFFF instrumentatéon applications. Another system
with a new design was developed and since seveodifications were continuously

made. Its performance was demonstrated in sevpgications [22-25]. After its first
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introduction by Giddings, SAFFF was used for tlaetionation of industrial colloids [26]
and environmental material [27]. It proved mostly utility in biological applications,
such as the analysis of proteins [28], viruses Y, liposomes [31], DNA [32, 33],
yeast [34], different cell organelles and fragmdB&s 36] as well as stem [37] and whole
cells [38].

4. Theory of retention

4.1. Retention in the normal mode

A carrier liquid is pumped through the channehirthe inlet (Figure 2), where
the sample is injected, to the outlet, to whicletedtor is connected. Inside the channel, a
parabolic flow profile (laminar Newtonian flow) isstablished as in a capillary tube.
Thus, flow velocities vary from zero at the walts & maximum in the center of the
channel. While the carrier liquid with the samp¢eflowing through the channel, an
effective physical field (the sedimentation foroecase of SAFFF) is applied across the
channel perpendicular to the flow direction of taerier liquid. Interaction with the field
concentrates the solute at the accumulation walkk dravity center of the solute zones
lies very near to the wall (Figure 3A), usuallyeaxding only a few micrometers. Due to
the established concentration gradient, a diffuiaxin the reverse direction is included
according to Fick's law. After a short time a stgathte is reached, and the exponential
distribution of the solute cloud across the charosel be described by a mean layer
thicknessl. Due to the parabolic flow velocity profile, thelstes are transported in the
direction of the longitudinal channel axis at vagyivelocities, depending on their
distance from the channel walls. The nearer thetsdad located to the accumulation wall,
the later it will elute. Since smaller particleg (iffuse faster than larger ones (2) and so
they establish a higher layer thicknésthe elution sequence proceeds from the smaller
solutes to the largest ones (Figure 3A). Hence,flthwe velocity profile of the carrier

liquid amplifies very little distance differencestiveen the solute clouds in the x-
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direction, leading to the separation. This elutoade is the classical one in FFF called

normal or Brownian mode.

4\\
Flow — A
—_—
L
x=0 | e

Figure 3. Schematic representation of the different elutioodes : normal/Brownian (A), steric (B) and

steric hyperlayer (C).

The retention in FFF can be mathematically desdripethe pseudo-equilibrium theory
[39]. The solute is displaced in a moving fluidthg combined action of the flow and the
applied external field. The resulting velocity vacty can be decomposed into two
perpendicular vectordd, induced by the applied field, and a flow-inducetnponent v:
v=U+v (2)
The flux of the solut¢ can also be written as the sum of the two axiadanents in the
direction of the flow (z) and the direction of theld (x):

J=icti; (3)
According to Fick’s law, the axial components of flux can be expressed by:

j, = —DX$+U.C and  j,=-D, 9% +vc (4)
dx dx

whereDy andD, are the diffusion coefficients armthe concentration of the solute. With
Eq. 4, another equation describing the concentrairofile of a particle cloud of a solute

along the x axis can be deduced:
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C=¢, Ee‘ex;{_xquq (5)

D

where c is the concentration of the solute at distancaoxnfthe accumulation wall
(Figure 3A),co the concentration of the solute at the accumuiatall. AsU andD are
size and density dependent factors, Eq. 5 desctiteesoncentration profile of particles
depending on their size and density. The mean l#yekness| is introduced as a
characteristic parameter for such particles.defined as:

D

|=—
vl

(6)

Eq. 5 can be thus rewritten as:

C=¢, @xp(_l—xj (7)

The mean layer thickne$slepends on the fordeexerted on the solute as shown by the
following equations:

F k(T KIT

U=— d D=—- ield | =—— 8
. an . yie |F| (8)

where f is the friction coefficient,k the Boltzmann constant an@l the absolute
temperature.

The so-called standard model for the Brownian medention assumes that all particles
are noninteracting point masses. The veloeitf a particle cloud is simply the average
velocity of an exponential distribution embedded iparabolic flow profile. The velocity
v within the parabolic flow profile is distributedcrass the x-axis according to the

expression:

v=60y) cﬁvlv—(vlv” (©)

where (v} is the mean cross-sectional velocity of the cadigpid andw the channel

thickness. The position of the gravity center gfaaticle cloud is itd value. The higher
the position of the gravity center in the chandetkness, the faster the cloud moves
(Figure 3A).
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In FFF, the retention rati® of particles is described by the ratio of theirptheement

velocity to the mean cross-sectional velocity & tarrier:

(v)
R is also given by:
tO

R==2
tr

(11)

wheretg is the void time, i.e. the elution time of a n@tained tracer antl the retention

time.t; is the ratio of the channel lendtro the mean cross-sectional velocw:

t =L (12)
(v)

Ris found to be related to tlvev ratio of a particle cloud by [40]

t_O:R:@ Cothﬂ—@ (13)

t, w 20 w

Eq. 13 is a basic theoretical relationship thatdbses quantitatively the retention in the

Brownian mode.

Whenw >>|, Ris approximated by

R=6O (14)
W

In the Brownian mode, the diffusion coefficidbtis not negligible. It decreases with an
increasing particle size or mass. This means tha@et particles move closer to the
accumulation wall than smaller ones because of tireker Brownian movement, which

Is opposed to the external field. Consequently llestegparticles elute first.

4.2. Retention in the steric and steric-hyperlay@des

If the intensity of the external field (the sedimegion force in case of SAFFF) is
high enough to press all the solutes as close ssilje to the accumulation wall of the
channel (Figure 3B), another elution mode becomgsrative, called steric mode.
Giddings and Myers [41] in 1978 showed that thei@tuorder is inverted for particles
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with a diameter larger than 1 um, i.e. bigger phat are eluted before smaller ones. The
transition region can be experimentally determibggblotting the retention time versus
the particle diametet as illustrated in Figure 4n the Brownian mode, the retention time
increases with the particle diameteuntil it reaches the steric inversion diametelr]1

um which is the upper limit of the Brownian modeemgdion. In the steric mode,
applicable to larger particles, the retention timzeases with a decreasing diameter until
d = d; [41]. For samples with a broad size distributiortie micron range, it is important
to avoid the transition region between the nornvadl @ahe steric mode during the
measurement. This can be achieved by proper adgastof the channel thickness,
channel flow and the strength of the applied f[é].

A normal | steric

| d
< mode | mode >

RETENTION TIME tr

d

PARTICLE DIAMETER d

Figure 4. Steric inversion diameter;dhis plot is valid only for particles of equalrddéty and shape.

A theoretical retention model based on steric estolu was developed. Solid spherical
particles execute Brownian movements within a ceamidth of w—2[{a/w), wherea

Is the particle radius. Frorkq. 14, the retention rati® in the steric mode can be
approximated [43] by

RO6FP +60- (15)
W W
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For particles in the micron size range, the diffuscoefficientD is very small. The
second term of Eq. 15 becomes negligible. The tinsh corresponds to the movement of

a particle rolling on the channel accumulation wiai.15 is simplified to the form:
RO6E (16)
W

In contrast to the Brownian mode, the retentionor& increases with an increasing
particle size. The steric model describes an idaake of elution where particles are
forced into a thin uniform layer at the accumulatiwall and move along the channel
forced by the carrier liquid flow. The protrusiohtbe particles into the flow stream is
determined by their physical size. The gravity eemf larger particles moves in faster
flow streams (Figure 3B). The migration velocitgieases with the particle diameter.

In this model,R is only dependent on the particle diameter andctiennel thickness.
Unfortunately, this could be hardly observed expentally. There are a number of
influences that cause perturbations of the retanfim account for these influences, a

factor yis added to Eq. 16:
RO6 (17)
W

The presence of viscous drag, for example, leads particle rotation and reduces the
migration velocity of the particles [44]. In thiagey is smaller than unity. The retention
can also be reduced by various particle-wall andigbe-particle interactions. Some of
these interactions were investigated by Reschigltaal. [45].

As the average velocity of the carrier in the cl@nncreases, particles that are in close
contact with the accumulation wall experience hggramic lift forces. These forces
move the particles into a confined region fromwa that is thin relative to their size, or
focused, as shown in Figure 3C. This is the basanother elution mode called steric-
hyperlayer mode [46] which is characterized by ghhiesolution in very short analysis
times.

The existence of lift forces was discovered by Geldl et al. [44]. In the steric-
hyperlayer elution mode, the micron particles argeth away from the accumulation
wall by hydrodynamic lift forced=. and protrude into faster flow streams. They are

forced into thin layers at an equilibrium position the channel thickness where the
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external field (sedimentation field in case of SHFHs balanced by the opposite
hydrodynamic lift force$ . As the micron particles move in faster streanditieey elute
earlier than predicted by Eq. 16 aptbecomes greater than unity. The facjorfor
monodisperse, well characterized micron speciesbleasn found to increase with the
channel flow velocity and decrease with an incrggagield strength. The particles reach
an equilibrium position, where the lift forces ctenbalance the force exerted by the
external field. For SAFFF, the external field ig thravitational field.F. can be then

written as:
F=FL:%m3mp[G (18)

Several approaches have been made to describgdhmdignamic lift forces. Williams et
al. [47] made retention measurements of latex mepnere standards by SdFFF and
evaluated the results by multiple linear regressamalysis. The following equation
describingF, based on the lubrication phenomena, was obtained:

Foct i (19)

wherer is the fluid viscositya is the particle radius, the undisturbed shear rate at the
accumulation wallg the shortest distance of the particle from theuamdation wall and

C a dimensionless coefficient whose value was apprated to 0.0075.

The model of Pazourek and Chmelik [48], based amtian considerations, suggests
another description for the lift forces based anNavier-Stokes equation:

_ .81 2 At K? -(1-26)°
Fo=—> rpiy) B\?F[ﬂl 25)[%—1_K } (20)

whereK = 0.62, pthe density of the carrier liquid amdhe dimensionless distance of the
particle from the accumulation wall. The lift foréenction in Eqg. 20 is displayed in
Figure 5. The major consequence of the existensedt forces is that a given particle in
the channel migrates downwards or upwards unt8 fbocused at a vertical positioh
where the magnitude d¥_. equals the particle Archimedes weidht. These positions
can be illustrated by the points of intersectioraddtraight line of the constant function
Ga with the lift forces curve. It is noticed that theare three intersection positions.

Figure 5 also shows that the lift force Ehanges its sign depending on the particle
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position in the channel, and that there are thoesgtipns where Fis equal to zero. The
experimental results obtained by Pazourek and dkrskbw that this theoretical model
is applicable ifd>> a/w.

U

: )

Figure 5. Schematic representation of the lift force funetio a GFFF channel. U and L represent the

upper and lower channel walls, curves a and b septethe courses of the lift forces and flow velpci
profile respectively, -Fand +i show the orientation of the lift forces and +vskahe direction of the

carrier liquid flow. Z denotes three positions dethe channel wherg E 0.

5. FFF and colloids

Colloids gained over the years a great interestinoustrial and academic
researches as they revealed their utility in a wadee of industrial applications. Part of
the colloids concerned in this study were the titan (TiO;) and zirconium (ZrQ)
oxides. TiQ powder is widely used as a pigment or ceramic righteecause of its inert
chemical properties and high refractive index. Wliems used as a white pigment,
properties depend on the scattering of light fromalé particles embedded in a
transparent medium and then, the diffuse refleetama function of the grain distribution
[49]. For ceramics, the sintering of the fine gealnmicrostructure is particularly
controlled by the grain size distribution and trespect ratio. Sintered ceramics with well
define pore structure can be used for sub-micreriftg [50]. In general, many powder
formulations are under the form of disperse systeowh as colloidal suspensions for
which the stability is governed by the materiatitsand the liquid, but also by the grain

size distribution [51]. A theoretical descriptiof marticle dispersion in a liquid can be
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approached through models including parameterbagrain size. For example, it was
shown that the dielectric properties at high freguyeof concentrated TiOsuspensions
[52] could be characterized using well known sulerom particles.

Zirconia (Zr@) has a high melting point (2700° C) and a low tin@lr conductivity. For
over 50 years, on-going research and developmergrgms undertaken at various
universities worldwide have produced new ideasheninhdustrial applications of ZgO
The science of catalysis has benefited enormousiy these recent efforts. A host of
reactions are now routinely catalyzed by zirconavger including: polymerization,
oxidation, hydrogenation, isomeration, environmentautocatalysis, reduction and
reforming. In addition to the catalysis applicagp@rG is widely used also as a grinding
media and engineering ceramics due to its increhsedness and high thermal shock
resistance. Wear parts in automotive engines, thielbarrier coatings on jet engines and
filters for molten metal are just three examplegrdducts manufactured from zirconia
powder. ZrQ is also used in applications such as oxygen seraud solid oxide fuel
cells due to its high oxygen ion conductivity. Qtlgplications using Zr@include paper
coatings, electronic ceramics and glass (toughesmalgoptical property control).

The other colloidal species concerned in this stdyvery different than oxide colloids
as they are considered among the main sourcesvabemental pollution. Known by
their intensive black color, low molecular weigimdasmall grain size, soot particles are
of a great concern for environmental and healteaehes as they revealed their effect on
human mortality in big cities. Particulate emissi@enerated by combustion, represent a
problem which continues to draw a significant aitenworldwide [53] not only due to
increasingly tighter environmental legislation baiso due to very recent findings
correlating mortality rates in cities [54] with cgentrations of fine particles smaller than
approximately 2.5 microns, most of which come framambustion sources. The
particulate matter (PM) can cause serious heatihlpms by penetrating and delivering
coated chemicals into human respiratory systemsg6p Current regulations are mainly
concerned on the total PM amount, not the sizé@flarticles. Although the size of soot
particles is not regulated by national or interovadil laws yet, its importance has grown
up in the last years with the upcoming discussibrhenlth effects caused by small

particles. Diesel engines are considered to berth@r source of particulate emission.
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PM in automobile exhaust is mostly fine carbonaseparticles (soot) that are coated
with a mixture of various toxic chemicals such adypyclic aromatic hydrocarbons
(PAH). Soot particles have irregular shapes (uguall chain forms) formed by
aggregation of several primary spherical partiffdg. As the danger of soot increases as
the particle size decreases, there have been easiicg number of studies on particle
formation and PM emission of diesel engines [58-60]

Colloids were the first particulate species to baracterized by thermal FFF [61]. Since,
they were subject of several systematic studiesemad various FFF subtechniques
including SAFFF which was applicable to the sepamatf a large variety of colloids [4,
29, 62, 63]. Studies have been made on their agtioeg[64] and polydispersity [65], the
mobile phase effect [45], the different particletmde and particle-channel wall
interactions [66], the relaxation procedure anddffiect of the sample concentration [67].
Colloids are particles with a mean grain size galhersmaller than one micron.
Therefore, the elution mode of these particlexgeeted to be Brownian [15] as already
demonstrated with other SAFFF techniques operatethigh or moderated multi-
gravitational fields [23, 68]. Beside their impamt industry and environment, oxide
colloids and soot particles were also characterimetiis work for other instrumentation
purposes. One of these is to test the performariceun SdFFF system using an
exponentially programmed separation. Oxide coll@ds firstly separated with a good
peak resolution at relatively low sedimentatioridgedue to their high density values.
Soot particles are also separated with a remarkaisidution and repeatability. It is the
first time that this biocompatible system is setrtm at highly programmed field
separation and its performance proved that it iea&dt equivalent to other commercial
SdFFF systems. The second purpose for choosing @alloids and soot particles is to
demonstrate the performance of the newly estaldisifieline hyphenation of OMT with

SdFFF in the size determination of time dependietee@ fractions.
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Optical Multiwavelength Technique (OMT)

Most detection techniques for liquid chromatogsaple also used in FFF such as
UV/Vis [69, 70] and photodiode array spectrophottere[71], refractive index [8, 23,
72], viscometric [73], low and multi-angle laseght scattering (MALS) [74, 75-77]
detectors and many others. For a deep insightesetlletection techniques, the reader is
referred to a number of articles and textbooks [16, 78-81]. Only the optical

multiwavelength technique (OMT) is presented irs ti@port.

1. Measurement principle

OMT is a newly introduced particle measurement neplne developed for
aerosols and suspensions. It has been till now Iynasted for particle emission
applications [82-86]. However, it is not yet wetivestigated on particulate matter in
suspension. OMT delivers in on-line/in-line modee tmean particle size and
concentration. It applies the integral extinctiof laser light beams of different
wavelengths directed through particle loaded fl@msrosols or suspensions). It enables
measurements of particle collectives in the singeafrom 0.010 to fim approximately
depending on their refractive index. Particleshe measurement volume attenuate the

light beam in consequence of scattering and alisarffigure 6).

Intelnsity b . ® o Intelnsity
0 o e
LASER " * o * [Detector
] ° -
L

Figure 6. The measurement principle set up whkrés the initial intensity of the laser beaimjs the

attenuated intensity andis the optical path length of the measurementmelcontaining the particles.

With the definition of an extinction coefficie@ex; depending on the particle size, the

effective refractive indexnbaricie/Nmediun) @nd the light wavelength, the integral intensity

27



attenuation can be described by Bouguer’s law fonadisperse particle systems as

follows:

| =l exd—- N L o7 @, (r,A,n)} (21)
wherel is the attenuated intensity, the initial intensityN the particle number density
(number of particles per volume unit)the optical path length,the particle radiu®Qex:
the extinction coefficientd the light wavelength analthe effective refractive index

[82, 87]. If the intensity is measured by two liglwams of different wavelengths, a
dispersion quotienDQ can be formed, which depends only on the extinatioefficient
and thus on the particle radiusnd the effective refractive indexwhen two different

wavelengthsi, and A, are given:

I
IO A = -N D'/éﬂ] X QBXt(r’Al’n) - Qext(rl/‘lin) (22)
|”(Ij _ /ZLEW Qe (11 42:1)  Qu(r: A2, 1)

Lo

DQ=

By measuringDQ, the particle radius is obtained independently froi which is then
calculated according to Eq. 21 at one of the wangthes with the resulting radius from
Eq. 22. The dimensionless volume concentra@gnis directly derived fromN. G, is
defined as the volume taken by spherical partial#is volumetrically averaged radiug
related to the total volume.

Eq. 21 and 22 are valid for monodisperse particlémis, the analysis of polydisperse
particle collectives requires the integration ower particle size distribution and Eq. 21 is

converted to:

| =1, exd- N Dnﬁ p(r) [2.Q,(r,A,n)dr} (23)

Consequently, Eg. 22 converts to:
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p(r)'r Z'Qext(r1/11’ n)dr

DQ= (24)

p(r)'rz'Qext(r’AZ’ n)dl’

Ot—=—8 |O%—— 8

wherep(r) is the size distribution. The log-normal size disitions is assumed to be

suitable for most applications:

o(r) 1 @xp{_[ln(r)_ |2n(rg )]ZJ (25)

o, 327 20

g
whererg is the geometrical mean radius of the size distioinu

N

r, =[] (26)
1=1

riis the radius of an individual particénd o is the geometrical standard deviation given

by:

2

g’ :T{In(r)—ln(rg)} Cp(r)dr 27)

The extinction coefficienQex is calculated for spherical particles by the Lozekiie

theory [88, 89]. However, ambiguous results in th&eresting size range may be
obtained, particularly for absorbing particles. STis eliminated by using three different
wavelengths. The third wavelength is furthermoramable tool to detect measurement
errors caused by instrumental or operational erikes misestimating some theoretical
parameters such as particle refractive indexed &md imaginary), the size distribution
range or the size standard deviation. By using i@ ttvavelength, two independent

dispersion quotient®Q:(4,, 4,) andDQx( 4,,A,) can be calculated.

2. Parameter diagrams

For every type of particles in aerosols or in saspms, aDQ1-DQ, parameter
diagram is calculated by the system according ¢éoMie theory after the definition of

certain experimental parameters related to the ¢ygearticles and their medium. These
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parameters include the expected size range, the taser wavelengths values, the length
of the optical path, the expected standard deviadiod the refractive indexes (real and
imaginary). There is also an option to choose & laigd a low level for one of the last
two parameters if their values cannot be exactiynaged.

Figure 7 shows a parameter diagram that was gedefat suspended latex particles in
the DQ:-DQ; plane. Predefined parameters such as particleame, effective refractive
index (automatically calculated by the systeamd wavelengths values are used to
calculate theoretical values @fQ; and DQ, by Eq. 24 These calculated values are
plotted as curves in thi3Q;-DQ, plane. The numbers displayed on multiple positimins
the curves correspond to the range of particle diam selected for the calculation of the
dispersion quotients. The curves have differenpsbalepending on calculated values
DQ; andDQ,. The shape diversity reflects the fact that patarsediagrams are specific
to the type of particles, effective refractive irdemedium and selected standard
deviation of the size distribution.

Measured particle diameters are calculated fromemxgental dispersion quotients
obtained after the light attenuation of the thraget wavelengths. These experimental
DQ; and DQ;, values are inserted in the parameter diagram lgattinthe display of
several data poin®s(DQ1;DQ,). X values are also generated at a speed of 1Hz diméng
measurement. The measured data points (Figure &)aadirect indication of the
measurement accuracy i.e. a measurement is coedidercurate wheiX points are
positioned on the theoretical curves during thesueament duration. This indicates that
experimental dispersion quotients are in good ages with the calculated ones. When
data points are plotted outside the curves, thisbeamainly explained by non adequate
values chosen for the parameters described abdhe itext. The main advantage of such
diagram is that it shows online the measurementaracy and reliability without any
need for measurement calibration by standard pestiOMT is an absolute measurement

technique which does not allow any calibration.
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Figure 7. Parameter diagram generated for latex particlssigpensionTheoretical values dPQ; and
DQ, calculated by Eq.24 are gathered and plotted ageswvith values of particle size ranges. Data
points X(DQ,,DQ,) the experimental dispersion quotients obtainedradfght attenuation, are a direct

probe of the measurement accuracy when they artgnesl on the theoretical curves.

3. Off-line hyphenation of SAFFF with OMT

By hyphenating a size separation technique suclsdsF with OMT, it is
possible to determine the mean sizes of the elinéations and/or the mean size of the
whole injected particulate sample. A comparison loarestablished between both mean
sizes obtained by FFF equations [21, 90] and OMfis hyphenation shows that the
separation occurred in the FFF normal mode. Itrdetes also the average size of
particulate species when their density value, meguifor size calculation by FFF
equations, is unknown. The first successful ofélimyphenation SAFFF-OMT is made

and the obtained results are presented in thistiepo
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Material and methods

1. SAFFF system

All FFF systems consist of a pump, an injectiortesys a separation channel and
a detector. The whole system can be compareditpia Ichromatography device where
the column is replaced by the channel. Figure 8shan FFF separation system. The
pump generates the flow of the carrier liquid ie 8ystem. Sample injection is carried
out by an injection valve placed between the pungthe channel. At the channel outlet

the separated components pass through the deteetsuring the elution signals, called

fractograms.

- External Field
Injection System

Pump

Channel

Figure 8. Schematic description of an FFF system.

The SAFFF separator (Figure 9) used in this reBemock is home-made and it has been
already technically described [22-25, 34, 37, 38Je separation channel is made up of
two polystyrene plates, one described as the depletall and the other called the
accumulation wall, separated by a Mylar band incltthe channel is cut. Each channel
Is characterized by a specific length, width anidkiess. Various channel dimensions
were used according to the type of particulate isgecharacterized in this work. The
system void volume, which includes the connectiabirtg, injection and detector
volumes, is usually measured using non retainegtes®lsuch as acetone 1% (v/v). The
polystyrene plates with the Mylar band are seafed & centrifuge basket (rotor bowl).
Two rotating seals, drilled to allow the extern&rdeter Peéktubing to fit in, are used

to permit the mobile phase to flow along the romgtaxis into the channel. The types of
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pumps, injection devices and detectors used ardioned in the applications presented
further in this report.

rotor bowl

inlet tubing
outlet tubing

rotating

rotating rotor axis seal

seal

outlet tubing
inlet
tubina

[T T RSy

anti-vibration
system

Figure 9. Schematic representation of the SAFFF separathritsitlifferent components. The rotor bowl is
connected mechanically to an electrical engine déisatires the proper spinning. The separator ialliedt

on a mechanical support equipped with anti-vibratiwaterial to limit the system vibration while rumg.

2. Channel and rotor bowl

The channel is cut out of a plastic (Mylar) shefedl@fined thickness as shown in
Figure 10. The channel ends are V-shaped. Thedlipanetrates into the channel at the
end of one of the triangles and flows out of tharotel at the other end. This shape
prevents eddy flow in the channel. The Mylar sheelamped between two polystyrene
plates, representing the channel walls. Polystyrgag chosen for two reasons: i) it is
relatively inert with liquids mainly consisted oistllled water; ii) it is a flexible material
able to mold the walls to the form of the rotor bhow

Figure 10.Channel cut out of a Myl&rspacer.
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Two holes are drilled in the polystyrene platesetahe carrier liquid flow in the channel
through the Peéktubing directly connected to the accumulation walo channels are
drilled through the wall of the rotor bowl to allothe PeeR tubing to fit in. The
polystyrene plates with the Mylar band are clamimad the bowl (centrifuge basket) by
means of a mechanical device which pushes the ehaunmh against the inner surface of
rotor wall as schematically shown in Figure 11. Thannel is forced against this wall by
screwing down the inner metallic cone and thusifgrehe tripartite outer cone against
the channel wall. This rotor bowl has to fulfillré® requirements: i) guarantee the
channel tightness; ii) enable the carrier phas#ote in and out of the channel; iii) it
needs to be exactly equilibrated to prevent aness® of its moment of inertia. The
higher the moment of inertia or the mass of thelptve more energy is needed to spin
the bowl.

Screw

Metallic cone

Tripartite Teflon cone

Channel

Centrifuge basket
(aluminium)

o
//| V Half-section of the
| | rotor bowl
L/ 1V i

Figure 11.Section view of the rotor bowl: channel clampingtsyn inside the rotor bowl.

The SAFFF separator (Figure 9) is installed on ehaueical support equipped with anti-
vibration material to limit the system vibration Mehrunning. However, the vibration

remains considerably important when the rotaticeedps over 800 rpm. This fact is of a
great inconvenience when higher rotation speedseapgired for the separation of light
colloids like soot particles analyzed Manuscript Ill. The vibration can also cause the
damage of the rotating seals (Figure 9) by redutimiy shelf life. The reason for an

increasing vibration with an increasing rotatioreesg is mainly due to an unbalance in
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the weight distribution of the rotor bowl. In fasthen the rotor bowl is fully mounted
(with the channel and polystyrene plates, the rietahd tripartite Teflon cones with
screws), a weight unbalance was discovered byrmabie rotor on a wheel balance. This
unbalance is obtained between the front and bales ©f the rotor bowl. The front side is
heavier because the heavy parts like the metaltictiae tripartite Teflon cones are sealed
on the front side of the bowl (Figure 12). As auteghe rotation of the rotor bowl is not
exactly perpendicular to the rotational axis beeanfsthe deviation of the gravity center.

Thus, the system is subject to an increasing vdmravith an increasing rotation speed.

tripartite Teflon
cone \

metallic
cone

channel
Figure 12. Front side of the rotor bowl with the sealed comgrda: channel and polystyrene plates,

metallic and tripartite Teflon cones, screws.

A possible way of circumventing this problem is éguilibrating the back side of the
rotor. Therefore, a drainage of 0,5 cm breadth hrwin depth was made covering the
whole perimeter of the rotor back side as showirigure 13. Small aluminum cubes
(around 50 g each ) were then fixed inside thendge and positioned in a way to
equilibrate both sides of the rotor. After this @edure, the vibration was reduced by
95%. The number of vibrations has been detectedarbyaccelerator (Robert Bosch
GmbH, Plochingen, Germany) equipped with a vibrasensor. The rotor was tightly
positioned on the accelerator during the vibratimasurements. A comparative diagram
(Figure 14) of the number of vibrations per seceoatsus the rotation speed shows the
difference before and after the equilibration. Mi@ation was highly influenced by the

increase of the rotation speed before the equiidra However, it was considerably
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reduced when the bowl was equilibrated and it eeached a steady state after 1500 rpm

which allows a smoother rotation at high speeds thog, a longer shelf life for the

rotating seals.

Figure 13.Back side of the rotor bowl with the drainage conitey the aluminum masses.
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Figure 14. Comparative diagram of the number of vibratioes/gersus the rotation speed before and after

the bowl equilibration.
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3. Channel sealing procedure

The channel sealing procedure is more complicdtad it was described in the
previous section. Once the Mylar band (in which dhannel is cut) is sealed in the
centrifuge basket by means of the two flexible ptlsene plates, the relative flexibility
of such system may produce channel geometry defamsawhich must be controlled.

A particular procedure is therefore necessary &b tbe channel without deforming it. At
first, the channel in the centrifuge basket istligpre-sealed mechanically to avoid leaks
and the channel volume is controlled with acetorsean HPLC injector. If a proper
sealing is performed, the acetone elution profilestcomply two characteristics: its
elution volume must correspond to the geometricednoel void volume (5% error
tolerated) and the peak profile must be monomoddirofnatographic like). If
discrepancies appear in terms of volume or peagestthe sealing must be reprocessed.
However, solutes with high diffusion coefficients diot sign alone a proper sealing
which must be controlled using monodisperse stahidaex beads as shown in Figure 15
in the case of the sealing procedure of an 80uok tbihannel. According to the latex
particle size (7um) versus the channel thickne8su(@®), they were eluted according to
the steric hyperlayer mode. Due to their relativeay size compared to the channel
thickness, their elution, at a given flow rate &ma external field, is associated with high
retention ratio which decreases with a field insmne@ intensity. When these
monodisperse latex beads are eluted in this chgnaetompletely properly sealed), it is
observed that latex peak profiles appear monomataigh retention ratio (a, b, c, d)
while with increasing external fields, elution pgre$ are completely deformed and appear
multimodal (e,f,g,h).

There is therefore a go- and — back sealing praeedhich leads to the elution pattern
shown in Figure 16. It is observed that the voitlwte of the carrier liquid containing
the surfactant is eluted with a remarkable monorhgdassian profile. The intermediate
field intensity corresponding to the Figure 15 &), transition leads therefore to latex
particle monomodal elution profiles analogous tsthalready described in the literature.
Measured void volumes are in agreement with thalleéepiped geometrical volume of

the channel. Therefore, it can be stated thatcsnel is properly sealed. However, as
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shown in Figure 16, the elution performed in idealticonditions was not reproducible.
The cause of the lack in reproducibility is duethhe necessity of a channel surface

pretreatment which is explainedManuscript 1V.

0.07 W b €
a [ d\ f g h
005 1 Void /W a l l
E Volume | \ / \n l
: it
9 0.03 - SN N\
~ N“ \ \\/\
2 [/ VY
0.01 | AT \
AN
'0.01 T T T T T T 1

0 0.5 1 15 2 25 3 35

Time (min)

Figure 15.Improper sealing at accurate void volume. Examptl Wum Duke latex beads. Mobile phase
composition: FL70/Water 0.1%(w/v). Measured flowera0.98 mL/min. Rotation speed (rpm): a(187),
b(250), c(315), d(445), e(508), f(571), g(634),58) Flow and field established injection procedofe

20uL, 0.02% latex suspension in mobile phase.
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Figure 16.Properly sealed channel. Sample characteristidsrgection procedures described in Figure 15.

Rotation speed: 436.5 rpm. Measured flow rate:086/min. Channel/mobile phase equilibration

procedure: channel is flowed with mobile phaseatflow rate for 72H.
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4. Field programming

There is a limitation in FFF when analyzing samplesh very broad size
distributions. The main problem is that to obtamedficient separation of components
with small size and to separate them from the walme, a high external field
(sedimentation field in case of SAFFF) is needexlvéVer, the high sedimentation force
will lead to very high elution times and poor de#ddlity for sample components with
larger size as they will be forced very close te #tcumulation wall. In the worst case,
they may be virtually immobilized on the accumwatiwall due to the field intensity.
This problem is solved by using a programmed figtldt starts the elution at a high
sedimentation field suitable for components of $emasize after which the field is
decayed over time, allowing the larger componeatbd eluted under the effect of a
weaker field. In consequence, the elution times raduced and the detectability is
improved, especially for larger components in aaldrdistributed sample. Normally, the
field decays according to some mathematical funcfitarious functions have been used
for FFF subtechniques: linear [91, 92], exponerjf8] and power programmed decays
[94]. For each field decay, parameters like thé&ahfield strength, relaxation time (the
time during which the flow is stopped for lettiniget particles attend their equilibrium
position in the thickness of the channel) and pragdime must be set depending on
some particle characteristics such as size andtgemsase of SAFFF.

A three-phase engine (Carpanelli, Bologna, Italggdifor spinning the rotor bowl is
controlled by an automation module composed of rarerter unit (KEB, Barntrup,
Germany) connected to a programmable logic coetrdPLC) step 5 device (Siemens,
Karlsruhe, Germany). The PLC is used to programsaoct field decay sequences. Once
programs are built and tested, they are enabled lbome made control box containing
six function buttons. By pressing one of these,pacsic programmed sequence is
activated by sending appropriate analog signalsheo KEB inverter (input voltage
capacity around 10V) which allows the three-phasgre to perform the requested field
decay. The rotation speed is monitored on-line duthe run by means of a digital
tachometer type RM-1501 (Prova instruments, Taiwan)nfrared link and connected to

a central monitoring computer which acquires alsal@y input data coming from the
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detector. Furthermore, this monitoring computertama the output frequency of the
KEB inverter by setting the maximum rotation speéthe three phase engine.

Among all field decays, the exponential one wadiaggdor all SAFFF separations in this
work because of the restriction in time to develop field programming in order to start
the applications. Moreover, developing such mathealdield decays with the available
material requires both skill and time The expor@mtecay approach was first introduced
by Kirkland et al [95] and it proved its effectivss in the separation of broadly
distributed samples. Figure 17 shows an exampla obmplete rotation speed curve
performed according to an exponential decay. It acgiired on-line during the program
execution. This curve is divided into three palfise first one is the acceleration phase
for reaching the maximum rotation speed set fornteasurement. The second phase is
the stabling of the speed at the maximum selea&de\Vior a certain period of time called
relaxation time. The final phase is when the spbedins to decay exponentially
performing predecay steps. For more informatiorualius topic, the reader is referred to
Annex |where he will find all details on the programmisgt up and the way the

exponential decays were built.
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Figure 17.0n-line curve of the rotation speed decay accgrthnan exponential function.
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5. Data acquisition system

A data acquisition system was developed for deteciind integration of elution
signals generated by the SdFFF system. This prdgi part in this thesis as a
practicum work done by a formal master student.aflequate detector was needed to
complete the instrumentation of the SAFFF systefaréestarting the applications. The
purpose of this work came after the purchase obstrva UV/Vis detector type S3120
(Postnova, Landsberg/Lech, Germany). The packagéwhae/software was over the
fixed budget. Therefore, only the hardware was Ipagsed and the manufacturer provided
us with the necessary elements to develop our prapguisition system. The idea to
build a home made acquisition system seemed ititegeand affordable. Furthermore,
the necessary tools needed for this kind of progeet available such as LabVIEW, a
graphical programming environment (National Instemts Inc., USA) and different
accessories like computers and multimeters. Th&IERW version used is the 5.1 one.

It is built in a user friendly way and designedudill the requirements of FFF due to its
multiple features. It can be easily configuredun with all types of UV/Vis detectors. A
main window leads the user to other sub windowseareng different system functions.
It is also an open system where it is possibl@&adl Idata from external files (acquired by
other data acquisition systems) with ASCII chanacia order to integrate the signals.
Baseline corrections with peak smoothing techniq{@8] and several parameter
calculations can be executed such as peak stalismoments [97], exponentially
modified Gaussian (EMG) constant, B/A ratio and ynathers. Help functions for each
parameter, containing short definitions, are alslable. The desired parameters results
are saved under TXT files that contain all cale@davalues with peak data and they can
be easily converted to excel. The system is adaptékde user needs as it can be saved
under newer LabVIEW versions and more featuresbeaadded. A complete description

about the data acquisition system can be fourkhimex ||
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6. OMT unit

OMT unit is developed by Wizard Zahoransky KG (Tralt, Germany) and it is
commercially available. This system is suitable résolve in-line steady state and
transient processes in aerosols and suspensioiss.atle to monitor processes where
particles at medium to high concentrations are lweach It can be applied in research
areas to study particle reactions where no samgifeasible or where the time resolved
analysis of transient processes is of interesturgigl8 shows the schematic of the
presented particle measurement unit. The sensa beatains three laser diodes of
different wavelengths (674, 844 and 1324 nm istésdard version) which are combined
in one focused beam [82, 87]. The light is releagedhe measurement location and
directed through the particle collective by theicpbf the emitter part of the sensor head.
On the other side of the measurement volume, teawsdted light beam is collected and
directed to a photo-detector which is in the recg\part of the sensor head. The spectral
attenuation of the three wavelengths is capturedth®y detector. Despite the time
consuming calculation of the extinction coeffice@ty: in Eq. 23 and 24 over the whole
diameter spectrum by the Mie theory, a fast alparitvas developed to allow the on-line
monitor display of the measurement data. Two pamrse'measured diameter" and
"volume concentrationCy" are displayed in operator's selected time intsrv@he
internal data acquisition rate is in the kHz ranee final displayed data points represent
the average data values over the selected ondHimeintervals, e.g. at a speed of 1 Hz.
These data are additionally saved for later detglest analysis and documentation.

For suspended patrticles, two optical cuvettes oloptical path length are used with
different volume capacities: 2 ml and 10 for complete sample and fraction

measurements respectively.
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Results and discussion

1. OMT-PCS-SEM comparative analysis of latex anddeoxparticles
(Manuscript I)

The performance of OMT is evaluated in size charation of suspended
particle systems of different complexity in comgan to other known techniques like
photon correlation spectroscopy (PCS) based ordiffigsion coefficient measurement
[98-100] and scanning electron microscopy (SEM)saered as a direct technique that
provides images of particles from which the sizéndividual particles can be measured.
Two types of particulate species with increasingnplexity were selected: spherical latex
particles having a narrow size distribution anddexparticles known for their broad
distribution and shape irregularities. All partElgvere suspended in doubly distilled
water containing 0.1% Sodium Dodecyl Sulfate (SDSgd as dispersing agent. 0.005%
(w/w) of ZrO, and TiQ colloidal suspensions were prepared. The latekcies were
diluted approximately 200 times. The latex averpaeicle sizes were only given by the
provider and the resulting sizes obtained by OMd@ B&S showed good agreement with
the provider’s size values. Both techniques areirate in size determination of narrow
distributed particulate samples with well defingdherical shapes. The average sizes of
both oxide particles obtained by OMT correlated alell with the ones given by PCS.
However, some discrepancies were found with SEMiItieg sizes which were higher
than the ones obtained by OMT and PCS. This latiéaconclusion that the increase in
mean size by image analysis was most probably dalse the drying process.
Morphological tools of the SEM image analysis cobklless reliable when applied to
samples having broad distributions and irregulapsks as observed for oxide particles in
Figure 19. Therefore, the OMT and PCS size measmtsmare considered to be more
accurate in the characterization of oxide colloidamples. The reader is referred to

Manuscript Ifurther in this report for a complete descriptafrthis study.
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Figure 19. Electron microscopy profiles of T&QA) and ZrQ particles (B). Associated photo black lines

used to calibrate each slide correspond to 2 um.

2. SAFFF-OMT-SEM analysis of oxide particles (Mamiys II)

The topic ofManuscript Ilis the off-line hyphenation of SAFFF with OMT bt
on oxide particles. By hyphenating SAdFFF with OMTis possible to determine the
mean particle sizes of time dependent eluted trasti For this purpose, two types of
oxide particles were selected: zirconium (2r@nd titanium (TiQ) oxides. 0.5% (w/w)
colloidal suspensions were prepared in the caliqerd composed of a doubly distilled
and deonized water containing 0.1% (w/w) SDS (aioran surfactant). High sample
volumes (100 uL) were injected with medium suspmansioncentrations (0.5%) in order
to generate a signal-to-noise ratio as large asilplescompatible with accurate peak
profile characteristics measurements and to proeideugh amounts of particles for
accurate electron microscopy (EM) size analysishauit affecting the separation
mechanism [101] due to intensive particle-partiatel particle-wall interactions. Stop
flow injections of the crude samples followed byperential field gradients led to
characteristic unimodal profiles. Figure 20 shows TiO2 separation profile obtained
after an exponential field decay. The time, neeftedthe particles to attend their
equilibrium position in the thickness of the chanmalled stop flow or relaxation time,

was set to 15 min. The particles were injectedhm ¢hannel at 0.2 ml/min flow rate.
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During this period, the sedimentation field wasetixto a constant valu&,=17.1g
(332.94 rpm) and then decreased exponentially aifitedecay time of 2.5 min until it
reached a final field strength of 2¢6L28.46 rpm). After reaching 2.§6the field was
kept constant till a baseline was reached. Thaoslutow rate was 1.5 ml/min. The

separation time was 39 min.
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Figure 20. SAFFF fractogram of TiQusing UV/VIS detection. Exponential field decagaired on-line

during elution. Elution times of the 5 (6 min) aaited fractions.

The other ZrQ elution profile is presented iManuscript Il From the elution profiles,
five fractions of identical volume (9ml) and colten time (6 min) were collected from
each fractogram at different elution times. Fradiovere then submitted to size analysis
by SEM and OMT. SEM is used as a comparative teclenio assess the accuracy of the
size measurements and confirm the FFF selectiveratpn of oxide particles. The mean
sizes were also determined using FFF equations9[@lassuming a known and constant
particle density. The size values obtained by SJEMAT and SEM were in reasonable
agreement showing that a size dependant sepamtmnred according to the normal
elution mode assuming a constant density over th@ewvparticle population. The sizes
obtained by OMT and SEM slightly exceeded the aradsulated by FFF equations. The
cause of this increase cannot be clearly justifiedause it is not only related to particle

aggregation caused by the fraction sampling praesd(drying process for SEM and
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concentration for OMT) applied before each measergnut alsato different sizing

approaches.

3. SdFFF-OMT-SMPS analysis of automobile soot pladi (Manuscript IlI)

Particulate emissions generated by combustion aasecserious health problems
by penetrating and delivering coated chemicals imntman respiratory systems [55, 56].
Diesel engines are considered to be the major safrparticulate emission. There are
two types of diesel engines: light duty (LD) 4 ogler engines used for passengers cars
and heavy duty (HD) engines used in buses, truoisstruction equipments etc. The
particulate matter (PM) in automobile exhaust isstiyofine carbonaceous particles
(soot) that are coated with a mixture of variougidochemicals such as polycyclic
aromatic hydrocarbons (PAH). Soot particles havegular shapes (usually in chain
forms) formed by aggregation of several primaryespgal particles [57]. The potential of
SdFFF for size analysis of diesel soot particlesdieeady been shown [102-104].
The PM emitted from a light duty (LD) Volkswagen\W¥) diesel engine running at
different engine speed and torque levels, is aedlyfor mean size determination by
programmed SdFFF and OMT. Results from both SdrEF@MT are compared with
those obtained from an online-scanning mobilitytipker sizer (SMPS). A study on soot
sampling procedure for FFF and OMT analysis revkaleonsiderable influence of the
surfactant concentration and the sonication amouarthe mean size. An increase in the
surfactant concentration from 0.01 to 0.1% (w/wguteed in a decrease in the retention
time and the mean patrticle size. An increase irstimecation from 10 to 110 min resulted
in a more significant decrease in the retentioretimd the mean particle. After these
findings, all collected samples were prepared bybto distilled and deionized water
containing 0.1% (w/w) SDS as a surfactant and thene sonicated for 90 minutes before
SdFFF analysis. In this way, a good estimationhaf particle size is assured to be
obtained by FFF sizing equations and OMT. Fractfom® soot fractograms in Figure 21
were collected at the peak maximum and they wdrengted for OMT size analysis. The
mean diameters obtained were used for the densitylation needed for the mean size

determination by FFF equations.
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Figure 21. SAFFF elution profiles of collected soot sampldsti& conditions: initial field strength, 660
(1972 rpm); final field strength, 29.§@439 rpm); predecay time, 5 min; stop flow time,riB; flow rate,

1.2 ml/min; sonication time, 90 min. Fractions ected at peak maximum for OMT size measurements.

An average density value of 1.73 gfci®m obtained and applied for size determination of
soot samples by FFF equations. For OMT and SdHké-size variation at different
engine points is found to be more related to th@tian in the collected PM amount that
influenced the mean size due to the variable parttoncentration in suspension.
Therefore, the size variation obtained by SdFFF @MIT cannot be descriptive of the
real size variation at different engine points luseaof the sample preparation procedure.
A better estimation of this variation is given hy-kine techniques like SMPS. For SMPS,
the mean particle size seems to increase with enreasing torque at a constant engine
speed. SMPS shows also a decrease in the meanitiz&n increasing engine speed at a
constant torque level. A comparative diagram (Feg2?) shows the mean particle sizes
obtained by the three techniques. A complete detsmni of this study is available in
Manuscript lllincluded further in the report.
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4. Fast hyperlayer SAFFF separation (Manuscript IV)

The topic of Manuscript IV is to describe an advanced concept for SAFFF
hyperlayer separation of micron sized species hygushannels of reduced thickness
which aims are to reduce the channel void volumiation factor, as well as elution time
and mobile phase consumption. Therefore, sevesttuimental modifications on the
classical field flow fractionation instrumentatiand working conditions were performed.
The modifications are: (i) the sample is introdudedthe FFF separation system by
means of a chromatographic injection loop when loghflow and the external field are
established; (ii) in contrast with the commerciayailable instrumental set up used in
SdFFF, the FFF channel inlet tube is connecteiéaatcumulation wall of the channel,
(iif) channels of reduced thickness are used taeod the effect of the lifting forces as
well as to reduce the elution time and volume. €hesdifications brought to the SAFFF
system were investigated on standard latex micrantiges. These spheres are

considered to be monodisperse due to their low A&lMelutions were performed on the
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flow mode i.e. the sample was introduced in the Bitem once the field and flow are
established. Therefore, the separation processy&rgsanalogous to the ones performed
in chromatography, simplifying considerably the i@teg conditions. This was made
possible by means of a low volume tubing and mdstlyause the inlet tubing emerged in
the channel via the accumulation wall. In this wotke methodology for channel
installation is described on a 80 um thick chanAgfirst, it must be properly sealed into
the centrifuge basket to avoid leakage. A goodirsgats performed when the elution
volume corresponds to the geometrical channel voldme and the elution peak has to
have a monomodal gaussian like profile. After sepla channel surface pretreatment is
done by the use of FL70, a known surfactant faxdteads dispersion. It is composed of
a mixture of ionic and non ionic surfactants. Itswaund that polystyrene channel walls
need to be conditioned by the carrier containirggdiwrfactant before any sample elution.
Results showed that after 72 Hours of channel ¢mming, a considerable shift was
obtained in the retention ratio of the 7 um lateads elution profiles. Such phenomena
can be interpreted by possible surfactant/wallragtons that lead to a shift in the
retention time. A remarkable reproducibility (Figu23) in terms of retention and peak
profiles characteristics was also observed. Howeber peak intensities were relatively
different and furthermore, a peak release is oleskat the end of the elution sequence
due to the external field stop that released remgirtrapped particles on the
accumulation wall. Each elution was performed issléghan 4 minutes. One of the
characteristics of the hyperlayer elution modehes tetention dependence on the field
intensity, and flow rate. Besides, It was provedt tthannel wall properties and carrier
liquid composition influenced the retention wheentical field intensity, flow rate and
surfactant concentration were used.

To test the separation potential of channels wethuced void volumes, several particle
mixtures were prepared. Fractograms obtained demaded the capacity of such
channels in particle separation at specific fiehdl dlow conditions. For all elutions, a
common separation procedure was applied. It cawsisf two steps, the first one
emphasizes the determination of an appropriateredtéeld intensity while the second
step is linked to an optimal flow rate. Figure 2¥ws the potential of both 100 and 80

pm thick channels in a size dependent separatioa wifixture of 5 and 7 pm latex
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particles having different size polydispersitiesadtograms were obtained with almost
analogous retention ratios but with different fiétalv elution conditions. It is observed
that latex beads resolution is maximized with thiarter channel because of the lower
dilution factor that gave a more intense signatl ameduced elution volume. Such results
clearly sign the fact, that if particle populatiomdly different in size are to be separated
according to their size, the thinner channel gdesrtne higher selectivity.
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Conclusion and perspectives

The performance of our SAFFF system has been igaési on different
particulate species. From the investigations it hmeen demonstrated that such
biocompatible [22, 24, 25, 34, 37, 38] system idl weaited to be used in different
applications either for the analysis of colloidstloe separation of micron sized species.
The fractograms demonstrated that this system eebathigh performance level and it is
at least equivalent to other laboratory or comnai$dFFF devices.

OMT has been introduced in this report as a tecliépr size measurement of
suspended particles. Its applicability was firstestigated on suspended particles of
different complexity such as latex and oxide coldoilts accuracy has been demonstrated
when compared to other known techniques like PGS 3aM. After this introductive
study on OMT, the off-line hyphenation with SdFFBRsiestablished. Its utility was to be
evaluated in size analysis of fractions collectexnf exponentially programmed SdFFF
separation of oxide colloids. The collected fractiavere also analyzed by SEM, known
to be an effective sizing technique for collecteacfions with reduced polydispersity
[23]. The mean patrticle sizes of fractions were aalculated by FFF related equations
[21, 90] assuming a known and constant particlesitierA good agreement was obtained
in the end confirming the FFF size dependant séparaccording to the normal elution
mode. For size analysis of soot particles, the Bgption served as an indirect technique
for the calculation of the particle density by detming the mean particle size of
collected fractions at peak maximum. Size valuemiobd by SdFFF and OMT were
compared to those measured by SMPS. The discregsaiciresults are related to the
measuring modes: SMPS is an on-line measurememitpee while SAFFF and OMT
are off-line techniques that require sample preapardefore the analysis.

At the end, an advanced concept for SAFFF hypearkgmaration of micron sized species
has been described. It aims to reduce the chammholume, dilution factor, as well as
elution time and mobile phase consumption. For phigpose, several modifications were
made on the classical FFF instrumentation suchtasdiucing the sample directly on the
accumulation wall when both flow and field are eithed. The reduction of the channel

thickness enhances the effect of the lifting foraed lowers the elution time and volume.
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The SdFFF separation of colloids requires long i@uttimes even with field
programming operations and the size determinagqguires the density of particles to be
known. However, for the separation of micron sispecies, the elution is much more
faster when both field and flow are established.g8bd hypothesis is yet developed to
determine the particle size in the hyperlayer elutmode. The retention ratio is only
partially explained by the steric-hyperlayer elatioypotheses and depends on the size,
density, rigidity and shape of the particle. So, fdwe significance of each of these
parameters can only be described in a qualitatase W1, 44, 47, 48].

The main advantages of OMT in the analysis of sudge particles are its fast and easy
operation where no pre measurement calibrationeeded to verify the accuracy of
obtained results. The probable disadvantage oftdlcisnique is that potential users may
have difficulties to present and understand theplay®d data in particular when
compared to PCS or others where the particle sstgliition is given. OMT generates
the average size over the entire population angladis the time resolved size and
volume concentration profiles. Furthermore, thishtéque was so far mostly used for
particle sizing in aerosols where the designer ghothat the display of size versus time
is more informative for on-line measurements oftipler cloud emissions to detect size
variations when experimental parameters [83, 84 hamdified during operation.

After its first introduction by Giddings, SdFFFowed its great performance in the
separation and characterization of different typesolloids [23, 26] and micron sized
species [37, 38]. Despite its broad applicabilihd ehigh separating effectiveness, the
usage of SAFFF was limited due to some instrumentgroblems that were found on
the commercial system. Another obstacle that slaved=FF development is the absence
of a general established theory concerning theogluhodes due to various factors like
the particle shape and fluid dynamics. Even ifgbdimentation field is the most uniform
and easiest to control among other external fiefgfdied, it still lacks an application area
of its own because of the absence of a commergiikeis specially dedicated to an
application domain. The more established and wpgleas separation techniques are
continued to be used even in applications wheré=Edfas proved to be at least suitable
or even more suitable. However, The efforts andotivenising results obtained by Cardot

et al. [22-25, 34, 37], in combination with a marger-friendly SAdFFF instrumentation,
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can change this situation and put SAFFF in a futorapetitive position with the other
known separation techniques. New SdFFF systemeuarently under development and
they will be adapted according to specific applaatdomains like cell and colloidal
separations. What is new about this system isoits oowl and rotation seals designs.
The rotor bowl can be easily mounted and dismouwidtbut removing other joint parts
like bearings or mechanical links. The rotatinglseae newly designed to support high
rotation speeds and flow rates. The problems rklébeleakage are solved and the
applicability is expected to be broadened in thgasgtion of smaller or lighter particles
in the colloidal range by generating high rotatgpeeds. Concerning the coupling of
OMT to SdFFF, the promising results are motivatawgn if the concept is still at its
early state. The on-line hyphenation is currenthgler development as it seems much
more interesting where the SAdFFF system can betlyirknked to the OMT unit and
thus, the peak signal can be directly converted timme resolved size distribution profile
according the three wavelengths approach. The piastacle that is preventing the on-
line hyphenation is the high dilution factor in ttehannel volume that reduces
considerably the signal to noise ratio. This probles being solved by studying the
increase of the signal with an increasing optiahgength according to Bouguer’s law

previously mentioned.
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Abstract

Optical multiwavelength technique (OMT) is a newigtroduced particle
measurement method developed for suspensions amsblebased on the Mie theory. It
delivers in on-line/in-line mode the particle meare and volume concentration over an
entire particle population. Measurements were peréad using suspensions of narrow
polystyrene latex beads and polydisperse partieutadtter such as oxide particles to
show the accuracy of OMT in terms of size detertmma Comparative measurements
were performed by Coulter Sub-micron Particle Sig&8PS) that derives the particle
size from particle diffusion coefficient measurertselny photon correlation spectroscopy
(PCS). The data displayed by both techniques ierdifit: OMT unit determines time
resolved profiles of particle size and volume cotiaion while CSPS provides the
particle scattering intensity versus the size. Agerparticle sizes obtained by OMT and
CSPS are in good agreement with size values giyethd provider concerning latex
particles. Certain discrepancies are observed wimmpared to scanning electron
microscopy (SEM) for oxide particles. This is dweliroad sample distributions and
shape irregularities that affect negatively theuaacy in size determination by image

analysis.

Keywords Colloids; field flow fractionation; latex partes$; optical multiwvavelength
technique; photon correlation spectroscopy; scanretectron microscopy; titanium

oxide; zirconium oxide.
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Abstract

Optical multiwavelength technique (OMT) is a newigtroduced particle
measurement method developed for suspensions emgblebased on the Mie Theory. It
delivers in on-line/in-line mode the particle meare and volume concentration over an
entire particle population. Sedimentation Field W l&ractionation (SdFFF) using the
centrifugal force to operate, gained considerabkrass in the separation of particulate
samples of colloidal size. The separation in FFEuox according to size of particles for
samples of uniform densities. The off-line hypheratof SdFFF with OMT is
established in this report for the characterizat@intitanium and zirconium oxide
colloids. Time dependant eluted fractions are ctdig and submitted to OMT for size
analysis. Results obtained by SdFFF and OMT are toenpared to the particle size
values of fractions determined by electron micrggc(EM). The accuracy of the size

measurements is confirmed because of a good mgalgreement.

Keywords Colloids; field flow fractionation; optical muiltiavelength technique;

scanning electron microscopy; titanium oxide; znicon oxide.
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Abstract

Soot particles emitted from a light duty (LD) VWedel engine running at
different engine operating points (engine speedtangue) are analyzed for mean size
determination using two off-line techniques: seditagion field flow fractionation
(SdFFF) and optical mutiwavelength technique (OM®&),newly introduced sizing
technique for particles in suspension derived framlong path multi-wavelength
extinction technique (LPME) used for size deterrtioraof particles in aerosols. Soot
samples are prepared for FFF analysis. Optimizeditions for surfactant concentration
and sonication time are applied as they revealett #ffect on the mean particle size.
The mean diameters determined by SdFFF show sitndads with those obtained from
OMT. Data from SdFFF and OMT are also compared thitise from an online-scanning
mobility particle sizer (SMPS). The amount of pautate matter (PM) emitted is higher
at low torque than that at high torque. The engiperating points (engine speed and
torque) seem to affect differently the mean paetaizes measured by SMPS and SdFFF-
OMT. The discrepancies between these techniquesnarely related to the required
sample preparation procedure employed for SAFFFOMMd@ measurements. SMPS is an

on-line technique that directly measures the siz®ot particles.

Keywords Field flow fractionation; online-scanning mobylitparticle sizer, optical

multiwavelength technique, soot particles.
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Abstract

Sedimentation field flow fractionation (SdFFF) cha used for micron sized
separation using channels of reduced thicknesshwdiras are to reduce the channel void
volume, dilution factor, as well as elution timedamobile phase consumption. These
goals are of major interest for SAFFF systems us#ith have to be qualified using
reference materials like controlled latex particléee major price to be paid is mainly
instrumental, that is to set up a parallelepipednclel and to reduce dramatically
connecting tubing volumes, as well as to modifyirtipmsition in the separator. It is
demonstrated that micron sized latex particleslmseparated in few minutes and they
are eluted according to the qualitatively known fidglayer elution mode”. Once the
instrumentation is set, the separation scheme dpwent uses two steps, the first one
emphasizes the determination of an appropriateefeat field intensity” while the
second step is linked to an optimal flow rate. Hea&vedepending on the composition of
the mobile phase (surfactant type), the elutiorradtaristics are modified as well as the
recovery. The fractograms demonstrated that sumtobipatible designed SAdFFF system
is at least equivalent to other laboratory or comumaé SAFFF devices. In terms of
sample injection procedure, the innovative use rdéti tubing linked to the FFF

accumulation wall allows to avoid any primary redign step.

Keywords Sedimentation field flow fractionation; latex peles; size polydispersity;

tween.
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Abstract

If samples to be fractionated are very polydispeaskigh external field strength
must be applied in order to separate the leashestgarticles. As a result, well-retained
species leave the separation channel after an sxebslong period. This problem is
solved by gradually decreasing the field strendtcéing the retained solute. In case of
sedimentation field flow fractionation SdFFF, a @®t reason for applying field
programming is to improve the detectability of theger components. Normally, the field
decays according to some mathematical functioniodarfunctions have been used for
FFF subtechniques such as linear, exponentialbpbcaand power programmed decays.
For each field decay, parameters like the initi@ldf strength, relaxation time (the time
during which the flow is stopped for letting therfpdes attend their equilibrium position
in the thickness of the channel) and predecay tmest be set depending on some
particle characteristics like size and densityasecof SAFFF. Among all field decays, the
exponential one is selected in this project worke Tprogrammed sequences are
developed to provide the best possible approximatising a programmable logic
controller (PLC).
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Annex Il

Data acquisition system for sedimentation field flav fractionation

developed by LabVIEW® graphical programming language

César Ansgar de Juan Estehalames R. Kassab

1-Fachhochschule Offenburg, University of Appliediedces, Badstr. 24, D-77652
Offenburg

2-Laboratoire de Chimie Analytiqgue et de BromataodJniversité de Limoges Faculté
de Pharmacie, 2 Rue du Dr. Marcland, F-87025 Limoge

Abstract

A data acquisition system was developed for detecind integration of elution
signals generated by the SAFFF system by meanatfIEW® graphical programming
language. It is built in a user friendly way andideed to fulfill the requirements of FFF
due to its multiple features. It can be easily @uried to run with all types of UV/Vis
detectors. A main window leads the user to othdr windows presenting different
system functions. It is also an open system whasgepossible to load data from external
files (acquired by other data acquisition systemgh ASCIl characters in order to
integrate the signals. Baseline corrections withkpgmoothing techniques and several
parameter calculations can be executed such asgpatistical moments, exponentially
modified Gaussian (EMG) constant, B/A ratio and ynathers. Help functions for each
parameter, containing short definitions, are alalable. The desired parameters results
are saved under TXT files that contain all caledatalues with peak data and they can
be easily converted to excel. The system is adaptéde user needs as it can be saved
under newer LabVIEW versions and more featuresbeaadded.
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