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Abstract

Flow-field flow fractionation (FIFFF) coupled to multi-angle laser light scattering (MALLS) was evaluated for size and shape determination of
standard spherical and arbitrarily shaped natural colloids. Different fitting methods for light scattering data retrieved from MALLS werd evaluate
to determine the particle size of spherical standards and natural colloids. In addition, FIFFF was optimized for best fractionation in connectior
to MALLS, minimal colloids-membrane interaction, and minimal sample losses. FIFFF, calibrated with standard particles, was used to determine
hydrodynamic diameter, or radiuB{ or Ry,), of the fractionated colloids, whereas the MALLS was used to determine root mean square radius of
gyration ;) for fractionated colloids. Combining both results, by calculatingRp&, ratio, allows an estimation of colloid deviation from the
shape of homogeneous sphere. Accordingly, this study demonstrates that, FIFFF-MALLS is a valuable technique for characterizing heterogeneo
and arbitrarily shaped natural colloidal particles in terms of size and shape. To check the usefulness of FIFFF-MALLS in natural colloid studies,
the technique was used to investigate the sedimentation behavior of extracted soil colloidal particles. Results illustrate that, in a giliy, till sam
carbonates function as cement between the colloidal particles, and consequently, change their sedimentation behavior. On the other hand, carbor
dissolution generates a more homogeneous colloidal sample.
© 2005 Published by Elsevier B.V.
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1. Introduction ical, platelet, rod, etc.). Understanding the role of colloids in
the environment is limited by the lack of efficient methods to
Colloids play an important role in the aquatic environmentfractionate and characterize thg@i. FIFFF is a prominent
such as contaminant adsorption, transport and sedimentatidachnique for colloid fractionatiofit0—18] For further anal-
[1-6]. Colloid size and shape are the dominant parameters thasis of the fractionated colloids, FIFFF has been coupled to
control their mobility and interaction with other environmental several detectors such as UV-vis, MALI8L], graphite fur-
chemical specig§—8]. This is because such interactions dependhace atomic absorption spectroscopy (GFAHNS), inductively
on the colloidal surface area, and consequently, on their size armbupled plasma-mass spectroscopy (ICP-M3)-16] electro-
shape. thermal atomic absorption spectroscopy (ETAAE)] or scan-
To better understand the role of colloids in the environmentning electron microscopy (SEM18]. These techniques allow
it is necessary to thoroughly characterize their size, size disdetermining: colloid size distribution, shape, chemical compo-
tribution, and shape. Natural colloidal systems normally showsition, and interaction with contaminarjf].
broad size distributions (1-1000 nm) and diverse shapes (spher- FIFFF is a separation technique based on hydrodynamic prin-
ciples in which particles are separated due to their interaction
—_— with the cross-flow-field force (friction coefficient) and their
N gorresnond!ng author. Tel.: +33 540008798, fax: +33 556807138, translational diffusion. Within a thin channel, a parabolic flow
orresponding author. e .
E-mail addresses: mbalousha@yahoo.co.uk, profile is generated by the carrier flow. The cross-flow operates
m.baalousha@cdga.u-bordeauxl.fr (M. Baalousha). perpendicular to the carrier flow and drives the particles to the
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bottom of the channel (the accumulation wall, which is in gen-measuring the colloidal size independently of the FIFFF frac-
eral an ultrafiltration membrane). The translational diffusion oftionation. FIFFF-MALLS is a method of choice for the accurate
the particles causes them to migrate back into the channel agairdgtermination of colloidal size and size distribution as it over-
the applied cross-flow. At equilibrium, the two motions are bal-comes the problems arising in either of them separately. FIFFF
anced. The smaller, highly diffusive, particles form clouds whichallows colloids size fractionation arit}, determination. More-
stretch, further into the channel than the larger low-diffusive parover, it provides colloid pre-fractionation. Therefore, MALLS is
ticles do. Due to the parabolic flow profile of the carrier flow, performed on fractions with lower heterogeneity/polydispersity
smaller particles experience higher flow rates (on the averagéhan the bulk sample. Thus, MALLS provides an evaluation of
than larger ones. In this normal fractionation mode, the partithe FIFFF fractionation. It allows the determination of particle
cle retention is a function of its apparent diffusion coefficient.root mean square radius of gyratiaky) by measuring the net
Hence, the particle retention volume can be related to its diffuintensity of light scattered by such particles at a range of fixed
sion coefficient, and consequently, to its hydrodynamic diametesingles. The particl®y is determined by the mass distribution
(Dn) or radius Ry) using the Stoke’s equation. The conversionwithin the particle. The single mass increments are weighted by
of the retention volume to hydrodynamic radius can be accomthe square of the radius distance from the center of mass. Conse-
plished either by calculating channel parameters and applyinguently, two particles with same hydrodynamic radigg)( but
FIFFF theory[20-22] or by calibrating with standard spherical with differentRg values, may have a different mass distribution,
particles of known size. In analyzing a non-spherical particleand most likely, different shapes. Combining the two sizing tech-
the observe®y;, is approximated as a radius of a sphere havingniques viaky/Ry, ratios, particle shapes may be determif.
similar hydrodynamic behavior in terms of diffusion and fric-  The main goal of this work is to demonstrate the applica-
tion. FIFFF theory rigors are described elsewhidi@ 18—22]  bility and benefits of FIFFF-MALLS in natural colloid analy-
and need not be concerned here. ses. Firstly, different fitting methods, to calculate fgefrom

It is common to use UV-vis detector signals, following light scattering response, are evaluated for spherical latex beads
FIFFF, to study particle mass distributidd®,12,19] However,  and natural particles. The FIFFF-MALLS is then used to opti-
in solid particles, light attenuation is affected by light scattering.mize FIFFF cross flow for best separation and minimal sample
Therefore, light attenuation is influenced by parameters othdpbsses. Secondly, it is intended to elucidate the application of
than particle mass concentration such as: size, shape, comgbe FIFFF-MALLS coupling to assess and minimize fraction-
sition, and refractive index. UV—vis is non-quantitative whenation and size determination artifacts. Finally, it is intended to
applied to polydispersed spherical particles (latex beads) withapply the methodology in characterizing colloidal soil extracts
out correction for light scattering effeci3]. However, when (particle size and shape) and to explain the role of carbonates on
UV-vis is applied to heterogeneous natural particles, there af@rmation of colloidal dispersion and sedimentation processes.
strong indications that the UV—vis is a good approximation of
particles mass concentrati¢h?]. In this study, a fluorescence 2. Methods and materials
detector (FLD) was used as a®di@ht scattering detector by set-
ting the excitation wavelength equal to the emission wavelength. The FIFFF system used is a F1000 model Universal Frac-
This principle, the so-calledephelometric turbidity detection,is  tionator (Fractionation, Salt Lake City, USA, now Postnova
stipulated by US-EPA for the determination of turbidity in water Analytics Europe, Landsberg, Germany). The channel dimen-
samples since it is much less affected by the true light absortsions are 29cm in length, 2.5cm in width and 264 in
ing substancef24]. Signals obtained by FLD are comparable thickness. A 10kD regenerated cellulose membrane (Postnova
to those obtained by UV-vis without any interference by lightAnalytics Europe, Landsberg, Germany) was used as the accu-
absorption from organic material, e.g. humic substances. Theaulation wall. ‘Milli-Q’ water (Millipore, Bedford, UK) with
same considerations for UV-vis detection should be applied.025% sodium dodecylsulfonate, and 0.02% hlailN com-
Further, multi-angle laser light scattering (MALLS) was used toposition, was used as a carrier solution. The cross flow was
determine colloidal size. It allows the determination of particlemaintained with a Pharmacia P500 double piston pump and the
root mean square radius of gyratiaRy} by measuring the net carrier solution was delivered by a Hewlett-Packard HP1100
intensity of light scattered by such particles at a range of fixedsocratic HPLC pump. The FIFFF separation conditions were: 1
angles. The particl®&g is determined by the mass distribution and 1.5ml mirm® channel flow and 0.3, 0.5 and 0.75 ml min
within the particle. The single mass increments are weighted bgross flow. Concentration measurements were performed with
the square of the radius distance from the center of mass. Consa HP1100 Hewlett Packed Fluorescence Detector (FLD). The
quently, two particles with same hydrodynamic radiRg)(but  detector was operated at 320 nm excitation and emission wave-
with differentRg values, may have a different mass distribution,lengths and used as concentration detector in a scattering mode
and thus, different shapes. Combining the two sizing technique@ephelometric turbidity detectiofi25].
via Rg/Rn, ratios, particle shapes may be determined. The DAWN EOS (Wyatt Technology Corp., Santa Barbara,

Interferences inside the FIFFF channel during the fractionCA, USA) was directly coupled to FIFFF after FLD detection.
ation process such as: overload effects, steric elution mod&he net scattered light intensity (Rayleigh ratk), was mea-
particle—wall interactions, and shape selective retention, are fresured simultaneously at 15 different scattering angkesm 15
guently observed with natural samples, resulting in non-idealo 160. Detectors 1 and 2 (<2pwere not usable with ague-
elution behavior. More accurate results may be obtained bgus carrier in flow cell and detector 12 (XQ@vas occupied by
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a light fiber for dynamic light scattering measurements. FIFFF FIFFF-Multi detection system
was coupled to different detectors (MALLS and FLD) as shown
in Fig. 1 _ )
The ASTRA 4.73 software was used to collect signals from | Carrier solution MALLS
the FLD and MALLS detectors from which tiRg and its distri- reservolt
bution can be calculated. Nanospherical polystyrene polymer |
standard particles (Duke Scientific, Palo Alto, CA) of sizes Pump
50+ 2nm, 73+ 2.6 nm, 102 3nm, 150+ 4 nm, 220+ 6 nm,
343+ 9 nm, 494+ 4 nm hydrodynamic diameters were used for
the FIFFF calibration. The standards were supplied as disper-
sion at a concentration of 10 g/l. Stabilized colloidal extracts,
from a natural aquifer containing inorganic colloids (<500 nm
in diameter at a concentration of 122 mg), were used as nat- e ———
ural samples to investigate the effect of cross flow on particle
fractionation by FIFFF.
Undisturbed soil cores were drilled close to thiéenberg Fig. 1. Schematic diagram for the FIFFF-multi detection system (FFF-UV—
landfill, Mecklenburg-Western Pomerania, Northern Germany. DAD-LD-MALLS).
Soil colloids were extracted from a silty till type soil obtained
at depths of 15m. The extraction procedure is summarized in
Fig. 2 Two samples, with different chemical treatments, were

PC 3D-Fluorescence

Soil ]
Dry sieving < 125 um ]
Wet sieving < 32 pm ]
K Washing / modification / Washing / modification \
Sample n°1 Sample n°2

1 mol L™ for 24h

1 L
1 mol L acetic acid for 24h NaCl solution

carbonate removal at ph 4
Homoionic exchange (NaCl)

C) Homoionic exchange (NaCl)

2 * MQ water (24h each) 2 * MQ water (24h each)
Separation at 3250g Separation at 3250g
for 60 min. after each step for 60 min. after each step
\/

5 times repeated extraction in 1 L MQ water at solid/liquid ratio of 1/10 in sonication
(bath) 15 min. 800 mL supernatant collected after 2 h of settling. Supernatants
combined to 4 L in settling tank.

¥

‘ Settling (2 months)

'

—/

[ Supernatant ]
!
| FIFFF-AALLS |

Fig. 2. A schematic procedure for soil extraction.
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Table 1

Elemental composition (in mgt) for different layers, for each sample, in each sedimentation tank

Sample Layer number Al Si Fe Mn Ca Mg Na K

Sample 1 1 41.6 110 45.3 0.24 6.71 8.71 42.7 115
2 69.5 174 73.6 0.4 9.5 14 42.6 20.1
3 99 249 105 0.63 13.3 21 443 33.1

Sample 2 1 24.8 64.5 27.5 0.22 7.56 4.95 30 7.67
2 46.7 117 51.6 0.44 111 9.41 31.2 14.7
3 74.5 188 81.2 0.79 17.8 16.8 34.2 27.2

then prepared (sample nos. 1 and 2). Sample 1 was washed fisgiattering intensities as a function of scattering angi@)(
with a (1.0 M) acetic acid/acetate buffer at pH 4 for 24 h, subseversus siA(6/2)) at angle 0 [11,26-28] Rigors of calcula-
quently adjusting pH to 4 by adding hydrochloric acid (6.0 M) tion procedures and relevant equations are described elsewhere
to dissolve the carbonate from the sample. The sample was th¢hl,26—-28] The most critical point irRy determination is the
washed with NaCl (1.0 M) for 24 h, for homoionic exchange.correct extrapolation of net light scattering intensities as a func-
Sample 2 was directly washed with NaCl (1.0 M) for 24 h for tion of scattering angleR(#) versus siA(6)/2) to angle ©.
homoionic exchange without prior treatment with acetic acid.Several fitting methods can be used to extrapolate the deter-
Both samples were then centrifuged at 3250 G for 60 min. Thenined R(6) to zero angle; among which are the Debye first,
resuspended samples were left in 41 polycarbonate bottles fahird and fifth order method and the Zimm method. The Zimm
2 months to settle. Three optically different layers were idenfitting function is based on extrapolation of the invers&@f) to
tified in each sedimentation bottle after 2 months. An aliquotangle 0, while Debye fitting method offers the possibility to use
(20 ml) was taken from the middle of each layer by a syringedifferent polynomial fits (first, third and fifth degree). Details of
equipped with a 25 cm long needle. Layer depths (from top ofthese methods are described elsewli28¢26].
the bottle) were as follows: for sample no. 1: layer 1 at 9.5cm,
layer 2 at 13.5 and layer 3 at 20 cm; and for sample no. 2:layes.2. 1. Spherical particles
1 at10cm, layer 2 at 15cm, and layer 3 at 20 cm. Sample ele- A mixture of seven nanospherical polymer standards, with
mental analysis was conducted on a Perkin-Elmer ELAN 600@ifferent sizes in the rang®n, = 50-494 nm, was used to inves-
ICP-MS analyzer. Dionex ion-chromatography was conductegigate the light scattering variations with particle size and the
on the 0.4%um filtration for major anions. Results are presentedgifferent fitting methods to retriev, from MALLS for standard
in Table 1 Chemical analysis shows that the composition, ofspherical particles. Different particle concentrations were used,
the three layers in the two samples, is the same with Al/Si ratiqdamely: 200 mgt! (50 nm), 100 mgt! (73 nm), 100 mgt?
between 0.38 and 0.40, Fe/Si ratio between 0.41 and 0.43 ando2 nm), 80 mgt! (150 nm), 60 mgt! (220 nm), 40 mgt!
negligible Mnrelative to Fe, Aland Si. Therefore, other than cal<(343 nm) and 20 mgf! (494 nm). The FIFFF fractogram for a
cium carbonate concentration in the source material, the sampihannel flow of 1.5 mI mint and a cross flow of 0.75 ml mirt
compositions were not significantly affected by the treatments presented irFig. 3. A discrete peak appears for each stan-
procedure. dard, although the two lowest standards (50 and 73 nm) elute
without sufficient resolutiorfzig. 3also shows that small colloid
3. Results and discussion

24 o 240
3.1. FIFFF calibration 21 32° LS~ 210
C} ™ g
Calibration experiments were conducted to correlate thed '8 e lso"':’
hydrodynamical radius to the elution time of the FIFFF. Calibra- § L5 oL l i
tion was performed under several FIFFF operating conditions £ 8121 P 120 &
(cross flow=0.3, 0.5 and 0.75 mImif) using polymer stan- -5 09 | 147Ls h.,. 90
dards. The standards were injected individually to the FIFFF § - \’ -y
channel and the corresponding retention volufpewas deter- g rall “ &
mined by subtracting the channel void volume from the peak | ,‘L’-a , f ‘\ A 4
elution volume of particle-size standard. Then, the relationship 00 *= A S 0
0 20 40 60 80 100

between particle hydrodynamic radius and FlkeEion volume

can be fitted by a linear function. Elutivn Volame (ml)

Fig. 3. Plots of light scattering (LS) responses (32, 90 and’1&bm a
3.2. Fitting methods mixture of nanospherical standards, 50-494 nm, separated by FIFFF (chan-
nel flow=1.5mlImin? and cross flow =0.75 ml mirt), together with plots of
L . . radius of gyrationRg) vs. elution volume. The first two peaks are not very well
In the limit of Rayleigh—Gans—-Debyfl1,26] the parti-  separated and corresponds to 50 and 73 nm standards, the other five peaks are
cle Ry may be determined from the slope of the net lightverywell separated and correspond to 102, 150, 220, 343 and 494 nm standards.
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Table 2
Comparison of the different Debye first, third and fifth fitting methods for calculaipof nanospherical standard particles with different sizes
Standardy, (nm) Rg (nm) Dn=2Rg/0.775 (nm) E (%)
First Third Fifth First Third Fifth First Third Fifth

73 29.1 57.7 101 75.1 148.9 260.6 29 104.0 257.0
102 38.7 51.2 79.5 99.9 132.1 205.2 21 29.5 101.1
150 50.2 66.2 80.8 129.5 170.8 208.5 13.6 13.9 39.0
220 62 90.1 97.2 160.0 2325 250.8 27.3 57 14.0
343 70.7 129.5 144.5 182.5 334.2 372.9 46.8 2.6 8.7
494 60.7 149.5 189.5 156.6 385.8 489.0 68.3 21.9 1.0

Values of hydrodynamic diametedy,, calculated hydrodynamic diameteB, = 2Ry, and relative errors, are shown. Note: The bold values indicate minimum
error %.

particles, <150 nm, experience small differences in the scatteragives the best data fitting. In addition, from earlier experience
light intensity between the different scattering angles (32, 9@vith natural colloidal samples, it was systematically noticed
and 147). Thus, small particles scatter light uniformly to the that, the Zimm first order is the best fitting method even for
different angles. On the other hand, detector response variatioterger natural colloidal particles. This is in clear contradiction
increase as particle size increases implying a non-uniform scatvith the fact that the Zimm technique is only applicable to very
tering. From the results, the light scattering depends strongly osmall spherical particles below approximately 100 nm in diam-
the particle size. These light scattering variations allow quali-eter. This is probably related to the completely different light
tative distinguishing between small and large particles duringcattering behavior of natural particles, compared to spherical
the FFF run. For quantitative size determination, several fittingones, which is due to the different shape of scattering pattern
methods were used to determine Ryeof the spherical standard in function of the scattering angle®(@)), for spheres and for
particles (50, 73, 102, 150, 220, 343 and 494 nm) from the lighhatural particles (e.g. infinitely thin disks or fractal aggregates
scattering response, namely Debye first, third and fifth orderf25]). The latter are then better approximated by the first order
[11,26,28] Zimm fit [25].

Table 2shows the nominal hydrodynamic diameter for the  The situation is demonstratedfig. 5. The angular intensity
standard kg, as determined from light scattering data by thedistribution, as retrieved from MALLS, is shown for spheri-
Astra 4.73 program for each fitting method. The Table alsacal standards and natural colloidal particles of two identizal
shows the corresponding calculated diamégnsing the rela-  values. MALLS retrieves th&g from the slope of the angu-
tion (Rg=0.5 (3/59-5D) for spherical particles, and the relative lar scattering function at zero angle. Therefore, the determined
error between the standard and the calculdfle®esults sug- Ry quality depends on the extrapolation accuracyr(#)/Kc
gest that, for small spherical particles (50-150 nm) the DebyéDebye) orKc/R(6) (Zimm) to6 = 0°, whereK is a constant for a
first order method gives the best fitting and the most approprigiven instrument-particle system, anid colloidal particle mass
ate calculation of the radius of gyration with a percentage erroconcentration. However, the determinatiorRgfis independent
in the range 2.9-13.6%. For intermediate sizes (200—350 nndf ¢ and the refractive index increment{dc) incorporated in
Debye third order method gives the best fitting with a percentX. The scattering functions for small spherical particles may
age of error in the range 2.6-5.7%. For larger particles the Debyee fitted linearly (Zimm linear). However, the scattering func-
fifth order method gives the best results (1% relative error)tion for large spherical particles cannot be fitted linearly, which
Rg values for different standards, calculated with the optimaimply the use of different order Debye fit as shown above. In
method, are plotted against elution volume, as showkign3. natural particleXc/R(6) shows a linear behavior for small and
The results are consistent with earlier studies applyiygrz  large particles. Thus, the linear fit can be applied and it shows
Dawn DSP MALLS photometef29]. Kammer et al[28] com-  the best data fitKig. 4B—E). These results, together with those
paratively evaluated the spherical particle model as included inf Kammer et al[28] demonstrate the applicability of MALLS
ASTRAS particle mode, Zimm'’s, Debye’s different orders andfor natural samples even for larger particle sizes. However, it
Berry’s fitting methods. They found that for spherical particles,must be stated that no absolute proof, for determiRgdalue
the spherical particle model and the Debye third order fittingcorrectness, is available. This is due to the lack of well defined
method give the best results. and characterized standards which resemble natural colloidal

particle shape variations and polydispersity.
3.2.2. Natural samples

For natural colloidal samples, FIFFF fractografig( 4A) 3.3. Effect of applied field strength on recovery and MALLS
shows a continuous distribution. Due to natural colloid characresults
teristics, it is not possible to compare tRg obtained by the
MALLS to any certified particle size standard. Thus, to deter- Cross flow is the major factor controlling the FIFFF fraction-
mine the best fitting method, the Astra 4.73 allows applyingation and retention of particles. With natural colloidal particles,
different fitting methods as shownhiig. 4B—E. The comparison which are less stable than highly charged latex beads, the applied
between these fitting methods shows that, the Zimm first ordeiield must be balanced between effects of: poor retention, void-
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(A) Hydrodynamic radius (nm) Sin2(6/2)
2.0x107F Fig. 5. Normalized light scattering responses for different nanospherical stan-
3.5x107F L dards Rn 25—247 nm) and different size fractions of a natural sampleHiged).
. the MALLS using linear Zimm’s fitting method as described
i above[28]. In all three experiments, the nearly linear behavior
= of Ry with retention volume is consistent with FIFFF theory.
LI = 53 05 08 Lo Fig. 6A and B shows that for a 0.3 ml it cross flow rate (cf),
(B) S the smallest detectabR, near the void peak is elevated com-
it pared to other two experiments at higher cf rates. This indicates
608107 poor fractionation at low retention volume. Since the determined
s Ry is always &-average, it can be assumed that larger particles
gmm“? present in the void peak may be carried over into the main sam-
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o 1““: € peakregion. e Vvol eakK may contain unretaine articles
I k Th d k t t d particl
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Fig. 4. (A) Plots of light scattering responses (32, 90 and’L#@m a natural 2 015 ';':
colloidal sample (no. 1, layer 1) separated by FIFFF (channel flow = 1.0 n'min @ 100 "f
and cross flow =0.30 mI mirt), together with plots of radius of gyration vs. = 0.10 =
hydrodynamic radius; (B) Zimm fitting; (C) Debye fitting; (D) Berry fitingand & 50 =z
(E) Random coil fitting. The fittings in (B—E) are done for particle slice indicated 0.05 :
by the vertical line in (A).
0.00 0
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peak overlap (too low field force), and sample losses due to
colloid-membrane interaction (too high field force). The cross
flow effect on the fractionation of a stabilized colloid extract Fig. 6. Plots of 90 lazer light scattering response, together with radius of gyra-
from an aquifer is shown iﬁig 6 In Fig 6A. the x-axis repre- tion vs. hydrodynamic radius, showing effect of cross flow on the fractionation
sents retention volume. and IFrng 6B it 're 'resents the hvdro- of a stabilized extract of colloids, from an aquifer (120 m§)l Fractiona-

o ) e _p > g Yy tion conducted by FIFFF with cross flows of (0.3 mImin 0.5mImirr? and
dynamic d'_ameter derived erm the calibration obtained fromy 75 mimirr1) and a channel flow of 1 mi mirf. Non-calibrated measurements
nanospherical standard particles. Thgwas calculated from  (a) and calibrated measurements (b) are shown.

hydrodynamic radius (nm)
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of possibly all sizes. For cf of 0.75 mImi, the R fractiona- ~ 3.4. Sedimentation results

tion near the void peak seems to be better. On the other hand,

the largesiRy detected at the end of the signal peak is slightly ~Three forces affect the sedimentation of colloids: gravity,
smaller than values observed in other experiments. This indiPuoyant force and the frictional force due to the viscous drag

cates some selective losses of larger particles, most probab®f the surrounding fluid. The gravity and the buoyant forces are
due to colloid—=membrane interaction. directly proportional to colloids volume and density. The fric-

Fractionation with cf of 0.5mImin! is as good as that tional force is related to particle size and shape. Particles with

with cf of 0.75 mImirrL, which in turn is better than fraction- Same equivalent spherical voluni@,), but different shapes will
ation with cf 0.3 mImir. Moreover, fractionation with cf of ~be unequally affected. Thus, knowing particle shape is necessary
0.5 mImin~1 shows a recovery that is comparable to that with cfto interpret sedimentation phenomer{80]. Colloid size and
of 0.3mImin1, and better than that with cf of 0.75mImih  shape of the three layers (top, mid and bottom) of samples nos.
The recovery percentages are obtainable from division of thd and 2 were determined by FIFFF-MALLSi¢s. 7-9. The
areas under peaks corresponding to 0.75 and 0.5 by that 6{FFF conditions were chosen to be 1.0 ml mirchannel flow
0.3mImin L. Fig. 6A shows a recovery of 40% in case of and0.3 mlmin® cf. Fig. 7A shows three Gaussian-like size dis-
0.75mlIminm ! cross flow with respect to 0.3mlmid, com- tribution peaks for sample no.Rig. 7B displays the fractograms
pared to 83% in case of 0.5 ml mih cross flow. Therefore, in  for sample no. 2 and shows three asymmetrical size distribution
MALLS analysis and recovery, cf of 0.5 mlmif seems to be peaks shifted to larger particle size especially for the bottom
an optimum cross flow under the described conditions for théayer. The size distribution (minimum, maximum, mean and
respective sample. Thus, MALLS is a valuable technique to fingtandard deviation) based on light scattering response are sum-
optimum fractionation conditions. marized inTable 3 TheRy versusky, plots, from FFF-MALLS,
Differences in the behavior &f; overry, (Fig. 6B) are dueto  are shown irFig. 7C and D. TheRy increases with increasing
several factors influencing the determination of both parameteré€ Rn (elution volume). This confirms the FIFFF fractionation
Variation in shape can presumably be excluded since it is ndinder constant field in Brownian mode. In sample no. 1, the
expected to have different particle shapes present in theBame increase of the slope at larger sizes indicates a change in particle
slice simply by cross-flow variations. However, the remainingcomposition or morphology.
polydispersity in each sample fraction, analyzed by MALLS, is The FIFFF-MALLS resultsKig. 7andTable 3 show thatin
crucial since the determingty is az-average of all sizes present each sample, particle size varies for different layers, in the order:
in the fraction. TheRg is therefore shifted to larger values even layer 3>layer 2> layer 1. Furthermore, these results show that

by the presence of a small fraction of larger particles. sample no. 2 contains larger particles than those contained in
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Fig. 7. Plots of 90 laser light scattering vs. radius of gyration, for each layer in sample no. 1 (A) and sample no. 2 (B), fractionated by FIFFF (channel flow=1.0
and cross flow = 0.3 mI min'); together with plots of radius of gyration vs. hydrodynamic radius, for each layer in sample no. 1 (C) and sample no. 2 (D), calculated
from light scattering.
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Fig. 9. Plots of shape factoR¢/Rn) vs. hydrodynamic radius, for each layer, in sample no. 1 (A) and sample no. 2 (B).

sample no. 1. The large particles in sample no. 2 could be geneand are summarized imable 4 In each sample, the particle
ated by the aggregation of colloidal particles as this sample wasize varies between different layers in the order: layer 3 > layer
prepared without dissolving CaGOEach layer in sample no. 2>layer 1. This simply reflects the settling of particles in the
2 contains larger particles (higher maximum and mean value cdedimentation tanks. Sample no. 2 contains larger particles than
particle size) with higher polydispersity (higher standard deviathose contained in sample no. 1. Additionally, each layer in sam-
tion) than its counterpart in sample no. 1. ple no. 2 contains larger particles than those contained in the
To generate size distributions from the determiRgda con-  corresponding layer in sample no. 1. Thus, MALLS technique
centration detector such as UV-vis or FLD, is needed In thiss convenient for colloids size determination, and its results
study, FLD was used in 90light scattering modg25] as a are consistent with those obtained by FIFFF calibration with
concentration detector to construct the differential weight disnhanospherical standards of known size. The results are also con-
tribution of the radius of gyratiorHig. 8A and B). The MALLS  sistent with colloidal particle fractionation order by FIFFF, viz.
was used to calculate thiy based on linear fitting okc/R(9), small particles elute first.
and FLD was used as a proxy for particle mass concentration, Fig. 8 and B shows that sample no. 1 contains a larger por-
assuming that the total area under the FLD response represetitsn of fine colloidal particles Ky <150 nm) than sample no.
100% of the sample. 2 does. The percentage of fractions (fine <150, intermediate
Size distribution, minimum, maximum, mean and standardl50—200 and coarse colloidal particles >200 nm), calculated by
deviation, for each layer in both samples nos. 1 and 2, wer@tegrating the areas under the curves for all particles in each size
obtained by calculating th®gy independently of the FIFFF, range, are summarized irables 5 and 6For each sample, the

Table 3
Comparison between hydrodynamic radius distributions, within each layer, in each sample, showing minimum, maximum and mean values togatitkrevith st
deviation

Layer number Sample no. 1 Sample no. 2
Minimum Maximum Mean Mean Standard deviation Minimum Maximum Mean Standard deviation
1 10 150 57 27 20 250 104 46
2 10 175 107 22 20 300 160 52
3 10 225 128 33 20 350 182 58

Data were calculated by means of descriptive statistical analysitgof.
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Table 4
Comparison between the radius of gyration distributions, within each layer, in each sample showing minimum, maximum and mean values togatigardith st
deviation

Layer number Sample no. | Sample no. 2
Minimum Maximum Mean Mean Standard deviation Minimum Maximum Mean Standard deviation
1 30 200 83 34 30 175 100 40
2 40 600 113 61 50 250 146 64
3 50 800 136 100 60 350 162 80

Data were calculated by mean of descriptive statistical analy$igoB.

Table 5 z-average character of the determiigd The shape factor for
Percentage distributions of fine (<150 nm), intermediate (150-200), and coar§ga three layers of sample no. 1, has the same value of 0.85
(>200 nm) colloidal particles sizes in each layer of sample no. 1 for different particle sizes (in the range 50-150 nm hydrody-

Layer number Size range (nm) namic diameter). This value is close to the typical shape factor
<150 150200 s200 Of asphere (0.775). For larger hydrodynamic radius ranges, the
shape factor increases to higher values 1.05, 2 and 2.7 for layers
1 95 4.20 0.80 . :
> 81 10.50 8.50 1-3, respectively. The shape factor increases as soon as the par-

3 73 10.59 16.41 ticle deviates from a spherical shape toward, e.g. a platelet shape
[25]. Therefore, in layers 2 and 3, particles deviate more from

a spherical shape, as the patrticle size increases, than in layer 1.
] . ) Sample no. 2 shows different behaviors. The shape factor here
percentage, of the smaller particles, varies for different layerg 4pproximately constant, with only little variation in the range

in the order: layer 1>layer 2> layer 3. This is due to the sety g5 and 1.2. This indicates that the shape is closer to a sphere.
tling of particles in the sedimentation tanks, vide supig. 8A The variation in the shape factor, between sample nos. 1 and
and B also shows higher portion of coarse particles (>200 nmé, may be attributed to an aggregation phenomenon that may

in sample no. 2 than in sample no. 1. This is assumable dugecr due to higher carbonate ion concentrations in sample no.
to the higher CaC@concentrations in sample no. 2, as mani-3 than in sample no. 1. Platy particles may stick face-to-face,

fested by the higher calcium concentrations ther@ale ). As  4nq thus, increase the overall particle thickness. As such, the

such, the garbonate worl_<s as cement causing adhesion bemer‘é@ulting (aggregated) particles become less platy and tend to
small particles and creating larger aggregates (>200 nm). CoMysme more spherical shape. The presence of some smaller
parison, between the FIFFF calibration resulg)(and light - ractions in the third layer, but not in the second layer, of the
scattering MALLS Rg) results, shows that for the sample no. 1 s3mple no. 2, is possibly due to desegregation of some small par-
the hydrodynamic radius is less that the radius of gyration, whilgjces by the sonication process. This explains why washing with
forsample no. 2 the hydrodynamic radiusis larger than the radiugcetic acid, to dissolve the carbonate in sample no. 1 preparation,
of gyration. This variation is possibly due to variations in col- gives more homogeneous colloidal samples. Further investiga-
loidal particles shapes in each sample. FIFFF-MALLS permitsjon, of the nature of aggregate formation, by cementation, needs
a particle shape assessment through calculatingdfi ratio, 14 pe conducted in the future. The study of the particle shape

which describes particles shape variations from a solid sphere, g nature of aggregation, using other techniques such as TEM,
To better understand the sedimentation behavior of both sanj; 514 be valuable.

ples, nos. 1 and 2, shape factdy(R,) was calculated and

plotted versus hydrodynamic radius for all fractionated colloids .

(Fig. 9A and B). At the beginning of separatiaRy/Rh is deter- 4. Conclusions

mined unexpectedly high. This behavior can be explained by the . o .
influence of unretained large particles in the void peak which This work demonstrates the applicability and benefits of
stretches into the main peak region. This causes an overestimfamFF-MALLS in the analyses of natural colloidal particles.

tion of the radius of gyration for the small fractions due to the 0 calculate th&kg from light scattering response, different fit-
ting methods are evaluated for spherical latex beads and natural

Table 6 particles. Results suggestthat, for small (50—150 nm), intermedi-
Percentage distributions of fine (<150 nm), intermediate (150-200), and coargd€ (200—-350 nm), and large (>350 nm) spherical particles, and
(>200 nm) colloidal particles sizes in each layer of sample no. 2 for irregular shape natural colloidal particles; the Debye first,
Debye third, and Debye fifth, and Zimm first are the best fitting

Data were calculated by integrating the areas under the cunkag.dA.

Layer number Size range (nm) :
methods, respectively.
<150 150-200 >200 MALLS measures the radius of gyration of fractionated par-
1 90 10.11 0 ticles independently of FIFFF operational parameters. MALLS
2 40.5 47.15 1235 has been used as a control technique of the FIFFF performance
3 53 14.15 32.85

in case of complex natural samples. Artifacts in FIFFF fraction-
Data were calculated by integrating the areas under the curvég.i6B. ation, such as void peak overlap, particle interactions with the
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membrane, steric inversion, and inside-channel particle aggret2] C. Contado, G. Blo, F. Fagioli, F. Dondi, R. Beckett, Colloids Surf. A:
gations, can be resolved with MALLS. Other methods such, as  Physicochem. Eng. Aspects 120 (1997) 47.

TEM and SEM, are potentially valuable control techniques bu[13] M. Hasselbv, B. Lyvén, R. Beckett, Environ. Sci. Technol. 33 (1999)
' ' 4528.

F”:FF fraCtlonathn is still more advantageous in bemg eaSIeliM] J.F. Ranville, D.J. Chittleborough, F. Shanks, R.J.S. Morrison, T. Harris,
less time consuming and less costly. F. Doss, R. Beckett, Anal. Chim. Acta 381 (1999) 315.

FIFFF-MALLS is a valuable method to study the particle[15] D.M. Murphy, J.R. Garbarino, H.E. Taylor, B.T. Hart, R. Beckett, J.
sedimentations. In addition to particle size fractionation and Chromatogr. 642 (1993) 459.

determination, it tells about deviation of particle shape from{16] (Hl'gézT)a;’:)"gréJ'R' Garbarino, D.M. Murphy, R. Beckett, Anal. Chem. 64

harq spher(_as. Such a parameter is necessary to understand [&@?R. Chantiwas, R. Beckett, J. Jakmunee, |.D. McKelvie, K. Grudpan,
sedimentation process. Results show that, Ca@g@rmally Talanta 58 (2002) 1375.

present in the environment of the colloids) may function ag18] R. Beckett, D.M. Hotchin, B.T. Hart, J. Chromatogr. A 517 (1990) 435.
cement between the colloidal platy particles. This modifies partilt9] R. Beckett, D. Murphy, S. Tadjiki, D.J. Chittieborough, J. Calvin Gid-

cle shapes and changes their sedimentation behavior, as spherica| 9ings: Colloids Surf. A: Physicochem. En. Aspects 120 (1997) 17.
[20] J.C. Giddings, in: M.E. Schimpf, K. Caldwell, J.C. Giddings (Eds.),

p_artlcles settle faster than platy (_)nes' Dissolution of CeQo- Field Flow Fractionation Handbook, Wiley, New York, 2000, p. 3.
vides more homogeneous colloidal samples. [21] L.J. Gimbert, K.N. Andrew, P.M. Haygarth, P.J. Worsfold, Trends Anal.
Chem. 22 (2003) 615.
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