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a b s t r a c t

Field-flow fractionation (FFF) is a family of analytical techniques developed specifically for
separating and characterizing macromolecules, supramolecular assemblies, colloids and
particles. It combines the effects of a laminar flow profile with an exponential concentration
profile of analyte components caused by their interactions with a physical field applied
perpendicular to the flow of a carrier liquid. FFF is undergoing increasingly widespread
use as researchers learn of its potential and versatility. This overview underlines the basic
ield-flow fractionation
ize exclusion chromatography
opolymer composition
igh temperature separation
iffusion coefficient

principle and theory behind FFF and reviews recent research efforts incorporating flow
and thermal FFF methods to characterize natural, biological, and synthetic polymers. These
FFF techniques will be discussed in terms of theory and practice. Selected applications of
FFF and their coupling capability with other chromatographic techniques or spectrometric
hermal diffusion coefficient
detection for the separation and characterization of polymers in organic and aqueous media
are presented.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The synthesis of new polymers with tailored proper-
ties is driven by scientific curiosity, practical needs, and
profit margins. Intriguing new materials include polymer
hybrids that combine biodegradable molecules with oil
based monomers, novel architectures that affect rheol-
ogy, and self-assembled nanoparticle block copolymers in
an array of different structures. Ongoing innovations in
the synthesis of new polymeric materials are accompa-
nied by a need to extend the limits of existing analytical
methods and to develop new analytical techniques with
new capabilities. Polymers are polydisperse in their molar
mass, chemical composition, functionality, and molecular
architecture [1,2], and there is a high demand for infor-
mation on these distributed properties because of their
impact on the performance of the polymer materials. Sep-
aration and characterization of heterogeneous polymers
(polymers with more that one type of distribution) is highly
desired.

A number of different chromatography techniques that
exploit different separation mechanisms are commonly
used to fractionate polymers. Size exclusion chromatog-
raphy (SEC) is currently the most commonly used
chromatographic technique for polymer separations. In SEC
an entropically controlled separation occurs according to
hydrodynamic volume or size of molecules [3]. Smaller
molecules are retained longer because they are able to dif-
fuse into the pores of the stationary phase, while larger
molecules elute first because they are excluded from the
pores. While SEC can separate polymers into narrow dis-
perse molecular weight distributions, it is limited by upper
molecular weight exclusion limits, sample adsorption to
the stationary phase, shear degradation at high pressures
and flow rates, and an inability to separate analytes based
on composition. In gradient elution liquid chromatography
(GELC), separation is based on analyte precipitation and re-
dissolution in a solvent gradient system [4]. Thus gradient
elution is dependent on both the molar mass and com-
position of the polymer. Limitations of GELC include the
Please cite this article in press as: Messaud FA, et al. An overview
tions in the separation and characterization of polymers. Prog P

need to experimentally determine the appropriate eluent
conditions from two or more solvents, non-exclusion oper-
ating conditions, precipitation of polymer in the packed
column, and analyte detection due to a continuously chang-
ing mobile phase composition. In liquid chromatography
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00

at critical conditions (LCCC), entropic and enthalpic inter-
actions are balanced through the selection of solvent and
temperature such that the resulting separation is governed
by small differences in the chemistry of the components
[5]. It is used for the characterization of copolymers, or
functional type distributions, and is highly sensitive to tem-
perature and solvent composition fluctuations which can
lead to peak splitting, peak broadening, analyte loss due
to adsorption to the stationary phase, and limited repro-
ducibility. Liquid chromatography at limiting conditions
(LCLC) belongs to the so-called barrier polymer high per-
formance liquid chromatography (HPLC) approaches. LCLC
is less sensitive to mobile phase composition or temper-
ature changes than LCCC. It also has a broader analyte
molecular weight operating range, accommodates column
overloading, and can handle a wide range of eluent com-
positions [6]. Separation with temperature rising elution
fractionation (TREF) relies on differences in crystallizability
and redissolution [7]. Finally, separation by hydrodynamic
chromatography (HDC) occurs because analytes of different
sizes are excluded differently from regions of low carrier
liquid velocity near the surface of the wall. It is a size based
separation method and suffers from similar limitations to
those of SEC [8].

Two-dimensional (2D) chromatography can be used
to obtain information on two different property distribu-
tions of a polymer in a single analysis. Orthogonality of
the combined separation methods should be as large as
possible. Ideally, the coupled techniques should augment
or suppress the selectivity of the separation according
to one of the molecular characteristics (i.e., molar mass
or chemical composition distribution). The technique
with the highest separation selectivity for only one feature
should be chosen as the first dimension [2,9]. An additional
benefit of hyphenated methods that include a separation
stage is that the complex sample is spatially separated
into more homogeneous components whose properties
can be individually measured. This provides a detailed
picture of the distribution (size, molecular weight, etc.) and
relative amounts of sample components present. Reverse
on field-flow fractionation techniques and their applica-
olym Sci (2009), doi:10.1016/j.progpolymsci.2008.11.001

phase followed by normal phase liquid chromatography of
polysytyrene-b-polyisoprene copolymers has the ability
to resolve analytes that differ by only one styrene or
isoprene monomer. Clear oligomeric separation of unique
copolymers with specific numbers of each monomer was

dx.doi.org/10.1016/j.progpolymsci.2008.11.001
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hown on a 2D plot. Unfortunately, this separation was not
xtended to molecular weights greater than ∼2400 Da [10].

Due to the need for highly detailed information about
he molar mass, chemical composition, functionality, and

olecular architecture of macromolecular materials, new
nalytical separation techniques with increased resolu-
ion, sensitivity, selectivity and broader applications are
onstantly sought after. Field-flow fractionation (FFF) is
rapidly emerging technique that meets many of these

eeds. FFF can fractionate a wide range of analytes
ncluding macromolecules, and colloids and particulates
uspended in both aqueous and organic solvent carriers
11–14]. FFF can overcome some of the common limitations
f traditional chromatographic techniques in several ways:

Polymers can be simultaneously fractionated based on
different physico-chemical characteristics such as size
and composition.
There is no stationary phase, therefore, there are no
sample breakthrough effects or sample loss due to
adsorption to the stationary phase.
The upper limit of FFF extends to the 109 Da molecular
weight range and micron-size particles, thus providing
effective separation of microgel components simultane-
ously with solubilized polymer [15].
Shear degradation is minimized [11,16–18].
Materials can be separated with high resolution over a
wide size range from 1 nm to 100 �m [12,16].
Different types of samples can be accommodated
because of the physical simplicity and stability of FFF
systems and the ease of adjusting experimental condi-
tions.
The mild operation conditions allow the analysis of frag-
Please cite this article in press as: Messaud FA, et al. An overview
tions in the separation and characterization of polymers. Prog P

ile analytes such as protein aggregates, supramolecular
assemblies, and whole cells [13,19].

Other specific features of FFF techniques were recog-
ized which include the physical simplicity and stability

ig. 1. (a) Schematic representation of an FFF channel cut-out, (b) exploded view
(faster diffusing B components are located at higher elevation in faster flow v

omponents) and (c) a typical FFF fractogram.
 PRESS
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of FFF systems, the minimum sample loss, easy to adjust
or change experimental conditions to accommodate differ-
ent kinds of samples, gentle operation conditions and easy
maintenance and field strength programmability. Commer-
cial FFF systems have been available since the late 1980s
and are currently available from Postnova Analytics (Lands-
berg am Lech, Germany), Wyatt Technology Corporation
(Santa Barbara, California, USA), and ConSenxus (Ober-
Hilbersheim Germany). FFF can also be easily inserted into
2D chromatography setups to provide more detailed infor-
mation on copolymers [20].

Polymer separation techniques are combined with an
appropriate detector(s) for the online or offline deter-
mination of various molecular characteristics. The most
commonly utilized detectors with FFF are multi-angle light
scattering (MALS), differential refractive index (dRI), ultra-
violet and visible (UV–vis), differential viscometry, nuclear
magnetic resonance (NMR) and Fourier transform infrared
(FTIR). MALS, dRI, UV–vis, and viscometry detectors offer
the advantage of online detection. Without the separation
step, the detection methods listed above provide aver-
age values representative of the entire sample population.
Matrix assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF–MS) has also become a
workhorse for macromolecular analyses [21–23].

2. Field-flow fractionation

2.1. General principles and modes of operation

Field-flow fractionation was first introduced by J.
Calvin Giddings in 1966 [24]. It is an elution based
chromatography-like method in which the separation is
on field-flow fractionation techniques and their applica-
olym Sci (2009), doi:10.1016/j.progpolymsci.2008.11.001

carried out in a single liquid phase. FFF is characterized by
the use of an external field applied perpendicularly to the
direction of sample flow through an empty, thin ribbon-
like channel (Fig. 1a). Due to the high aspect ratio of the
FFF channel a laminar parabolic flow profile develops, with

s of the normal mode separation mechanism of two components A and
elocity streamlines and are thus eluted earlier than slower diffusing A

dx.doi.org/10.1016/j.progpolymsci.2008.11.001
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With this ribbon-like structure a perpendicular orienta-
Fig. 2. Schematic representation of different modes of operation that can
occur in FFF.

flow velocity increasing from near zero at the channel walls
to a maximum at the centre of the channel (Fig. 1b). The
perpendicularly applied force drives the sample toward the
accumulation wall. A counteracting diffusive force develops
due to the concentration build up at the wall and drives the
analyte back towards the centre of the channel. When the
forces balance, steady state equilibrium is reached and an
exponential analyte concentration profile is built up. Reten-
tion occurs when analytes reside in flow velocity zones
slower than the average flow velocity of the carrier liq-
uid passing through the channel. Separation occurs because
different analytes reside in different flow velocity zones.

The normal mode of separation, in which diffusion plays
an important role in controlling component distribution
across the channel, is the most widely used mechanism
[12,16]. A schematic illustration of the basic principle of
normal mode FFF separation and a typical resulting frac-
togram are shown in Fig. 1. The fractogram is a detector
response versus elution time (or elution volume) curve.

Analytes can be separated by different mechanisms
(modes of operation) in FFF that arise from different oppos-
ing forces The mode of operation determines the elution
order of analytes, along with other separation charac-
teristics such as selectivity and resolution. Three widely
used modes that can be implemented in any FFF tech-
nique are normal, steric, and hyperlayer [11,16,25] and are
shown in Fig. 2. The normal mode (based on Brownian
motion of the analyte in the channel) is usually used for
analyte sizes smaller than ∼1 �m. Smaller component pop-
ulations accumulate in regions of faster streams of the
parabolic velocity profile and elute earlier than larger com-
ponents. Steric mode is applicable for components larger
than ∼1 �m where diffusion becomes negligible and reten-
tion is governed by the distance of closest approach to the
accumulation wall. Small particles can approach the accu-
mulation wall more closely than large particles and thus the
former’s centre of mass is in the slower flowing stream-
lines. The elution order in steric mode is from largest to
smallest. Finally, lift or hyperlayer mode is one in which lift
forces drive sample components to higher velocity streams
located more than one particle radius from the accumula-
tion wall. These hydrodynamic lift forces occur when high
flow velocities are used. The elution order is the same as in
the steric mode. Most polymers are separated by the nor-
mal mode mechanism because their dimensions are less
than 1 �m [12,16].

The terminology used to describe different modes of
operation is historically based and follows the develop-
Please cite this article in press as: Messaud FA, et al. An overview
tions in the separation and characterization of polymers. Prog P

ment of FFF. The “normal” mode was the first observed
mode of operation [16]. The term “steric” evolved later to
describe a second separation mechanism observed when
FFF was extended to >1 �m particles [26]. As the flow rate
 PRESS
r Science xxx (2009) xxx–xxx

was increased to shorten the analysis time, it was observed
that the micron-sized particles eluted significantly earlier
than predicted by the steric mode retention time equation.
It became evident that these particles’ centers of mass were
located in flow streams well above one particle radius from
the FFF accumulation wall [27]. This led to the introduc-
tion of the term “hyperlayer” to describe the formation
of analyte layers above the channel wall as a result of
two opposing forces [28]. While steric mode separations
are experimentally achievable, most separations involving
micron-sized analytes are usually, partially if not entirely,
in the hyperlayer mode.

2.2. Fields and channel geometries in FFF

Various fields have been used in FFF depending on
the nature of the material to be analyzed. The criteria
for an effective field are sufficient strength and selectivity
to achieve separation, and ease of implementation. Each
type of field interacts with a different physicochemical
property of the analyte [12,16]. Typical fields include a
cross-flow stream, temperature gradient, electrical poten-
tial, centrifugal force, gravitational force, dielectrophoretic,
standing acoustic wave and magnetic fields. These give
rise to several FFF techniques including flow (FlFFF),
thermal (ThFFF), electrical (ElFFF), sedimentation (SdFFF),
gravitational (GrFFF), dielectrophoretic (DEP-FFF), acous-
tic (AcFFF) and magnetic (MgFFF) field-flow fractionation.
Analyte retention and separation in these different FFF
techniques are achieved according to different analyte
properties such as size, thermal diffusion, charge, density,
mass, and magnetic susceptibility [11,12,16,25,29–31]. Of
these techniques, FlFFF, ThFFF, and SdFFF are commercially
available with the first two being the workhorses for poly-
mer separation and analysis.

Field strength is the most important experimental con-
dition in FFF because it has a strong effect on the resolution
and separation time. With field programming, the field
strength is changed according to a decay function over the
course of the analysis. Field programming is useful when
studying broad distributions of molar masses or particles
[11,25,32,33]. It is used to optimize resolution and anal-
ysis time, and enhance the detectability of fractionated
analytes. Several types of field programming have been
used including linear, parabolic, exponential, and step-wise
decay functions [11,16,25,32–35]. Field programming in
FlFFF and ThFFF is implemented by reducing the cross-flow
rates and temperature gradients, respectively. Generally,
for lower mass and smaller particles higher field strength
is required.

The FFF channel is constructed by clamping a thin spacer
(usually of Mylar or polyimide) with the desired geomet-
ric cut-out between two blocks with flat surfaces. The
block material must be compatible with the carrier liquid
and transmit the applied field. The ribbon-like channel in
Fig. 1a is the most commonly employed channel geometry.
on field-flow fractionation techniques and their applica-
olym Sci (2009), doi:10.1016/j.progpolymsci.2008.11.001

tion of most fields can be achieved. Because diffusion is
a slow process, the channel thickness (w) must be small
enough that the sample reaches equilibrium in a reason-
able short time. The length of the channel (L) needs to

dx.doi.org/10.1016/j.progpolymsci.2008.11.001
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e long enough to allow adequate retention time differ-
nces between the analytes. Typical channel dimensions
re thicknesses of 50–500 �m, breadth of 2 cm, and tip-to-
ip lengths of 25–90 cm. Triangular end pieces are used to
llow smooth inlet and outlet flow. Due to the high aspect
atio (breadth to thickness) of ∼100, this type of rectangu-
ar channel can be considered as two infinite parallel plates
n between which the parabolic laminar flow velocity can
asily develop and edge flow perturbation is minimized.
rapezoidal shaped channels (inlet breadth is greater than
utlet breadth) as proposed by Litzen and Wahlund are
sed in AsFlFFF to allow more constant cross-flow along
he length of the channel [36,37]. For the rectangular chan-
el, the breadth (b) is constant and the total area of the
ccumulation wall (Aac) is equal to bL, where the effective
ength (L) is equal to (Ltt − L1). The Ltt is tip-to-tip channel
ength and L1 is equal to L2. For the trapezoidal channel, the
readth is a function of distance (z) and (Aac) is equal to {[bo

Ltt − L2) + bL (Ltt − L1)]}/2.
An exponentially decreasing channel breadth was

esigned by Williams [38] to provide constant volumet-
ic flow rates along the length of the asymmetric channel.
nother channel arrangement of a cylindrical shape utiliz-

ng hollow fiber (HF) membranes has been also employed in
FF [39,40]. A radial cross-flow is applied to drive the com-
onents to the fiber wall. An in-depth discussion of channel
onstruction for various FFF techniques can be found in
eference [16]. A brief description of channel components
nd construction will be given in each respective FFF sec-
ion.

Channel miniaturization is a current research topic in
oth FlFFF and ThFFF, and has been discussed in a number of
ecent reports [41–50]. The benefits of reducing the channel
imensions include decreased sample size, carrier liquid
onsumption and analyte retention time and improved res-
lution, portability, and disposability. Miniaturized AsFlFFF
hannels have been constructed with typical dimensions of
50–500 �m (thickness) × 90–110 mm (length) with chan-
el a breadth of 7 mm at the sample inlet that tapers
o 3 mm at the channel outlet. Micro AsFlFFF (mAsFlFFF)
as been utilized to successfully separate protein mix-
ures ranging in MW from 29–669 kDa and protein dimers
rom monomers. Two unique applications of mAsFlFFF
nclude sizing of high density, low density, and very low
ensity lipoproteins and differentiation of single strand
NA containing 50 and 100 bases. Single strand DNA
ound and unbound to replication protein A showed
lightly different retention times suggesting that mAs-
lFFF could be used to investigate DNA-protein binding
ctivity [41,43]. Miniaturized ThFFF channels with dimen-
ions of the order of 25–250 �m (thickness) × 1–10 mm
breadth) × 50–100 mm (length) have been built and
ested. Most of the reported applications have focused on
eparations of particles (polystyrene, silica, bacteria) rang-
ng in size from ∼60 nm to several micrometers using an
queous based carrier liquid. The separation of a mixture
Please cite this article in press as: Messaud FA, et al. An overview
tions in the separation and characterization of polymers. Prog P

f 115, 1030, and 10,000 kDa polystyrene standards was
ccomplished using tetrahydrofuran as the carrier liquid.
hese results demonstrated the range of MW and particle
ize that can be analyzed by the micro thermal FFF channel
44–50].
 PRESS
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2.3. Theoretical background

2.3.1. Analyte retention
The theory and development of FFF techniques

have been described in detail in many publications
[11,12,16,24,36,51]. Hence, it will be described only briefly
here.

A general description of retention and separation mech-
anisms was given in Section 2.1. The parabolic flow velocity
profile (�(x)) across the channel depicted in Figs. 1 and 2
can be described by Eq. (1):

�(x) = 6〈�〉
[(

x

w

)
−

(
x

w

)2
]

(1)

where 〈�〉 denotes the average velocity of the carrier liquid
across a channel of thickness w and x is the distance from
the accumulation wall (x = 0 at the accumulation wall). Eq.
(1) can be derived by integration of the Navier–Stokes equa-
tion for fluid flow (with constant viscosity) between two
parallel plates.

The analyte’s concentration profile (c(x)) is determined
by the field-induced transport of analyte towards the wall
and the diffusion away from the wall to lower concentra-
tion regions. When these two opposing transport processes
are in equilibrium there is no net flux of material and the
concentration profile has an exponential distribution as
described by Eq. (2):

c(x) = coe

(
− U

D

)
x

(2)

where co is the analyte concentration at the accumulation
wall (x = 0), D is the ordinary diffusion coefficient and U
is the particle velocity induced by the field force (it is the
transverse velocity of the analyte toward the accumulation
wall).

Diffusion of a Brownian particle depends on the friction
factor (f) and can be expressed by the Nernst–Einstein equa-
tion: D = kT/f, where k is the Boltzmann’s constant and T is
the absolute temperature. Friction force for a particle mov-
ing with velocity (U) in a host medium is related to the field
force (F) as: F = fU, then the diffusion coefficient becomes:
D = [kT (U/F)]. A mean layer thickness (l) of the sample cloud
is defined as the distance from the accumulation to the cen-
tre of mass of sample zone. It is expressed as the ratio of
thermal energy to the applied force: l = kT/F = D/U.

A dimensionless zone thickness (�), known also as the
retention parameter, is defined as the ratio (l/w). It rep-
resents the degree of zone compactness relative to the
channel thickness as well as of the volume fraction of sam-
ple layer. It is a measure of the extent of interaction between
the field force and the sample components. For general FFF
systems, � can be expressed as:

� = kT

wF
= D

Uw
(3)

Thus, the concentration profile expression in Eq. (2) can be
on field-flow fractionation techniques and their applica-
olym Sci (2009), doi:10.1016/j.progpolymsci.2008.11.001

also written in other forms such as:

c(x) = coe

(
− x

l

)
= coe

(
− x

�w

)
(4)

It can be seen from Eq. (4) that the analyte concentration
decreases exponentially as the distance from the accumu-

dx.doi.org/10.1016/j.progpolymsci.2008.11.001
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lation wall increases. Therefore, with sufficient interaction
with the applied external field, the majority of the analyte
will reside within a few micrometers of the accumulation
wall surface. It is assumed that the interactions between the
particles and the wall and between the particles themselves
are insignificant.

The retention parameter (�) is directly related to physio-
chemical parameters of the retained components and links
theory to experiment as will be discussed in the following
sections. Different terms are substituted for F depending
on the type of field that is employed. The expression for
� shown in Eq. (3) takes on different forms specific to the
type of field used and reflects the field’s characteristic inter-
actions with different physicochemical properties of the
analyte.

Retention refers to the retarding of analyte zones
through their confinement to flow streamlines with veloc-
ities less than the average velocity of the carrier liquid. This
can be described by a retention ratio (R) defined as the ratio
of the average velocity of the analyte zone (�zone) to the
average velocity of the carrier liquid 〈�〉. R can be calcu-
lated from the concentration and carrier liquid flow velocity
profiles by Eq. (5):

R = �zone

〈�〉 = 〈c(x)�(x)〉
〈c(x)〉〈�(x)〉 (5)

where �(x) and c(x) are the parabolic velocity profile and
concentration profile respectively seen in Eqs. (1) and (2).
The brackets denote average values. Substituting Eqs. (1)
and (2) into Eq. (5), an expression relating � and R can be
derived:

R = 6�
[

coth
(

1
2�

− 2�
)]

(6)

R can also be determined empirically from the ratio of the
measured void time t0 to the retention time tr. Under non-
overloading conditions, retention times measured at peak
maxima are excellent approximations if the elution pro-
files are Gaussian distributions [16]. For � values less than
0.02, R can be calculated with an error of ∼5% using the 6�
approximation:

R = t0

tr
= V0

Vr
≈ 6� (7)

where V0 is the volume of the FFF channel and Vr is
the retention volume. Values of � obtained from exper-
imentally measured retention times can also be used to
calculate various physiochemical parameters of the analyte.
The retention parameter � is the link between theoreti-
cal and measurable experimental parameters through the
retention ratio (R) or the retention time tr.

The theoretical development of the FFF retention was
based on a number of assumptions which include the
parabolic flow profile between infinite parallel plates, the
absence of analyte–analyte and analyte–FFF wall interac-
Please cite this article in press as: Messaud FA, et al. An overview
tions in the separation and characterization of polymers. Prog P

tions, and uniformity of the applied field.
As mentioned earlier, most polymers are separated by

the normal mode in which the smaller molecules elute first.
This is the opposite of SEC in which the larger molecules
elute first.
 PRESS
r Science xxx (2009) xxx–xxx

2.3.2. Efficiency and resolution
Due to the assumption of an exponential concentra-

tion profile of the analyte and of the parabolic flow
profile used in the theoretical development of FFF reten-
tion theory, significant errors in retention parameters
may arise under certain conditions [16]. FFF measure-
ments also involves deviations between the experimental
results and the expected theoretical behavior due to vari-
ous effects including zone broadening, overloading, solvent
effects, analyte–wall interactions, analyte–analyte interac-
tions, and non-uniformity of field strength. Some of these
effects, e.g., zone broadening, are unavoidable and can only
be corrected empirically. Many effects can be minimized by
precise control and measurements of the different param-
eters such as flow rates, concentration and temperature.
These deviations may be accounted for by using on-line
detectors, e.g., light scattering, that provide independent
measurements of size and/or molecular weight.

Efficiency and resolution analysis allow various tech-
niques to be compared and are utilized for the optimization
of experimental variables and estimation of component
properties. As with chromatography, the separation effi-
ciency of FFF techniques can be described by the theoretical
plate height (H). It is a measure of dispersion (or zone
broadening) and is reflected in the width of a sample peak.
Main factors affecting zone spreading are non-equilibrium
(Hn), axial diffusion (Hd), sample polydispersity (Hp) and
instrumentation and operational effects (Hi). These fac-
tors contribute to the plate height in an additive form
(H = Hn + Hp + Hd + Hi).

The non-equilibrium term, Hn, is the main contributor
to the measured peak width. This effect is due to the dif-
ferential axial movement of the zone components because
they are located in different velocity streamlines across the
channel thickness. Hn is largely dependent on the flow rate
and the channel dimensions. It has been shown that Hn is a
complex function of the retention parameter � as in Eq. (8)
[16]:

Hn = �(�)
w2〈�〉

D
= 24�3w2〈�〉

D
(8)

where the function �(�) becomes equal to 24�3 as �
approaches zero.

Axial diffusion (Hd) describes the effect of longitudi-
nal diffusion due to axial concentration gradients. Hd is
significant only when very low flow velocity is used. In
the case of high molecular weights, diffusion coefficients
are small and the contribution of Hd to the plate height
is often negligible. For highly polydisperse samples the
polydispersity contribution Hp to the plate height can be
significant. The Hi represents the effects of relaxation, trian-
gular ends, injection of finite sample volume and detection.
In a well-designed system the effect of Hi can be reduced
to a negligible level.

Assuming a Gaussian shaped peak the plate height can
on field-flow fractionation techniques and their applica-
olym Sci (2009), doi:10.1016/j.progpolymsci.2008.11.001

be obtained from the number of theoretical plates N and
peak standard deviation � from the following expressions:

N = L

H
=

(
L

�

)2
(9)

dx.doi.org/10.1016/j.progpolymsci.2008.11.001
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Using H and N allows comparison between various
nstruments with lower H or higher N preferred.

The resolution or fractionation power is referred to the
eparation ability of a system. It is simply the degree of the
verlap of two peaks and can be described mathematically
y the resolution index (Rs) given as:

s = �tr

4�r
= �Vr

4�v
(10)

here �tr and �Vr are the retention time and the reten-
ion volume differences and �r and �v are the average
tandard deviations of the two zones (in time and volume
nits, respectively). Peaks are completely overlapped if Rs

s equal to zero and continue to separate as Rs increases.
he resolution index is a function of the channel length,
he plate height, the relative molecular mass differences
nd the selectivity.

The uniqueness of FFF methods is their capability for
igh resolution separation of components. A comparison
f polymer resolution in ThFFF and SEC has been made
y Gunderson and Giddings [52]. The measured resolution
or three different binary polymer mixtures was found to
e higher for ThFFF than that for SEC. Calculated resolu-
ion values with the polydispersity corrections showed that
hFFF had a significant advantage over SEC.

. Flow and thermal field-flow fractionation

.1. Symmetric and asymmetric flow field-flow
ractionation

Two types of flow FFF are considered in this review:
ymmetric flow field-flow fractionation (FlFFF) and asym-
etrical flow field-flow fractionation (AsFlFFF). Symmetric

lFFF was introduced in 1976 by Giddings [51]. In this first
orm of flow FFF, the channel spacer is clamped between
Please cite this article in press as: Messaud FA, et al. An overview
tions in the separation and characterization of polymers. Prog P

wo parallel plastic blocks fitted with porous ceramic frits
2–5 �m pores) in each wall [16]. A cross-flow is applied
s the ‘field’ perpendicular to the channel flow. Cross-flow
nters the channel through the porous frit on the top wall
nd exits the channel through an ultrafiltration membrane,

Fig. 3. A schematic representation of (a) symmetric (FlFFF
 PRESS
r Science xxx (2009) xxx–xxx 7

overlaying a second porous frit at the bottom wall (the
accumulation wall).

Ultrafiltration membranes are classified by their molec-
ular weight cut-off (MWCO) values: membranes with lower
nominal values prevent smaller analytes from permeating
the membrane. Various types of membranes: regen-
erated cellulose, polyimide/poly(ethyleneterephthalate),
sulfonated polystyrene, polypropylene, polyethersulfone,
polyacrylamide, and polyacrylonitrile have been used in
FlFFF [16]. When selecting a membrane, membrane thick-
ness, smoothness, chemical and mechanical stability, as
well as the solute size/molecular weight and interactions
between solute and membrane, should be carefully con-
sidered.

The asymmetrical version, AsFlFFF, was first introduced
in 1987 [48]. A membrane is also used here as the accumu-
lation wall. However, AsFlFFF differs from FlFFF in that the
channel has only a single permeable wall (the accumulation
wall). The upper porous wall is replaced by a solid wall that
is impermeable to the carrier liquid. A single channel inlet
flow is split into the channel flow and the cross-flow. The
ratio between the two depends on operator controlled in-
line flow resistances. AsFlFFF has the following advantages
over FlFFF: simpler construction and the ability to visual-
ize the sample through a transparent upper wall [36]. A
schematic representation comparing FlFFF and AsFlFFF is
shown in Fig. 3.

As mentioned previously, � is unique for each type of FFF
‘field’ and interacts to different extents with different ana-
lytes physicochemical properties. In both FlFFF and AsFlFFF
a cross-flow is applied as the external field and the ana-
lyte components are driven to the accumulation wall with
a velocity U (equal to V̇c/Aac). The surface area of the accu-
mulation wall Aac is equal to the volume of the channel
(V0) divided by the channel thickness. Using Eq. (3), � can
be described by Eq. (11):
on field-flow fractionation techniques and their applica-
olym Sci (2009), doi:10.1016/j.progpolymsci.2008.11.001

� = DV0

V̇cw2
(11)

where V̇c the cross-flow volumetric flow rate and D is the
diffusion coefficient of the analyte.

) and (b) asymmetric (AsFlFFF) channel structures.

dx.doi.org/10.1016/j.progpolymsci.2008.11.001
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For symmetric FlFFF, substitution of Eq. (7) into Eq. (11)
and rearrangement yields the analyte retention in terms of
D in Eq. (12):

tr = t0

6�
= t0w2V̇c

6DV0
= w2V̇c

6DV̇
(12)

where V̇ the volumetric flow rate along the channel: V̇ =
V0/t0. Using the Stokes–Einstein equation: D = kT/3��dh
where � is the dynamic viscosity of the carrier fluid, the
hydrodynamic diameter (dh) can be directly calculated
from retention data using Eq. (13):

dh = 2kTV0

��V̇cw2t0
tr (13)

In AsFlFFF, � is also represented by Eq. (7) because the
applied force field is a cross-flow. However, because the
channel inlet flow is split into the channel flow and the
cross-flow, the analyte retention time equation is different
to that for symmetric FlFFF. The retention time tr can be
approximately calculated from Eq. (14) and accounts for the
lack of cross-flow at the upper nonporous wall [36]. Again,
substitution of the Stokes–Einstein equation for D will yield
the dh in terms of tr:

tr = w2

6D
ln

(
1 + V̇c

V̇out

)
(14)

Sample relaxation and focusing are used in AsFlFFF
whereas only the former is used in FlFFF. These procedures
serve to improve resolution and decrease peak widths.
Interestingly, AsFlFFF has been shown to produce smaller
plate heights, i.e., narrower bands, than FlFFF. Frit inlet and
frit outlet FlFFF and AsFlFFF have also been used to reduce
relaxation and analysis times, minimize sample interaction
with the membrane, and concentrate the separated sample
on-line [53]. The latter is an important feature when work-
ing with a detector, e.g., MALS, that requires higher sample
concentrations.

3.2. High temperature asymmetric flow field-flow
fractionation

Elevation of temperature can enhance the separation
and analysis time in FFF [16,54]. The elevated temperature
improves the solubility of many polymers and results in
rapid diffusion transport. A decrease in band broadening
can be also gained.

Medium temperature asymmetrical flow field-flow (MT
AsF1FFF) and (HT AsF1FFF) fractionation systems have been
developed and distributed by Postnova Analytics (Lands-
berg am Lech, Germany). HT AsF1FFF has been specifically
developed for the separation and characterization of high
molecular mass polyolefin resins. Different detectors such
as infrared (IR), refractive index (RI), MALS and viscometry
were applied. In HT AsFlFFF, a stainless steel channel and
a flexible ceramic accumulation wall membrane is used.
Please cite this article in press as: Messaud FA, et al. An overview
tions in the separation and characterization of polymers. Prog P

This allows measurements with chlorinated organic sol-
vents like 1,2,4-trichlorobenzene (TCB) at temperatures up
to 220 ◦C. The trapezoid channel is cut from a Mylar spacer
with a thickness of 250–350 �m. The channel-length is
27.8 cm with a maximum width of 2 cm. A ceramic foil with
Fig. 4. Flow scheme of the AsFlFFF focussing step.

a pore size of approximately 10 nm was used as membrane.
To enhance the performance of the polymer separation a
special focusing flow was implemented. This focusing flow
is a second input flow, which enters the channel close to the
middle and divides itself into two sub streams, as is shown
in Fig. 4. One part of the flow meets the injection flow near
the beginning of the channel. Together the two flows form
a sharp barrier and leave the channel through the mem-
brane as cross-flow. In the region were both flows come
into contact with each other, the sample transported by the
injection flow is focused laterally and will rest at the same
position until the focus flow stops. The second focus flow
substream leaves the channel through the outlet and pro-
vides a constant detector flow during the focusing step. This
new technique allows the polymer molecules to be retained
at the beginning of the channel after the injection. As a
result the molecules can be separated with minimal lon-
gitudinal diffusion, which results in less band broadening.

HT AsFlFFF is generally a complementary technique to
high temperature size exclusion chromatography (HT SEC).
It is reported that the selectivity and the efficiency of the FFF
separation are superior for high molecular weight species.
However, SEC performs better in the separation of lower
molecular weight material [55]. Due to the low molec-
ular weight cut-off limit of the ceramic membrane, low
molar mass polymers cannot be fractionated by HT AsFlFFF.
Presently, the size of the pores in the membrane causes
a polyethylene low molecular weight cut-off of approxi-
mately 5 × 104 g/mol [56], leading to a very low recovery
for polydisperse samples with a high amount of small
molecules. New membrane architectures and materials
need to be developed to solve this problem. The slot outlet
technology should be realized for HT AsFlFFF in the near
future. During elution the sample moves close to the accu-
mulation membrane. The thickness of the sample layer is
typically 1–10 �m. The remainder of the channel contains
only pure solvent. In passing through the detector, the sam-
ple layer and the solvent layer are mixed together leading
to lower concentration. Using the slot outlet technology,
the solvent layer can be removed by a separate pump. The
remaining solute layer then passes through the detector
and the peak heights are thus amplified. The signal-to-noise
ratio has been shown to improve 5–8 times for a polymer
separation using low temperature AsFlFFF [57]. In future,
the HT AsFlFFF should be a universal and suitable tool next
on field-flow fractionation techniques and their applica-
olym Sci (2009), doi:10.1016/j.progpolymsci.2008.11.001

to HT SEC, because there are no restrictions such as shear
degradation or limited separation of ultra high molecu-
lar weight analytes. Presently, the problem of losing small
molecules is resolved partly for linear polyolefins by com-
bining HT SEC and HT AsFlFFF measurements [55].

dx.doi.org/10.1016/j.progpolymsci.2008.11.001
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FlFFF and ThFFF are the most commonly used FFF tech-
niques for polymer analysis. These techniques can be used
ig. 5. A schematic illustration of the ThFFF channel and separation. The
ot and cold wall temperatures are denoted as Th and Tc, respectively.

.3. Thermal field-flow fractionation

ThFFF is one of the most useful FFF techniques for poly-
er analysis and has been proven to be suitable for the
olecular weight analysis of various synthetic polymers

n organic solvents. The main advantages of ThFFF over
EC are its sensitivity to both molecular mass and chem-
cal composition and its higher resolution and selectivity
or polymers with molecular weights greater than 100 kDa
52].

Thermal FFF systems are produce by Postnova Ana-
ytics (Landsberg am Lech, Germany). The ThFFF channel
s constructed by clamping a spacer with a geometric
ut-out between two metal blocks. The metal blocks are
ade of copper and have mirror finished plating applied

o the surface. The plating must be inert to a wide vari-
ty of solvents. Chlorinated solvents should be avoided as
arrier liquids because they will etch common nickel or
hromium plating. A temperature gradient is applied per-
endicularly to the axial carrier liquid flow. To achieve the
emperature gradient, the hot wall is kept at an elevated
emperature (Th) through the use of software controlled
eating rods and the cold wall is kept cool at lower tem-
erature (Tc) using a recirculating chiller. A temperature
rop (�T) equal to Th minus Tc is usually in the range
0–100 K, which results in a strong temperature gradient
up to 104 K/cm in a 100 �m thickness channel). ThFFF
hannels are usually pressurized to 8–10 bars to increase
he boiling point of the carrier liquid. Analytes are driven
o the cold wall (accumulation wall) by their interaction
ith the applied temperature gradient. This mass trans-
ort is termed thermal diffusion, and is represented by the
hermal diffusion coefficient (DT). A schematic illustration
f a cross sectional view of the ThFFF channel is presented
n Fig. 5.

Assuming the applied temperature gradient is linear
cross the channel thickness � can be represented by Eq.
15):

= D

DT�T
(15)
Please cite this article in press as: Messaud FA, et al. An overview
tions in the separation and characterization of polymers. Prog P

here D is the ordinary diffusion coefficient. DT is affected
y the chemical composition of polymers and the car-
ier liquid and is independent of the molar mass of many
omopolymers [16]. As a consequence, ThFFF can be used to
 PRESS
r Science xxx (2009) xxx–xxx 9

fractionate polymers and copolymers according to chemi-
cal composition.

In ThFFF, R can be measured experimentally and related
to �. However, a modified form of Eq. (5) must be used to
account for the deviation from the parabolic velocity flow
profile that arises from changes in carrier liquid viscos-
ity and thermal conductivity across the channel thickness
due to the applied �T. (The velocity profile is skewed
upwards, with the maximum velocity located above the
midplane of the channel [58].) The modified equation
includes a velocity distortion factor term (	) as shown in Eq.
(16) [59].

R = 6�[	 + (1 − 6�	)
[

coth
1

2�
− 2�

]
(16)

When 	 is equal to zero, the parabolic profile is regained.
Values for 	 can be found in reference [58]. The use of binary
solvents can have a pronounced effect on the velocity pro-
file shape and the retention levels. For example, a binary
solvent mixture can enhance polymer retention if the bet-
ter solvent for the polymer is partitioned towards the cold
wall when under the influence of the thermal gradient [58].
The opposite effect can also be observed. As with FlFFF,
field programming can be employed in ThFFF by varying the
applied thermal field �T during the separation process. The
same types of programming used in FlFFF can be applied to
ThFFF, but the most commonly applied programming is a
power decay function for �T.

ThFFF is an absolute molecular mass characterization
method only if the Soret coefficient (DT/D) is known, other-
wise a system calibration is required [60–62]. Calibration
of the ThFFF channel can be accomplished using narrow
polymer standards to establish the relationship between
the molar mass of polymers and retention volume. A cal-
ibration curve is constructed by plotting log D/DT versus
log M, or log M versus log retention time where M is an aver-
age molecular weight. The ratio D/DT is calculated from the
measured retention times for each standard using Eqs. (11)
and (12) [16,60–62].

4. FFF applications to polymer analysis

While this review focuses on the application of FFF
for the separation and analysis of polymers it should be
noted that FFF can be used to characterize a broad range of
analytes including proteins [39,40,63,64], polysaccharides
[35,65–73], synthetic macromolecules [74–80], microgels
[15,80], nanoparticle suspensions [81–85], environmental
pollutants [86], humic and fulvic substances [87,88], and
chemical mechanical polishing slurries [89]. It can also
be used to quantitatively determine analyte adsorption to
membrane and nanoparticle surfaces [90,91].
on field-flow fractionation techniques and their applica-
olym Sci (2009), doi:10.1016/j.progpolymsci.2008.11.001

for the determination of molar mass or particle mass and
their distributions, hydrodynamic radius or particle diam-
eter, diffusion coefficient, thermal diffusion coefficient,
Soret coefficient, physiochemical and surface properties
and sample polydispersity.

dx.doi.org/10.1016/j.progpolymsci.2008.11.001
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4.1. The universality of flow field-flow fractionation and
its applicability to polymer analysis

Flow field-flow fractionation (symmetric and asymmet-
ric) is considered the most universal FFF technique because
all analytes will be transported by a flowing stream. It is
applicable to a wide size range, with the lower limit deter-
mined by the molecular weight cut-off of the membrane
and the upper limit determined by the channel thick-
ness. Coupling FlFFF or AsFlFFF with light scattering and
concentration detectors such as dRI and UV–vis provides
powerful methods to fractionate and characterize polymers
and eliminates the need for standards. The FFF separation,
on the other hand, produces the monodisperse samples
essential to MALS. Until recently, FlFFF and AsFlFFF appli-
cations were limited to aqueous systems. However, organic
compatible channels (ambient and high temperature) with
suitable membranes have recently been introduced and
successfully applied to polyethylene homopolymers and
styrene–butadiene rubber [56,92].

FlFFF has been successfully used to fractionate mix-
tures of sulfonated polystyrene standards with molecular
weights ranging from 18–3000 kDa [93]. Linear cross-flow
field programming was used and shown to improve the
separation efficiency for the high molar mass and broadly
dispersed polymer samples.

FlFFF was used to characterize core-shell particles
with cores made from 20/80 weight percent styrene/butyl
methyl acrylate and shells composed of various acrylic
acids with either carboxylated or hydroxlated end groups.
The swelling behavior of the particles was measured as a
function of pH and ionic strength of the carrier liquid. By
measuring differences in particle retention times it was
determined that the carboxlyated shells showed greater
swelling than the hydroxylate shells [81]. Additionally, the
swelling was found to be a function of only the shell as
the cores did not show changes in retention times under
different carrier liquid conditions.

Hydrophobically modified pullulans in aqueous solu-
tions have been studied by FlFFF–MALS and SEC [67]. Better
results and more information were obtained by FlFFF as it
did not suffer the interactions between the hydrophobic
segments and the stationary phase as observed in SEC.

Frit inlet AsFlFFF was used to fractionate five differ-
ent sizes of polystyrene latex bead standards (0.050, 0.135,
0.222, 0.300, and 0.426 �m) with different ratios of sam-
ple injection flow rate to frit inlet flow rate as shown in
Fig. 6 [94]. This figure demonstrates the capability of flow
FFF techniques to quickly fractionate analytes with high
resolution across a broad size range. Water soluble poly(N-
isopropylacrylamide) was studied by AsFlFFF, SEC and DLS
[95]. Results obtained using the three methods were in good
agreement with the exception of the high molar masses,
where the average molar mass obtained by SEC was lower
than that obtained by AsFlFFF. This may be due to shear
degradation of the polymer in the SEC column.
Please cite this article in press as: Messaud FA, et al. An overview
tions in the separation and characterization of polymers. Prog P

The analysis of various polysaccharides including starch,
cellulose, pullulan, sodium hyaluronate, and gelatine
nanoparticles have been accomplished by FlFFF or AsFlFFF.
Weight average molecular mass and radius of gyration Rg of
cationic potato amylopectin starch derivatives were found
standards by stopless flow injection in a frit inlet asymmetrical-FlFFF
obtained at two different ratios of sample injection flow rate to frit inlet
flow rate: (a) 50/50 and (b) 6/94. Reprinted from ref. [94] with permission
from ACS.

to be 5.2 × 107 g/mol and 340 nm, respectively [70]. It was
also observed that charge interactions with the membrane
increased with the cross-flow rate and the sample con-
centration. This can lead to sample loss on the membrane
surface and irreproducibility of the fractionation. Charge
interactions between the membrane and analyte are not
on field-flow fractionation techniques and their applica-
olym Sci (2009), doi:10.1016/j.progpolymsci.2008.11.001

uncommon in FlFFF and can be overcome by adding a sur-
factant to the carrier liquid or adjusting the ionic strength
of the carrier liquid to shield the respective charges. AsFlFFF
coupled with MALS and dRI has been employed for the
analysis of amylopectins with molar masses in the range of

dx.doi.org/10.1016/j.progpolymsci.2008.11.001
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because it increases the lifetime of the nanoparticle in the
body, allowing it to deliver its required drug dosage [99].

Size distributions of polyelectrolyte complexes (PECs)
were investigated separately by AsFlFFF and DLS. In pure
ig. 7. Weight-average molar mass of ethylhydroxyethyl cellulose obtain
oupled with MALS and RI. Reprinted from ref. [69] with permission from

07–109 g/mol [71]. Flow rates and steric/hyperlayer effects
ere observed due to the large hydrodynamic radius of the

mylopectin macromolecules.
AsFlFFF connected to MALS and RI detectors (AsFlFFF–

ALS/dRI) has been utilized to determine the molar mass
istribution and molecular radius of ethylhydroxyethyl cel-

ulose at different cross-flow rates [69]. Results presented
n Fig. 7 show the potential of the AsFlFFF–MALS combina-
ion to fractionate and characterize analytes with molecular
eights of 109 Da which would correspond to extremely

arge-sized structures. The capability of FFF to fractionate
aterials of such large sizes is one of its biggest advantages

ver SEC.
AsFlFFF–MALS/dRI has been used to characterize starch

olysaccharides and it was possible to evaluate the
ranching features of amylopectins and glycon [96]. Good
ractionation and high mass recoveries were observed,
hich allowed the calculation of accurate values of radii of

yration. The same method involving programming cross-
ow rate was applied to a mixture of polydisperse standard
ullulans (molar size range 5.8 × 103–1.6 × 106 g/mol) [35].
inear and exponential cross-flow decays, both with and
ithout the initial step of constant cross-flow were applied.

he results show that exponentially decaying cross-flow
ave higher molar mass selectivity for the higher molar
ass range.
Online coupling of field programmed frit inlet AsFlFFF

ith MALS has been used for the separation of high molec-
lar weight sodium hyaluronate [97]. It was found that in
rder to achieve a successful separation an optimization
f field programming (cross-flow rate) and experimental
onditions, such as ionic strength of carrier liquid, sample
oncentration and injection amount should be considered.

Gelatin nanoparticles were evaluated using AsFlFFF–
ALS to determine their size distribution and drug load-

ng capacity. By developing conditions that separated the
Please cite this article in press as: Messaud FA, et al. An overview
tions in the separation and characterization of polymers. Prog P

elatin nanoparticles from an unbound model protein it
as possible to determine the amount of protein that was

oaded onto the gelatin nanoparticle surface through peak
rea comparisons [98]. A follow-up study evaluated the
EGylation of gelatin nanoparticles using AsFlFFF-dRI. The
o different cross-flow rates ((A) 0.21 and (B) 0.42 mL/min) using AsFlFFF

amount of PEGylation could be determined from a compar-
ison of dRI peak areas. PEGylation is an important surface
modification for gelatine nanoparticles in bio-applications
on field-flow fractionation techniques and their applica-
olym Sci (2009), doi:10.1016/j.progpolymsci.2008.11.001

Fig. 8. AsFlFFF fractionation of HDL and LDL profiles in healthy persons
(top trace) and people with known CAD (lower trace). HDL peaks appear
around 10 min, and LDL peaks appear around 25 min. Reprinted from ref.
[64] with permission from Elsevier.

dx.doi.org/10.1016/j.progpolymsci.2008.11.001
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water, the individual anionic polymer and cationic polymer
hydrodynamic diameters ranged from 20–48 nm. However,
when mixed in a 1:1 ratio in salt-free deionized water, steric
mode elution occurred and a bimodal distribution was
observed with dh values of ∼100 nm and 2000–4000 nm.
This was supported by DLS measurements of the PECs
in pure deionized water. Upon addition of 20–160 mM
NaCl the bimodal distribution was eliminated. The PEC
nanoparticle sizes ranged from 70 to 120 nm and elution
in normal mode was observed. The formation of the large,
micrometer-sized particle in pure water is believed to result
from PEC aggregation due to strong Coulombic interaction
between charges on different particles. The number aver-
age distribution of particles was not calculated, therefore,
it is possible that only a small amount of very large aggre-
gates actually formed in pure water [79]. FlFFF is an ideal
choice for this type of analyte because the integrity of the
PECs, and aggregates, can be maintained in the channel due
to the gentle separation of FFF.

One of the largest areas of active research in symmetric
Please cite this article in press as: Messaud FA, et al. An overview
tions in the separation and characterization of polymers. Prog P

FlFFF and AsFlFFF is in the area of proteins and subcellular
structures. FlFFF has been combined with MALDI-TOF–MS
for the separation of intact E. coli and P. putida bacteria
cells in different growth stages and the finger printing of
the dominant proteins in the cell [19]. Frit inlet AsFlFFF

Fig. 9. Elution curves and molecular weight plots of LDPE and HDPE samples. (
columns. Reprinted from ref. [56] with permission from Elsevier.
 PRESS
r Science xxx (2009) xxx–xxx

has been shown to be a unique tool for the analysis of
lipoprotein profiles in healthy persons and people with
coronary artery disease (CAD) [64]. By staining blood
plasma with sudan black B, the lipoproteins could be selec-
tively identified with UV–vis detection at 610 nm without
interference from plasma protein such as albumin. High
density (HDL) and low density lipoproteins (LDL) were
completely resolved. AsFlFFF results were used to con-
firm that patients with CAD had lower levels of HDL and
small, more compact LDL particles than healthy patients.
Fig. 8 shows the slight decrease in LDL retention time and a
decrease in HDL peak intensity in patients with CAD com-
pared to healthy patients. The easy sample preparation and
short analysis time demonstrates the potential of AsFlFFF
for use in clinical diagnostic settings.

AsFlFFF has been used as a high throughput screening
technique to reduce the harvesting time of ribosomes from
cells and to identify and relatively quantify 30S, 50S, and
70S ribosomal units. By using AsFlFFF to monitor ribosome
concentrations at every step of the cell culturing, harvesting
on field-flow fractionation techniques and their applica-
olym Sci (2009), doi:10.1016/j.progpolymsci.2008.11.001

and washing process, the total ribosome analysis time was
reduced from 100 to 16 min. AsFlFFF was able to fraction-
ate ribosomes from lysed cells by direct collection of the
cells from the culture, and to optimize the cell culture time
by providing fast (8 min) analysis of ribosome levels every

a) Separation with HT AsFlFFF and (b) separation with HT SEC mixed A

dx.doi.org/10.1016/j.progpolymsci.2008.11.001
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0 min during cell culture [100]. Complete resolution was
bserved between the 30S, 50S, and 70S ribosomes. This
emonstrates the ability of FFF to be used in a bioprocess
ontrol setting.

.2. Application of HT AsFlFFF for analyzing polyolefins

HT AsFlFFF combined with IR, MALS and viscosity detec-
ors has been used to analyze different samples of high

olecular weight high density polyethylene (HDPE) and
ow density polyethylene (LDPE). The measurements have
een compared with the corresponding HT SEC measure-
ents [56]. In the SEC measurements a high molecular
eight shoulder appeared in the chromatogram for the

DPE samples, which was not observed in the associated
ractograms (Fig. 9). The shoulder occurred as a conse-
uence of the low size separation at the exclusion limit
f the SEC column. Due to the missing separation of the
igh molecular weight fraction the molecular weight aver-
ge and long chain branching were calculated incorrectly
s seen by plotting the radius of gyration or the intrin-
Please cite this article in press as: Messaud FA, et al. An overview
tions in the separation and characterization of polymers. Prog P

ic viscosity versus M. Using HT AsFlFFF molecular masses
p to 108 g/mol could be separated and characterized. In
he SEC measurements such molecular weights could not
e detected due to shear degradation or the size exclusion

imit. The presence of shear degradation during the HT SEC

ig. 10. Comparison of the conformation plots of HDPE and LDPE, (a) HT AsFlFFF a
rom Elsevier.
 PRESS
r Science xxx (2009) xxx–xxx 13

measurements was verified by the comparison with offline
LALS measurements.

Another phenomenon, observed in HT SEC of LDPE is
the abnormal late elution of a small amount of (probably
branched) high molecular weight material. The coelution of
this fraction with the regularly eluting small molecules was
visible as a slight upward curvature in the Rg versus M plot
of LDPE in HT SEC, as shown in Fig. 10. These results demon-
strate the numerous advantages of HT AsFlFFF compared
with HT SEC. Once the recovery problems of the high tem-
perature membranes are eliminated, the HT AsFlFFF should
become a major tool for analyzing high molecular weight
polyolefins

4.3. Thermal field-flow fractionation

Three polymer classes for which ThFFF is uniquely suited
are ultrahigh molecular weight homopolymers, copoly-
mers, and microgel-containing polymers. ThFFF is often
coupled with MALS, dRI, UV–vis or viscometric detectors
for absolute molecular weight or size characterization. The
on field-flow fractionation techniques and their applica-
olym Sci (2009), doi:10.1016/j.progpolymsci.2008.11.001

use of a viscometer to obtain molecular weight distribu-
tions requires knowledge of appropriate Mark-Houwink
constants which are available for a variety of polymer
solvent systems at different temperatures [76,101]. Combi-
nation of MALS with either a dRI or UV–vis concentration

nd (b) HT SEC mixed A columns. Reprinted from ref. [56] with permission

dx.doi.org/10.1016/j.progpolymsci.2008.11.001
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Fig. 11. Fractionation of a mixture of polystyrene standards by ThFFF. Sep-
aration conditions: programmed temperature gradient – initial �T: 80 ◦C
decaying to a final �T of 0 ◦C, carrier liquid – tetrahydrofuran, flow rate:
0.1 mL/min. Peak MWs are in kDa. Work done by J. Ray Runyon, CSM.

based detector can provide absolute molecular weights and
size for each slice of the eluting polymer peak.

ThFFF separation of polystyrene samples was first
reported in 1969 [30]. Polystyrene standards with molec-
ular masses ranging from 5.1 × 104 to 1.8 × 106 g/mole in
tetrahydrofuran (THF) carrier were fractionated at a con-
stant �T of 41 ◦C [77]. When a collected fraction with a
nominal molar mass of 20.6 × 106 g/mole was reinjected
into the ThFFF channel no significant change in elution
time was observed, indicating the absence of polymer shear
degradation. High resolution fractionation of a mixture of
polystyrene standards across a broad molecular weight
range has been accomplished in the authors’ laboratory
(Fig. 11). ThFFF has increased resolution and selectivity
compared to SEC for polymers with molar masses greater
than 100 kDa [52].

One of the advantages of ThFFF over other separation
Please cite this article in press as: Messaud FA, et al. An overview
tions in the separation and characterization of polymers. Prog P

techniques that utilize a packed separation column is the
upper molecular weight or size limit of the analytes that can
be characterized in the open FFF channel. ThFFF has been
used to analyze the microgel content of industrial polyvinyl
acetate (PVAc) formulations as shown in Fig. 12 [15]. PVAc

Fig. 12. ThFFF/MALS analysis of polyvinyl acetate with microgel com-
ponents in the mixed solvents of dimethyl acetamide/acetonitrile 50/50
(v/v). Conditions: flow rate, 0.1 mL/min, programmed �T. Work done by
D. Lee, CSM.
 PRESS
r Science xxx (2009) xxx–xxx

prepared under emulsion polymerization contains ultra-
high molar mass microgels due to chain-transfer reactions.
The microgel components are critical to the rheological
properties of the polymer. Fig. 12 shows the fractionation
results of a PVAc sample used in an adhesive formula-
tion. A programmed �T had to be used for the sample
with broad polydispersity. The eluted components were
analyzed by online MALS. The estimated radius of gyra-
tion (Rg) increased from 10 to approximately 800 nm as
the elution volume increased from 2 to 20 mL. The results
clearly demonstrate the ability of ThFFF to separate poly-
mers with broad polydispersity and ultrahigh molar mass
components.

ThFFF has the additional capability of separating on
the basis of compositional differences. According to Eq.
(15), ThFFF retention is related to the polymer’s diffusion
coefficient and thermal diffusion coefficient, D and DT,
respectively. The value for DT is characteristic for different
polymer–solvent systems and thus different composition
polymers have different DT values. Schimpf and Giddings
conducted a broad systematic study of DT using syn-
thetic homopolymers in various pure organic solvents and
concluded that DT for homopolymers is independent of
molecular weight and branching. Rauch and Kohler [74]
extended this study by investigating low molecular weight
polystyrene in toluene and found that DT is only constant
for molar masses above 106 g/mol in dilute solutions and
decreases for lower molar masses due to end group effects.
ThFFF is commonly used for synthetic polymers in organic
solvents. The magnitude of DT is low in water, which puts
a limitation on the use of ThFFF for the analysis of water
soluble polymers [75].

Since DT is unique for each polymer–solvent system
ThFFF has promise to measure the composition of copoly-
mers [20,102–104]. Support for this arises from the fact
that DT values of random copolymers follow a linear
trend with respect to the mole fraction of one of the
constituent homopolymers, as shown for PS-co-PMMA in
toluene [102]. This has also been found to be true for
block copolymers in a selective solvent such as polystyrene-
co-polyisoprene in THF [102]. Additionally, it has been
demonstrated that DT for copolymers is governed by radial
segregation of the respective monomers, with copoly-
mer DT being biased towards the DT of the monomer
at the polymer-solvent interface. A mixture of 100 kDa
polystyrene and 100 kDa polyvinyl-pyridine were sepa-
rated with good resolution. Fig. 13 shows differences
in retention times for polystyrene-co-polybutylacrylate
diblock copolymers of different compositions but similar
MWs (105 kDa). An increase in retention time is observed as
the weight percent of polystyrene increases. This is related
to the higher DT for polystyrene (∼1.6 × 10−7 cm2/s K in
MEK) compared to polybutylacrylate (∼0.8 × 10−7 cm2/s K
in MEK). The inset in Fig. 13 shows the potential to establish
calibration curves based on retention time versus weight
percent of one component of the copolymer [104]. Random,
on field-flow fractionation techniques and their applica-
olym Sci (2009), doi:10.1016/j.progpolymsci.2008.11.001

diblock, and triblock polystyrene (PS)–polybutadiene (PB)
copolymers with similar composition have been shown
to have different retention times due to their microstruc-
ture differences [105]. These observations demonstrate
that ThFFF can be used to evaluate the composition of a

dx.doi.org/10.1016/j.progpolymsci.2008.11.001
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Fig. 13. ThFFF fractograms of polystyrene-co-polybutylacrylate diblock
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opolymers of different compositions (PBA: 100%, 80%, 20%, 0%) but similar
Ws (105 kDa). Retention time differences are a result of differences in DT

or each copolymer. Conditions: carrier liquid: MEK, �T: 80 ◦C (constant),
ow rate: 0.2 mL/min. Work done by J. Ray Runyon, CSM.

opolymer by its DT value, provided D is measured inde-
endently.

2D separations combining SEC with ThFFF have been
sed for the determination of the chemical composition of
olydisperse samples of polymer blends and copolymers
20]. Samples of polystyrene with broad molecular mass
istribution, a blend of polybutadiene, polytetrahydrofu-
an and polystyrene were first separated by SEC according
o their size. SEC sample fractions were collected and then
njected into ThFFF where separation was based on dif-
erences in DT values. The method enabled a study of the
hemical composition in each slice of the molecular mass
istribution for polydisperse samples. This approach to
ompositional analysis is limited on the lower molar mass
nd by the inability of ThFFF to sufficiently retain and sepa-
ate analytes below <20 kDa without extreme temperature
radients, and on the upper molecular weight end by the
tationary phase in the SEC dimension. Additional exam-
les of 2D separations involving ThFFF can be found in

iterature [8,103]. All of these studies have the goal of char-
cterizing polymer molar mass and chemical composition
istributions. By using a binary solvent mixture the lower
olecular mass limit capability of ThFFF was reduced 10-

old to ∼2.6 kDa [106].
Compositional separations by ThFFF have also been

xtended to polymer latex beads of similar size but
ifferent chemical composition [83]. Fig. 14 shows the dif-
erent retention times for 0.232 �m polystyrene, 0.232 �m
olybutadiene and 0.229 �m poly(methyl methacrylate)
PMMA). This differential retention is due to differences
n the DT values for each type of particle. Note that the
.230 �m PS/PMMA particle has a similar retention time to
.229 �m PMMA particle. The former is a core-shell parti-
le, with the PMMA as the shell. This example demonstrates
hat ThFFF is sensitive to the surface composition of parti-
les.

Processed natural rubber has been analyzed by field pro-
Please cite this article in press as: Messaud FA, et al. An overview
tions in the separation and characterization of polymers. Prog P

rammed ThFFF using THF solvent as a carrier liquid [80].
he determined molecular mass distribution was used to
onitor the degradation of rubber during the mastication

rocess. Additionally, the short term variability (repeata-
Fig. 14. Separation of particles of similar size that have different chemi-
cal composition by ThFFF. Reprinted from ref. [83] with permission from
Elsevier.

bility) and long term variability (reproducibility) of ThFFF
was evaluated by performing analyses over the course of
several days [107]. It was found that samples differing by
only 6600 Da could be resolved if analyzed on the same day,
and samples differing by 15,600 Da could be resolved using
the same calibration curve over the course of 4 days. This
demonstrates the stability of the ThFFF instrument.

The combination of ThFFF–MALDI-TOF–MS has proven
to be ideal for analyzing polymer samples with broad
molar mass distributions [22,23]. This coupling addresses
the limitations of each individual technique. For polydis-
perse samples MALDI is selective for the lower molecular
mass components and the average molar mass is skewed
towards this end, and polydispersity values are erroneously
low. This problem is addressed by using ThFFF to fraction-
ate the sample into more monodisperse fractions which
are then collected and subjected to different optimum
MALDI-TOF–MS conditions. On the other hand, the use of
MALDI-TOF–MS eliminates the need to calibrate the ThFFF
channel with a series of polymer standards. This work
was extended by the design and implementation of an
oscillating capillary nebulizer interface to directly deposit
the fractionated polymer sample, together with an organic
matrix, onto the MALDI sample plate in real time [23]. This
greatly simplifies the ThFFF fraction collection for MALDI
analysis and provides a picture of the spatial separation
of the fractionated polymer. MALDI analysis at increasing
times along the collected fractions showed an increasing
molar mass distribution. This corroborates the elution pat-
tern in ThFFF from lowest to highest molar mass.

ThFFF is commonly used to measure DT values for differ-
ent polymer-solvent combinations. Due to the incomplete
understanding of the thermal diffusion phenomena, a pre-
on field-flow fractionation techniques and their applica-
olym Sci (2009), doi:10.1016/j.progpolymsci.2008.11.001

dictive theory for DT has yet to be developed. Choosing
appropriate ThFFF conditions (solvent, �T, etc.) is tradi-
tionally a trial and error approach, which is very time
consuming. This is one reason ThFFF has not experienced

dx.doi.org/10.1016/j.progpolymsci.2008.11.001
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explosive growth despite its promising capabilities. Efforts
have been made to predict DT values of various polymer-
solvent combinations so that appropriate ThFFF experi-
mental conditions can be estimated. Recently, two theories
have been published that show promising results and yield
predicted DT values of polystyrene of the same order of
magnitude as experimental DT values [108,109] in several
different organic solvents. Ongoing work in this area will
help to establish ThFFF as a major analytical tool for poly-
mer fractionation and characterization.

5. Conclusions

FFF techniques encounter a substantial instrumental
and theoretical development as well as advancement
in research and applications. FlFFF and ThFFF are very
capable FFF sub-techniques for fractionating synthetic, nat-
ural, and biological polymers. Each has a unique niche
in polymer separations: FlFFF is more suitable to water
soluble and natural polymers and ThFFF is more applica-
ble to organosoluble polymers. However, with the recent
introduction of organic compatible FlFFF systems, more
applications of FlFFF to organosoluble polymers are bound
to follow. When combined with MALS, dRI, UV–vis, MALDI-
OF–MS, or viscometric detection, FFF is a powerful tool

for both separation and characterization of polymer molar
mass distribution (MMD) and chemical composition distri-
bution (CCD).

FFF can overcome many of the limitations of cur-
rent separation techniques, especially concerning ultrahigh
molecular weight analytes and microgels. For example,
fractionation of the microgel content from industrial poly-
mer formulations is possible because of the absence of a
stationary phase in FFF. Therefore, FFF–MALS/dRI can pro-
vide valuable, and previously unobtainable, information
about microgel content from a single sample injection. This
data can be correlated with rheological measurements to
determine properties of the end material.

FFF currently lacks the maturity of liquid chromatogra-
phy as far as number of instruments and manufacturers,
and published methods. However, as FFF continues to
grow it should be viewed as a complementary technique
to already established separation methods that will yield
additional valuable information to gain a more global
understanding of the analytes and systems in question.
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