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CHAPTERR 1 

Introductio n n 

Forr the analysis of macromolecules and particles, several analytical separation 
techniquess are available to the modern chemist. The classical separation methods of 
High-Performancee Liquid Chromatography (HPLC)1 and Size Exclusion 
Chromatographyy (SEC)2 are the workhorses of polymer analysis. Other methods, such 
ass Capillary Electrophoresis (CE),3 Hydrodynamic Chromatography (HDC)4 and Field 
Floww Fractionation (FFF)5 have mainly been developed in the 1980's and 1990's. Of 
thesee techniques, FFF is particularly suitable for the separation and characterisation of 
largee polymers (with molar masses in the MDa range) and particles. Many of the 
drawbacks,, connected to packed columns as employed in chromatographic 
techniques,, are avoided. 

Thee general concept of FFF originates from Giddings.6 To a large extent, FFF has 
maturedd to today's level from the ideas and efforts of this master. The basic principle 
off  FFF is depicted in Figure 1, where a channel of trapezoidal shape serves as an 
example.. Polymers or particles are injected in the channel as analytes. While a laminar 
flowflow (F )̂ flushes the analytes out of the channel in the axial (length) direction, a 
secondd force is exerted in the direction perpendicular to the channel. Essentially for 
thee separation, this cross-field forces the solutes into a layer close to a wall of the 
channell  (the so-called accumulation wall). Depending on the interaction with the 
cross-fieldd and the molecular diffusion counteracting this force, different solutes 
occupyy on average different velocity lines of Fi*. This way, they can be eluted from the 
channell  separated in time and detected. 

TOO DETECTOR 

FigureFigure 1. Principle of FFF. 
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Withh FFF techniques the (molecular) size distribution of macromolecules or 
panicless in solution is measured Alongside the chemical composition, the size 
distributionn plays a significant part in determining the physical properties of the 
materialss manufactured of such compounds. For example, the brittleness, (melt) 
viscosity,, morphology, tensile strength and glass transition temperature are all related 
too molecular size,7-8 while the viscosity of particles in solution, the coarseness and 
toughnesss of coatings are related to the particle size distribution. Essentially, the size 
distributionn of synthetic polymers and particles provides a direct link between material 
propertiess and synthesis conditions. 

Theree are several sub-techniques of FFF that follow the general principle, but vary 
inn the nature of the cross-field that is applied. Sub-techniques are named after the 
cross-field;; the most common field types mat are used are a flow field (flow FFF), a 
centrifugall  force (Sedimentation FFF) and a thermal gradient (Thermal FFF). As these 
fieldsfields act differently on analytes, different sdectivities can be obtained. Each of the 
sub-techniquess has its merits for specific application areas. Several overviews of the 
completee FFF family can be found in the literature.9-12 

ASYMMETRICALL FLOW FFF 

Theoryy (norma l mode) 

Thee cross-force in flow FFF is induced by the hydrodynamic drag of the solvent 
movingg through the accumulation wall consisting of a semi-permeable material 
(usuallyy an ultrafiltration membrane) that allows the solvent to pass through but 
retainss analytes larger than a certain cut-off size inside the channel 

Inn asymmetrical flow FFF, the technique used throughout this thesis, the axial flow 
generatess the cross-flow as it is pushed through the accumulation wall Thus, F» 
decreasess over the length of the channel. Asymmetrical flow FFF channels exist in 
twoo geometries: a flat channel, and a tubular channel (Figure 2). In modern literature 
"asymmetricall  flow FFF' typically refers to the flat-channel geometry, a convention 
thatt will be used throughout this thesis. Flow FFF in a tubular channel (a hollow fiber 
membrane)) is named hollow-fiber flow FFF (HF5). In this section, the theory of 
retentionn in a flat channel is described. 

Ass a result of the dynamic equilibrium between the drag force induced by the 
cross-floww and in the opposite direction molecular diffusion (described by Fick's 
secondd law15), a concentration gradient of the analyte is formed as a function of the 
distancee from the accumulation wall (z). This equilibrium is described by the following 
differentiall  equation: 

uc,c(z)) = - D ^ (1) 
dz z 

wheree u» is the velocity of the cross-flow, D the diffusion coefficient and c(z) the 
concentrationn of the analyte at distance z. 
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Integratingg Equation 1 yields an expression for c(z): 

c(z)) = c(0) exp z u. . 
D D 

(2) ) 

wheree c(0) is the concentration at the accumulation wall. The ratio D/ucr defines the 

characteristicc layer thickness I. In the so-called normal mode, described in this section, 

thee size of the analyte is negligibly small compared to I and the height of the channel 

w.. For convenience, I is usually expressed in its reduced form as the dimensionless 

retentionn parameter %.: 

-- (3) 
w w 

Thiss important parameter describes the level of retention of the analyte with the 
heightt of the channel taken into account. 
Thee velocity of the analyte is the result of the average of the velocity lines of the 
laminarr flow (F )̂ that the concentration profile samples. The velocity in the axial 
directionn at a distance z from the accumulation wall is given by: 

v(z)=6<v>U-^]]  (4) 

wheree <v> is the average velocity over the cross-section of the channel. In Figure 3, 
twoo examples of concentration and velocity profiles as a function of z are depicted. 

Fin-FCT T 

FigureFigure 2. Principle of flat-channel asymmetrical flow FFF (A) and hollow-fiber flow FFF (B). 
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FigureFigure 3. Exemplary concentration (left axis) and velocity profile (right axis). I = 17 Urn, 
ww = 254 urn and <v> = 5 cm s1. 

Evaluatingg the integral of Equations 3 and 4, it can be shown that the retention ratio 
(Rf)) of the analyte is:10 

R ff * ^ = 6X (coth (2X~l) - 2X) (5) 

Here,, Rf is defined as the ratio of the void time (to) and the retention time (tr). The 
voidd time (the residence time of an unretained compound) can be calculated from the 
channell  dimensions and flow rates.14 This requires a precise value of the height of the 
channel,, which in practice is obtained by calibration with a standard with known 
diffusionn coefficient {e.g. the protein ferritin15). Alternatively, to can be derived from 
thee breakthrough time of a high molar mass probe.16 

Equationn 5 relates the retention time to X. At sufficiently high retention (Rf<0.48) 
Equationn 5 is approximated by: 
Rff = 6A, (6) 

withh an error of less than 10 %.17 

Att low retention, it is more correct to solve Equation 5 analytically to obtain X. From 
X,X, the characteristic layer thickness £ and the diffusion coefficient D can be calculated. 
Att sufficiendy high retention, there is an alternative, more direct route from retention 
timetime to the diffusion coefficient. In asymmetrical flow FFF, the cross-sectional flow 
velocityy in the axial direction (u») decreases linearly along the length of the channel. 
Thee linear velocity at position 1 (counted from the inlet of the channel) is: 

u»G)) = ui„-r ucr C7) 

9 9 



wheree L is the length of the channel. When this is combined with the velocity of a 
solutee (vi): 

v , = 6 - < va x >> (8) 

itt can easily be shown that the retention time of a compound is: 

„JVii  6D KFJ W 

Moree detailed expressions, taking into account the channel dimensions and focussing 
point,, can be found in the literature.14 Small deviations from the general theory, 
occurringg because in an asymmetrical channel the velocity lines are not parallel to the 
accumulationn wall, have been described elsewhere.18 

Fromm the diffusion coefficient, other important molecular parameters such as the 
hydrodynamicc radius (to) or the molar mass (M) can be estimated. Under the 
assumptionn that the molecule has a spherical conformation, rH is related to D by: 

kT T 
rHH = (10) 

wheree k is the Boltzmann constant, T the temperature and r\ the viscosity of die 
carrierr liquid. The molar mass is related to D by an equation, derived by Flory on die 
basiss of the Mark-Houwink theory:19 

DD = AM" b (11) 
wheree A and b are empirical constants, the latter being a measure of the solvent 
quality. . 

Thee mechanism of flow FFF is such that in the normal mode direct information 
cann be obtained about molecular diffusion, which is defined according to Fick's 
secondd law. Several features of flow FFF, such as the me open channel structure, soft 
forcess exerted on the sample and relatively low concentrations of sample, make flow 
FFFF an excellent tool to study the diffusional behaviour of macromolecules and 
particless under unperturbed conditions. This characteristic of flow FFF is exploited 
throughoutt this thesis. 

Efficienc y y 

Followingg an ancient analytical custom (stemming from the time when distillation 
wass the separation method of choice) the efficiency of a separation is captured in 
termss of the numbers of plates (N). In case of differential migration methods, such as 
flowflow FFF, N is defined as the broadening of a zone in time:10 

N-fe)''  (12) 
wheree a is the standard deviation of the zone in time units. The efficiency of an 
analyticall  column is described by the plate height H: 
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HH = — (13) 
N N 

wheree L is the length of the separation channel. The separation system is used most 
efficientlyy per length unit at the minimum of H. H depends on several factors, which 
inn flow FFF are: 

HH = A + C ( v ) + ^ H i (14) 

wheree the B-term represents the diffusion in the longitudinal direction and the C-term 
non-equilibriumm effects. Other contributions, such as non-idealities of the separation 
channel,, dispersion in the detector and the tubing, are collected in SHi. If experiments 
aree performed carefully, the B-term and the non-idealities are negligible and non-
equilibriumm effects are the main causes for peak broadening. It can be shown that the 
non-equilibriumm term can be calculated as:20 

CC = ^ - (15) 
D D 

wheree % is a complex function of A, that is approximated by:21 

XX = 24X3 (16) 
att sufficiendy high retention. This implies that flow FFF is most efficient for smaller 
moleculess (with large D) and that in principle the non-equilibrium contribution can be 
minimizedd by decreasing w and X (Le.y by increasing the cross-flow).22 However, in the 
latterr case A, is decreased at the expense of analysis time so that a compromise has to 
bee found between analysis time and separation efficiency. Moreover, because at higher 
retentionn the sample becomes more concentrated and is situated on average closer to 
thee accumulation wall, concentration effects or interactions with the accumulation wall 
aree more likely to cause deviations from ideal normal mode behaviour.23 

Steri cc  Inversio n 

Forr a sample of which the size is substantial compared to I, retention is no longer 
purelyy governed by diffusion because the movement of the sample is sterically 
hinderedd by the accumulation wall. Then, the concentration profile deviates from the 
exponentiall  shape which is characteristic for the normal mode. In this case, the 
retentionn factor has to be corrected with an additional sterical term, and Rf is 
approximatedd by.24 

R f = 6 yaa + 6X (17) 

whichh is valid for small a and X, Here, a is the reduced particle diameter (m/w) and y 
aa factor that describes the effect of hydrodynamic lift-forces (absent when y equals 1) 
counteractingg the cross-flow. These lift-forces are caused by complex hydrodynamic 
phenomena.. Although it is known that y depends on the flow rate, density of the 
carrierr liquid, temperature, and the size and shape of the particle lif t forces, as yet the 
mechanismss behind the lift-forces cannot be described exactly.25 Since this renders y 

11 1 



unpredictable,, it prevents the translation of retention time to size by Equation 17 
whenn calibration standards are not available.26 

Abovee a certain size, steric inversion (also called steric foldback) occurs.27 The 
stericc inversion radius (r;) is the point where the hydrodynamic radius of a particle 
(Equationn 10) equals L Taking into account lif t forces, this gives: 

II  kT 
r ' = i 77 (18) 

Forr particles larger than rj, it is only the size of the molecule that governs retention. 
Thiss retention mode is named the steric mode. Hydrodynamic lif t forces accompany 
thee steric mechanism under many practical conditions; the combination of the steric 
modee with lif t forces is called the steric/hyperlayer mode. In Figure 4A and 4B, the 
principlee of the steric and steric/hyperlayer mode, respectively, is depicted. The lift -
forcess counteract the cross-flow and cause the samples to focus into small bands 
(hyperlayers)) some distance from the accumulation wall.28 In the steric and 
steric/hyperlayerr mode, larger particles sample faster velocity lines than smaller 
particles.. Consequently, they are eluted earlier. This elution order is opposite of that of 
thee normal mode. 

Thee dependence of Rf on the particle radius r for diree different cross-flow 
velocities,, calculated from the simplified Equation 17, is shown in Figure 5. Here, it 
cann be seen that the retention factor decreases with particle radius in the normal mode 
untill  the steric inversion point is reached. Above the steric inversion radius, the 
retentionn factor rapidly increases with the particle radius. This enables rapid and 
efficientt analyses. However, for polydisperse samples in a size range that overlaps ft, 
smalll  particles, fractionated in the normal mode, are co-eluted with larger particles in 
diee steric mode.29 Although to a certain extent the steric inversion point can be shifted 
byy varying experimental conditions, this complication may hamper die analysis of such 
samples. . 

J' ' 
=5^ .. : i L£-WJ.R 

BB — 

l> l> 
~^<~^< lift-force 

FigureFigure 4. Principle of the steric (A) and steric / hyperlayer mechanism (B). 
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FigureFigure 5. Theoretical retention curve as a function of particle radius r. w = 254 urn, A = 38.6 
cm2,, a: Fa = 0.2 ml min1; b: F,*  = 1 ml min1; c: Fa - 5 ml min1. 

Application s s 

Sincee there are, except for the pore size of the membrane and channel dimensions, 
noo physical limits to the size range mat can be handled, flow FFF is one of the most 
universall  of all separation techniques.30 Flow FFF covers a size range of a few nm's up 
too to ca. 100 (Am M and can provide size separation of any type of soluble 
macromoleculess or suspended particles in this size range. It is a prerequisite that the 
solutee does not interact with the membrane and that die membrane resists the carrier 
liquidd that is used. Since few membranes resist organic solvents, mosdy aqueous 
carrierr liquids have so far been used in flow FFF. 

Althoughh flow FFF covers a very wide size range, at the lower mass end (up to 
severall  MDa's) SEC is generally the method of choice, as it provides a resolution and 
performancee superior to that of flow FFF. Some comparisons between SEC and flow 
FFF322 and Thermal FFF (a closely related sister-technique of flow FFF)33 can be 
foundd in recent literature. 

Forr large macromolecules, and certainly for aggregates or particles, secondary 
interactionss with the packing material may cause decreasing recoveries and distorted 
peakk shapes; both anomalies seriously hamper the accurate determination of the molar 
masss distribution. For such applications, flow FFF has the advantage that a much 
smallerr surface (i.e., the membrane area) is available for interactions. Therefore, the 
focuss of flow FFF is nowadays shifting more towards larger macromolecular systems. 
Thiss trend is visible in a small selection of recent publications in popular research 
areass of flow FFF (Table 1). Numerous other examples can be found in the text. 
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TableTable 1. Selection of recent articles on flow FFF. 

Areaa subject Reference 
Biochemicall  liposomes, vesicles 34,35 

gene-carrierr complexes 36 
Polysaccharidess starches, gum arabic, K-carrageenan 37-39 
Particless (core-shell) latices 40,41 

submicronn particles 42 
Environmentall  natural colloids 43-46 

Diesell  soot 47 
Syntheticc polymers polyacrylamides, aggregated co-polymer 17, 48 

Ass mentioned, one of the limitations of flow FFF is the vulnerability of the 
membranee towards organic solvents. Since a wide range of hydrophobic synthetic 
polymerss only dissolve in solvents of organic nature, this limits the variety of polymers 
thatt can be analysed with this technique. Although with several types of membranes 
separationss in organic solvents have been reported4953, none of these membranes 
providess die long-term resistance required for a robust system. In Chapter 3, the 
effortss made to expand the application range of flow FFF by making use of a 
polyacronitrilee membrane are presented. 

Instrumentatio n n 

Nowadays,, the equipment for asymmetrical flow FFF is at a matured stage and can 
bee acquired from several specialized manufacturers.54-56 The basic design of flat-
channell  flow FFF is shown in Figure 6. A supporting block contains a frit and 
drainagee for the cross-flow. The frit consists of a microporous ceramic or metal 
material.. A membrane, serving as accumulation wall, covers the frit Flow FFF can 
alsoo be practiced widiout membrane,57 but since this system is only suitable for the 
analysiss of particles larger than the pore size of the frit (1 Jim or greater), this seriously 
reducess the application range. The channel is cut out of a spacer, which is clamped 
betweenn the membrane and a covering plate. In order to maintain a reasonable axial 
floww velocity at the outlet of the channel, channelss are cut into a trapezoidal shape.58 

Thee channel is installed in a flow scheme that enables injection, relaxation, 
fractionationn and detection. The general scheme is shown in Figure 7. Samples are 
injectedd using standard HPLC injection valves. After injection, the sample is forced in 
aa layer close to the accumulation wall before it is subjected to fractionation. During 
thiss process, called (stop-flow) relaxation or focussing, samples are focussed by two 
opposingg flows, entering through the front and back end of the channel, respectively. 
Att the point where the net velocity is zero, a sample zone with a width of a few 
millimetress is formed. Normally, the sample is introduced through die front of the 
channel.. Large volumes, containing low concentrations of solutes, can also be injected 
throughh the back end of the channel.59 

14 4 



FigureFigure 6. Construction of an asymmetrical flow FFF channel. Legend: supporting block (a), 
fritt (b), membrane (c), spacer (d) and cover plate (e). 

pump p 

l> l> 
channe l l HSt t 

if. r r 

Detecto r r 

® ® 
FigureFigure 7. Scheme of die flow-FFF set-up. Arrows show die direction of die flow during 
relaxationn (r) and fractionation (f). NV: Needle valve; I: Injection valve; R: cross-flow 
regulator. . 

Afterr relaxation of the sample, valve V switches the system to the fractionation 
modee and the inlet flow is set at the required value. There are several ways to control 
diee cross-flow. It can direcdy be regulated by a syringe pump that sucks the cross-flow 
throughh the membrane. This method is used in Chapter 3. It has the advantage that 
gradientss can be applied, but since the syringe pump generates an underpressure in the 
modulee that contains the membrane, air bubbles are liable to form, which can make 
thee operation of such a system a tedious task. Alternatively, the cross-flow can be 
regulatedd by needle valves (as used in Chapter 3 and 6) that control the pressure 
differencee between oudet- and cross-flow. This is common practice in asymmetrical 
floww FFF. With needle valves, the system is more robust than with a syringe pump 
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andd the costs are lower. However, cross-flow gradients cannot easily be applied. A 
thirdd possibility is the use of an automated cross-flow regulator, such as supplied with 
thee commercial Consenxus apparatus. 

Severall  improvements on the standard flat channel are being investigated. One 
improvementt involves the use of frits in the upper wall to improve relaxation and 
detection.. The other improvement, the use of a hollow-fiber membrane as a 
separationn channel (addressed in the next section) allows for a more elegant set-up. 

Fritss can be inserted in the covering plate of the channel at the inlet or oudet. In 
frit-inlett flow FFF, an auxiliary stream is provided through the frit (Figure 8A). This 
streamm forces the sample direcdy towards the accumulation wall, bypassing the need 
forr a relaxation period prior to fractionation. Compared to stop-flow relaxation, this 
so-calledd hydrodynamic relaxation saves time, reduces possible interactions of the 
samplee with the membrane surface and simplifies the automation of the system.6062 

Thee potential value of frit inlet flow FFF has been exemplified by the analysis of 
(lipoproteins.63-64 4 

AA TO DETECTOR 

FigureFigure 8. Principle of frit-inlet flow FFF (A) and frit-outlet flow FFF (B). 
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Withh a frit-outle t (see Figure 8B), the outlet flow is split and the layer  close to the 
upperr  wall that does not contain a significant amount of analyte is led away. Thus, 
higherr  concentrations of analyte are fed to the detector. Under  optimal conditions, a 
ten-foldd increase in concentration, with negligible loss of sample, can be achieved.65 

Thiss increase in concentration can enable detection of species that are untraceable in a 
conventionall  channeL66*67 Although frit s in the upper  wall offer  significant advantages, 
thee system may tend to become complex in set-up, handling and optimization of 
conditions. . 

Multi-angl ee ligh t scatterin g detectio n 

Thee use of a multi-angle light scattering (MALS) detector  is described in several 
chapters.. When combined with a separation method, MAL S is one of today's most 
powerfull  on-line detection methods for  macromolecules and particles, unveiling a 
wealthh of information that is not available when either  the separation or  the detection 
techniquee is used separately. 

Inn the MAL S detector, the scattering of light of a laser  beam inside a detection cell 
iss detected at multipl e angles within a single plane. The excess scattering of light 
(comparedd to the background scattering of the solvent) is related to the molar  mass 
andd the root-mean-square (r.m.s.) radius of the analyte (also, less correctly, called 
radiuss of gyration, rg). This entity, the statistical mean of the mass-weighed distance of 
monomerr  units to the centre of gravity of a molecule, is a measure of the size of the 
molecule. . 

Floww FFF fractionates the sample and each narrow slice of this fractogram is 
evaluatedd on-line with the MAL S detector. In combination with a concentration 
detector,, MAL S enables the direct measurement of the molar  mass in these slices. In 
thiss mode, a molar  mass distributio n can be constructed directly from the elution 
profil ee supplied by flow FFF. The need for  calibration of flow FFF is avoided, which 
iss particularl y useful when suitable standards are not available. Additional information 
mayy be obtained from the ratio of the r.m.s. (provided by MALS) and the 
hydrodynamicc radius (calculated from the retention time in flow FFF) which reflects 
thee shape and conformation of the analyte in question.68 

Manyy of the practical and fundamental aspects of the coupling of MAL S to a 
separationn method have been addressed.69-72 The first  coupling of MAL S to flow FFF 
hass been realised by the group of Kulicke.73.74 Wittgren a al have further  explored the 
possibilitiess that the flow FFF-MAL S tandem offers.39-75'76 Other  applications of flow 
FFF-MAL SS include, for  example, the analysis of submicron particles,42 

polystyrenesulfonates,777 surfactant vesicles35 and biodegradable amphophilic co-
polymers78.. Recendy, in an interesting article Frose showed how the form factors of 
co-elutingg particles can be deconvoluted with Legendre polynomials. This may be 
usefull  when a polydisperse sample is eluted in the normal and steric mode 
simultaneously.79 9 
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HOLLOW-FIBERR FLOW FIELD-FLOW FRACTIONATION 

Inn flow FFF, the intrinsic simplicity of hollow-fibre membranes comes fully to its 
rightt While the dynamics and principle of HF5 and asymmetrical flow FFF are 
basicallyy similar,80 the main advantage of hollow-fiber membranes compared to flat-
channelss lies in the more elegant set-up, enabling a faster replacement of the 
membrane.. In addition, far less material is used in the construction of the channel, so 
thatt with HF5 disposable columns (comparable to common practice in HPLC, CE 
andd SEC) come within sight 

AA shor t histor y of HF5 

Althoughh HF5 was the first form of flow FFF,81-83 flat membranes soon 
outperformedd hollow fibers and forced HF5 into obscurity. Carlshaf and Jönsson 
revisitedd HF5 in 1988 and, by successful fractionations of latex standards, showed the 
potentiall  of the technique.84-85 They also studied the effect of the sample load86 and 
ionicc strength on the overloading of latex beads.87 However, it was soon recognised 
thatt due to variations in the porosities of the membranes, retention times and 
separationn efficiencies can vary significantly between different fibers.88 

Wijnhovenn tt aL further investigated the effects of ionic strength and sample load 
onn the retention of polyelectrolytes89 and the effects of polydispersity and flow rates 
onn the peak broadening of polyelectrolytes.90 Lee et aL showed a very impressive 
fractionationn of latex particles (see Figure 9).91 For this type of fractionation their HF5 
systemm performed almost as good as the more-established asymmetrical flat-channel 
flowflow FFF. They also exploited the elegance and relatively small dimensions of the HF5 
instrumentt to control the temperature of the system and studied the effect of the 
temperaturee on the steric inversion point of latices.92 

Contemplatingg this comprehensive list of literature on HF5, it is evident that the 
practicall  experience is only limited. The bottleneck in the development of the 
techniquee is the varying and inhomogeneous porosity of the fibers. Without doubt, 
onee of the most important reasons for the relatively slow progress of HF5 is that flow 
FFFF poses very high demands on the quality of the hollow-fibre membrane and, 
especially,, on the fibre-to-fibre repeatability. Channels with a flat geometry, although 
lesss elegant, provide superior performance. Part of the work in this thesis was aimed 
too revitalise HF5 and further expand its possibilities. 
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FigureFigure 9. Hollow-fiber flow FFF fractogram of polystyrene latex beads (reprinted with 
permissionn from reference 91). 

Theoryy (norma l mode) 

Thee retention of solutes can be described in a in a way identical to asymmetrical 
flowflow FFF (see above), with the one difference that, due to the hollow-fiber geometry, 
thee flow profile in the axial direction is described by: 

v(2)=4<v
I JJ (19) 

wheree R is the radius of the lumen of the fiber. Following the treatment for 
asymmetricall  flow FFF (Equation 7 to 9), it can be shown that:84 

8DD I R 
(20) ) 

wheree R is the inner radius of the fiber, t, is the distance of die focussing point from 
diee inlet relative to the lengdi of the fiber. 
Thee number of plates (N) per unit time are given by die following simple Equation:84 

2 2 

(21) ) 
N N 

t. . 4D D 

19 9 



Moree details about the theory of HF5 can be found in Chapters 3 and 4. In Chapter 3, 
thee general theory applied to obtain the maximum separation efficiency and to predict 
thee optimal dimensions of a hollow-fiber membrane for flow FFF. In Chapter 4, the 
influencee of the sample load on the retention of polyelectrolytes is described and used 
too analyse the diffusional behaviour of such charged polymers. 

Instrumentatio n n 

Thee basic principle and operation procedure of HF5 are similar to that of 
asymmetricall  flow FFF: the same auxiliary equipment and detectors can be used. A 
fiberfiber is placed in the flow scheme described previously (Figure 7). The distinction with 
flatflat channels is that hollow-fibers require a different (and far more simple) module to 
containn the membrane. The module must enable drainage of the cross-flow and allow 
forr tubing to be connected to the fiber. Several designs have been presented in the 
literature.84-90911 In the latter two references, epoxy glue is used to fix PEEK tubing to 
thee end of the fiber or glue the fiber into a teflon tube. These procedures are not to be 
recommendedd as they are relatively time-consuming and it cannot be guaranteed that 
thee surface of the membrane remains unmodified at the point where glue is applied. 
Moreover,, such systems are not resistant to organic solvents, for which suitable 
adhesivess are not available. An alternative method, making use of standard HPLC 
materials,, is presented in Chapter 4. This way, the trained analyst can replace a 
membranee within 5 minutes and resistance to most common organic solvents is 
guaranteed d 

SCOPEE OF THIS THESIS 

Althoughh at first sight the subjects of the individual chapters may seem diverse, 
theyy share the common objective of this thesis, to present novel ways to characterise 
polymerss and particles with flow FFF. The work is presented in two parts: part I 
(Chapterss 2, 3 and 4) covers hollow-fiber flow FFF and part II (Chapters 5 and 6) 
applicationss of the more conventional asymmetrical flow FFF, combined with MALS 
detection. . 
Chapterr 2 is an introduction to HF5. The technique is placed between other 
applicationss of hollow-fiber membranes in analytical chemistry and background is 
providedd of the preparation of hollow-fiber membranes. TTiis may give a deeper 
insightt into the possibilities of modern membrane technology and be a source of 
inspirationn for the improvement and implementation of hollow-fiber membranes in 
analyticall  chemistry. 

Inn Chapter 3, the possibilities of flow FFF are extended by a hollow-fiber 
polyacrylonitrill  membrane that enables the use of a much wider variety of solvents 
thann previously possible. Based on the general theory of HF5, suggestions are made 
forr the ideal dimensions of a hollow-fiber for flow FFF. 
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Inn Chapter  4 a ceramic hollow fiber  membrane is used as a tool to study the 
diffusionall  behaviour  of a model polyelectrolyte, sulfonated polystyrene. From the 
dependencee of the retention on the sample load and the ionic strength of the carrier 
liquid ,, the diffusional behaviour  of the polyelectrolyte in solution is elucidated. 

Inn Chapter  5, flow FFF with MAL S detection is applied for  the characterisation of 
hydrozylatedd and carboxylated core-shell particles. The information on the 
hydrodynamicc and r.m.s. radii is combined to determine the amount of swelling of the 
particless with varying pH and ionic strength of the carrier  liquid. 

Chapterr  6 describes a study of the retention behaviour  of amylopectin, a large 
polysaccharide,, with flow FFF-MALS. The knowledge on the r.m.s. and 
hydrodynamicc radii under  different flow conditions is combined to give insight into 
thee retention mechanism of these extremely large macromolecules in flow FFF. 

Inn particular  in the last three chapters the intrinsi c advantage of flow FFF as a 
relativelyy soft method to study the diffusion of macromolecules (and thereby their 
size)) comes to light The dependence of retention under  varying experimental 
conditionss (sample load, ionic strength, flow rates) is shown to be a valuable tool for 
thee examination of the behaviour  of macromolecules and particles in solution. 
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PARTI I 

Hollow-fiberr  flow Field-Flow Fractionation 



CHAPTERR 2 

Hollow-fibe rr  membrane s in analytica l chemistr y 

INTRODUCTION N 

Hollow-fiberr membranes are an attractive alternative to conventional flat 
membraness in a growing number of important applications. Arguably, they have 
proliferatedd most in the biomedical and biochemical fields, thanks to their simple 
geometryy and small dimensions in combination with their inherently high surface-to-
volumee ratio. Dialysis is the technique in which hollow-fiber membranes are most 
commonlyy employed. 

Theree exist a number of extensive reviews on the technology, application and 
fabricationn of membranes. A true classic is the book of Mulder, which contains a 
detailedd overview of the developments in the preparation of membranes and their use 
inn purification.1 McKinney has provided a useful review of the preparation of organic 
hollow-fiberr membranes.2 Tsapatsis has reviewed the preparation of inorganic 
membranes,, which are of great interest for applications that require (strong) organic 
solvents.33 To the analytical chemist, there is an obvious analogy between the 
propertiess of hollow-fiber membranes and open-tubular columns for 
chromatography.. Both areas may benefit from such a comparison, presented in 
Tablee 1. 

TableTable 1. Analogy between the properties of membranes and chromatographic columns. 

Typee of membrane selectivity Chromatographic equivalents) 
Preferentiall  interaction and adsorption 

fromm a  gas  Gas chromatography with solid or 
polymericc stationary phases (GC) 

 liquid  Normal-phase and reversed phase 
liquidd chromatography (LQ 

 or supercritical fluid  Supercritical-fluid chromatography 
(SFQ Q 

 Size selectivity (sieving effect)  Molar-sieve columns (GC) and 
Size-exclusionn chromatography (SEC) 

 Charge selectivity  Ion-exchange chromatography and 
Ion-exclusionn chromatography 

 Affinit y membranes  Affinit y chromatography 
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Typess of membrane s 

Basically,, three types of membranes are distinguished: 

 Porous membranes 
 Non-porous membranes and 
 Liquid membranes. 

Alll  three types can be used in the hollow-fiber geometry. Porous membranes allow the 
passagee of relatively large molecules. Depending on the size of the pores, one speaks 
off  micro-filtration (pore size > 100 nm), ultra-filtration (< 100 tun), or nanofiltration 
(molecularr weight cut-off > ca. 1000 Da). Non-porous membranes are permeable to 
veryy small molecules (gases). Liquid membranes are of interest because of the 
selectivityy and flexibility they provide. A broad review of liquid membranes has been 
providedd by Sastre et al4 

Hollow-fiberr membranes are often the preferred geometry, offering distinct 
advantagess over flat or tubular (diameter larger than 5 mm) membranes, for a number 
off  reasons: 

 High surface-to-volume ratio 
 Conceptual simplicity 
 Easy incorporation in flow streams 
 Broad availability. 

Inn preparing hollow-fiber membranes, we must try and capitalize on these advantages. 
Forr example, if the surface-to-volume ratio is a key parameter, then narrow-bore 
fibersfibers are most interesting. 

Membraness are used in very many different ways in analytical chemistry. Most of 
theirr applications are in the areas of sampling and sample preparation, thanks to the 
fundamentall  ability of semi-permeable membranes to differentiate between different 
materialss (w£ matrix and analytes). This selectivity of the membrane can be based on 
molecularr size, affinity, charge, or a combination of these properties. There are only a 
limitedd number of situations in which the actual analysis relies on the application of 
hollow-fiber-membranee interfaces. HF5 can be placed amongst these techniques. 
Thesee include the following: 

AffinityAffinity chromatography. Porous membranes combine a large surface area with a high 
permeability.. By bonding specific groups to the surface, targeted species can be bound 
veryy strongly to the membrane. After the entire sample has been passed through the 
membrane,, the analyte(s) can be removed. Affinit y chromatography is of particular 
interestt in the biochemical and biomedical areas. Since the membranes have a high 
permeability,, the danger of degradation of vulnerable proteins is reduced Moreover, 
thee high fluxes possible allow a large amount of sample to be purified within a period 
off  time. Two extensive reviews have been dedicated to this important field.5'6 
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Extractions.Extractions. The intrinsic ability of hollow-fiber membranes to separate two distinct 
phasess has found multiple applications in the field of extractions. Recently, Gabelman 
andd Hwang published an extensive review on the subject of membrane contactors, i.e.t 
membraness used to separate two immiscible phases.7 

ChiralChiral Separations. The field of preparative chiral separations using hollow-fiber 
membraness is too interesting to remain unmentioned. In particular in the 
pharmaceuticall  industry there is a great demand for the separation of racemic mixtures 
onn a preparative scale. For example, a hollow-fiber supported liquid membrane can be 
usedd to separate two phases, with a chiral selector present in one of these.8 

Alternatively,, a chiral selector can be chemically bonded to the membrane surface, 
preparedd in a manner similar to the membranes used for affinity chromatography. 

IsoelectricIsoelectric Focussing. In 1998, Korlach published an original article on pH-regulated 
Electro-Retentionn Chromatography (ERQ.9 This technique is quite similar to 
(electrical)) FFF. A voltage is applied across the diameter of a hollow-fiber membrane. 
Subsequently,, a pH gradient is applied in a fluid reservoir which surrounds the fiber. 
Thiss gradient gradually diffuses into the hollow-fiber membrane. At some point (when 
thee pH crosses the iso-electric point or p7 value), the charge on the analyte reverses 
andd the ions will start to migrate to the middle of the fiber, from where they will be 
rapidlyy eluted due to the higher axial flow velocity. The bottleneck in the development 
off  this technique, which is mainly applied for the separation of proteins, is adsorption 
off  the analytes on the membrane. 

Semi-permeablee membranes allow us to manipulate processes that take place at the 
interfacee between two (misdble or non-miscible) phases. They can be used in the gas-
phasee for sampling purposes {e.g. membrane-assisted headspace injection in GC, 
membrane-inlett mass spectrometry, MIMS) or in the liquid phase for sample 
preparationn {e.g. dialysis) or sample concentration. Membranes used for gas sampling 
usuallyy consist of simple fibers made of polymeric materials, such as polysiloxanes. 
Moree sophisticated separations, such as affinity chromatography, require more 
sophisticatedd membranes with dedicated selectivities. Also when in contact with liquid 
phases,, most of the fibers used in analytical chemistry are based on organic 
(polymeric)) materials. 

Thee most important characteristic of a membrane is its separation selectivity. 
Differencess in permeability for different materials can be based on a sieving effect 
(sizee selectivity) or on the chemical structure of the membrane. Hydrophobic 
membraness are more permeable to (non-polar) organic molecules, while hydrophilic 
membraness are more permeable to water. Membranes will also show adsorption 
effects.. Certain materials (analytes or matrix components) may be preferentially 
containedd in and on the membrane. In some cases this is a desired effect (affinity 
membraness are the obvious example). In case fibers are used for sampling or sample 
clean-upp in analytical chemistry, adsorption effects are often undesirable. 
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PREPARATIONN OF HOLLOW-FIBER MEMBRANES 

Thee art of hollow-fiber-membrane preparation has taken a high flight  in recent 
years.. Nowadays, hollow-fiber  membranes are attainable in a fantastic variety of 
membranee and support materials, pore sizes, diameters, thicknesses, etc. An overview 
off  the techniques involved in the preparation of hollow-fiber  membranes is given 
below. . 

Thee various processes for  preparing fibers tend to be rather  complex, and certainly 
aree laborious and time-consuming. The most difficul t step is the optimization of the 
process,, viz. ensuring repeatable (in-house), and ultimately reproducible (transferable) 
results.. Hence, for  small-scale applications of hollow-fiber  membranes, including all 
practicall  applications within analytical chemistry, the most sensible approach to the 
technologyy is to obtain suitable fibers from a commercial source. 

Preparin gg fiber s 

Mostt  commonly, polymer tubing is prepared by a process referred to as spinning. 
Thiss can be seen as an extrusion process. A viscous polymer solution (or  melted 
polymer)) is pressed through a small hole, while a fluid  (bore liquid) is pumped through 
diee centre. This construction is known as a spinneret It allows precise control of the 
fiberfiber  dimension, thickness, etc. On exiting the spinneret, the fiber is drawn through a 
coagulationn bath, after  which additional treatment steps may take place. 

Thee coagulation bam may merely be used to solidify the polymer and stabilize the 
fiber,fiber,  but it may also be used to deposit a membrane. Many different polymers can be 
processedd this way and the porosity of die resulting micro-filtratio n membrane is 
affectedd by a large number  of parameters. A summary is provided in Table 2. In case 
off  porous fibers, the type of material used is usually of littl e relevance for  the 
propertiess of the membrane. The latter  are almost totally determined by the 
parameterss of the pores (size distribution , shape) and me membrane thickness. The 
materiall  is selected based on other  criteria, such as compatibility with the materials 
(fluids)) encountered in die application, mechanical strength, cost, etc. A typical 
examplee of a hollow-fiber  membrane is shown in Figure 1. 

Membran ee film s 

Polymericc membrane films are usually formed by transferring a polymer from the 
liquidd phase (solution, melt, or  suspension) to the solid phase. Such a process is 
knownn as phase inversion. Alternatively, membranes can be formed by in situ 
polymerization.. Several processes will be considered below in some detail. 

Liqui dd membranes form a special class of membrane films. They are prepared 
simplyy by immersing a microporous hollow fiber in a liquid. The liquid membrane, 
supportedd by the hollow fiber, separates two phases; by adding a selective carrier  to 
thee membrane (carrier  mediated transport), an increased selectivity can be obtained. 
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FigureFigure 1. Typical SEM picture of an asymmetrical composite hollow-fiber membrane, 
reprintedd with permission from reference 10. 

TableTable 2. Summary of variables affecting the fiber properties. 

Variable e Values s Effects s 

Compositionn of 
castingg solution 

Spinning g 
parameters s 

Fiberr treatments 

Suspensionn of polymer in non-solvent 
"dryy spinning" 
Meltedd polymer (melt spinning") 
Polymerr solution ("wet spinning") 

Extrusionn rate (mass flux of solution) 
Tearingg rate (speed of drawing the fiber) 
Bore-fluidd rate 
Distancee between spinneret and 
coagulationn solution 
Compositionn of coagulation bath 
Temperaturee at the various stages 

Washing g 
Chemicall  modifications 

Greatt effect on fiber porosity 
(andd other properties) 

Determiness fiber dimensions 
(internall  and external diameters) 
Significantt effect on fiber porosity 

Removess contaminations 
Determiness selectivity 
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Film-depositio nn technique s 

Inn order to create a film of a polymeric material on the inside of the fiber, the 
completee fiber can be filled with a solution of a polymer. Upon evaporation of the 
solvent,, a film will be formed {static coating). The critical step is the evaporation of die 
solventt This must take place slowly and regularly, in order to obtain a membrane with 
constantt properties throughout the fiber. After a film has been deposited, it may be 
stabilizedd by heat treatment or by in situ cross-linking. 

Insteadd of an evaporation step, a solvent displacement step may be introduced In 
thiss case, a non-viscous liquid is pumped through the column containing the (viscous) 
filmfilm  of polymer solution. The newly introduced liquid must either be a solvent or a 
non-solventt for the polymer, but it must dissolve the initial solvent. The solvent is 
thenn either extracted from the film, or replaced by a non-solvent In either case, phase 
inversionn will occur and a solid polymeric layer is obtained. 

AA second method for depositing a film is to press a plug of a polymer solution or a 
liquidd polymer through the fiber. Behind this plug, a polymeric film will be left on the 
walll  {dynamic coating). 

Importantt parameters, determining the properties of the membrane, include the 
solutionn thermodynamics of the specific polymer-solvent combination, the 
concentrationn of the polymer in the solution, the temperatures at various stages of the 
process,, the rate of solvent evaporation (or the rate of replacement of the solvent by a 
non-solvent)) and the presence of additives in the solution. 

Inn sit u polymerizatio n 

Usingg the processes of static or dynamic coating described previously, it is also 
possiblee to deposit a film of a solution containing monomers or polymer precursors 
(pre-polymers).. This has the considerable advantage of a low solution viscosity, 
allowingg the formation of relatively thick films without the need to apply high 
pressures. . 

Anotherr way is to deposit a polymeric layer on the wall from a polymer solution 
fillingfilling  the entire fiber. In this case, die residual solvent needs to be evaporated slowly 
andd carefully after the polymerization to avoid cracks in the film on radial differences 
inn film thickness. 
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Sol-ge ll  depositio n 

AA promising class of membranes is that of the inorganic membranes, which are 
resistantt to a wide variety of solvents, including potent organic solvents, such as 
tetrahydrofurann or hexafluoro-isopropanol. The most common technique of 
preparationpreparation is sol-gel deposition on a ceramic support This procedure has been 
developedd in the early 80's by the group of Burggraaf.11 A sol of nm-sized y-alumina 
particless is deposited on the wall of the fiber from an aqueous solution containing a 
feww percents of polyvinyl alcohol. The deposited sol-gel can be converted to a defect-
freee membrane by sintering. 

Okuboo pointed out that for the preparation of membranes inside a narrow-bore 
ceramicc hollow fiber (1.4 mm inner and 2.0 mm outer diameter) dynamic coating 
proceduress are required.12 By forcing the sol-gel through the hollow fiber, a stable and 
thickk defect-free layer can be obtained. Reducing die diameter of hollow-fiber 
membraness is important, as it results in an increase of the surface-to-volume ratio, so 
thatt very small volumes can be separated or purified Many applications in medicine, 
biologyy and analytical chemistry stand to benefit 

Chemica ll  modificatio n of membrane s 

Polymerss or reactive groups can be chemically bonded to suitable groups on the 
solidd surface inside the membrane pores. A great number of surface modification 
reagentss are readily available and specific functional groups, to create the desired 
membranee selectivity, can be readily attached to such molecules. The process of 
chemicallyy modifying membrane surfaces may also involve several reaction steps. 
This,, however, may result in a less defined product 

Polymerss can be attached to the surface ("grafted") through reactive functional 
groups,, or through a pre-deposition radiation. This process allows the creation of a 
greatt variety of selective membranes, which can be tailored for specific separations. 
Thesee tailor-made phases allow affinity-type separations to be performed, in which 
extremelyy selective interactions are realized between the membrane surface and a 
selectedd analyte. Such interactions can be very strong, but desorption is possible by an 
appropriatee change of conditions (displacing solvent or buffer). 

Polymericc films can also be modified by introducing ionic groups, which drastically 
alterr the properties of the membrane. Highly inert, non-polar polymeric membranes, 
suchh as polyethylene or polytetrafluoroethylene (Teflon), can be modified to yield 
highlyy polar, ionic interfaces. 
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APPLICATIONSS IN ANALYTICA L CHEMISTRY 

Ass said, in most applications of hollow-fiber  membranes in analytical science, 
commerciallyy available fibers are used In only a limited number  of cases, (le. liquid 
membraness and affinit y membranes) analytical scientists have reverted to in-house 
preparation.. A non-exhaustive list of major  suppliers of hollow-fiber  membranes is 
providedd in Table 3. Also, two suppliers of ceramic tubular  membranes are listed in 
thiss table. Ceramic tubular  membranes are not yet commercially available in diameters 
smalll  enough (d < 1 mm) to call them fibers. 

Inn Table 4 we present a selection of recently developed applications of hollow-
fiberfiber  membranes in analytical chemistry, with emphasis on the types of fibers used 
andd their  preparation or  commercial availability. Here, we concentrate on the use of 
hollow-fiberr  membranes directly coupled with analytical techniques. The case in which 
thee membrane solely determines the separation process has been covered above. 
Omittedd from this table are instruments featuring on-line couplings of either  dialysis 
orr  filtration  units to standard high-pressure liquid chromatography (HPLQ 
instruments.. These techniques are already well-established and commercially available. 
AA very useful review on the state-of-the-art in the on-line coupling of dialysis to 
HPLCC and Capillary Electrophoresis (CE) has been provided by van de Merbel.13 

Inn ion chromatography, hollow-fiber  membranes can be used either  before the 
analyticall  separation column (pre-column) for  sample preparation or  post-column to 
suppresss the conductivity of the effluent (mobile phase) prior  to conductivity 
detection.. In an interesting article, Kaufmann described the insertion of a hollow-fiber 
membranee between an HPLC column and a detector  for  continuously exchanging 
bufferr  ions.14 

TableTable 3. Some major  suppliers of hollow-fiber  membranes. '"Supplier  of (tubular) ceramic 
membranes. . 

Producer r Location n Webb address (sept '99) 
Dow-Corning g 
Hoechstt  Celgard 
MinnTech h 
Millipor e e 
Sepracor r 
A/GG Technology 
Tech-Sep* * 
USS Filter  / Schumacher* 

Midland,, MI , USA 
Wiesbaden,, Germany 
Minneapolis,, MN, USA 
Bedford,, MA, USA 
Marlborough,, MA, USA 
Needham,, MA, USA 
Lyon,, France 
Asheville,, NC, USA 

www.dowcorning.com m 
www.celgard.de e 
www.mintech.com m 
www.millipore.com m 
www.sepracor.com m 
www.agtech.com m 

schumacher-usa.com m 
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TableTable 4. A selection of applications of hollow-fiber membranes in analytical chemistry, 
connectingg specific applications (techniques and anarytes) with types and sources of 
membranes,, and useful reviews (*). Abbreviations: Liquid chromatography (LC); Capillary 
Electrophoresiss (CE); Capillary Isoelectric Focusing (cIEF). 

Gas-phase e 

extraction n 

Liquid --

phase e 

Pre-column n 

Post--

column n 

Method d 

GC(MESI) ) 

MIM S S 

H-LC C 

CE E 

CE E 

CE E 

CE E 

cIEF F 

Reaction n 

Ionn exchange 

Bufferr  exchange 

Dialysis--

electrospray-MS S 

Compound d 

Volatil ee Organic 

Carbohydrates s 

Volatil ee Organic 

Carbohydrates s 

Bambuterol l 

Bambuterol l 

Organochlorides s 

Proteins s 

Methamphetamtne e 

Barbiturates s 

Bromate e 

Smalll  Anions 

Polyethylene e 

glycol,, Proteins 

Proteins s 

Membranee type 

Silicone e 

Silicone e 

Silicone e 

Silicone e 

0.03umm ptypropylene 

0.2jimm polypropylene 

CelgardX-10 0 

Cupruphan,, 10 kDa 

Polypropene,, 0.2 urn 

AFS-2 2 

Nafion n 

Nafion n 

Cuprophann CI 

Regeneratedd cellulose, 

133 kDa 

Manufacturer r 

Dow-Coming g 

Dow-Corning g 

Dow-Corning g 

Dow-Corning g 

Hoechstt  Celanese 

AKZ OO Nobel 

AKZ OO Nobel 

Hoechstt  Celanese 

AKZ OO Nobel 

Dionex x 

Dupont t 

Dupont t 

Akzoo Nobel 

Spectrumm Medical 

Instruments s 

Ref. . 

15 5 

16 6 

17 7 

18,19,20* * 

32 2 

21 1 

22 2 

23 3 

24 4 

25* * 

26 6 

27 7 

28 8 

14 4 

29 9 

Followingg Davis et al,30 the group of Haginaka has developed a hollow-fiber-
membrane-basedd post-column reactor.31 By immersing the fiber in, for example, an 
alkalinee solution, the pH of the eluent can be altered to enable the detection of 
penicillins,, amino acids, barbiturates, etc. However, since the process is diffusion 
limited,, a long fiber is usually required, leading to additional band broadening. 
Nonetheless,, this is an elegant method to change the pH without the need to 
introducee an additional reagent stream and a post-column mixing coil. 

Twoo important applications of hollow-fiber membranes are as sample preparation 
devicess to extract specific analytes from a gaseous matrix. When the extracted 
componentss are directly fed into the ion source of a mass spectrometer (MS), we 
speakk of membrane-inlet MS or MLMS. When the membrane serves as the inlet for a 
gass chromatograph (GC) various acronyms are used, of which MESI (membrane 
extractionn with a sorbent interface) is the most common. The main objective of using 
membraness in these cases is to prevent large amounts of water (vapour) from entering 
thee analytical instrument. 

Thee membrane in MLMS can be used in different configurations. One of these 
involvess a flat-disk membrane at the tip of a tubular probe, which is inserted or 
immersedd in the sample or sample stream. In most cases, however, a tubular 
membranee is used. Polysiloxane tubes (of surgical quality) are the most popular. 
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Thee sample can either flow through this tube or be on its outside. In the first case, the 
membranee tube will be inside the mass spectrometer. In the second case, the 
membranee forms the interface between the mass spectrometer and the outside 
(chemical)) world A purge gas may pass through the inside of the tube, or it may just 
bee connected to the MS vacuum system. 

Thee membrane tubes used for MS are usually 1 or 2 mm in diameter. Using 
narrowerr tubes or fibers will not lead to lower detection limits, as the response of an 
MSS system increases with the amount (mass) of sample introduced per unit time. In 
principle,, the mass flow of sample is proportional to the tube diameter, so that larger 
tubee diameters are more favourable in this respect A very large area can also be 
obtainedd by using flat, folded membranes. The use of hollow-fiber membranes for 
MIM SS has the advantage that very small samples or sample streams suffice. An 
efficientt parameter by which to affect the sensitivity of the system is the thickness of 
thee membrane (tube wall). The selectivity of the system may be influenced by varying 
thee tube materials. MIMS is most commonly applied to liquid samples, although the 
conceptt is equally valid for gaseous samples. The concept is very attractive to 
introducee components into the MS from aqueous samples, such as those encountered 
inn biotechnology (e.g. measuring the amounts of gases in fermentation broths) or in 
wastee management, but can also be a practical tool in the laboratory. There are at this 
timee relatively few known applications of MIMS for process monitoring, although this 
iss one of the most promising areas. 

AA picture of the principle of MESI is presented in Figure 2. Analytes, following 
selectivee passage through the membrane, are trapped onto a sorbent interface. After a 
sufficientt amount of the analytes has been accumulated, these components are 
desorbed.. In GC this can be done by rapidly increasing the temperature (Thermal 
Desorption).. Finally, the analytes are separated on the GC column. Most commonly, 
thee membrane probe is used to sample a gaseous phase, either a gaseous sample or 
samplee stream, or the head-space of a liquid or solid sample. However, there is no 
fundamentall  reason why a liquid {e.g. aqueous) phase cannot be sampled direcdy. The 
techniquee can elegandy be used for the field analysis of air. 

Ann interesting trend is the on-line coupling of hollow-fiber membranes to modern 
miniaturizedd separation techniques, where the intrinsic small volumes of hollow-fiber 
membraness come fully to their right The hollow-fiber membrane introduces 
selectivityy between analytes and matrix components (sample preparation), and can be 
usedd to concentrate the analytes prior to analysis. A liquid-membrane device for 
samplee preparation, developed by Thordarson et aL, is shown in Figure 3.M The fiber 
iss positioned in a small channel (d<l mm), mat serves as the donor compartment 
Fromm the receptor compartment, the lumen of the fiber, small volumes can be 
manipulatedd towards the attached separation devices through narrow-bore capillaries. 
Thee device has been coupled to both u-LC and CE, and has been employed for the 
analysiss of drugs in a matrix of blood plasma. 
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Membran ee Probe s for Differen t Sample s 

FID-Compute rr  Link 

Gnk ii  G M O U I G»sln G K O U Gitl n GaiOJ 

3.. GMlmpl n 
4.. Fl*d Satnpl« 

FigureFigure 2. Principle of the MESI set-up. Copied with permission from the Web page 
http://sciborg.uwaterloo.ca/chemistry/pawlis2yn/. . 

FigureFigure 3. A liquid-membrane device for sample preparation. A, hollow fiber (reaching through 
aa hole drilled through the whole block); B, fused silica capillaries inserted in the ends of the 
fiber;fiber; C, O-rings for fixing the fiber and capillaries; D, connectors for the donor channel. 
Reprintedd with permission from reference 32. 
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CHAPTERR 3 

Hollow-fibe rr  flo w field-flo w fractionatio n 
off  syntheti c polymer s in organi c solvent s 

ABSTRACT T 

AA modified polyacrylomtrile (PAN) hollow-fiber membrane from a commercial 
sourcee has been applied as the separation channel in flow field-flow fractionation 
(FFF).. With the PAN membrane fiber the application range of flow FFF could be 
extendedd to synthetic polymers soluble in a variety of organic solvents. The PAN 
membranee was shown to be resistant to hydrophobic solvents such as 
dichloromethanee (DCM), tetrahydrofuran (THF), ethyl acetate and methyl ethylketone 
(MEK),, as was illustrated by the successful fractionation of different polymer 
standardss in these solvents. The system performance was assessed using polystyrene 
(PS)) standards with ethyl acetate as the solvent For a 100 kDa PS standard the 
averagee recovery was 57%, while for standards with a molar mass of 400 kDa and 
higherr 100% recovery was obtained. A linear relationship between peak area and 
injectedd mass was found. The run-to-run and fiber-to-fiber repeatability was 
determinedd using 100 and 400 kDa PS standards. The repeatability appeared to be 
satisfactoryy with relative standard deviations < 2% for the retention times and < 5% 
forr the recoveries of the standards. Plate numbers for the 400 kDa standard on 
differentt fibers were in the order of 110. From measurements on the fractionation of 
ferritinn aggregates it is concluded that the instrumental band broadening is negligible. 
Forr an accurate determination of diffusion coefficients and molecular sizes based on 
retentionn times, calibration of the channel with standards appeared to be necessary. 
However,, it was shown that the FFF system could be coupled to a multi-angle light 
scatteringg (MALS) detector, providing an alternative on-line method for calibration. 
Expressionss for the maximum attainable plate number per unit of time have been 
derivedd for a hollow-fiber flow FFF system. It is shown that an increase in the system 
performancee can be expected from a scaling down of the fiber diameter. . 
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INTRODUCTION N 

Floww field-flow fractionation (FFF) is one of today's most versatile and universal 
separationn methods for polymers and particles.1 In flow FFF, solutes are retained 
accordingg to their diffusion against a field induced by a flow through a membrane. 
Owingg to the open channel structure and the ability to vary the magnitude of the field, 
aa size range from approximately 5 nm up to 100 um can be covered with flow FFF.2 

Floww FFF is particularly valuable for the analysis of high-molar mass compounds and 
particles.. For such analytes, flow FFF can offer advantages in comparison with the 
moree established technique of Size Exclusion Chromatography, where secondary 
interactionss with the packing material can disturb the separation. 

However,, the application range of flow FFF is severely limited by the poor 
resistancee of polymeric membranes to organic solvents. Up till recendy, flow FFF 
couldd only be used reliably for the analysis of water-soluble polymers or aqueous 
suspensionss of particles. With a solvent-resistant membrane it should be possible to 
utilizee the advantages of flow FFF for high-molar mass compounds in organic 
solvents.. In search of a suitable membrane, researchers have made use of cellulose 
nitrüe,3-44 modified cellulose5 and polyaramide materials.6 Wijnhoven et ai have tested 
severall  other membrane types and summarised the main practical bottlenecks of 
organicc solvent flow FFF,7 Although it was found mat, in principle, organic solvents 
cann be used, the long-term stability of the membranes was generally quite poor and 
adsorptionn of solutes on the membranes frequently occurred. The latter phenomenon 
hass an adverse effect on the separation efficiency. 

Sincee hollow-fiber membranes have a large surface-to-volume-ratio and since they 
cann be easily incorporated in flow streams, they are an elegant alternative to flat 
membraness in many analytical applications.8 Hollow-fiber flow FFF (HF5) has been 
pioneeredd by Lee et al. 9 and later matured at the hands of Carlshaf and Jönsson.10-11 

HF55 has been applied to the analysis of polystyrene sulfonates12 and employed as a 
tooll  to study peak overloading.13*16 Despite the great promise of the technique, the full 
possibilitiess of HF5 have yet to be exploited. The main practical obstacle for HF5 is 
thatt it requires a highly consistent membrane quality. Inhomogeneities of the porosity 
off  the membrane may lead to a poor fiber-to-fiber repeatability and to a loss of 
performance.177 However, recendy Lee tt aLx% have accomplished an impressive 
separationn of latex particles. The relatively small dimensions of the hollow-fiber set-up 
facilitatee temperature control of the system.19 

Inn this work, results are presented of organic solvent flow FFF in a commercially 
availablee hollow-fiber ultrafiltration membrane made of modified polyacrylonitrile 
(PAN).. Non-solvents of PAN, to which the membrane can be assumed resistant, 
include:: water, alcohols, ketones, hydrocarbons and chlorinated hydrocarbons. PAN 
does,, however, dissolve in polar organic solvents such as dimethyl sulfoxide and 
dimethyll  formamide.20 The hollow-fiber geometry of the membrane offers some 
specificc advantages for the work with organic solvents. Solvents are contained in a 
relativelyy small volume, so that membranes can be replaced easily with a low risk of 
exposuree to hazardous fluids and vapours. Moreover, the set-up of HF5 is such that 
theree is room for the fiber to expand under the influence of the solvent 
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Inn flat-channel asymmetrical flow FFF, where the membrane is damped between two 
plates,, swelling of the support of the membrane can lead to deformation or rupturing 
off  the membrane.7 

AA module has been developed to contain the hollow-fiber membrane, which was 
inspiredd by a set-up developed by Jönsson and Carlshaf,11 but has the advantage that it 
iss constructed completely from standard liquid chromatography equipment. All 
connectionss to the fiber consist of teflon and stainless steel, which are resistant to all 
butt the most aggressive solvents. 

Resultss are presented in two parts. The first part covers the quality of the system 
andd its suitability for quantitative analysis. The repeatability of calculated diffusion 
coefficients,, plate numbers and the recovery of two polystyrene standards, 
fractionatedd in ethyl acetate, are reported. The instrumental band broadening was 
investigatedd by the fractionation of a (monodisperse) protein, ferritin. 

Thee second part covers the application of HF5 with PAN hollow fibers in a wide 
varietyy of solvents to investigate the universality and versatility of the method. A 
broadd polystyrene standard was analysed with on-line multi-angle light scattering 
(MALS)) and UV detection. Expressions for the maximum attainable number of 
theoreticall  plates have been derived, a subject discussed in general terms by 
Giddings21-222 and for flat-channel asymmetrical flow FFF by Iitzén and Wahlund.23 

Suggestionss are made for the optimum dimensions of a hollow-fiber membrane for 
flowflow FFF. 

THEORY Y 

Thee theory and principles of hollow-fiber flow FFF have been described 
extensivelyy in the literature.11'15-24 Here, we limit ourselves to the theory of normal-
modee flow FFF, neglecting the deviations that may occur due to steric effects.25 The 
cross-floww induces an exponential concentration profile of the analyte as a function of 
thee distance to the accumulation wall (z): 

H H c(2)) = c ( 0 ) e x p ^ - ^ -j (1) 

wheree u« is the velocity of the cross-flow and D the diffusion coefficient The ratio of 
DD and u» represents the average layer thickness occupied by the species near the wall, 
whichh determines its axial velocity. Integrating Equation 1 with the parabolic velocity 
profilee in the fiber, gives an expression for the retention time (tr) at sufficiently high 
retention:11 1 

22 f*. -CF Ï 
l i s—ZLSL .. (2) 

wheree R is the inner radius of the fiber, F« the inlet flow, FCT the cross-flow. £ denotes 
thee distance of the focusing point from the entrance of the fiber relative to the length 
off  the fiber (after injection, samples are focused into a narrow zone inside the 
channel). . 

RR i 

tTT = In 
8D D 
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Thee peak variance in time units (a2) due to non-equilibrium effects in HF5 has been 
evaluatedd by Doshi:24 

22 1 6 K R 2 L 2 D 

^ — i ü 5 — ""  (3) 

wheree L is the length of the fiber. Rewriting this equation and substituting: 
Fa=27cRLuCTT (4) 
yieldss a simple expression for  the theoretical number  of plates (N) per  unit of time:11 

-- = ^ (5) 
trr  4 D 

Equationss 2 and 5 reflect the versatility of flow FFF. The retention time can be 
optimisedd for  a certain size range by tuning the inlet- and cross-flows (Equation 2). 
Ann increase in the cross-flow strongly enhances the efficiency. By lowering the inlet-
velocity,, and hence increasing the retention time, separation speed can be sacrificed 
forr  theoretical plates (Equation 5). 

Inn order  to obtain maximum separation efficiency, the cross-flow velocity should 
bee as large as possible. However, there are several limitation s to the cross-flow. A 
physicall  limitatio n is the maximum permeability of the membrane. In addition, an 
increasedd cross-flow may induce peak overloading. When the concentration of the 
analytee at the accumulation wall becomes too high, repulsive interactions or  viscosity 
effectss can affect the peak shape or  induce a change of the retention time.4-15-16 It has 
beenn shown that such overloading occurs when the concentration of the analyte at the 
accumulationn wall exceeds a certain critical value c*  (which depends on the polymer-
solventt  system and on the molar  mass of the polymers to be analysed). Hence, in 
orderr  to apply a high cross-flow the injected mass should be kept low. On the other 
hand,, the detectabiHty of the analyte sets a limit to the minimum amount of sample 
thatt  can be introduced into die separation system: the concentration of an analyte 
afterr  elution from the separation channel should at least exceed the detection limit 
(CLOD).. Since the concentration of an eluting compound in the detector  (cdet) is directly 
relatedd to its concentration at the membrane wall (co) by:15 

8D22
 /K. 

uCTT R 
limit ss are also set to the cross-flow velocity. Combining Equations 5 and 6, with the 
concentrationn limit s set by overloading (c*) and detectabiHty (CLOD), yields an 
expressionn for  the maximum number  of plates per  time unit (N/tt)ni«: 

(ü))  V) 
Equationn 7 summarises the factors that determine the optimal performance of an HF5 
system.. In first  instance, the system performance is determined by the physical and 
chemicall  characteristics of the compounds to be separated, in particular  their 
detectabiHtyy and susceptibiHty to overloading. 

41 1 



Inn general, the system performance is expected to decrease with increasing molar 
mass,, not only because of the occurrence of D in Equation 7, but also because c* 
decreasess with increasing molar mass.4 Equation 7 also shows that, as with many other 
separationn methods, miniaturisation can boost the performance of the HF5 system. 
Withh narrower fibers, less dilution of the sample occurs so that higher cross-flows can 
bee applied and smaller amounts of sample can be injected. In theory there is no effect 
off  the length of the fiber. However, an increased length may reduce band-broadening 
effects.. Inhomogeneities of the fiber porosity are averaged over a longer length and 
thee contributions of the entrance and exit of the fiber to band broadening become 
relativelyy smaller. 

EXPERIMENTAL L 

Instrumenta l l 

AA module, containing the hollow-fiber membrane, was installed in the set-up 
depictedd in Figure 1. All connections were made using standard PEEK and teflon 
tubing.. A model 400 HPLC pump (Gynkotek, Germering, Germany) delivered the 
inlet-flow.. Two 1/16" needle valves (Hoke, Creskill NJ, USA) controlled the position 
off  the relaxation point and the magnitude of the cross-flow, respectively. Samples 
weree injected from a 5 ul injection loop on a model 7010 injection valve (Rheodyne, 
Berkeley,, CA, USA). Valve V (Rheodyne) enabled switching between the so-called 
relaxationn (or focussing) mode and fractionation mode. 

Inn order to improve the signal-to-noise ratio,26 with multi-angle laser light 
scatteringg (MALS) detection, a 0.2 \un PTFE in-line filter (Millipore, Bedford MA, 
USA)) was installed between valve V and the detector in an A315 small-volume 
precolumnn filter holder with an A 101 x stainless steel frit, pore size 2 ^m (Upchurch 
Scientific,, Oakharbor WA, USA). 

Hollow-fiberr membranes were cut out of a MOLSEP hollow-fiber module type 
FS-03-FCC FUY 03A1 (Hoechst Celgard, Wiesbaden, Germany). The membranes were 
reportedd by the manufacturer to consist of modified polyacrolynitrile, with a nominal 
molecularr weight cut-off of 30 kDa. The fibers have a length of ca. 30 cm. An inner 
diameterr of 1 mm and an outer diameter of 1.6 mm are reported by the manufacturer. 
AA blow-up of the hollow-fiber module is shown in Figure 1. The module, with a 
lengthh of 20 cm, was constructed from two 6.2 mm stainless steel columns with an 
innerr diameter of 4.5 mm that were coupled by a %" T-piece to provide an outlet for 
thee cross-flow. Fittings at the ends of the columns transferred from Vi" to 1/16". The 
fiberfiber was inserted into the module. Into both ends of the fiber, a steel capillary (length 
55 cm, inner diameter 0.6 mm, outer diameter 0.9 mm) cut from a Microlance 3 
injectionn needle (Becton Dickinson, Fraga, Spain) was inserted. 1/16" teflon ferrules 
weree shoved over the fiber and, after tightening by a nut, sealed the module by 
clampingg the fiber onto the needles. Standard connections were made from the 
needless to 1/16" tubing. 
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FigureFigure 1. Scheme of the HF5 set-up. The enlargement shows the construction of the 
holloww fiber module (for easy reference, connections to the V*"  T-piece and column are left 
outt and only one end of the fiber is shown). Arrows show die directions of the flows during 
relaxationn (r) and fractionation (f). Legend: needle valves (NV1 and NV2); injector (I); valve 
(V);; detector (D); fiber (a); lA" column (b); teflon ferrule (c); 1/16" nut (d); steel needle (e). 

AA Spectroflow 757 UV detector (Applied Biosystems, Ramsey, NJ, USA) SEDEX 
555 (S.E.D.E.R.E., Alfortville , France) an evaporative light scattering detector (ELSD) 
orr a DAWN-DSP MAL S detector (Wyatt Technology, Santa Barbara, CA, USA) in 
combinationn with a UV detector were used. The MAL S detector was equipped with a 
300 mW argon laser, generating light with a wavelength of 488 nm. The settings of the 
ELSDD were optimised for the respective solvents used. ELSD and UV signals were 
amplifiedd by a model 113 pre-amplifier (Princeton Applied Research, Princeton, NJ, 
USA)) and processed by a personal computer after conversion by a Smartlink DS-12 
A / DD converter (Keithley, Cleveland OH, USA). In case of MAL S detection, all signals 
weree processed by ASTRA 4.5 software (Wyatt). 
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Chemical ss  and solution s 

Alll  chemicals and solutions were purchased from standard suppliers and were of at 
leastt 99% purity. Non-stabilised THF (Acros, Geel, Belgium) was used A 
comprehensivee list of the polymer standards that were used and their suppliers is 
providedd in Table 1. Standards were diluted in the carrier liquid to the required 
concentration.. All experiments were carried out at room temperature (20  1°C). 
Membraness were stored in an aqueous 0.02% (m/v) sodium azide solution in a dark 
place. . 

Procedur e e 

Thee principle of the operation procedure was similar to that employed by Lee et 
a/.a/.nn After installation of the fiber, the system was flushed with solvent for 30 minutes 
too remove air bubbles and to equilibrate the membrane. Injection was performed in 
thee relaxation mode with the inlet-flow being split in a part that enters the front end 
andd a part mat enters the back end of the fiber, creating a focussing of the sample in a 
narroww zone. The ratio of the forward and backward flows determines the distance of 
thee focussing point from the inlet relative to the length of the fiber (£ in Equation 2), 
whichh was adjusted to 0.15 with valve NV1. The sample was focussed with an inlet-
flowflow of 0.2 ml min1 during 5 minutes. Valve V was switched to start the fractionation, 
duringg which the cross-flow was regulated by valve NV2. Flows were determined 
gravimetrically. . 

TableTable 1. Polymer standards and suppliers. Mp: molar mass at concentration maximum; \i: 
polydispersityy (specified by the manufacturer). 

Polymer r 
Polyy (methyl methacrylate) 

Cis-Polyisoprene e 

Polybutadiene e 

Poly(tert-butylvinylketone) ) 

Polystyrene e 

Polystyrenee SRM 706 
Ferritin n 

Mp(kDa) ) 
88 8 
333 3 
610 0 
1400 0 
60 0 
295 5 
590 0 
120 0 
330 0 
80 0 
380 0 
100 0 
400 0 
900 0 
2000 0 
271 1 
440 0 

u u 
1.04 4 
1.04 4 
1.07 7 
1.04 4 
1.04 4 
1.04 4 
1.05 5 
1.03 3 
1.04 4 
1.04 4 
1.15 5 
1.06 6 
1.06 6 
1.10 0 
1.30 0 
2.1 1 
1 1 

Manufacturer r 
Polymerr Laboratories, 
Churchh Stretton, UK 

Idem Idem 

Idem Idem 

Polymerr Standards Service, 
Mainz,, Germany 
Pressuree Chemical Co, 
Pittsburghh PA, USA 

BDHH Chemicals, Poole, UK 
Sigma,, St Louis MO, USA 
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RESULTSS AND DISCUSSION 

Systemm Performanc e 

Thee width of a peak in HF5 is determined by the polydispersity of the sample, the 
bandd broadening by the (fundamental) non-equilibrium effects during elution and 
possiblyy by instrumental band broadening, caused by non-idealities such as extra-
columnn effects or  an inhomogeneous fiber porosity. It has been shown that with an 
ideall  HF5 set-up, the reciprocal of the plate number  for  a polymer standard is given 
byy the addition of non-equilibrium effects (Equation 5) and the contribution of die 
polydispersity12 2 

ii  = -i£_ + b2(n-l ) (8) 

wheree b is the Mark-Houwin k constant of the polymer (the negative slope of the log 
DD vs. log M relation, which is usually in the range of between 0.5 and 0.6) and \i the 
polydispersityy of the standard Instrumental non-idealities will show up as an extra 
termm on the right-hand side of Equation 8. Since die polydispersities of available 
syntheticc polymer standards are usually not negligible (see Table 1) and not known 
accurately,, it is impossible to obtain a reliable estimate of the instrumental band 
broadeningg contribution from the fractograms of synthetic polymer standards. 
Therefore,, the instrumental band broadening was evaluated with a protein (ferritin) , 
whichh is monodisperse by nature. Ferriti n has a molar  mass of 440 kDa and aggregates 
aree formed in solution, providing an excellent test for  the resolution that can be 
obtainedd with flow FFF.» 

Figuree 2 shows an exemplary fractogram of ferritin , eluted with an aqueous buffer 
off  10 mmol F 2-acetamino ethanesulfonic acid (ACES) with 10 mmol W sodium 
chloridee at pH 6.5. The aggregates were separated within 8 minutes, with 
approximatelyy 180 plates for  die main peak. Multipl e fractionations were carried out 
withh different inlet-flows and cross-flows, and the inverse of the plate numbers for  the 
mainn ferriti n peak was plotted against l/(ucr2 t,) (see Figure 3). In accordance with 
Equationn 8 a linear  relationship was found. From the slope of the regression line, the 
diffusionn coefficient of ferriti n was estimated as 3.50 x 1041 m2 s-\ which is close to 
thee literatur e value of 3.61 x 10-"  m2 s1 at 20°C.28 From the intercept of the 
regressionn line with the Y-axis (and a value of 0.49 for  b29) an apparent polydispersity 
off  1.003  0.003 (95% CI, 8 df) was calculated. This result shows that instrumental 
bandd broadening in the present HF5 system is negligible. 
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FigureFigure 2. Fractionation of ferritin in ACES buffer. The numbers with the peaks denote the 
aggregationn number. Fm = 1.5 ml min-1, Fd = 0.38 ml min1, void time = 0.1 min. Detection: 
UVV at 280 nm. 
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FigureFigure 3. Reciprocal of the plate number for ferritin as a function of 1 /(ucr2tr). 
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Performanc ee in organi c solvent s 

Thee resistance of the membrane to several organic solvents was tested by trial flow 
FFFF runs of a 400 kDa PS standard The membrane was indeed resistant to 
dichloromethanee (DCM), methyl ethylketone (MEK), ethyl acetate and 
tetrahydrofurann (THF). Notably, a fiber could be used for at least five days in any of 
thesee solvents, without loss of performance. In contrast, the membrane appeared not 
too be resistant to toluene and cyclohexane: with these solvents the standard was not 
recoveredd from the fiber. 

Thee suitability of HF5 for quantitative analysis in organic solvents was investigated 
byy measuring the effect of the injected mass on the peak area and peak height of a 
high-molarr mass (2MDa) PS standard in ethyl acetate. The injected mass was varied 
betweenn 0.5 and 5 (ig and the inlet flow and cross-flow were set at 0.4 and 0.07 ml 
min1,, respectively, which resulted in a retention time of ca. 10 minutes. It was 
observedd that the dependence of the peak area on the injected mass was linear over 
thee complete range, with a value of 0.992 for r2. In contrast, the effect on the peak 
heightt was close to linear with injected masses of up to 2 ^g, while the points above 2 
jogg deviated from the straight line. This curvature is caused by peak overloading, 
whichh was observed as a distortion of the peak shape at these mass loads. The 
recoveryy of the standard, calculated from the extinction coefficient, peak area and 
outlett flow rate, was determined to be 96  5% (95% CI, 11 df). The complete 
recoveryy and linearity of the peak area show that the method can be used for 
quantitativee analysis of high-molar mass compounds. 

Fromm the height of the peak at the onset of overloading, with 2 üg injected, c*  was 
calculatedd to be 2.5 g l1, taking into account a dilution factor (cdet/co) of 1450 
(Equationn 6). From the same fractograms a concentration detection limit CLOD (S/N = 
3)) of 0.29 mg F was estimated. It can be calculated with Equation 7 that under 
optimall  conditions, i.e., at a minimum sample load and maximum cross flow, 360 
platess can be obtained in 10 minutes for this polymer. With the flow rates as applied 
inn the current set of experiments, 60 plates can be obtained in 10 min for a 
monodispersee standard (Equation 5). In our experiments only 40 plates were 
generated.. This corresponds to a polydispersity of the standard of 1.1 (Equation 8), 
whichh is much smaller than the value of 1.3 supplied by the manufacturer. It has been 
suggestedd previously that the polydispersities reported by manufacturers may be 
conservativee estimations.12 

Thee repeatability of the system was evaluated by repetitive fractionations of a 
standardd mixture containing 1 ug of PS 100 and 400 kDa in ethyl acetate. Six 
consecutivee injections were performed on six different fibers. In Table 2, the average 
recovery,, calculated diffusion coefficient and number of plates obtained with each 
fiberfiber are presented. While on average the 400 kDa standard is completely recovered, 
onlyy about 57% of the 100 kDa standard is eluted Apparently, part of the latter 
standardd is lost through die pores of the membrane. It is conceivable that the 
molecularr weight cut-off, which is given as 30 kDa for a charged solute in water, is 
largerr for an uncharged polymer, and swelling of the pores of the membrane in 
organicc solvent cannot be ruled out 
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Extrapolationn of literatur e data30 obtained by dynamic light scattering experiments 
givess respective diffusion coefficients of 7.1 and 3.4 X 10-"  m2 s1. The average 
diffusionn coefficients calculated for  the 100 and 400 kDa standards were 6.34 and 3.05 
xx 10-11 m2 s1, respectively. The values from our  experiments are approximately 10% 
lowerr  than ttiese literatur e values. A realistic explanation of this discrepancy may be 
thatt  the actual radius of the fiber, when operated in an organic solvent, differs from 
thee nominal value used for  the calculation of D (Equation 2). Apparently, calibration 
off  the HF5 system is still required. This is supported by the observation that when the 
1000 kDa standard is used as an internal standard, for  the 400 kDa standard a diffusion 
coefficientt  of (3.42  0.02) X 10-"  m2 s1 (95% CI, 5 df) was found, which is equal to 
thee literatur e value. The repeatability of the separation efficiency, expressed as the 
numberr  of plates, was satisfactory. For  the 4000 kDa standard, with most of the fibers 
aroundd 110 plates are obtained. 

Application ss in organi c solvent s 

Inn Figure 4 fractograms are presented of different polymer standards in a variety of 
organicc solvents. Detection was performed by ELSD. The injected masses varied 
betweenn 0.2 and 1 |ig. Fm (0.5 to 0.75 ml min1) and F„  (in the order  of 0,2 ml min1) 
weree set as a compromise between resolution and signal-to-noise ratio. Void times 
weree in the order  of 0.3 min. Figure 4A and B show the fractionation of 
polybutadieness and polyisoprenes with DCM as die solvent Excellent separations of 
thesee standards were obtained These results show that non-cured rubber-polymers 
cann be separated with flow FFF. HF5 may prove to be valuable for  the determination 
off  microgels (large cross-linked structures) in rubbers, which is generally troublesome 
withh Size Exclusion Chromatography.31 Work on this subject is currently being carried 
outt  in our  laboratory. Figure 4C shows a fractionation of two poly (tert-vinylbutyl ) 
ketoness in MEK . The peak of the 380 kDa standard is relatively broad compared to 
thee 80 kDa standard, as a result of the difference in polydispersity (1.15 vs. 1.04, 
reportedd by the manufacturer). A good separation of four  polymethylmethacrylate) 
standardss over  a molar  mass range of between 80 kDa and 1.4 MDa was obtained in 
THFF (Figure 4D). Due to the relatively large porydispersities of the 333 and 610 kDa 
standards,, these were not completely resolved Also, a separation of four  PS standards 
inn THF was performed A plot of log D vs. log M from this result displayed a strong 
curvature,, while a linear  relationship is expected32 This pointed towards adsorption of 
thee solutes to the membrane wall A linear  relationship between log D and log M was 
obtainedd after  addition of 1 mmol F ammonium acetate to the mobile phase, a well-
knownn remedy against adsorption.5 A fractogram of four  PS standards in ethyl acetate 
iss presented in Figure 4E. All standards, covering a mass range of over  one order  of 
magnitude,, are nearly base-line separated The results in Figure 4 underline me 
enhancedd versatility that is achieved with the PAN membrane. In particular  THF and 
DCMM  are commonly applied in polymer analysis because they are potent solvents for 
aa wide range of polymers.20 
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FigureFigure 4. Fractionation of synthetic polymers in various organic solvents with ELSD 
detection. . 
A:: Polybutadienes in dichloromethane. Mp = 120 kDa (1) and 330 kDa (2). 
B:: Polyisoprenes in dichloromethane. Mp = 60 kDa (1), 295 kDa (2) and 590 kDa (3). 
C:: Poly (tert-vinyl butylketones) in MEK. Mp = 80 kDa (1) and 380 kDa (2). 
D:: PMMA's in THF. MD ii  kDa (1), 333 kDa (2), 610 kDa (3) and 1400 kDa (4). 
E.. Polystyrenes in ethyl acetate. Mp = 100 kDa (1), 400 kDa (2), 900 kDa (3)and 2 MDa (4). 
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AA broad PS SRM 706 reference standard, dissolved in THF, was fractionated and 
detectedd with on-line UV and MAL S detection. The MAL S detector measures light 
scatteringg at multiple angles during short time intervals. In combination with a 
concentrationn detector, molar masses can directly be obtained for each time 
interval.26-33"35.. In Figure 5 the UV trace and 90° signal of the MAL S detector are 
shown.. From the extinction coefficient and the refractive-index increment (dn/dc) of 
PSS in THF (0.194 ml g-1) the molar mass was calculated. The molar mass trace 
displayss a separation of over an order of magnitude. A molar mass value at the 
concentrationn maximum (Mp) of 280 kDa was measured, which is in good accordance 
withh the value provided by the manufacturer (271 kDa). A plot of the root-mean-
squaree radius vs. time (not shown here) displayed a slight curvature. An artefact in the 
UVV signal after ca. 30 minutes disturbed the signal from the high-mass end of the 
distributionn and thereby prevented an accurate determination of the polydispersity. 
Nonetheless,, Figure 5 shows that MAL S detection can in principle be coupled to 
HF5.. This combination will be very useful because MAL S offers an on-line and direct 
wayy to measure molar mass distributions without the need for suitable standards. 

(0 0 
Q Q 

FigureFigure 5. Fractionation of a broad SRM 706 PS standard in THF with MALS and UV 
detection.. The 254 nm UV signal (1), 90° scattering signal (2) and molar mass (3) are shown. 
Fmm = 0.4 ml min1, Fcr = 0.22 ml min1, void time = 0.6 min. 
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CONCLUSIONS S 

Inn this work, the consistently successful application of organic solvents in flow 
FFFF is presented for the first time. The PAN hollow-fiber membrane is stable in a 
widee variety of solvents. The fact that solvents such as THF, dichloro methane and 
MEKK can be used implies a vast broadening of the application range of flow FFF. 
Obviously,, the PAN membrane can be a useful tool in other (analytical) applications 
thatt require ultrafiltration in hydrophobic organic solvents. HF5 may prove to be 
particularlyy valuable for the analysis of large polymeric structures such as microgels 
thatt are difficult to handle with packed columns. There is still room for improvement 
off  the system. A reduction of the inner diameter of the fiber (possibly combined with 
ann increased fiber length to suppress instrumental band broadening) can lead to a 
significantt enhancement of the performance. This should result in HF5 becoming a 
fulll  and established member of the FFF family. 

52 2 



REFERENCES S 

11 M. Schimpf, K. D. Caldwell and J. C. Giddings, Field-flow Fractionation Handbook, John Wiley: 
Neww York, NY, USA (2000). 

22 J. C. Giddings, F. J. F. Yang and M N. Myers, Science 193 (1976), 1244. 
3S.. L. Bnmhall, M. N. Myers, KL D. Caldwell and J. C. Giddings, Pofym. Mater. ScL Eng 50 

(1984),, 48. 
4K.. D. Caldwell, S. L. Brimhall, Y. Gao and J. C. Giddings, ƒ. AppL Pofym. ScL 36 (1988), 703. 
55 J. J. Kirkland and C. H. Dilks,y4W Chan. 64 (1992), 2836. 
66 Miller, M. E.; Giddings, J. C.J. Microcol Sep. 1998, 10,75-78. 
77 J. E. G. J. Wijnhoven, M. R. van Bommel, H. Poppe and W. Th. Kok, Chromatographia 42 

(1996),, 409. 
88 M. van Bruijnsvoort and P. J. Schoenmakers, in: Encyclopedia of Separation Science, I. D. Wilson, 

E.. R. Adlard, M. Cooke and C. F. Poole (Eds.), Academic Press, London, UK (2000), Vol. 7, 
ppp 3312. 

99 H. L. Lee, J. F. G. Reis, J. Dormer and E. N. U^xioot, AlCbE J. 20 (1974), 776. 
100 A. Carlshaf and J. A. Jönsson, J. Chromatogr. 461 (1988), 89. 
111 J. A. Jönsson and A. Carlshaf, AnaL Chen. 61 (1989), 11. 
122 J. E. G. J. Wijnhoven, J. P. Koorn, H. Poppe and W. Th. Kok, ƒ Chromatogr. A 699 (1995), 

119. . 
133 A Carlshaf and J. A. Jönsson,/. MicmoL Sep. 3 (1991), 411. 
144 A. Carlshaf and J. A. Jönsson, Sep. ScL TecbnoL 28 (1993), 1191. 
15J.. E. G.J. Wijnhoven,J. P.Koom,H. PoppeandW.Th.Kok,/. Chromatogr. A732(1996), 

307. . 
166 M van Bruijnsvoort, R. Tijssen and W. Th. Kok,/. Polymer ScL B (submitted). 
177 A Carlshaf and J. A. Jönsson, Sep. ScL TecbnoL 28 (1993), 1031. 
»» W. J. Lee, B. R. Min and M H. Moon, Anal Cbem. 71 (1999), 3446. 
199 M. H. Moon, K. H. Lee and B. R. J. Min, MicmoL Sep. 11 (1999), 676. 
200 J. Bradford, E. H. Immergut and E. A. Grulk, Polymer Handbook (4th ed.), John Wiley, New 

York,, NY, USA (1998). 
**  J. C. Giddings, Unified Separation Science, John Wiley, New York, NY, USA (1991). 
222 J. C. Giddings, MicrocoL Sep. 5 (1993), 497. 
233 A. Litzén and K.-G. Wahlund, AnaL Cbem. 63 (1991), 1001. 
244 M. R. Doshi, W. N. Gill and R. S. Subramanian, Cbem. Eng ScL 30 (1975), 1467. 
255 J. C. Giddings, Analyst 118 (1993), 1487. 
266 B. Wittgren and K-G. Wahlund J. Chromatogr. A 760 (1997), 205. 
277 A. Litzén, AnaL Cbem. 65 (1993), 461. 
2»» M. T. Tyn and T. W. Gusek, BiotechnoL Bioeng. 35 (1990), 327. 
299 A. Litzén and K.-G. Wahhind, J. Chromatogr. 476 (1989), 413. 
300 M. A. M. Beerlage, J. M M. Peeters, J. A. M. Nolten, M H. V. Mulder and H. Strahtmann, ƒ. 

AppLAppL PoJym. ScL 75 (2000), 1180. 
311 M Sibbald, L Lewandowski, U. Mallamaci and E. Johnson, MacromoL Sjmp. 155 (2000), 213. 
322 W. Mandema and H. Zeldenrust, PoiymertB (1977), 835. 
333 P. J. Wyatt, AnaL Chim. Acta 272 (1993), 1. 
344 D. Roessner and W. M. Kulicke, J. Chromatogr. A 687 (1994), 249. 
355 B. Wittgren, J. Bergström, L. Piculdl and K.-G. Wahhmd, BiopoJym. 45 (1997), 85. 

53 3 



CHAPTERR 4 

Assessmen tt  of the diffusiona l behaviou r of 
polystyren ee sulfonate s in the dilut e regim e by 

hollow-fibe rr  flow field-flo w fractionatio n 

ABSTRACT T 

Howw Field-Flow Fractionation (FFF) in a ceramic tubular membrane was applied 
too study the diffusional behaviour of sodium polystyrene sulfonate (NaPSS) as a 
functionn of salt and polyelectrolyte concentration in the dilute concentration regime. 
NaPSSS standards were fractionated in an aqueous carrier liquid with salt 
concentrationss of between 1 mmol H and 100 mmol l1 and injected amounts varying 
betweenn 0.2 and 20 ug. A sharp increase of the apparent diffusion coefficients, due to 
peakk overloading, occurs at a critical polyelectrolyte concentration at the accumulation 
walll  A model has been developed comparing repulsive electrostatic interactions, 
calculatedd from the Derjaguin-Landau-Verweij-Overbeek (DLVO) theory, to the 
thermall  energy. It is shown that the observed critical concentration approximates the 
concentrationn of a closely packed lattice of hard spheres within an order of magnitude. 
Thee critical concentration appeared to be dependent on the salt concentration, but the 
influencee of the molecular mass was less clear. Expressions for the migration velocity 
inn overloaded channels have been derived and confirmed experimentally for the two 
lowestt molecular masses. Deviations occur for high-molecular mass NaPSS, possibly 
duee to mutual attraction. These experiments confirm the observations made by Small 
Anglee Neutron Scattering and Dynamic Light Scattering that the ordering of 
polyelectrolytess occurs already in the dilute regime. 
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INTRODUCTION N 

AA large variety of techniques has been utilised to measure static and dynamic 
propertiess of polyelectrolytes in solution, including osmotic pressure, viscosity, and 
birefringencee measurements and light, x-ray and neutron scattering.1'2 As already 
predictedd in 1976 by de Gennes et aL 3 and confirmed experimentally with dynamic 
lightt scattering (DLS) measurements by Koene and Mandel,4 several concentration 
regimess for polyelectrolytes can be discerned Complete phase diagrams for 
polyelectrolytess have been given by Kaji etal> and by SchiesseL6 

Inn the dilute regime, the focus of our interest, polyelectrolytes behave as flexible, 
chargedd chains with long-range Coulombic repulsion as the only source of mutual 
interaction.. The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory can be used to 
describee such systems.7 In this approach the polyions are modelled as hard, 
incompressible,, charged spheres with a Coulombic interaction determined by the 
surfacee potential of the hypothetical spheres and the ionic strength of the surrounding 
solution. . 

Abovee a certain critical concentration within the dilute regime sudden changes of 
thee static8 and dynamic properties9 of polyelectrolytes have been observed. A steep 
increasee of the osmotic pressure and apparent diffusion coefficients are observed at 
concentrationss well below the transition concentration between the dilute and semi-
dilutee regime. At higher polyion concentrations, in the semi-dilute regime, the 
apparentt diffusion coefficients become independent of the molecular mass of the 
polyelectrolytes. . 

Att polyelectrolyte concentrations higher than this critical limit in the dilute regime, 
aa double exponential correlation function is measured with DLS. The correlation 
functionn is interpreted as consisting of a second diffusive or "slow" mode existing 
besidess the normal "fast" diffusion.10"13 The increase of the fast diffusion coefficient is 
attributedd to a coupled diffusion of the polyions and counterions in the solution. The 
sloww mode correlation in DLS is interpreted as being caused by the presence of large 
domainss or aggregates of polyionic chains. Small-angle X-ray and neutron scattering 
experimentss (SAXS and SANS), conducted with a large variety of polyelectrolytes of 
syntheticc as well as biological origin, also seem to indicate that ordered clusters of the 
polyelectrolytee ions are formed, in which the motion of the individual ions is 
coupled14-200 The exact nature of these domains and the mechanism behind their 
formationn is still not completely understood Also, the transition of the ordinary mode 
(withh a single exponential decay curve in DLS) to the extraordinary regime (with two 
modess of diffusion) and its dependency on, for example, the salt concentration of the 
solutionn and the molecular mass of the polyelectrolyte, is still a matter of dispute.21 

Floww field-flow fractionation has been developed as an analytical separation 
techniquee for the fractionation and characterisation of polymers in solution.22 In flow 
FFFF a separation channel with a semi-permeable wall is used Through the channel a 
carrierr liquid is pumped in the axial (length) direction, while at the same time a so-
calledd cross-flow is maintained through the semi-permeable wall Macromolecular 
compoundss that are injected into the channel as analytes cannot pass through the 
semi-permeablee wall and are concentrated into a thin layer of solution close to this 
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walll  The thickness of this layer depends on the velocity of the cross-flow and on 
molecularr diffusion of the analyte compounds. Since the axial flow is laminar, this 
thicknesss determines the (average) velocity of the analyte in the axial direction. Thus 
inn flow FFF macromolecular compounds are separated on the basis of differences in 
molecularr diffusion rates. The separation mechanism of flow FFF is such that it 
providess a direct method to determine the molecular diffusion as originally defined by 
Fickk in 1855.23 Ideally, the molecular diffusion coefficient data that are obtained by 
floww FFF can be translated into molecular size data through the Stokes-Einstein 
theory. . 

Hollow-fiberr flow FFF was experimentally developed by Jönsson and Carlshaf in 
1989.244 We have used a hollow-fiber flow FFF set-up, newly developed in our 
laboratory,, with a tubular ceramic ultrafiltration membrane as the separation channel 
Whilee previously employed polymeric fibers may be subject to swelling in the 
solvent,255 the rigid structure of the ceramic support ensures stable channel 
dimensions. . 

Generally,, low analyte concentrations are used in flow FFF, so that for neutral 
polymerss apparent diffusion coefficients are obtained that approach the values at 
infinitee dilution.26 However, several studies have shown that flow FFF applied to 
polyelectrolytess is very susceptible to overloading.2729 When flow FFF is used to 
obtainn data on the molecular size distribution of a polyelectrolyte sample, care should 
bee taken that the amount of analyte injected in the channel stays below a certain limit 
Ann increase in concentration will lead to electrostatic repulsion of the analyte from the 
solutionn layer close to the accumulation wall. 

Thee overloading phenomena mat are observed in flow FFF of polyelectrolytes are 
obviouslyy connected to the steep increase of apparent diffusion coefficients above a 
certainn critical concentration, as has also been observed with other techniques. 
Therefore,, flow FFF appears to be a very suitable technique to study such diffusional 
behaviour.. We have used flow FFF to estimate the critical concentration of 
poly(styrenesulfonate)) standards with different molecular masses in solutions with a 
widee range of ionic strengths. The experimental results obtained have been compared 
too theoretical predictions from the DLVO theory for charged hard spheres. The 
modell  developed for this purpose elaborates on previous applications of DLVO 
theoryy to flow and sedimentation FFF for particles.30-32 
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EXPERIMENTAL L 

Instrumenta l l 

Tubularr ceramic ultrafiltration membranes were purchased as a Kerasep-400 
modulee (Rhone Poulenc, Lyon, France) composed of 19 parallel channels with a 
lengthh of 40 cm and an inner diameter of 2.5 mm. A molecular weight cut-off of 15 
kDaa is given by the manufacturer. A single channel with a lengm of 11 cm was cut out 
off  the module and polished to a cylindrical shape with an outer diameter of ca. 4.2 
mm. . 

Connectionss from standard 1/16" PEEK tubing to die channel were made via two 
1/16""  stainless steel zero-dead-volume unions (Swagelok, Solon, OH, USA). In order 
too fit  them to the ceramic tube, they were cut in half and a small cylinder was soldered 
too me end. The connectors were glued to the ends of the channel with Araldite 2014 
epoxyy resin (Ciba-Geigy, Basel, Switzerland). 

AA scheme of the instrumental set-up widi an enlarged picture of die separation 
channell  is shown in Figure 1. The channel was mounted in a stainless-steel tube mat 
wass subsequendy filled with the carrier liquid. A Spectroflow pump (Applied 
Biosystems,, Ramsey, NJ, USA) delivered the flow in the axial direction (Fi„). A P-6000 
syringee pump controlled by a P-500-plus controller (Pharmacia, Uppsula, Sweden) was 
connectedd to die stainless steel encasing so mat it could control die cross-flow (Fa). 

Pumpp 2 

Pumpp 1 

Computer r 

Fiber r Detector r 

Solvent t 
Reservoir r 

FigureFigure 1. Scheme of the instrumental set-up of the flow FFF instrument. The enlargement 
showss a photograph of the channel with the tubing connected to it. Arrows indicate the 
directionss of the flows during fractionation. 
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Bothh the cross-flow and flow through the detector were recycled to the solvent 
reservoirr with a volume of 1 1. Samples were injected via a 5 ul injection loop on a 
70100 injection valve (Rheodyne, Berkeley, CA, USA). UV detection at 226 nm was 
performedd using a Spectroflow 757 UV detector (Applied Biosystems, Ramsey, NJ, 
USA).. Detector signals were amplified by a model 113 pre-amplifier (Princeton 
Appliedd Research, Princeton, NJ, USA) and transferred by a home-built A/D 
converterr to a personal computer. 

Chemical ss  and solution s 

NaPSSS standards (Polymer Standard Service, Mainz, Germany) were reported by 
thee manufacturer to have a polydispersity smaller than 1.1. Demineralised water and 
p.a.. sodium chloride were used to prepare the carrier liquid. Samples were prepared by 
dissolvingg the polymer in the carrier liquid and stored at 4°C. 

Procedur e e 

Alll  experiments were carried out at room temperature. After injection, the analyte 
wass flushed with 75 [d of carrier liquid towards the channel (corresponding to the 
calculatedd dead volume in front of it) to decrease the time required for relaxation. 
Then,, during a relaxation period of 8 minutes, Fffl and FCT were set to 0.02 and 0.2 ml 
min1,, respectively. The fractionation was started by increasing the axial and cross-flow 
too the desired values. Depending on the ionic strength and molecular mass, the inlet 
flowflow rate was adjusted so that at the highest injected mass the fractionated peak was 
stilll  separated from me void peak. FCT was kept at 0.15 ml min1. 

THEORY Y 

DLVOO model 

Inn the DLVO model, a polyelectrolyte is considered as a hard, incompressible, 
chargedd sphere with a hydrodynamic radius (m). When introduced in a flow FFF 
channel,, two forces act on the particle: Hydrodynamic forces, induced by the cross-
flow,flow, driving the particles towards the accumulation wall and repulsive electrostatic 
forcess (particle-particle interactions). At low concentrations, the average distance 
betweenn the particles is large and the cross-flow can concentrate the sample in a 
solutionn layer close to the wall with an average thickness determined by the thermal 
energyy of the particles. As the concentration is increased, the particles move closer to 
eachh other and repulsive interactions increase. When repulsive forces exceed the 
thermall  energy, the sample can no longer be contained in the thin solution layer. Ergo, 
peakk overloading will occur. In that case, the sample is repelled to average faster 
velocityy zones and a change in retention time and peak shape occurs. The point where 
thee repulsive energy is equal to the thermal energy is, according to the definition by de 
Genness etaL? the transition point into an ordered or "lattice" state. 
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Hence,, in flow FFF the point where overloading starts to take effect is directly related 
too the transition into an ordered state. 

Inn a solution, charged particles carry a surface potential l|/o that is screened by 
oppositelyy charged counterions in the solution over the Debye screening length. Hie 
expressionn for the electrostatic repulsive energy (E,) between two particles at a 
distancee of 2x in a 1:1 electrolyte has been derived by Honig and Mul on the basis of 
DLVOO theory.33 Substituting rH for the particle radius gives for polelectrolytes: 

E^lntnZZQyc-E^lntnZZQyc-22"^-^"^-  ̂ (1) 

wheree 6 the relative permittivity of the solvent and 8o the vacuum permittivity. K is the 
inversee of the Debye screening length: 

-- .2 V 
KK  = 

Iq' ' 
I r TT ( 2 ) 

eeoo kT, 
wheree q is me elementary charge, I the ionic strength of the solvent, k the 

Boltzmannn constant and T the temperature, y is a potential function derived from the 
surfacee potential of the polyion: 

Y --^Itanhf-^ -- (3) ) qq UkT* V 
Fromm the electrophoretic mobility op NaPSS ions, 41.2 10-9 m2 V4 s4, as given by 

Cottett and Gariel,34 it follows that \|/o is in the order of 52 mV. A value of 48 mV is 
calculatedd for y. Hie surface potential is independent of the ionic strength of the 
solutionn and the molecular mass. 

Forr comparison, in Figure 2 the repulsive force between two 17 kDa NaPSS 
moleculess as a function of the intermolecular distance is shown together with the 
thermall  energy. A salt concentration of 10 mmol l1 and a hydrodynamic radius of 4.1 
nmm (calculated from its diffusion coefficient) were used in the calculations. Since the 
repulsivee energy increases rapidly with decreasing distance, there is a distinct minimum 
off  approach (xmm) between adjacent polyions where the two energy curves cross in 
Figuree 2. Hie minimum distance of approach can be found as the distance where the 
repulsivee energy equals kT: 

mm m KK  K2ntHez0yJ (4) ) 

Fromm the closest packing of spherical particles the critical concentration c*  (in 
gg l1) can be obtained as: 

c** = 0.74 — (5) 
1000NA 4*x m i n

3 3 

wheree M is die molecular mass and NA Avogadro's number. 
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FigureFigure 2. Energy of repulsion between two 17 kDa NaPSS molecules as predicted by the 
DLVOO theory compared to the thermal energy, kT; cs = 10 mmol l1. 

Inn order to calculate c*  at a given ionic strength, the value of the hydrodynamic 
radiuss of the polymer is required. rH can be determined from the diffusion coefficient 
obtainedd by flow FFF, given that the system is not overloaded (see Equation 10 
below).. The Stokes-Einstein equation relates the hydrodynamic radius of the 
macromoleculee to its diffusion coefficient under unperturbed conditions (Do): 

k T T 
rHH = = ~ (6) 

6 n r | D0 0 

wheree r\ is the dynamic viscosity of the solvent. 

Elutionn in flow FFF 

Inn flow FFF without overloading effects, a macromolecular compound is 
concentratedd in a thin layer of solution close to the fiber wall. The concentration of 
thee compound follows an exponential profile as a function of the distance z to the 
accumulationn wall: 

c(2)) = c 0 - e x p l - y -J (7) 

wheree Co is the concentration at the accumulation wall. £Q is the characteristic layer 
thicknesss which is determined by the diffusion coefficient of the compound and the 
velocityy of the cross-flow: 

^ 0 = ^^ (8) 
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Here,, u«*  is the linear  velocity of the cross-flow through the walL At sufficiently high 
retention,, under  die influence of the parabolic axial flow in a hollow fiber the axial 
velocityy vo of the compound becomes: 

v 0 =i i2 .vv (9) 
i t t 

wheree R is the radius of the fiber and v the average axial flow velocity. According to 
thee standard theory on flow FFF the retention time tn of the compound can be 
approximatedd by the equation:24 

t^-^-lnfSazSJkll (10) 
8D00 Uto-F^ J 

Here,, C, denotes the distance of the relaxation point from the inlet of the fiber relative 
too the length of the fiber;  £ is equal to the ratio of F« and ¥a during relaxation (0.1 in 
ourr  case). Equation 10 allows the diffusion coefficient at infinit e dilution to be 
calculatedd from the retention time under  unperturbed conditions. 

Ass was shown in the previous paragraph, the DLVO theory predicts a steep 
increasee of the mutual repulsion of polyelectrolyte molecules when the critical 
concentrationn c*  is exceeded. For  hollow-fiber  flow FFF this implies that the 
exponentiall  concentration profil e close to the wall will be disturbed when too much 
materiall  is introduced in the channel The starting point of overloading in hollow-fiber 
FFFF corresponds to the point where the concentration of the macromolecular 
compoundd on the inner  surface of the fiber reaches c*. This concentration may be 
obtainedd from the peak concentration in the detector  at the onset of overloading. 
Fromm the flux equations that can be set up for  the system the relation between the 
detectorr  concentration c<fct and the wall concentration at the end of the channel co can 
bee calculated:27 

Cdct=^7-C 00 (11) 

Thee value of to or  Do required to estimate c*  can be acquired from the retention time 
inn the absence of overloading (Equation 10). 

Whenn more material is introduced in the channel the concentration profil e may 
takee approximately a form as is shown in Figure 3. Close to the wall a layer  with a 
thicknesss of I*  is formed containing the maximum concentration c*  of the 
compound,, and on top of that the normal exponential layer  with thickness to- The 
thicknesss of the layer  I*  will depend on the amount of the compound introduced into 
thee fiber. 

Thee average axial velocity of the compound will be increased compared to the 
situationn without overloading effects. An overloaded peak can be seen as a collection 
off  zones, each moving with a specific velocity v*. v*  is dependent on the 
concentrationn profil e in the zone, which is reflected in dec 
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z(nm) ) 

FigureFigure 3. Concentration profile as a function of the distance z from the accumulation wall 
underr unperturbed (a) and overloaded conditions (b). 

I tt can be shown that the velocity of such a zone with a concentration profile as 
depictedd in Figure 3 (curve b) is: 

en
2 + > > ''iio+yo+y22t t 

.2\ .2\ 

00 + ^  ^ 0 

(12) ) 

wheree vo is the axial velocity of the compound under unperturbed conditions. The 
detectorr concentration and the maximum wall concentration and layer diickness are 
relatedd by: 

-det t == 8 
tt00

22+fe+fe00+y+y22e*e*2 2 

R' ' 
(13) ) 

Equationss 12 and 13 can be used to analyze a series of data on peak retention times 
andd detector concentrations obtained under overloaded conditions. 

RESULTSS AND DISCUSSION 

Inn order to validate the system four standards were fractionated with different 
combinationss of Fi„  and Fcr. The salt concentration (cs) of the carrier liquid was 10 
mmoll  H and die injected mass 1 |j,g. Fm was varied between 0.5 and 2 ml min1, Fcr 

betweenn 0.05 and 0.3 ml min1. In Table 1, the resulting mean diffusion coefficients, 
calculatedd with the use of Equation 10 and the relative standard deviations (RSD) of 
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thee diffusion coefficient of the four standards are presented. Also, the average 
recoveriess are given, U., the ratio of the measured peak area and the expected value 
basedd on the injected amount It can be seen in Table 1 that the recovery for all 
standardss is complete within the expected experimental error {e.g.t injection volume or 
oudett flow rate), indicating that there is no significant leakage in the system. Notably, 
thee relative standard deviation of the mean Do is smaller than 5% for all standards. 

Generally,, diffusion coefficients of polymers follow the well-known relation:35 

D 0= A - M ~ bb (14) 
wheree A and b are empirical constants. The constant b is a measure of the solvent 
qualityy and state of the polymer. It can vary between 0.5 for a bad solvent and 0.6 for 
aa good solvent Linear regression of the results in Table 1 yields log A = -7.8 1 
andd b = 0.58  0.02. This is in good agreement with constants obtained by analysing 
dataa from literature: log A = -7.8  0.18, b = 0.56  0.02 and log A = -7.6  0.2, b = 
0.611  0.04, as measured with flow FFF and DLS, respectively.36'37 Our system is 
obviouslyy well suited to determine diffusion coefficients of NaPSS. 

Forr the diffusional study, four standards were fractionated in a carrier liquid with 
sixx different salt concentrations of between 1 and 100 mmol l1. At each salt 
concentrationn five or six fractionations of the respective standards were carried out; 
thee injected masses ranged between 0.2 and 20 jig. 

Typicall  examples of the results that were obtained are depicted in Figure 4. Figure 
4AA shows a superposition of five fractograms of the 17 kDa standard with different 
injectedd amounts at a salt concentration of 30 mmol H. The trend shown in Figure 4a 
iss illustrative of the diffusional behaviour. First, with sample loads below 2.5 Jig, the 
peakss remain symmetrical and the retention time remains approximately constant. 
Uponn increasing the sample load, the peak shape changes to triangular, and the peak 
topp shifts towards shorter retention times. In accordance with the presented model, 
theree is a threshold concentration, reached with an injected mass of between 1 and 2.5 
ug,, above which overloading starts to occur. 

Figuree 4B shows fractograms at a lower salt concentration of 2 mmol H. 
Evidendy,, due to insufficient screening of the repulsive forces, the cross-flow is 
unablee to concentrate the polyelectrolytes into a narrow solution zone. While, for 
example,, an injected mass of 1 (ig in Figure 4A generates a nearly symmetrical peak, 
thee peak shape in Figure 4B is strongly asymmetrical. 

Forr each fractogram apparent values of the diffusion coefficient (Dw) and the 
concentrationn Co were calculated from die retention time and detector signal at the 
peakk maximum, using Equations 10 and 11, respectively. In Figure 5 the results for 
thee four standards at salt concentrations of 100 and 2 mmol H are shown. In mis type 
off  plot the effect of the concentration of the polyelectrolyte at the accumulation wall 
becomess very pronounced. 
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TableTable 1. Average diffusion coefficients and recoveries of four polystyrene sulfonates and the 
relativee standard deviations of the mean Do. Values for the 17 and 46 kDa standards are based 
onn six measurements, for the 123 and 356 kDa standards on five measurements. Conditions: 
seee text. 

M(kDa) ) 

17 7 
46 6 
123 3 
356 6 

Do o (10-»» m 2 si) 

6.0 0 
3.6 6 
1.72 2 
1.03 3 

RSDD (%) 
2.7 7 
3.3 3 
1.9 9 
4.0 0 

Recoveryy (%) 
102 2 
108 8 
101 1 
85 5 

t,, (min) 

FigureFigure 4. Superposition of five fractograms of the 17 kDa NaPSS sample. Injected amounts 
aree 0.2,1, 2.5, 5, 10 and 20 ug, respectively. cs = 30 mmol F (A) and cs = 2 mmol l 1 (B). For 
otherr conditions: see text. 

-9.5 5 

»» -10 
n n 
E E 

-10.5 5 

-11 1 
-11 0 

logg (c„/gr') 
-11 0 

logg (e,,/of1) 

FigureFigure 5. Apparent diffusion coefficient versus polymer concentration at the concentration 
walll  at the peak maximum. Legend: (*)17 kDa; (X) 46 kDa; ) 123 kDa; ) 356 kDa. cs = 10 
mmoll  F (A) and 2 mmol H (B). Dashed lines indicate the diffusion coefficients from Table 1; 
drawnn lines are added to guide the eye. For other conditions: see text. 
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Thee threshold value c*  was extracted from the double log-plots, such as Figure 5A 
andd 5B, as the point where Dapp starts to increase. For the lower salt concentrations it 
iss problematic to determine the critical point, since c*  is not reached with the smallest 
amountt injected (see, e.g., Figure 5B). The injected mass could not be lowered further, 
becausee this made it difficult to determine the exact retention time and peak height. In 
thesee cases, the diffusion coefficient under non-overloading conditions was estimated 
byy the value of Do at a salt concentration of 10 mmol H (Table 1). Although this is not 
entirelyy correct (due to chain expansion or coil to rod transition, the diffusion 
coefficientt can change significanuy) the values are assumed to be fair estimates. Also, 
thee m values substituted into the DLV O model were calculated from die values of Do 
inn Table 1. 

Inn Figures 6A and 6B, the experimentally determined c*  values for the 17 and 123 
kDaa samples are presented with the c*  values according to the DLV O model, 
obtainedd as outlined previously. For comparison, the transition of the dilute to semi-
dilutee regime calculated on basis of scaling relations is shown.4 It should be noted, 
however,, that due to the large number of scaling lengths, the applicability of scaling 
theoryy to flexible polyelectrolytes is disputable.38 On the other hand, it is clear that the 
concentrationss in our experiments fall well into the dilute regime and therefore the 
increasee in Dapp is not due to a transition into the semi-dilute regime. 

Thee DLV O model predicts the critical concentration within an order of 
magnitude,, and the measurements follow the trend predicted by the model. These 
resultss give evidence for the occurrence of ordering in polyelectrolyte solutions, since 
thee model direcdy relates the critical concentration to a crystal lattice at the point 
wheree the repulsive energy equals the thermal energy. Without the applied cross flow, 
itt is not possible for the molecules to freely diffuse in the solution, since the 
intermolecularr distance cannot be smaller than Xmi„. This may give rise to the 
formationn of clusters of polyelectrolytes diffusing at a distance of around Xmin-

2 2 

11 -

~a>~a> 0 -

I' 1 1 

-2 2 

-3 3 

33 -2 

logg (cj mol r') 

__ 0 

3.3. -1 -

- 2 --

-3 3 

B B 

-3 3 
logg (cjmol I') 

FigureFigure 6. Critical concentrations versus salt concentration for NaPSS standards with 
molecularr masses of 17 kDa (A) and 123 kDa (B). Drawn line: c*  according to the DLVO 
model.. Dashed line: Transition from the dilute to semi-dilute regime according to scaling 
theory.. : Experimentally determined c*. 
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Interestingly,, in flow FFF a strong influence of the salt concentration on the 
criticall  concentration was found, as was predicted on basis of the DLVO theory. 
Fromm SANS and SAXS experiments on DNA fragments no consensus has been 
reachedd about the effect of the salt concentration on the average spacing between 
polyelectrolytes.19-211 Flow FFF experiments on similar samples may be helpful in 
assessingg more precisely these phenomena. The results in Figure 6 oppose the findings 
off  Kaji et al.5, who derived on the basis of scaling theory a critical concentration of 
3.34N2,, where N is the degree of polymerisation. In this equation, the ionic strength 
iss not accounted for. 

Inn Figure 7 the effect of the molecular mass on c*  at three different salt 
concentrationss is presented. Here, the values calculated by the model are compared 
withh the measured c*  values. With the exception of c, = 10 mmol 1\ the model is not 
quantitativee in predicting the effect of M on c*  and the expected trends are not 
displayedd in the measurements. There is a strong indication that the high-molecular 
masss standards deviate from the behaviour of hard incompressible spheres. At 
elevatedd salt concentrations, the measured c*  exceeds the value calculated from the 
DLVOO model for the two highest molar masses. 

Similarr conclusions can be drawn from applying the DLVO model to data from 
literature.. Sedlak has measured the ionic strength dependence of the splitting of 
diffusionn coefficients into a fast and slow mode in DLS.12 Using a 5 g l1 NaPSS 
solution,, it was found that above a critical salt concentration the slow mode 
disappeared.. When applying the DLVO model to his data, we find for the 5 and 47 
kDaa standard that his experimental conditions (salt and polyelectrolyte 
concentrations)) where the splitting occurs are close to the conditions where ordering 
inn the solution starts to occur. For the 1200 kDa sample however, the DLVO model 
predictss an onset of ordering at a much lower concentration of the polyelectrolyte 
thann the concentration at which the splitting of diffusion coefficients was observed 
Ass seen in our experiments, the model tends to underestimate the c*  value of higher 
molecularr masses. It is conceivable that the chains of the flexible NaPSS become 
entangledd as the molecular mass increases. It has been observed from static light 
scatteringg and SANS experiments that the spacing between adjacent 780 kDa NaPSS 
moleculess scales differently from the spacing between 18 kDa NaPSS, proteoglycan 
andd t-RNA molecules, that scale as hard spheres.19 Attraction between similarly 
chargedd polyelectrolytes, which is under discussion in recent literature, cannot be ruled 
out.. 39"42 Mutual attraction between polyelectrolytes is not included in the model used 
inn this work. 
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FigureFigure 7. Effect of molecular mass on c*  at three different salt concentrations. Drawn lines 
showw the predictions by the DLVO model and markers show the measured values of c*. c5 = 1 
mmoll  l1 (a and ; cs = 10 mmol H (b and X); cs = 100 mmol l"1 (c and . 

Inn the previous section, the dependencies of the velocity v*  and Cdet on the layer 
thicknessess to and £* with injected masses above the critical concentration have been 
derived.. Using the values of £o and c*  determined in the previous experiments, the 
relationn between v*/vo and Cdet can be calculated from Equation 12 and 13 by varying 
£*.£*. In Figure 8, die dieoretical curves of log (v*/vo) versus log (cdet) for the 17, 46 and 
3566 kDa standards are combined with the experimentally determined velocities and 
concentrationss in the detector. For the latter, we used the concentrations and 
retentionn times at die peak maximum, as these values can be determined most 
accurately.. The salt concentration was 10 mmol l1. 

Clearly,, there is an excellent agreement between the measured velocities and the 
theoreticall  expectations for the 17 and 46 kDa standards. From this Figure and the 
agreementt between the DLV O model and experimental data (Figure 5) it can be 
concludedd that the diffusional behaviour of the low-molecular mass standards is 
comparablee to that of hard incompressible spherical particles. In contrast, for the 356 
kDaa standard the experimental velocities are lower than expected on basis of Cdet- A 
possiblee explanation for the deviating behaviour of this high-molecular mass 
polyelectrolytee may be diat chain entanglement or attraction (also discussed within 
contextt of Figure 7) results in a layer £* which is smaller than expected on dieoretical 
grounds.. As a consequence, die velocity increase is less than expected when co exceeds 
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FigureFigure 8. Double logarithmic plot of relative velocity versus concentration in the detector for 
NaPSSS standards of 17 kDa , 46 kDa (X) and 356 kDa ; cs = 10 mmol H. Injected 
masses:: 0.2,1, 2.5, 5,10 and 20 ug (for M = 17 and 46 kDa) and 2.5, 5,10 and 20 ug (M = 356 
kDa),, respectively. 

CONCLUSIONS S 

Thiss work shows that flow FFF is an excellent tool to study the diffusion of 
macromolecularr compounds. The critical concentration at which overloading of 
poly(styrenesulfonates)) occurs agrees within an order of magnitude to the 
concentrationn of a closely packed lattice. While the behaviour of low-molar mass 
NaPSSS can adequately be described by hard-sphere repulsion, deviations of high-
molarr mass compounds may possibly be explained by attractive forces. Qualitatively, 
thesee results agree with experiments conducted with DLS and SAXS. It would be 
interestingg to apply our method to polyelectrolytes other than NaPSS. 

Unfortunately,, a direct comparison between flow FFF data and DLS or SAXS is as 
yett not possible. Most of the applications of the latter techniques are carried out in 
salt-freee solutions or at polyelectrolyte concentrations in the order of 1 to 50 g H, 
whilee the values in our experiments are of at least an order of magnitude lower. It is a 
generall  advantage of flow FFF that only a low amount of analyte is required and no 
extensivee sample preparation is necessary, because flow FFF is relatively insensitive to 
contaminants.. Moreover, since the retention mechanism of flow FFF is direcdy based 
onn the displacement of macromolecules due to their diffusion in a solution, it provides 
aa direct way to study diffusion as originally defined by Fick, without accompanying 
artefacts. . 

68 8 



REFERENCES S 

11 M Hara, Pohjekarojyter, Mated Dekker, New York, NY, USA (1992). 
22 J. L. Barrat and J. F. Joaony, Ad» Cbem Phys 94 (1996), 1. 
33 P. G. de Gennes, P. Pincus, R. M. Velasca and F.J. Brochard, J. Phys. (France) 37 (1976), 1461. 
44 R. S. Koene and M. Mandel, Macromolecules 16 (1983), 220. 
55 K. Kaji , H. Urukawa, T. Kanaya, and R. Kitamaru,/ . Phys. (France) 49 (1988), 993. 
66 H. SchiesseL  Macromolecules 12 (1999), 5673. 
77 E. J. W. Verwey and J. Th. G. Overbeek, Theory of the stability of fyopbobic colloids, Elsevier,: 

Amsterdam,, The Netherlands (1948). 
88 R S. Koene, T. Nicolai, and M. Mandel, Macromolecules 16 (1983), 231. 
99 R S. Koene, T. Nicolai and M. Mandel, Macromolecules 16 (1983), 227. 
100 S. C. Lin, W. I. Lee and J. M. Schurr, Copolymers 17 (1978), 1041. 
111 M. Sedlak and W. J. Amis/. Chem. Phys. 96 (1992), 826. 
122 M. Sedlak /. Chem. Phys. 105 (1996), 10123. 
»» M. Sedlak, L^gwu^l S (1999), 4045. 
144 N. Ise, T. Okubo, S. Kunugi, H. Matsuoka, K. Yamamoto and Y. Ishii, ƒ. Chem. Phys. 81 

(1984),, 3294. 
155 N. Ise, T. Okubo, Y. Hiragi, H. Kawai, T. Hashimoto, M. Fujimara, A. Nakajima and H. 

Hayashi,, ƒ. Am. Chem. Soc. 101 (1979), 5836. 
166 M. Milas, M Rinaudo, R. Duplessix, R. Borsali and P. Lindner, Macromolecules 28 (1995), 

3119. . 
177 A. Patkowski, E. Gulari and B. ChuJ. Cbem. Phys. 73 (1980), 4178. 
188 M H. J. Koch, Z. Sayers, P. Sicre and D. Svetgun, Macromolecules 28 (1995), 4904. 
199 L. Skibinska, J. Gapinski, H. Liu, A. Patkowski, E. W. Fischer  and R. J. Pecora, J. Chem. Phys. 

100 (1999), 1794. 
200 L. Wang and V. Bloomfeld, Macromolecules 24 (1991), 5791. 
211 R Borsali, H. Nguyen and R. Pecora, Macromolecules 31 (1998), 1548. 
222 J. C. Giddings, F. J. F. Yang and M. N. Myers, Science 193 (1976), 1244. 
233 A. Fick, Ann. Phys. (Lap^ 170 (1855), 59. 
244 J. A. Jönsson and A. Cadshaf, AnaL Cbem. 61 (1989), 11. 
255 W. J. Lee, B. R. Min and M. H. Moon, AnaL Cbem. 71 (1999), 3446. 
266 K. D. Caldwell, S. L. BrimhalL Y. Gao and J. C. Giddings, ƒ. AppL Pol So. 36 (1988), 703. 
277 J. E. G. J. Wijnhoven, J. P. Koom, H. Poppe and W. Th. Kok, J. Chromatogr. A 732 (1996), 

307. . 
288 M A. Benincasa and J. C. Giddings,/. MicmoL Sep. 9 (1997), 479. 
299 M. A. Benincasa and J. C. Giddings, Anal Cbem. 64 (1992), 790. 
300 Cadshaf, A.; Jönsson, J. A. Sep Sci Technol 1993,28,1191. 
311 M. Martin , Adv. Chromatog. 39 (1998), 1. 
322 M E. Hansen, J. C. Giddings and R. J. Beckett,/. Colloid Interface Sd 132 (1989), 300. 
333 E. P. Honig and P. M. J. MuL/ . Colloid Interface Sci 36 (1971), 258. 
344 H. Cottet and P. J. GareiL/. Chromatogr. A171 (1997), 369. 

69 9 



355 C. Tanford, Physical chemistry of 'macromo/ecuüs,Joha Wiley, New York, NY, USA (1961). 
**  J. E. G. J. Wijnhoven, J. P. Koorn, H. Poppe and W. Th. Kok,/. Chromatogr. A 699 (1995), 

119. . 
37J.J.. Tanahatoe and M. E. Kuü,J. Phys. Chem. 101 (1997), 8389. 
388 J. L. Barrat and J. F. Joanny, Europbys. Lett. 24 (1993), 333. 
399 N. Y^Angew. Chem. Int. (Ed. Engl) 25 (1986), 323. 
400 M. J. Muthukumar, Chem. Phys. 107 (1997), 2619. 
411 N. Ise N, T. Konishi and B. V. R. Tata, LangmmrlS (1999), 4176. 
422 J. Ray and G. S. Manning, MacnmokcukslA (2000), 2901. 

70 0 



Partt  II 

Asymmetricall  flow Field-Flow Fractionation 



CHAPTERR 5 

Characterisatio nn of core-shel l latexes wit h 
floww FFF-MALS 

ABSTRACT T 

Hat-channell  asymmetrical flow Field-Flow Fractionation (FFF) with multi-angle 
lightt scattering (MALS) detection was used to study the swelling behaviour of core-
shelll  particles with either carboxylated or hydroxylated shells as a function of pH and 
ionicc strength. The equilibration time of the most heavily carboxylated core-shells 
appearedd to be of the order of several hours. At low ionic strength (5 mmol F), the 
carboxylatedd core-shells showed a definite swelling response to a change in pH in the 
rangee from 5 to 10, resulting in an increase in the hydrodynamic radius by 24% to 
118%,, depending on the degree of carboxylation. A much smaller response was found 
forr the change of the r,m.s. radius as measured with MALS, indicating that the 
scatteringg plane is moving inwards during the swelling process due to a decreasing 
densityy of the shell. The hydroxylated core-shells appeared to be inert to a change in 
pH.. Also the response of two expanded (pH = 10) carboxylated core-shells on an 
increasee in the ionic strength was studied. Comparison of the results of these ionic 
strengthh experiments with theoretical predictions based on Donnan equilibrium led us 
too the conclusion that a significant amount of counter-ion condensation may take 
placee in the shells. 
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INTRODUCTION N 

Thee viscoelastic properties of paints and coatings are of major importance with 
regardd to their application characteristics, such as levelling out of brush or roller 
marks.. Due to their special rheological behaviour, core-shell particles play an 
importantt role in tuning these properties for water-borne coatings (latex paints), 
becausee the shells can swell or shrink in response to a change of environmental 
conditions,, such as pH or ionic strength.1-2 For acidic (&j. carboxylated) gels, the 
mechanismm underlying this swelling behaviour was believed to have its origin in the 
electrostaticc repulsion between likewise charged groups,3-4 but it is well accepted now 
thatt the physical dimensions of a polymer gel are determined by the balance between 
osmoticc pressure and polymer elasticity.5-8 In uncharged gels this osmotic pressure 
arisess from the configurational entropy of the polymer chains, while in polyelectrolyte 
gelss the main contribution to the osmotic pressure comes from the translational 
entropyy of free ions in the gel.6 In the latter case, a Donnan equilibrium requires a 
higherr concentration of free ions in the gel and thus leads to an increase of the 
osmoticc pressure, which causes the gel to swell.5 The time constant of the swelling 
processs has been shown to be highly variable, depending on the size and composition 
off  the gel and on the environmental conditions, such as the buffer capacity.9'10 

Thee subject of this study is to investigate the suitability of flow Field-Flow 
Fractionationn (FFF), coupled to a Multi-Angle Light Scattering (MALS) detector, for 
thee characterisation of core-shell particles and their swelling behaviour. 

Fieldd Flow Fractionatio n 

Field-Howw Fractionation is a family of analytical separation techniques, which was 
pioneeredd by Giddings from 1966 onward FFF has been extensively reviewed 
recendy.11133 Basically, all FFF methods use two fields: an axial flow field that takes 
caree of the elution of the components through a tapered rectangular or trapezoidal flat 
channell  and a cross-field, perpendicular to the axial field, forcing the components 
towardd one of the channel walls, the collection wall. The cross-field, which may be any 
fieldfield that is able to interact with the components, determines the sub-class of the FFF 
techniques.. For example, we distinguish flow FFF, Thermal FFF (ThFFF), 
Sedimentationn FFF (SdFFF), Magnetic FFF (MFFF) in which the cross field is 
establishedd by a cross flow, a thermal gradient, an artificial gravitational field and a 
magneticc gradient respectively. 

Inn the steady-state situation, the force on the analytes due to the cross-field is 
compensatedd by diffusional forces in the opposite direction, resulting in a Boltzmann 
distributionn with the centre of mass at a distance I from the collection wall. Generally, 
tt is expressed relative to the channel width as: 

*- -- a) 
w w 
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Iff  an error of up to 10% is acceptable, the retention ratio (Rf) relating the retention 
timee (tR.) to the void time (to), can be expressed as:14 

Rff = -^- = 6A, (2) 

forr Rf < 0.5. For flow FFF, X can be expressed in operational variables:14 

F c r w w 

wheree Vo is the channel void volume, Fcr is the cross-flow rate and D is the diffusion 
coefficientt of the analyte. Obviously, die diffusion coefficient is the only analyte 
propertyy that governs retention in this case. Within the validity regime of Equation 2, 
wee arrive via the Stokes-Einstein equation (for spherical particles), 

kT T 
DD = - É Ï - (4) 

07UT|rH H 

wheree k is the Boltzmann constant, T the absolute temperature, T| the viscosity of the 
solventt and rH the hydrodynamic radius of the particle, at: 

__ kTV 0t r rHH 5— W 
7tTlFCfW

Zt0 0 

Thus,, retention time is a linear function of particle size (rH) and can be readily 
calculatedd from the experimental flow FFF data. 

Thee above sketched situation is valid as long as the diffusion factor is significant 
comparedd to the lateral force on the particles. However, at very high cross-fields 
and/orr with large particles (low D), the particle motion towards the wall is no longer 
counteractedd by diffusion anymore, but is halted by physical contact with the 
collectionn walL1116 The distribution of the particles is then determined by the particle 
sizee only, with smaller particles moving through the interstitial space between the 
largerr particles, and thus approaching the collection wall. If this is the predominant 
mechanism,, the elution order will be reversed: the larger particles are eluted faster 
thenn the smaller ones. This is called the steric mode of FFF, which is in principle 
possiblee for all sub-classes of Field Flow Fractionation. In the case of normal mode 
FFFF of panicles, these steric effects should always be taken into account. Giddings 
showedd that, in order to account for the above mentioned effects, Equation 2 should 
bee written as:14 

Rf=6cc+R(X)) (6) 

wheree a is defined as: 

a - * -- (7) 
W W 

Withh equations (3) and (4) this results in a corrected expression for the particle size: 

11 ,„  L 2 2 24kTV0 , 
*H= —— R f w + Rf

2w 2 — Ö .) (8) 
122 \ KTlF^w 
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Notee that only steric effects are considered here, and that other hydrodynamic 
artefacts,, such as lif t forces, are not included. 

FFFF of core-shel l particle s 

Combinationss of different FFF techniques for the characterisation of core-shell 
particless have been reported Ratanathanawongs et al combined either SdFFF and 
flowflow FFF or flow FFF and ThFFF, all with UV detection, for a detailed study of the 
behaviourr of core-shell particles with a carboxylated shelL1718 Moon et al studied core-
shelll  particles with a poly(L-lactide) shell with flow FFF in hyperlayer mode and UV 
detection.199 Asymmetrical flow FFF and Photon Correlation Spectroscopy (PCS) have 
beenn used by Othegraven et al to characterise fluorocarbon cores with highly cross-
linkedd polystyrene shells.20 Karlsson et al studied the swelling behaviour of 
carboxylatedd core-shell latexes with SdFFF and PCS.21 

Recendy,, Mes et al studied the swelling properties of carboxylated core-shell 
latexess with ThFFF-MALS, combined with PCS.22 This study showed that the use of a 
MALSS detector, combined with a size-separation method, gives, apart from particle 
size,, valuable extra information. However, the retention behaviour in a ThFFF 
channell  strongly depends on the chemical composition of the particles and the eluent, 
whichh makes it hard to draw conclusions about the absolute particle size from the 
retentionn data alone. How FFF does not have this problem because in this case the 
onlyy analyte property that influences retention is the diffusion coefficient, which is 
relatedd to the particle size. 

EXPERIMENTAL L 

Instrumenta l l 

Thee flow FFF equipment used was a flat FFF channel by ConSenxus (Ober-
Hilbersheimjj  Germany). A trapezoidal channel with a length of 286 mm, an inlet 
widthh of 21.2 mm and an oudet width of 4.7 mm, was cut out of a Mylar sheet with a 
nominall  thickness of 350 (Am, giving a channel volume of approximately 0.75 ml. The 
collectionn wall was a regenerated cellulose ultra-filtration membrane, with a cut-off of 
300 kDa (C030F, Celgard GmbH, Wiesbaden, Germany). Solvent and sample delivery 
pumpss were a Constametric 3200 (TSP) and a MicroStar K100 (Knauer) pump, 
respectively.. Sample injection was performed with a Rheodyne 7010 six-way injection 
valvee (Berkeley, CA, USA) and a 20 ml loop. Cross-flows were monitored and 
controlledd with a series L30 IiquiFlow mass-flow meter/controller (Bronkhorst High-
Tech,, Ruurlo, The Nemerlands). 

Detectionn systems were a Spectroflow 757 UV detector (Applied Biosystems, 
Ramsey,, NJ, USA) and a DAWN-DSP MALS detector (Wyatt Technology, Santa 
Barbara,, CA, USA), equipped with a 30 mW argon ion laser (488 nm). 
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Samples s 

Thee core-shell samples were kindly provided by AKZ O (Arnhem, The 
Netherlands)) as dispersions in water. Table 1 lists the definitions and the reported 
propertiess of the samples. Before injection, all latexes were diluted 1:5000 in the 
appropriatee buffer solution to a final concentration of approximately 40 ug ml1. 

Chemical s s 

Mobilee phases were prepared from 2 mmol l 1 Tris buffer (pH values 7 to 10) or 
benzoatee buffer (pH values 5 and 6) and adjusted to the desired ionic strength with 
sodiumm chloride. The mobile phases also contained 300 mg l 1 Brij 35 (Acros 
Organics,, NJ, USA) to reduce adsorption of the particles on the collection wall. Al l 
solutionss were prepared with sub-boiled water and filtered over a 0.45 Jim HV filter 
(Millipore,, Bedford, MA, USA). 

Calibrationn of the MAL S was done with toluene (99+, Acros Organics, NJ, USA), 
filteredfiltered twice over a 20 nm Anodisc 47 filter (Whatman, Maidstone, England). 
Normalisationn of the MAL S was done with Pullulan P-20 standard (Mw = 23.700, 
M w /H ii  = 1.07, Polymer Laboratories, Amherst, MA, USA), which is reported to have 
aa Stokes diameter of 9 nm in water.23 

Bromo-phenoll  blue (BDH, Poole, UK) was used to verify the FFF focussing 
point,, and calibration of the FFF channel was performed with type I horse spleen 
ferritinn (Sigma, St. Louis, MO, USA). 

Al ll  chemicals not explicitly specified were analytical grade and obtained from 
standardd suppliers. 

Procedure s s 

Thee position and shape of the FFF focussing point was visually inspected by 
injectingg a solution of 2 mg ml1 bromo-phenol blue, which was made basic by the 
additionn of a few drops of 0.1 mol l 1 sodium hydroxide. The calibration of the FFF 
channell  was performed by the injection of 1 mg ml1 ferritin. From the retention data, 
determinedd from the UV signal at 280 nm, the height (w) of the channel was 
calculatedd according to the procedure described by Litzen.24 The eluent during this 
calibrationn procedure was 5 mmol l 1 sodium chloride solution. The channel was 
judgedd to be well assembled if complete resolution of the ferritin monomer and dimer 
couldd be obtained. 
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TableTable 1. Summary of sample properties as provided by AKZ O (Arnhem, The Netherlands). 
Forr  convenience the original sample codes have been replaced for  the ones in the first  column. 
MAA ::  methacrylic acid, BMA: butylmethacrylate, Sty: styrene, BA: butylacrylate, MMA : 
methylmethacrylate,, HEMA : hydroxyemylmethacrylate. The fifth  column (OH/acid) gives the 
basee concentration of the shell in case of the OH samples, or  the acid concentration of the 
shelll  in case of the Carb samples. 

Sample e 
code e 

Corel l 
Core2 2 

Carbl l 
Carb2 2 
Carb3 3 
OH1 1 
OH2 2 

Core e 
used d 

--
--

Corel l 
Core2 2 
Corel l 
Corel l 
Core2 2 

Core--
composition n 

(%%  w/w) 
BNfAA Sty 

80 0 
80 0 

80 0 
80 0 
80 0 
80 0 
80 0 

20 0 
20 0 

20 0 
20 0 
20 0 
20 0 
20 0 

BAA A 

--
--

34.4 4 
36.6 6 
38.8 8 
31.6 6 
29.5 5 

Shelll  composition 
<%%  w/w) 

MMAA MAA 

--
--

61.3 3 
52.6 6 
44 4 

61.7 7 
54.1 1 

--
--

4.3 3 
10.8 8 
17.2 2 

--
--

HEMA A 

--
--
. . 
--
--

6.5 5 
16.3 3 

OH/acid d 
composition n 
(mmol/lg) ) 

0 0 
0 0 

0.5 5 
1.25 5 
2 2 

0.5 5 
1.25 5 

OH33 Core2 80 20 27.5 46.4 - 26.2 

Thee fractionations were performed in three steps. After  an initia l stabilisation time 
off  10 s, the sample was injected during 50 s at 0.15 ml min4. Then, 
relaxation/focussingg was carried out during a pre-established time (visual inspection 
withh bromo-phenol blue), long enough for  the sample to concentrate in a narrow 
bandd of about 1 mm thickness, at a total flow rate equal to that during elution. This 
wass immediately followed by the elution phase, in which the eluted sample was 
continuouslyy monitored successively by the UV detector  (254 nm for  the core-shell 
latexes)) and the MALS . After  completion of the run, the channel was rinsed for 
anotherr  5 minutes with zero cross-flow. 

Diffusionn coefficients were calculated according to Iitzen and Wahlund.25-26 In 
orderr  to get accurate results at low retention, as in the peak shape experiments, a 
numericall  solution for  the exact expression for  R*  was used. The results were 
correctedd for  steric foldback according to Equation 6. Hydrodynamic radii were 
obtainedd from the diffusion coefficients via the Stokes-Einstein equation for  spherical 
particles. . 

MAL SS detection was carried out with 11 detectors at scattering angles from 30° to 
150°.. The collected data were processed with the Astra for  Windows software (Wyatt 
Technology,, Santa Barbara, CA, USA), version 4.5, using a second order  Berry fi t 
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RESULTSS AND DISCUSSION 

Inn order to get an impression of the relaxation of the core shells as a response to a 
changee in pH, the most carboxylated sample, Carb3, was dispersed in a pH 10 Tris 
bufferr and the radius was monitored during 5 hours. Figure 1 shows the results of this 
experimentt for rH, indicating that the relaxation process takes approximately 5 hours 
forr completion. To ensure complete adaptation to the conditions of pH and ionic 
strengthh in further experiments, the samples were allowed to equilibrate in the buffer 
overnightt (at least 12 hours). 

Too study the importance of particle-particle and particle-wall interactions and to 
estimatee an operating domain where these interactions are minimised, the influence of 
thee flow conditions (cross flow velocity) on the apparent hydrodynamic radii of the 
particless was determined. The experiments were performed at pH 10 because this was 
thee highest value in the experimental range corresponding to the maximum particle 
size.. Inter-particle and particle-wall interactions may be expected to be most 
pronouncedd for the largest particles. As is shown in Figure 2, the apparent 
hydrodynamicc radii of the most heavily carboxylated core-shells, i.e. Carb2 and Carb3, 
increasee when the cross flow exceeds 0.3 ml min1. The effect on the other core-shell 
particless is negligible. The r.m.s. radii for all particles, as measured with MALS, were 
independentt of the cross flow, indicating that the observed effect on the 
hydrodynamicc radii of Carb2 and Carb3 has its origin in particle-particle and/or 
particle-walll  interactions. This is further supported by the observed effect of the 
cross-floww on the peak symmetry. 

190-i i 

1800 -  * 

gg 170 - * 
c c 

^^ 160 - « * 

150--

140-11 . . . 
00 2 4 6 

tim ee (h) 

FigureFigure 1. Relaxation of m of Carb3 after dispersion of the sample in 2 mmol 1' Tris buffer at 
pHH = 10. 
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4000 n 

300--

00 0.2 0.4 0.6 0.8 

Fe-- (ml min'1) 

FigureFigure 2. Apparent hydrodynamic radius as a function of cross flow in 2 mmol 1' Tris buffer 
att pH = 10 and [Na+] = 5 mmol H. Samples are Carbl , Carb2 (*) , Carb3 , OH2 (x) and 
Corell  (A). 

Thee asymmetries of the peaks increase as a function of Fcr, as is shown in Figure 3 
forr Carb3 and Carbl. At low cross-flows both peaks are slighdy fronting (Aio < 1), 
butt on increasing Fcr we see an increase of Aio into die tailing domain for Carb3, while 
diee asymmetry of die Carbl peak remains constant. The increased asymmetry may be 
duee to direct particle-wall interaction, but also to entanglement of shells widi die shells 
off  already adsorbed particles. Also, entanglement of shells of dispersed (non-
adsorbed)) particles may give rise to an increase of D and so to a higher retention and 
tailingg peaks. Thus, in order to get reliable results, die operational conditions for die 
FFFF experiments on Carb2 and Carb3 should be chosen in such a way, diat the cross-
floww does not exceed 0.3 ml min1. 

AA typical example of a fractogram obtained widi our flow FFF-MALS equipment 
iss shown in Figure 4A for Carb3. The monodispersity of die sampleis clear from the 
plott of the calculated r.m.s. radius. Figure 4B shows a fractogram of OH3, which 
consistendyy yielded tailing peaks. The inserted plot of die r.m.s. radius immediately 
makess clear diat diis sample is not monodisperse, and diat it actually consists of a 
ratherr monodisperse fraction and a polydisperse fraction at die higher end. From this 
examplee die power of flow FFF-MALS is evident. 

Fromm die hydrodynamic radii the maximum swelling factor qm on a volumetric 
basiss for the shells was calculated, by comparing die shell volumes at pH=10 to those 
att low pH (die average of die measurements at pH=5 and pH=6). For Carbl, Carb2 
andd Carb3 qm values were found of 3.8,19,3 and 33.9, respectively. 
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1.5 5 

1.3--

1.11 -

0.9 9 

0.7 7 

0.5 5 
0.055 0.15 0.25 0.35 0.45 

FQ.. (ml min'1) 

0.55 5 

FigureFigure 3. The asymmetry factor measured at 10% of the peak height for Carbl ) and Carb3 
.. Same conditions as in Figure 2. The lines are linear regression lines calculated for the two 

dataa sets, added to guide the eye. 

rr 150 

55 10 15 

t,, (min) t,, (min) 

FigureFigure 4. Fractogram of Carb3 (A) and OH3 (B). The drawn line represents the MAL S signal 
att a 90° scattering angle; the scatter plot shows the r.m.s. radii. Sample dilutions 1:5000. 
Injectionn volume 20 ul. Fm: 2.5 ml min1. F^: 0.3 ml min1. Tris buffer (pH = 10) with 
55 mmol L-1 ionic strength. 
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First,, die behaviour of the core-shells at different pI-Ts at a constant ionic strength 
off  5 mmol H was studied. Swelling of the carboxylated core-shells with increasing pH 
iss obvious from Figure 5A: the radius of the most heavily carboxylated shell (Carb3) 
increasess by a factor of 2.2 over the experimental pH range, the radius of the 
intermediatelyy carboxylated shell (Carb2) increases by a factor of 1.8 and that of the 
leastt carboxylated one (Carbl) increases by a factor of 1.2. As a reference, a 155 nm 
polystyrenee latex standard was fractionated, which, expectedly, turned out to be 
completelyy inert to a change in pH. Surprisingly we also noticed a significant increase 
off  the radius of both core particles (Corel and Core2) with a factor 1.1 (13%). As the 
increasee seems to start from the beginning of the pH range (acidic conditions), it is 
nott probable that alkaline hydrolysis of the BMA ester groups is responsible for this 
behaviour.. Probably a small fraction of the ester groups already was hydrolysed in the 
originall  material. 

Figuree 5B shows us mat the effect of pH on the r.m.s. radius, as measured by 
MALS,, is much less than the effect on the hydrodynamic radius. The r.m.s. radius of 
Carb33 increased by a factor of 1.2 over the whole experimental pH range, while the 
r.m.s.. radius of Carb2 only grew a factor 1.1. There was no noticeable increase of the 
r.m.s.. radii of Carbl and the bare core. Swelling of the particles is also reflected in the 
tg/tHtg/tH ratios as depicted in Figure 5C. At low pH values, these ratios for the 
carboxylatedd core-shells, as well as the bare cores, are close to the theoretical value for 

scatteringg spheres (y-| = 0.775). However, on increasing pH (and thus with 

increasingg swelling) the ratio drops. For the two most carboxylated shells, Carb2 and 
Carb3,, this effect is quite strong. To explain this, it should be realised that scattering 
onn a particle only occurs if there is a difference in refractive index between the 
scatteringg particle and the dispersion medium. If the shell expands and absorbs more 
liquidd from the dispersion medium, the shell density will decrease and the retractive 
indexx of the shell will more and more approach that of the medium. The result is that 
thee scattering area moves from the surface of the shell inward toward the more dense, 
deeperr regions. 

Figuree 6A displays the effect of pH on the hydrodynamic radius of the 
hydroxylatedd core-shells. The swelling appears to be much less than that of the 
carboxylatedd core-shells. The hydrodynamic radius increased by a factor of 1.1 over 
thee entire pH range, so that the effect may be completely attributed to the swelling of 
thee core. 

Figuress 6B and 6C show the rg and tg/tu data for the hydroxylated shells. Since the 
influencee of a change in pH on the hydrodynamic radii of these shells was found to be 
marginal,, it is no surprise that the r.m.s. radii are inert to changes in pH. The curves of 
thee rg/rH ratio do show a significant downward trend, but also follow the curve of the 
baree core, implying that the swelling behaviour of the hydroxylated shells may be 
largelyy attributed to the core itself. 
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Thee experiments on the influence of the pH on the swelling behaviour of the core-
shelll  particles as described above have been conducted at a constant ionic strength of 
55 mmol l1. The effect of die ionic strength of die dispersing solution on die swelling 
wass studied at pH = 10, because die swelling effects are most manifest at high pH. In 
Figuree 7 die results of diese studies are shown for Carbl and Carb3. It is clear that die 
shellss condense significandy with increasing ionic strengdi. 

Thee swelling behaviour of the shells of the particles can be compared widi die 
dieoreticall  model for swelling of polymer gels widi fixed ionic groups as developed by 
Flory.277 Flory derived expressions for the maximum swelling ratio of a polymeric 
network,, based on Donnan equilibrium of ions inside and outside die gel and the 
networkk elasticity. He discerned two ionic strength regimes. In solutions widi an ionic 
strengdii  that is low compared to die concentration of fixed charges in the gel, the 
dieoryy predicts a swelling ratio for the gel independent of die ionic strength. The 
maximumm swelling ratio qm is then expected to be a function of die fixed charge 
densityy a in die (swollen) gel only: 

_3 3 

q mo cc i 22 (9) 
I tt is interesting to compare diis prediction with die volumetric swelling ratios for 

diee shells as calculated from die hydrodynamic radii of die carboxylated particles at an 
ionicc strengdi of 5 mmol l1. From the mass fraction of metacrylic acid in die shells of 
diee diree carboxylated core-shell particles and the swelling ratio of the shells at pH = 
10,, die concentration of ionisable groups in the shells at pH = 10 could be calculated. 
Thee 3-point regression line of log qm vs. log Q was found to have a slope of 1.63, 
againstt a predicted value of 1.5. 
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FigureFigure 7. Shell diickness at pH 10 as a function of the ionic strength for Carbl ) and Carb3 
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Thee other ionic-strength regime discerned by Flory is when the concentration of 
thee fixed charges in the gel is much lower than the ionic strength I of the surrounding 
solution.. For this regime Flory derived the expression: 

q33 oc^- (10) 
-- I 
Whenn it is assumed that at pH = 10 the ionisation of the carboxylic groups in the 

shellss is complete, the requirements for this ionic strength regime to hold are not met 
underr the experimental conditions of this series of experiments. Under all conditions 
thee concentration of ionisable groups in the swollen shells is larger than, or 
comparablee to the salt concentration in the outside solution. Still, as is shown in 
Figuree 7, the effect of the ionic strength on the swelling follows the trend predicted by 
Equationn 10. Only at very low ionic strength a flattening of the curve for Carb3, 
comparedd to the predicted line, is seen. This, however, may be explained by the 
approachh of the elastic limit of the polymer network. The good match between the 
experimentallyy observed swelling ratios and the theoretical prediction may be 
explainedd by counter-ion condensation. Due to the complexation of buffer (sodium) 
ionss with the carboxyl-groups of the shell material, the actual concentration of fixed 
ionisedd groups in the gel may be much lower than expected based on the assumption 
off  complete ionisation. When counter-ion condensation would be significant, the 
conditionss for Equation 10 to hold might be met 

CONCLUSIONS S 

Wee have demonstrated that asymmetrical flow FFF with MALS detection is a solid 
methodd for the characterisation of core-shell particles. When combined, the two 
techniquess synergistically co-operate in the elucidation of the swelling behaviour of 
thee shells. As far as the response of the core-shell particles to a change in ionic 
strengthh is concerned, the results appeared to be consistent with theoretical 
predictionss based on the Donnan equilibrium concept, provided that the effective 
degreee of ionisation of the carboxylic groups is much lower than may be expected 
fromm mere acid-base considerations. The latter suggests that other factors, such as the 
occurrencee of counter-ion condensation, play an important role in the swelling 
equilibrium.. The exact nature of particle-wall and particle-particle interactions in FFF 
needss further investigation. 
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CHAPTERR 6 

Retentio nn behaviou r of amylopectin s in 
asymmetrica ll  flow field-flo w fractionatio n 

studie dd by multi-angl e ligh t scatterin g detectio n 

ABSTRACT T 

Asymmetricall  flow field-flow fractionation (FFF) with multi-angle light scattering 
(MALS)) detection was applied for the fractionation of amylopectins from four 
differentt sources. Samples originated from genetically modified potatoes and waxy 
maize.. Amylopectins were dissolved in a 1 mol I1 sodium hydroxide solution or water. 
Withh an injected mass of 0.2 |ig, well below overloading conditions, a decrease in the 
apparentt hydrodynamic radius with increasing inlet flow rate was observed. Moreover, 
aa decrease in the root-mean-square (r.m.s.) radius with increasing elution volume was 
recordedd by the MALS detector. Steric/hyperlayer effects are a feasible explanation 
forr this behaviour. The observed r.m.s. radius at the steric inversion point was in the 
orderr of 0.3 pm, which is smaller than the theoretically calculated inversion point 
Apparendy,, the amylopectin behave as macromolecules with a larger hydrodynamic 
radiuss than expected on the basis of their r.m.s. radius and which are subjected to 
significantt lif t forces. The results were confirmed by four fractionations with varying 
flowflow rates but constant ratio of cross-flow to outlet-flow. In contrast to the normal 
modee operation, the retention of the amylopectins depended strongly on the applied 
floww rates and was close to that of a much smaller 10 kDa dextran. Apparent molar 
massess in the order of 107 to 109 g mol1 were obtained. The results are contrasted 
withh enzymatically degraded and oxidised starch samples that were fractionated in the 
normall  mode. 
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INTRODUCTION N 

Thee use of starches and their  derivatives is widespread in numerous branches of, 
e.g,e.g, food, paper, adhesive, textile and cosmetic industries.1 The main constituent of 
starchh is poly-glycopyranose. Two forms of this polysaccharide can be distinguished: 
amyiose,, which is slighdy branched, and amylopectin, that has a highly branched 
structure.. The industrial importance of starches and related compounds makes an 
analysiss method for  their  molecular  size and molar  mass distribution , on which many 
physicall  properties depend, desirable. 

Forr  this purpose, several analytical separation techniques have been applied for 
thee fractionation of amylopectins. These include size exclusion chromatography 
(SEC),, field-flow fractionation (FFF), capillary electrophoresis2 and hydrodynamic 
chromatographyy in a packed column3. The on-line coupling of SEC and FFF with 
multi-anglee light scattering (MALS) detection has grown to be a popular  and powerful 
combinationn for  macromolecular  analysis.4. After  the separation technique 
fractionatess the sample according to hydrodynamic radius, MAL S provides 
informationn concerning the root-mean-square (r.m.s.) radius and the molar  mass of 
macromolecules.. Ideally, the conformation and molar  mass distributio n of a sample 
cann be obtained from a single measurement 

Thee application of SEC, the most widely used size analysis method for 
macromolecules,, to the analysis of starches has been reviewed.5 More recently, various 
exampless of the analysis of amylopectins with SEC-MALS have been reported.6-11 

Whilee SEC is a well-established method for  the analysis of degraded starches, the 
extremelyy high molar  mass of native starches (light scattering experiments have 
shownn that amylopectins have a molar  mass of more than 100 x 106 g/mole)12 poses 
problemss for  the analysis of these compounds. A low recovery, in the order  of 60-
80%,66 was observed due to interaction of the starches with the packing material of the 
columnn and shear  stress degradation cannot be ruled out7. Hence, the use of relatively 
largee open channels for  the separation is potentially advantageous, evading much of 
thee drawbacks connected to a packed column. 

Arguably,, the most suited group of techniques is field-flow fractionation.13. 
Thermall  FFF4 and sedimentation (Sd) FFF15-16 have already been applied for  the 
analysiss of amylopectins. In particular  the SdFFF experiments yielded an impressive 
fractionationn of high-molar-mass compounds up to several hundred MDa. However, 
SdFFFF has the disadvantage of a lowest size limi t of ca. 50 am, and of the necessity of 
aa priori  knowledge about the density of the analyte to calculate hydrodynamic radii. 

Amongg the attractive points of flow FFF are that it fractionates samples on basis 
off  their  size only, and that it can cover  a wide size range within a single run. Since the 
firstfirst  coupling of flow FFF with MAL S by Roessner  and Kulicke,17 it has been 
employedd in numerous applications, including particles,1*  vesicles,19 polysaccharides,20 

modifiedd celluloses,21 K-carrageenan,22" 23 xanthan,23 arabic gum24 and several other 
foodd polymers.25 

Off  particular  interest in this area is a previous study by Wittgren et alt who found 
indicationss of a reversal of elution order  of large aggregates of K-carrageenan.22 They 
attributedd this to 'sterk/hyperlayer' effects. As opposed to the 'normal mode' of FFF, 
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wheree die retention of the analyte increases with its size, in the steric/hyperlayer 
modee the retention decreases with size, since the polymers become sterically hindered 
too perform their normal Brownian motion.26 The radius of gyration of amylopectins 
cann be up to 800 nm, which is near the border of the steric regime. 

Inn this study the retention behaviour of amylopectins originating from four 
differentt sources is investigated, by combining both retention data from flow FFF 
andd radius data obtained by MALS. Possible mechanisms explaining the observed 
behaviourr are discussed. For comparison with the amylopectins, two starch samples 
off  relatively low molar mass were fractionated One was a starch degraded by enzymes 
andd the other an oxidised starch sample. Among the amylopectin samples were 
amylopectinss obtained from genetically modified potatoes, modified in such a way 
thatt they only produced trace amounts of amylose. 

EXPERIMENTAL L 

Instrumenta ll  set-up 

Inn Figure 1 a scheme is presented of the instrumental set-up. This was almost 
identicall  to that employed previously.20 It was used in two different variants, set-ups I 
andd II . In set-up I the detector was a multi-angle light scattering (MALS) detector 
combinedd with a differential refractive index (RI) detector. 

Inn set-up II the detector was an evaporative light scattering detector. Hie channels 
weree cut out of a Mylar sheet with a thickness of 130 urn The channel shape was 
trapezoidall  with length L = 28.6 cm, and widths, bo and bi, 2.1 and 0.54 cm, 
respectivelyy In set-up I the accumulation wall was a polyaramide membrane UF-PA-
20HH (Hoechst, Wiesbaden, Germany) with a molecular weight cut-off of 20000. This 
wass chosen because initial experiments carried out with a regenerated cellulose 
membranee gave problems with the baseline of the RI detector, which was thought to 
bee due to poor resistance of the membrane to the high pH of the carrier liquid. In the 
channell  of system II the accumulation wall consisted of a regenerated cellulose 
ultrafiltrationn membrane NADER UF C-10 (Hoechst) with a molecular weight cut-off 
off  10 000. 

Twoo model 420 liquid chromatography pumps (Kontron Instruments, Zurich, 
Switzerland)) were connected to the channel Pump 1 delivered the carrier flow and 
pumpp 2 was used for the injection. Valves 1 and 2 were a model E-CST 4UV 4-
positionn and EC4W 2-position motor-driven valve, respectively (Via AG, Valco 
Europe,, Schenkon, Switzerland). Valves 3 and 4 were manually controlled SRV-4 2-
portt valves (Pharmacia, Uppsala, Sweden). Samples were injected through a 20 Jil loop 
onn a 9125 syringe injector (Rheodyne, Cotati, CA, USA). In set-up I a 25 nm cellulose 
nitrate/acetatee prefilter (Millipore Corp., Bedford, MA, USA) with a diameter of 25 
mmm was installed direcdy after pump 1. An optional 0.45 um inline filter of 
regeneratedd cellulose (Sartorius AG, Göttingen, Germany) was included between 
channell  I and the detectors20. 
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FigureFigure 1. Scheme of the asymmetrical flow FFF-MALS-RI (set-up I). Legend: PF 
prefilter;; M Manometer; RV Pressure-relief valve; IF Inline filter (optional); N Needle valve; V 
Valve;; I Injection valve; FM Flow meter; D Detector(s). The arrows 1, 2 and 3 denote the 
directionn of flow during focusing/relaxation, elution and backflushing of the channel, 
respectively. . 

Thee upper glass plate of the channel was protected from excessive pressures by a 
pressuree relieve valve (Nupro Co., OH, USA) set at 15 bar. Two needle valves (Hoke, 
Cresskül,, NJ, USA) controlled the cross flow and position of the relaxation point. In 
set-upp I the outlet- and cross-flow rates were monitored by flow meters (Phase 
Separations,, Queensferry, UK). In set-up II only the cross flow was monitored. 

Thee evaporative light scattering detector was a DDL 21 (Eurosep Instruments, 
Cergy-Pontoise,, France). The MAL S detector was a DAWN-DSP light scattering 
photometerr (Wyatt Technology, Santa Barbara, CA, USA) and the RI detector an 
Optilabb DSP interferometric refractometer (Wyatt Technology), both operating at 633 
nm.. The RI detector was equipped with a cell with an optical wavelength of 1 mm. 
Usingg ASTRA 4.20 software (Wyatt Technology), data were transferred to a personal 
computerr and calculations were performed. 

Chemical ss  and solution s 

Al ll  standard chemicals were obtained from the commercial suppliers and were of 
analyticall  reagent grade quality. A list of the calibration standards, enzymatically-
degradedd and oxidised starches, amylopectins and their respective sources is provided 
inn Table 1. The potato amylopectin starches from AVEBE and Lyckeby Starkelsen 
weree from genetically modified potatoes. The Lyckeby Starkelsen sample was 
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specifiedd as amylose deficient (containing less than 2% of amylose). The starches 
fromm Sigma and National Starch, originating from waxy com starch, were received in 
granularr form. The Sigma waxy corn starch is specified as essentially pure amylopectin 
containingg only trace amounts of amylose. In the text, the starch samples are simply 
termedd "amylopectin" and named after their suppliers. 

Thee Lyckeby Starkelsen and AVEBE potato amylopectin starch were received in 
easilyy soluble form, which means that the original granular starch had been pre-
gelatinisedd (the granules were disintegrated/dissolved), precipitated and dried before 
thee dissolution to make the actual samples for the present study. Pre-gelatinisation of 
thee Lyckeby Starkelsen starch had been performed in 90% aqueous DMSO for 72 hr 
duringg stirring at room temperature. Then the starch was precipitated by first adding 
coldd ethanol and then stirring for 24 hr at 4°C. The precipitate had been washed, in 
sequence,, with ethanol, acetone, and diethyl ether and had thereafter been dried in an 
exsiccatorr under vacuum. The AVEBE potato amylopectin starch had been pre-
treatedd to disrupt the granules by heating a starch suspension to 165°C during 
approximatelyy 3 s under high pressure. 

Solutionss were prepared in demineralised water, that had been deionized 
previouslyy through a Milli- Q water purification system (Millipore, Bedford, MA, USA) 
andd filtered through a 0.45 ujn filter and a 0.2 urn filter (Sartorius). For set-up I the 
carrierr liquid was an aqueous solution with 5 mmol H sodium hydroxide, 0.1 mol l 1 

sodiumm chloride and 0.02 % (m/v) sodium azide. For set-up I stock solutions of 
amylopectins,, with a concentration of 20 mg ml'1, were prepared by two hours of 
gentlee stirring in a 1 mol H sodium hydroxide solution. Fresh solutions were prepared 
daily.. Stock solutions of the enzymatically-degraded and oxidised starches were 
preparedd in a concentration of 100 mg ml*1 in 0.5 mol H sodium hydroxide solutions. 

TableTable 1. list of standards and amylopectin samples and their suppliers. 

Samplee Supplier 
0.022 um PET/carboxylic Bangs Lab., Fishers, IN, USA 
acidd group particles 
Feniann from horse spleen Sigma, St. Louis, MO, USA 
Pullulann P-l 600 Showa Denko, Tokio, Japan 
Enzymaticallyy degraded starch AVEBE, Groningen, The Netherlands 
Oxidisedd starch AVEBE, Groningen, The Netherlands 
Starchh from potato genetically modified to Lyckeby Starkelsen, Kristianstad, Sweden 
producee only amylopectin 
IdemIdem AVEBE, Groningen, The Netherlands 
Waxyy com starch, unmodified Sigma, St. Louis, MO, USA 
Amiocaa (waxy com starch) National Starch and Chemicals Company, 

Bridgewater,, NJ, USA 
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Forr set-up II the carrier liquid was de-ionised and filtered water. Fresh solutions 
off  the Lyckeby Starkelsen amylopectin were prepared daily by dispersing a 
concentrationn of 0.75 mg ml1 of pre-gelatinised material in water under gentle stirring. 
Thee dispersion was then kept at 85 °C for 30 min and subsequently at 120°C for 20 
minn under gentle stirring. Before injection these samples were filtered through 5 or 
0.455 urn filters and held at 50°C to avoid retrogradation. 

Procedure s s 

Detailedd descriptions of the operation procedure have been given previously.20-27-
288 The sample was injected during 20 s with an injection flow rate of 0.2 ml min-1. It 
wass focussed for a total of 1.2 min with a flow rate of 1 ml min-1. 

Duringg focusing, the cross flow was directed through needle valve N3 to regulate 
thee pressure mat was set at a value of 0.2 bar above the pressure during the elution 
mode.. This was in order to reduce the pressure difference between 
focusing/relaxationn and elution modes. After relaxation, the system was switched to 
thee elution mode, and valve V3 was turned, so that the cross flow passed through 
needlee valve N2, which regulated the cross flow during elution. An immediate 
pressuree drop of 0.5 bar was observed and in 0.5 minutes the pressure reached its 
finalfinal value. 

Thee thickness of the channel in set-up I was determined to be 90 urn and that in 
set-upp II 125 um by triplicate measurements of the elution time of ferritin28. The 
MALSS detector was calibrated with filtered toluene and normalised with 0.02 um 
PET/carboxylicc acid group particles. The determined hydrodynamic radius, r.m.s. 
radiuss and molar mass of a 1.6 MDa pullulan standard were all in accordance with 
valuess reported previously20. 

Forr the amylopectins, a dn/dc value of 0.15 ml gr1 was used for the calculations 
off  molar mass.12 Experiments were performed in duplo. 

THEORY Y 

Floww field-flo w fractionatio n 

Thee principles and theory of asymmetrical flow FFF2730 as well as its application 
too the size fractionation of water-soluble polymers20"22 have been described in detail 
previously.. Samples are retained to different extents according to their average 
displacementt by a perpendicular flow-field in a laminar flow. The dimensionless 
retentionn parameter X is in a first approximation related to the retention ratio Rf (ratio 
off  the void time (tö) and the retention time (tr)), by: 

Rff =Io. = 6X(cothl— -2A. (1) 
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Iff  the retention is sufficiently high (R<0.48) Equation 1 can be approximated within 
10%% by R=6A,.30 Then, from the retention parameter the diffusion coefficient can be 
obtainedd as: 

DD = * ^ (2) 
AA  w 

wheree FCT is the flowrate of the cross-flow field, w the channel thickness and A the 
accumulationn wall area. Combination of Equation 2 with the well-known Stokes-
EinsteinEinstein relation enables the hydrodynamic radius TH to be calculated from the 
retentionn time as 

t H =^4 ^^  (3) 
wheree l\ is the viscosity of the solvent, k the Boltzmann constant, T the temperature. 
Thee void time can be calculated from known values of the inlet flow rate (Fin), outlet 
flowflow rate (Fout), channel dimensions and focusing point position.27 

Thee above description is valid for flow FFF carried out in the so-called normal 
modee characterised by the presence of an exponential concentration distribution of 
thee analyte near the accumulation wall. A steric mode is prevailing when there is a 
stericc exclusion from the accumulation wall, which can be observed for 
macromoleculess or particles larger than ecu 1 |im.31 This causes a reversal of the 
elutionn order. Under many practical conditions this mode is accompanied by a flow-
rate-dependentt hydrodynamic lift-force, creating so-called hyperlayers. Thus, the 
hyperlayerr mode (a.k.a. lif t mode or focusing mode32) also leads to a reversal of the 
elutionn order.33 The combined retention mechanism has been termed 
steric/hyperlayerr mode. 

Multi-angl ee ligh t scatterin g and data analysi s 

Thee theory and principles of MALS are well described in the literature.4 The 
eluatee from the flow FFF instrument is measured in narrow time increments, slice by 
slice,, by the MALS and RI detectors. In each slice the MALS instrument measures the 
excesss Rayleigh scattering Ro at 16 different angles from 14° to 163°. The molar mass 
MM is related to the excess Rayleigh scattering by the Rayleigh or Rayleigh-Gans-Debye 
approximation: : 

^ -- = MP(0)(1- 2A2 cMP(6)) (4) 
K c c 
wheree K is an instrumental coefficient depending on various factors, including the 
refractivee index increment of the sample and the wavelength of the incident light, c is 
thee sample concentration (measured by the RI detector in each slice), A2 is the second 
viriall  coefficient, and 6 is the scattering angle. 
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P(9)) is a so-called form factor  that depends on the root-mean-square (r.tn.s.) radius, 
thee latter  often termed the radius of gyration (r̂ ) as: 

nn 1 6 w2< r 2> 2(Q\ 

wheree X is the wavelength of the incident light This is an approximation in which 
higherr  order  terms in sin2(6/2) have been omitted. 

Thee MAL S data are evaluated through a Debye plot, depicting a function of the 
excesss Rayleigh scattering against sin2(6/2). M and rg are obtained from the intercept 
andd slope, respectively, of the Debye plot extrapolated to 0°, which means that they 
havee to be derived preferably from the observed light scattering at the lowest available 
angles.. To help in the extrapolation in case of a curvature, the ASTRA software can 
bee used to fit  an empirical polynomial to the data points. Alternatively, and especially 
forr  macromolecules with a large r.m.s. radius, the extrapolation can be facilitated by 
nott  using the data points from the high angles if they show a strong deviation from 
thee slope of the low-angle data. Without a concentration detector, only the r.m.s. 
radiuss can be determined. 

Resultss for  relatively small macromolecules (the two degraded starches in this 
study)) were obtained through a Debye plot performed by the so-called Debye method 
(Re/Kcc vs. sin2(9/2)) giving a linear  relationship. The 14° and 26° angles were omitted 
becausee they deviated strongly from the line determined by all other  angles. The 
Debyee plot for  the amylopectins was expressed by the Berry method ((Kc/ Re)% vs. 
sin2(6/2))) using a 2nd order  polynomial fit  to take care of a curvature at the low 
angles.122 Only the data from seven angjes of between 14° to 90° were used, because 
thee larger  angles gave a deviating slope that approached zero. 

Theree are various contributions to errors in the results obtained by MAL S 
analysis,, that may lead to significant deviations from the true values when very large 
moleculess are analysed. Since the density of amylopectins is typically smaller  than that 
off  compact particles, only a small contribution of Mie scattering is to be expected.12 

However,, the effect of A2 has not been taken into account in this work. 
Forr  example, the introduction of a typical A2 value of 2 xlO5 mol ml g*2 for  a 100 
MDaa polymer can lead to a difference of up to 30% in the calculated molar  mass 
value.344 For  large macromolecules the Rayleigh approximation may no longer  hold. In 
addition,, the extrapolation of the non-linear  curve in the Berry method from 14° to 0° 
introducess some uncertainty. Therefore, the molar  masses determined in the present 
studyy will have to be regarded as approximate only. Moreover, they should be 
regardedd as apparent molar  masses, because the macromolecules may be partly 
presentt  as aggregates. 
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RESULTSS AND DISCUSSION 

Degradedd starc h sample s 

Forr comparison with the amylopectins, two samples of degraded starches were 
fractionated.. Figure 2A shows a fractogram of an enzymatically-degraded starch, while 
Figuree 2B shows a fractogram of an oxidised starch. In order to improve the signal-
to-noise-ratioo of the MAL S detector for the lower angles, die fractogram of the 
enzymatically-degradedd starch was obtained with a 0.45 (Xm in-line filter placed 
betweenn the FFF channel and the detectors. Both fractograms show the opportunity 
off  rapid fractionation and the suitability and limitations of the flow FFF-MALS 
combinationn for the characterisation of starches of relatively low molar mass35. It is 
possiblee that a fraction of the low-molar mass end of the distribution (less than 20 
kDa)) may have been lost through the membrane. Moreover, the r.m.s. radius of a 
substantiall  amount of material is in the range of smaller than 10 nm, which below the 
sizee detection limit of the MAL S detector and therefore not measurable. At the high 
sizee end die accuracy in the determination of the molar mass decreases when the 
detectionn limit for the RI signal is reached. Thus, the r.m.s. radius and molar mass can 
onlyy be obtained for a limited size range. It can be seen that the enzymatic treatment 
wass more efficient than the oxidation in degrading the starch since the oxidised 
productt contains larger molecules. 
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FigureFigure 2. A: RI and 90° LS fractogram of an enzymatically degraded starch sample with 
obtainedd r.m.s. radii. Set-up I. The calculated t<> is indicated. FmiFct = 3.0:2.2 ml min1; injected 
mass:: 200 fig. B. RI and 90° LS fractogram of an oxidised starch with obtained r.m.s. radii. Set-
upp I. The calculated to is indicated. Fî Fcr = 2.0:0.70 ml min1; injected mass: 100 (Xg. 
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Notee that in Figure 2B the r.m.s. radius increases linearly with the retention time 
betweenn 2 and 4 minutes and that, from this range, the extrapolated intercept is close 
too zero. Assuming a uniform conformation of the starches (so that there is a constant 
proportionalityy between the r.m.s. and the hydrodynamic radius), this confirms the 
validityy of Equation 3. The retention of the sample follows the normal mode. In Fig. 
2AA the trend is less conclusive because of the lower accuracy in the determination of 
thee r.m,s. radius close to the size detection limit of the MALS detector and because of 
thee high imprecision observed at the larger sizes. 

Amylopectin s s 

Inn order to investigate the effect of the flow rates on the retention of 
amylopectins,, first an estimation was made of the amount of amylopectins that can be 
injectedd without overloading the system. If too much of the analyte is injected, 
concentrationn effects near the accumulation wall can distort the peak shape and create 
aa shift in retention time.36 To serve as an example for the amylopectins, the Lyckeby 
Starkelsenn amylopectin was fractionated with injected masses of between 0.2 and 5 ng. . 
Fin,, Fout and Fcr were 500, 390 and 110 uJmin1, respectively. In Figure 3, the results 
aree shown. With a sample load of between 0.2 and 0.5 pg the peak shape and the 
retentionn time of the peak maximum remain unchanged. Evidendy, overloading starts 
too take effect with injected masses larger than ca. 0.5 ug. 

Too ensure the absence of overloading effects, an injected mass of 0.2 ug was 
preferredd for a flow-rate study. However, such a small sample load is well below the 
detectionn limit of the RI detector and therefore only the MALS detector could be 
employed.. Consequently, only the r.m.s. radius could be determined All four 
amylopectinn samples were subjected to similar flow conditions. The inlet flow was 
variedd between 0.10 and 1.5 ml min1, while the ratio of F ^ Fa was kept constant at 
approximatelyy 4:1. 

Inn Figure 4 two fractograms obtained of the Amioca amylopectin are shown. The 
amylopectinss from the other three sources displayed similar trends. In Figure 4A, at 
thee lowest flow rates (Fm, F ^ and F„  equal to 101, 80 and 21 pl/min, respectively) the 
amylopectinn is retained but not size-fractionated, as the r.m.s. radius remains constant 
att approximately 450 tun over the main part of the peak. Rather than showing the size 
distributionn in this range an average size is determined. Arguably, in the initial part of 
thee peak the r.m.s. radius is observed to increase with the retention time, which is an 
indicationn that the normal mode of elution might be operating here. When the inlet 
flowflow rate was increased to values of F«, Fout and F« of 755, 611 and 144 uj/min, 
respectively,, the amylopectin is more retained and a size-fractionation was obtained 
(Figuree 4B). However, the order of elution of the components within the peak was 
oppositee to that of the smaller degraded starches (Figure 2). 
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FigureFigure 3. Study of overloading. Superimposrtion of four fractograms of the Lyckeby 
Starkelsenn amylopecun. Set-up I. Injected masses: 0.2 (a), 0.5 (b), 2 (c) and 5 ug (d), 
respectively.. Fm = 500 ui min"1. FCT = 110 ui min"1; to = 0.6 min. 
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FigureFigure 4. Fractograms of Amioca at different flow rates with determined r.m.s. radii. Set-up I. 
Fout:FCTT were 80:21 (A) and 611:144 ^1 min"1 (B). The calculated to is indicated. 

Onee way of interpreting the type of results observed in Fig. 4B is to calculate the 
apparentt hydrodynamic radius. Figure 5 shows the apparent hydrodynamic radius at 
thee peak maximum of the 90° MAL S signal (calculated by Equation 3) as a function of 
thee inlet-flow rate. Under ideal normal mode conditions, the apparent hydrodynamic 
radius,, is independent of the applied flow rates.29 In the present case, however, it 
stronglyy decreases with Fj„. Also depicted in Figure 5 is the r.m.s. radius at the same 
peakk maximum and it can be seen that this factor remains constant, as expected. 
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Forr a compact spherical molecule the r.m.s. radius is related to the hydrodynamic 
radiuss by die relationship rg = 0.775 X rH whereas for a flexible polymer in a good 
solventt the relationship is rg = 1.862 X TH.22 For amylopectin, being a highly branched 
polymerr with presumably a globular structure, from multiangle static light scattering 
andd dynamic light scattering a value of 1.3 has been found in the rg vs. IH 
relationship.377 When this value is applied to the results in Figure 5 it is obvious diat 
forr inlet flow rates above 0.5 ml min1 the apparent hydrodynamic radius is 
significandyy smaller than predicted in relation to the r.m.s. radius. Although die 
determinationn of the r.m.s. radius is subject to some uncertainty, it is clear that the 
apparentt hydrodynamic radius is far from die true value for the hydrodynamic radius. 
Inn odier words, the macromolecules show less retention in the normal mode dian 
expectedd on die basis of die r.m.s radius determined by MALS. 

Ann explanation for this discrepancy has to be found in one of die following 
possiblee deviations from normal mode behaviour in flow FFF: membrane 
interactions,, viscosity effects, symmetry of die molecule, overloading or 
steric/hyperlayerr effects. The observations are not likely to be caused by an 
experimentall  artefact. The calibration widi ferritin and die results for pullulan and 
degradedd starches show that die system is in good working order. In addition, die 
changess in élution order between Figures 4A and 4B were obtained under identical 
conditionss (with the exception of the flow rates) and with the same processing of die 
MAL SS data. 
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FigureFigure 5. Dependence of the apparent hydrodynamic radius ) and r.m.s radius (A), as 
measuredd at die peak maximum, on die inlet flow rate with set-up I. Sample: Sigma 
amylopectin,, injected mass 0.2 ug. Conditions: F*,, Fout and Fa were 120, 100 and 21 ui min1; 
247,, 201 and 46 ui min1; 503, 408 and 95 ui min1; 755, 611 and 144 ui min1; 1009, 815 and 
1944 ui min1; 1258,1008 and 250 ui min1, respectively. 
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Overloadingg effects were ruled out previously (Figure 2). Viscosity effects and 
interactionss of die analyte with the membrane, are not likely to occur to a great extent, 
ass the peak shapes in Figure 4 are smooth and not tailing. It has been argued mat the 
orientationn of highly asymmetrical, large macromolecules in a laminar flow can 
influencee the diffusion coefficients that are obtained from flow FFF.22-38 However, 
previouss experiments have shown that amylopectins have a conformation between 
thatt of a spherical particle and a random coil,37 which rules out pronounced 
asymmetryy as an explanation for the retention behaviour. 

Multiplee observations point towards the presence of steric/hyperlayer effects. 
First,, the size fractionation in Figure 4B is in reversed order. Moreover, it occurs at 
increasedd inlet flow rates. Second, in Figure 5 an increase in inlet flow leads to a lower 
iHappp (less retention). Lif t forces are known to increase with an increased inlet flow 
rate.399 Steric/hyperlayer effects can also account for the smaller hydrodynamic radius 
comparedd to the r.m.s. radius. The increased lift-force lifts the analyte further from 
thee accumulation wall towards faster flow-velocity lines, while the increasing cross-
flowflow rate insufficiently compensates this increase. 

Thee results of Figure 4B and Figure 5 were further confirmed by a different set of 
experimentss made on the Lyckeby Starkelsen amylopectin after dissolution in water. 
Floww FFF analysis was performed in water as the carrier liquid with an evaporative 
lightt scattering detector (ELSD) in set-up II . The only difference in the experiments 
comparedd to set-up I was that the channel had a 33% larger thickness. Fig. 6 shows 
exampless of amylopectin peaks obtained at four different inlet-flow rates but at 
constantt FcriFout. The retention times decreased systematically with increasing inlet-
flowflow rate and the calculated hydrodynamic radii were all much smaller than the 
predictedd values. It was found that the amylopectin was eluted much more quickly 
thann expected from a calculation based on the hydrodynamic radius (200 nm) 
reportedd in literature.37 This was in contrast with the behaviour of a dextran sample of 
thee approximate molar mass 2 x 106 g mole1, which showed a retention time close to 
thee predicted value. Actually, the amylopectin was eluted at retention times close to 
thatt of a much smaller dextran with a molar mass of 10 x 103 g mole1. These results 
aree of the same nature as those presented in Figure 5 obtained with set-up I. 

Ann estimate of the extent to which the lif t forces work on the amylopectins can be 
madee by examination of the steric inversion radius. The steric inversion radius is 
definedd as the radius above which steric inversion starts to take effect.26 By definition, 
noo material can be eluted beyond the steric inversion point In Figure 4B the graph of 
thee r.m.s. radius decreases continuously in time until a value of ca. 290 nm at 2.5 min, 
afterr which the concentration comes close to zero and noise dominates the signal. 
Thiss means that a steric and/or lift-hyperlayer mechanism is occurring for analytes 
withh an r.m.s. radius from ca. 1 ym down to at least 290 nm, implying that the steric 
inversionn radius must be 290 nm or smaller. 
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FigureFigure 6. Fractograms of the Lyckeby Starkelsen amylopectin at constant Fcr:Fout = 2.0 and 
varyingg Fm. Injected mass: 15 ug. Set-up II . A: Fj, = 1.0 ml min1, Fa = 0.7 ml min1, Fout = 0.3 
mll  min1, to = 0.69 min; B: Fm = 1.5 ml min1, FCT = 1.0 ml min1, Fout = 0.5 ml min1, to = 0.45 
min;; C: Fi„  = 2.0 ml min1, FCT = 1.2 ml min"1, Fout = 0.6 ml min1, to = 0.38 min; D: Fb = 3.0 
mll  min1, FCT = 2.0 ml min1, Fout = 1.0 ml min1, to = 0.23 min. 

Thee r.m.s. values at lower retention than the steric inversion point are obtained from 
aa mixture of material smaller than 290 nm eluted in the normal mode, and material 
largerr than 290 nm eluted in the steric/hyperlayer mode. Since 290 nm is at or near 
thee steric inversion point the sample can be considered "clean" - no mixed mode 
flowflow FFF occurs at the steric inversion point - and the r.m.s. value can be used for 
thee calculation below. It is assumed in this approximation that amylopectin has a 
mono-modall  size distribution. 

Theree is however the rather unlikely possibility of a bimodal distribution of 
amylopectin.. For example, if we consider that a part of the amylopectin is 500 nm or 
larger,, and another part is 100 nm or smaller (a gap in the distribution between 100 
andd 500 nm). It is then possible that the value of 290 nm does not reflect the steric 
inversionn point (it could be at higher retention than the observed point), because 
theree is no sample with the size of the steric inversion point. In that case, the value of 
2900 nm is measured in a mixed-mode elution of 100 and 500 nm particles and 
thereforee inaccurate. 

Ann expression for the steric inversion radius (r;) has been derived by Myers and 
Giddings:31 1 

II k~T 
(6) ) 

wheree Uct is the velocity of the cross-flow at the accumulation wall and y an empirical 
coefficientt describing the extent to which hyperlayer effects are operative. When y is 
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largerr than unity, micron-sized particles migrate faster than predicted by the steric 
mode.. Hyperlayer effects can cause this faster migration. Here, y is assumed to be 
independentt of the radius, which is not quite true. Combining this equation with 
rg=1.33 x rH,37 y values of 6 to 8 were found for the Amioca amylopectin with inlet 
flowsflows of between 0.75 and 1.25 ml min1 (for comparison, latex beads with a diameter 
off  15 \im and at an inlet flow rate of 37.6 ml min1, showed a y value of almost 6)40. 
However,, it should be noted that there are uncertainties in the determination of the 
r.m.s.. radius and the ratio of rg/rH (ratios of 1 to 1.3 were reported, depending on the 
treatmentt of the amylopectin) that have a strong effect on y. Using a ratio of 1 leads 
too 40% smaller values for y. 

Nonetheless,, the values of y found in our work, calculated on the basis of the 
r.m.s.. radius, are large at the low flow rates employed. Apparently, the amylopectins 
behavee as much larger molecules than can be expected on the basis of their size as 
measuredd by the r.m.s. radius. The hydrodynamic behaviour resembles that of a much 
largerr molecule subject to significant hydrodynamic lif t forces. 

AA more elaborate study of the effect of flow rates on the retention of 
amylopectinss may further clarify the observed behaviour. The key to this would be to 
choosee conditions that minimise the magnitude of hydrodynamic lift-forces, so that 
thee retention behaviour comes closer to the normal mode. This may involve using 
bothh lower channel inlet/outlet flow velocities and possibly higher cross-flow 
velocities,, the latter counter-acting any lift-hyperlayer effects. The use of symmetrical 
flowflow FFF channels, in which channel- and cross-flow rates can be chosen 
independentlyy of each other, might be advantageous.for such a study. In addition, a 
largerr channel thickness may contribute to obtaining low channel inlet/outlet 
velocities. . 

Analysi ss  of mola r mass 

AA series of experiments was performed to determine the molar mass of the 
amylopectins.. The sample load was increased to 20 pg, the minimum amount required 
too obtain a reasonable RI signal. The fractionation was optimised in an empirical way. 
Itt was clear from previous experiments that a size fractionation is obtained at inlet 
flowflow rates of 0.75 ml min-1 and higher. An inlet flow rate of 1.5 ml min1 was chosen. 
Faa was adjusted to 0.5 ml min1, so that the analysis time for all samples remained 
smallerr than ca. 5 minutes. 

Inn Figure 7 a typical fractogram is given of the National Starch amylopectin with 
thee molar mass as obtained from the data. Due to peak overloading, as seen 
previously,, there is no separation from the void peak. The maximum of the LS signal 
iss at approximately the same retention time as that of the RI signal. Typically, in 
normall  mode flow FFF of a polydisperse sample, the maximum of the MALS peak is 
att a larger retention time than that of the RI peak, because the sensitivity of the 
MALSS detector increases with the molecular size, while the sensitivity of the RI 
detectorr does not (see for example Figure 2). 
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Figuree 7 reveals molar masses in the range of 107 to 109 g mol1. Due to the 
uncertaintiess in the calculations from the MAL S signal, the given molar masses have 
too be regarded as approximate. Nonetheless, molar masses in this Figure are of the 
samee order of magnitude as those found by Bello-Pérez et al. using SEC-MALS34 and 
largerr man those measured by Fishman eta/.,6 who found for common maize (ca. 75% 
amylopectin)) values of up to 3.107 g mol1. Besides the differences in origin of the 
sampless die resulting molar mass can be highly dependent on the dissolution 
proceduree for the amylopectin.11. Bello-Pérez et.al. applied a sophisticated microwave 
heatingg procedure after treatment of die amylopectin widi DMSO, mat enabled a 
moree complete dissolution of the higher molar masses man in Fishman's work, but at 
thee risk of some de-polymerisation.34 The sample preparation employed in our work 
iss even milder. The stock solutions were clear and colourless. They can contain 
dissolvedd free molecules of amylopectin as well as aggregates.12 To a certain extent the 
presencee of aggregates can explain the observed hyperlayer phenomena as well as die 
largee r.m.s. radii, although it cannot account for the small r.m.s. radius at which die 
inversionn of elution order appears to take effect. 

FigureFigure 7. RI and 90° LS fractograms of Amioca with apparent molar mass trace. Set-up I. The 
calculatedd to is indicated. Conditions: see text. 
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CONCLUSIONS S 

Itt is clear from the presented results that the elution behaviour of amylopectins is 
strikinglyy different from that of degraded starches, which are of much smaller 
dimensions.. While the degraded compounds show an increase of retention with si2e, 
thee opposite is the case for amylopectins. Also, amylopectins display a strong 
dependencee of the retention on the inlet flow rate, and an apparent hydrodynamic 
radiuss much smaller man expected on the basis of the observed r.m.s. radius. The 
mostt likely explanation for this behaviour is the occurrence of steric/hyperlayer 
effects.. However, the r.m.s. radius at the sterk inversion point is below the 
theoreticallyy expected value, which may point towards an unexpectedly large 
hydrodynamicc size for the amylopectin. 

Sincee the trend in flow FFF is towards the characterisation of ever larger 
macromolecules,, in the years to come more investigations are required into the 
elutionn behaviour of very large polymers near the border of steric inversion, Possibly, 
aa more elaborate study using channels of larger thickness and a greater variation of 
flowflow rates can help elucidate the mechanism behind the observed behaviour. 
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Summar y y 

Howw field-flow fractionation  (FFF) is one of today's most universal separation 
methodss for  macromolecules and particles. It can cover  a size range from a few nm's 
upp to ca. 100 UJXI. Flow FFF is at its most powerful when combined with multi-angle 
lightt  scattering (MALS) detection, that enables the on-line determination of molar 
masss and conformation. Flow FFF is an ideal tool to study the diffusional behaviour 
off  macromolecules and particles, due to the possibility for  analytes to freely diffuse in 
solutionn at relatively low concentrations. 

Inn Chapter  1, the principles of flow FFF in an asymmetrical flat channel and 
tubularr  channel (hollow-fiber  flow FFF) are introduced Hie retention in the normal 
mode,, which allows for  a direct translation of retention time to diffusion coefficient 
andd hydrodynamic size, and sterk/hyper  layer  mechanisms are described. 

Chapterr  2 is an introduction to the application of hollow-fiber  membranes in 
analyticall  chemistry. An overview is given of the applications in which hollow-fiber 
membraness are used for  separation, amongst which hollow-fiber  flow FFF (HF5) can 
bee reckoned. Hollow-fiber  membranes can be placed in front  of the separation 
channell  for  sample preparation, or  after  the separation channel to enhance the 
detectability.. The preparation of organic and inorganic hollow-fiber  membranes is 
described,, with several methods to deposit membrane films onto a porous surface and 
modifyy the films to gain specific selectivity. 

Chapterr  3 shows the application of a polyacrylonitri l hollow-fiber  membrane for 
thee separation of synthetic polymers in hydrophobic organic solvents. Multipl e 
polymerr  standards are successfully fractionated in organic solvents, illustratin g the 
resistancee of the system towards such solutions. The repeatability of the calculated 
diffusionn coefficients, separation efficiency and recovery for  polystyrene standards in 
ethyll  acetate was satisfactory. From the peak dispersion of a monodisperse protein, it 
followedd that non-equilibrium band broadening was the sole source of dispersion and 
instrumentall  side-effects were negligible. It is deduced from general theory that a HF5 
systemm performs optimally with long fibers (to reduce side effects) with a small inner 
diameter. . 

Inn Chapter  4, the diffusional behaviour  of a model polelectrolyte, 
polystyrene(sulfonate),, is studied with a home-built HF5 system. Hie (apparent) 
diffusionn coefficient of four  polystyrenesulfonate standards is measured at varying 
injectedd mass and at different ionic strengths of the carrier  liquid. A sharp increase of 
thee apparent diffusion coefficient above a certain critical concentration of the 
polyelectrolytee at the accumulation wall is witnessed The dependence of this critical 
concentrationn on the ionic strength is following the trend predicted by a model based 
onn Debije-Landau-Verwey-Overbeek theory, that describes the repulsion of hard, 
incompressiblee spheres. Also, the velocity of overloaded zones is following the 
theoreticall  predictions for  hard spheres. Results from standards with a molar  mass of 
abovee ca. 100 kDa deviate from the model, which may be caused by intermolecular 
interactions. . 
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Inn Chapter 5, asymmetrical flow FFF-MALS is applied for the characterisation of 
severall  polymethylmethacrylate core-shell latices. Hydroxylated core-shell latices 
appearedd to be unaffected by a varying pH. The carboxylated core-shells displayed 
strongg swelling with increasing pH in the range from 5 to 10. By contrast, a much 
milderr increase of the root-mean-square (r.m.s.) radius was observed with MALS 
detection,, which indicates that the scattering plane is moving relatively inwards during 
thee swelling process due to a decreasing density of the outer shell. From the 
comparisonn of the swelling of two carboxylated core-shells under varying ionic 
strengthss with a Donnan model, it appeared that a significant amount of counter-ion 
condensationn takes place in the shells. 

Inn Chapter 6, the retention mechanism of four different amylopectins in 
asymmetricall  flow FFF is studied with MALS detection. Amylopectins were dissolved 
underr mild conditions, in a 1 mol F sodium hydroxide solution. With an injected mass 
beloww overloading conditions, the apparent hydrodynamic radius was observed to 
decreasee with increasing inlet flow rate. In addition, the root-mean-square radius trace 
measuredd with MALS decreased with the retention time, in contrast to the retention 
orderr in normal mode. This anomalous retention behaviour points towards the 
occurrencee of steric/hyperlayer effects. However, combination of MALS data with 
thee retention showed that the amylopectins behave as macromolecules with a 
considerablyy larger hydrodynamic radius than expected on basis of the radius of 
gyration. . 
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Samenvattin g g 

Floww field-flow fractionation (FFF) is een der  meest universele moderne 
scheidingsmethodenn voor  macromoleculen en deeltjes. Flow FFF bestrijk t een 
gebiedd van enkele nm's tot ca. 100 urn. De combinatie met Multi-Angl e Light 
Scatteringg (MALS) detectie is bijzonder  nuttig, omdat een directe bepaling van 
molecuulmassaa en conformatie mogelijk wordt. Flow FFF is een ideale techniek 
voorr  het bestuderen van het diffusiegedrag van macromolecules en deeltjes, die in 
relatieff  lage concentraties vri j  in de oplossing kunnen diffunderen. 

Inn hoofdstuk 1 worden de principes van flow FFF in een asymmetrisch vlak 
kanaall  en cylindrisch kanaal (holle vezel flow FFF) geïntroduceerd. De retentie 
inn het normale en sterisch/hyperlayer  regime wordt beschreven. In het normale 
regimee kunnen de diffusiecoëfficiënt en hydrodynamische straal direct uit de 
retentietij dd berekend worden. 

Hoofdstukk 2 is een introducti e in de toepassing van holle vezel membranen in 
dee analytische chemie. Een overzicht wordt gegeven van de toepassingen waar 
hollee vezel membranen voor  de scheiding gebruikt worden. Holle vezel flow 
FFFF (HF5) behoort tot deze categorie. Holle vezel membranen kunnen ook 
vóórr  een scheidingskanaal geplaatst worden (als monstervoorbewerking) of 
achterr  een scheidingskanaal ter  verbetering van de detecteerbaarheid: Het 
fabricerenn van organische en anorganische holle vezel membranen krijg t in dit 
hoofdstukk aandacht. Er  zijn verschillende methodes om membraanlagen op 
poreuzee oppervlakken te deponeren en deze lagen te modificeren ten einde de 
selectiviteitt  te verbeteren. 

Hoofdstukk 3 toont de toepassing van een polyacrylonitri l holle vezel 
membraann voor  de scheiding van synthetische polymeren in hydrofobe 
organischee oplosmiddelen. De resistentie van het systeem voor  diverse 
organischee oplosmiddelen wordt geïllustreerd aan de hand van de scheiding van 
verschillendee polymeerstandaarden. De herhaalbaarheid van de berekende 
diffusiecoëfficiënten,, scheidingsefficiëntie en opbrengst voor 
polystyreenstandaardenn in ethylacetaat is bevredigend. Uit de piekverbreding 
vann een monodispers eiwit blijk t dat niet-evenwicht bandverbreding de enige 
significantee bijdrage tot piekdispersie is, en dat instrumentele neveneffecten te 
verwaarlozenn zijn. Uit de algemene theorie wordt afgeleid dat een HF5 systeem 
optimaall  presteert met lange vezels (om neveneffecten te reduceren) met een 
kleinee binnendiameter. 

Inn hoofdstuk 4 wordt het diffusiegedrag van een model polyelectroliet, 
polystyreensulfonaat,, bestudeerd met een zelfgebouwd HF5 instrument. De 
(schijnbare)) diffusiecoëfficiënt van vier  polystyreensulfonaat standaarden is 
gemetenn bij  verschillende geïnjecteerde massa's en ionsterktes van het 
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oplosmiddel.. De schijnbare diffusiecoëfficiënt vertoont een sterke stijging boven 
eenn kritische concentratie van het polyelectroliet aan de membraanwand. Deze 
kritisch ee concentratie is afhankelijk van de ionsterkte, en volgt de trend die 
voorspeldd wordt door  een model gebaseerd op de Debije-Landau-Verwey-
Overbeekk theorie. Dit model beschrijft de afstoting van harde, niet indrukbar e 
deeltjes.. De migratiesnelheid van overbeladen zones volgt ook de voorspellingen 
voorr  harde deeltjes. De resultaten voor  standaarden met een molecuulmassa 
bovenn 100 kDa wijken af van het model, wat door  intermoleculaire interacties 
veroorzaaktt  zou kunnen worden. 

Inn hoofdstuk 5 wordt flow FFF met multi-angle light scattering (MALS) 
detectiee toegepast voor  de karakterisering van verschillende 
polymethylmethacrylaatt  core-shell latexdeeltjes. Gehydroxyleerde core-shell 
latexenn lijken immuun voor  veranderingen van de pH. De gecarboxyleerde core-
shellss zwellen sterk op bij  toenemende pH in het gebied van 5 tot 10. Een veel 
minderr  sterke respons voor  de root-mean-square (r.m.s.) radius wordt met 
MAL SS gedetecteerd. Door  een verminderde dichtheid van de buitenste schil meet 
dee MAL S detector  tijdens het zwellingsproces een relatief kleine gyratiestraal. De 
zwellingg van twee gecarboxyleerde latexen bij  verschillende ionsterktes is 
vergelekenn met de zwelling volgens een Donnan-model. Hierui t blijk t dat 
mogelijkk  significante tegenion-condensatie optreedt in de buitenste schil. 

Inn hoofdstuk 6 wordt het diffusiegedrag van amylopectines in asymmetrische 
floww FFF met MAL S detectie bestudeerd. De amylopectines werden in een 1 mol 
l'11 natriumhydroxid e oplossing opgelost, onder  relatief milde omstandigheden. 
Dee schijnbare hydrodynamische straal van amylopectines nam af bij  toenemende 
inlaatstroomm (hierbij  is zorg gedragen het systeem niet te overbeladen). Het 
r.m.s.. signaal nam af in verloop van de retentietijd , welke volgorde het 
omgekeerdee is van die in het normale regime. Dit afwijkende retentiegedrag wijst 
opp de aanwezigheid van sterische/hyperlayer  mechanismen. Uit een combinatie 
vann MAL S data met retentietijden blijk t dat de amylopectines zich gedragen als 
macromoleculenn met een aanzienlijk grotere hydrodynamische straal dan 
verwachtt  op basis van de r.m.s. straal. 
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Dankwoor d d 

Inn het dankwoord, vaak de meest gelezen rubriek van een proefschrift, hoopt 
iedereenn zijn naam te vinden. Vreugde als men zich in oplage van 200 
vereeuwigdd ziet, vertwijfelin g en droefheid als men ontbreekt. Om kwaad bloed 
tee voorkomen, wordt het dankwoord vaak samengevat tot: **  hierbij  wil ik 
iedereenn bedanken die heeft geholpen bij  de totstandkoming van mijn 
proefschrift1'.. Deze woorden gaan hier  ook op. Toch wil ik sommigen in het 
bijzonderr  bedanken. 

Dee relativerende woorden van Rob Tijssen en de verfrissende cynische 
houdingg van Wim Kok, getuigend van een groot wetenschappelijk inzicht, 
hebbenn mij  door  vele sombere tijden geholpen. Hans Poppe bedank ik voor  de 
mooiee opleiding in de tij d dat polymeeranalyse nog analytische scheikunde 
heette,, ik heb veel interessante dingen geleerd en hoefde daarvoor  niet altij d naar 
college.. Peter  Schoenmakers kan ik niet genoeg danken voor  het vertrouwen (in 
dee voetballerij  was ik allang gewisseld) en het meeschrijven van hoofdstuk 2, in 
eerstee instantie een duister  onderwerp voor  ons beiden. 

II  am very grateful to Karl-Gustav Wahlund for  his friendly hospitality, the 
erwtensoepp and thorough scientific guidance during my stay in Lund. Mats 
Anderssonn and Bengt Wittgren patiently helped me with the practical aspects of 
FFFF (only a stupid Dutchman can install a channel upside down). 

Eenn baanbrekend onderzoek als het mijne kan niet zonder  technische 
ondersteuningg van de mannen in de werkplaats. Onder  anderen Tjerk , Ger, Ron, 
Corr  en Wijtz e hebben gezorgd voor  een aanhoudende stroom op maat gepolijst 
glas,, keramiek en metaal. Klasse! Ik weet dat ik niet de gemakkelijkste geweest 
benn (ik heb mezelf ook 3VS jaar  afgevraagd waar  het allemaal heen moest), maar 
dankzijj  julli e is het boekje uiteindelij k goed gevuld. 

Eenn aantal collega's heeft mij  fantastisch geholpen: Rob O., die drie maanden 
langg tevergeefs buisjes geplakt heeft, Aschwin, die mijn buisjes op elegante 
houtenn planken getimmerd heeft en Jaap E., die mijn ELSD verwend heeft en 
altij dd erg kritisch en oplettend was bij  mijn presentaties. 

Hett  slap geouwehoer  met Edward, Edwin en Wijbre n op de labzaal heeft het 
ergg gezellig voor  me gemaakt. Edward, bedankt voor  het oorlogstrauma dat ik 
vann je heb opgelopen. Edwin, ik vind het nog steeds jammer dat ons kwartet met 
dee mormonenmeisjes van de Scientology Church is mislukt. Wijbren , je bent het 
levendd bewijs dat die Friezen zo gek nog niet zijn. Ik hoop dat je ooit nog beren 
kann gaan fokken in de achtertuin van je blokhut. En Remco...we hebben 
gewoonn een mooie tij d gehad. Ik mis je bij  de koffiepauzes. Ik moet het 
uiteindelij kk  toegeven: je staat meer  in Anal Chem dan ik. 
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Specialee dank aan Bikkel en die twee kleine duivels Ty en Seffie (en 
bazinnen);;  julli e hebben meer  kapot gemaakt dan geholpen, maar  het is julli e 
vergeven.. En zonder  Thijs, Sanne, Harrie , Dianne, Wendy, Genie, Jetta, Alex, 
Bram,, Stéphane, Ton en Joyce was het allemaal niets met me geworden. 
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Nawoor dd en aanbevole n literatuu r 

Restt na het lezen van dit proefschrift de vraag waar we het allemaal voor doen. Het 
wass Erasmus al opgevallen dat promotie slechts een handjevol professoren pleziert en 
onherroepelijkk tot bijziendheid en ziekte van de promovendus leidt1 Sinds de tijden 
vann Erasmus is het métier van promovendus grotendeels hetzelfde gebleven. Terwijl 
tegenwoordigg échte mannen met een blonde vriendin in de lease-auto naar het 
plattelandd snellen2 piekert de gedreven academicus zich suf over het schalen van een 
niett lineair flexibel polyelectroliet in het verdunde regime, om een jaar later te 
concluderenn dat schalen geheel niet mogelijk is. Hij houdt simpelweg te weinig tijd 
overr om op drift te gaan.3 

Inn de literatuur heerst er ernstige twijfel over het nut van een academisch leven. De 
meesterwerkenn van Hermans4 en Versteeghen5 zijn nog steeds noodzakelijk voor een 
iederr die de organisatie van de universiteit probeert te doorgronden. Céline maakt niet 
meerr dan 10 woorden vuil aan zes jaar promoveren.6 En Bob den UyPs sublieme 
creatie,, drs. Alex Vreugdenberg, houdt slechts een gouden naambordje, kater en 
overspeligee vrouw aan zijn academische carrière over.7 Was hij maar chirurg 
geworden. . 

Zelfss voor Lemmy Caution is de wetenschap een raadsel: ''Right noot heisa sorta little 
herohero to her, but bein'a hero stuff wears off pretty soon an'agy hasgttta have something else besides 
Einstein'sEinstein's theory to keep a dame stringn' along an' likin 'it... ".* 

Waarr promoveren we eigenlijk voor? Een these ontstaat niet uit tovenarij,9 maar 
wordtt door meer dan vier jaar lang overwerken gevormd Vervolgens mag de 
promovenduss op grotendeels eigen kosten een proefschrift uitgeven en een feest 
organiserenn voor mensen die allang blij zijn dat hij weg is. Cynici zullen zeggen dat een 
promotiee in ieder geval kortstondig een doel in het leven geeft, wat zoals bekend erg 
belangrijkk is.10"14 Toegegeven, een sterk motief. Minstens net zo belangrijk zijn de eer 
enn roem die een promovendus denkt te oogsten, maar helaas vallen deze in het niet bij 
dee verering in vroeger tijden.15 Sommige promovendi zijn onder de invloed van een 
vadercomplex,, dat vele mensen tot onvoorspelbare daden kan dwingen;16 persoonlijk 
benn ik hier niet geheel vrij van.17 

Misschienn is de belangrijkste drijfveer wel de schoonheid die de wetenschap 
uitstraalt.. Dan heb ik het niet alleen over het verzamelen van Latijnse teksten uit de 
IVee eeuw, op geïmporteerde Chinese zijde door ingehuurde monniken geschreven en 
gebondenn in kalfslederen banden met gouden opdruk,18 of het organiseren van een 
lynxwormsluipjacht199 In de exacte wetenschappen zijn er ook mooie dingen te 
beleven,, bijvoorbeeld een compacte formule die na drie jaar ploeteren gevonden 
wordt,, grote symmetrische pieken en vooral veel geïnspireerde verklaringen voor 
obscuree waarnemingen. Of dit uiteindelijk opweegt tegen de practische 
beslommeringenn en fysieke ontberingen die de promovendus heeft ondergaan is aan 
dee lezer te beoordelen. 
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