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Flow-field flow fractionation (FlFFF) coupled to a UV
detector and to atomic force microscopy (AFM) has been
used, for the first time, to characterize ultrafine natural
colloids (<5 nm) from selected freshwaters. FlFFF-UV
measures a “weight diffusion coefficient distribution” and
the corresponding “weight hydrodynamic diameter
distribution” was calculated by applying FlFFF theory and
the Stokes-Einstein equation. In addition, FlFFF has
been used to prepare fractions of very narrow size range
for AFM analysis. AFM measures number distribution of
particle height (related to radius), and these were calculated.
Both raw and transformed data show good agreement
between the techniques, with conversion of the UV data
to a number-weighted distribution giving better agreement
and reduced errors. The small differences between the
corrected data from UV analysis and the raw AFM data are
either due to the fundamental differences in the analytical
techniques, that is, measurement of hydrodynamic
properties (FlFFF) or properties after sorption to a solid
phase (AFM), or are due to the assumptions of the Stokes-
Einstein equation not being met, that is, the fine natural
colloids are not spherical or permeable. The methodology
offers a means of quantifying fine colloid nonsphericity
and permeability.

Introduction
Natural aquatic colloids are defined as solid-phase material
with at least one dimension within the range 1 nm-1 µm (1,
2). Colloids have also been defined as solid phase which
presents a discrete, nonaqueous phase into which pollutants
can be transported (3), although this view has been challenged
in part (4). Colloids are also defined as material whose
behavior is dominated by aggregation rather than sedimen-
tation processes (5). Colloids play an important, often
dominant, role in the aquatic environment in processes such
as contaminant speciation, transport, and bioavailability (6-
11). The importance of size in contaminant binding, and
subsequent fate and behavior of trace contaminant, is well-
known (12-14). Studies of the coarse colloidal fraction (>50
nm) indicated that there is an effect on trace metal
partitioning because of size (and therefore assumed surface
area) but that it is limited (15-18), possibly because of
complex morphology of natural colloids and the presence of
surface coatings. However, recent evidence has indicated
that the fine fraction (<25 nm) is of prime importance in
trace element partitioning (19, 20), with carbon-based carriers

of trace metals dominant at 1-4 nm and iron-based carriers
dominant at 5-25 nm. The importance of the finer size
fractions has been explained by increased specific surface
area at smaller sizes (21). Nevertheless, there are few studies
on the impact of this fine fraction on trace element speciation.
Even fewer studies have been published on the structure of
this fine fraction.

Nevertheless, to better understand the role of natural
colloids in the environment, it is necessary to thoroughly
quantify their structure and, subsequently, to determine
binding mechanisms in an analogous manner to the struc-
ture-function relationship in biological macromolecules (2).
This understanding is limited by the lack of nonperturbing
and accurate methods to fractionate and characterize natural
colloids, especially in this ultrafine region (2, 21-23), although
methods such as laser-induced breakdown spectrometry
(LIBD) (24), transmission electron microscopy (TEM) (25,
26), and crossflow filtration (CFF) (14, 23) are becoming
available. The techniques of flow-field flow fractionation
(FlFFF) and atomic force microscopy (AFM) have received
particular attention in recent years. FlFFF is a prominent
technique for colloidal fractionation because of its excellent
resolution and applicability to a wide range of sizes (27-30).
FlFFF is a separation technique based on hydrodynamic
principles in which particles are separated because of their
interaction with the crossflow field force (friction coefficient)
and their translational diffusion. For further analysis of the
fractionated colloids, FIFFF has been coupled to several
detectors such as UV-vis, light scattering (28, 31), graphite
furnace atomic absorption spectroscopy (29, 32), inductively
coupled plasma-mass spectrometry (13, 29-34), transmission
electronic microscopy (31, 35), or scanning electron mi-
croscopy (36). AFM is a powerful tool for the determination
of colloidal size down to the nanometric scale (25). AFM
measures colloidal topography/height (h) on the basis of the
repulsive or attractive forces between the sample and the
tip, after sorption of the sample to a substrate. AFM has been
previously used to image humic substances (37, 38), natural
organic matter (16), natural aquatic colloids (39, 40), and
freeze-dried marine water samples (26) and to examine
crossflow filtration generated colloidal fractions (23). Cru-
cially, both are capable of operating in the same nanoscale
size range and are thus highly complementary.

In this study, we report the first use of FlFFF, without
sample preconcentration, coupled offline with AFM. The
technique was used to quantify the structure of the smallest
size fraction of aquatic colloids (<5 nm), corresponding to
the organic carbon-rich (possibly humic) fraction of colloids.
Much of the difficulty in interpreting the results stems from
the fact that FlFFF and AFM measure different weighted size
distributions. FlFFF measure a weight/volume particle size
distribution, while AFM measures a number particle size
distribution. The objective of this work is thus to optimally
couple the techniques, correctly interpret the derived
information, and quantify the structure of this fine colloid
fraction.

Materials and Methods
Sampling. Samples were taken from three different sites close
to Birmingham, United Kingdom: Vale Lake, Bailey Brook
River, and Tern River, just below the water surface. The
sampling sites have been described in detail previously (40,
41). Samples were taken in winter (January and February
2006) to minimize the importance of fresh biogenic (often
fibrillar) colloids. All collection bottles were high-density
polyethylene and were rinsed with dilute nitric acid, pure
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water (R ) 18.2 MΩ cm-1), and the sample water, all of which
were discarded. Water conductivity and pH were measured
at the time of sampling and are summarized in Table 1.
Samples were filtered (mixed cellulose esters, hydrophilic,
0.025 µm, Millipore) in the laboratory within 2 h of sampling
and were injected directly into FlFFF channel with no
preconcentration. Small volumes were filtered at low flow
rates, minimizing the impacts of filtration. Injection into the
FlFFF was performed immediately after filtration with no
storage time.

In addition to natural water samples, standard iron oxide
materials have been produced and used as a standard
material (small, compact, and near-spherical). The details
are reported in the Supporting Information (Table SI and
Figure SI). Agreement between the FlFFF and AFM mea-
surements are excellent and are confirmed by TEM mea-
surements.

Flow-Field Flow Fractionation. The FlFFF system used
is a F1000 model Universal Fractionator (Postnova Analytics
Europe, Landsberg, Germany). The channel dimensions are
29 cm in length, 2.5 cm in width, and 254 µm in thickness.
A 1 kDa regenerated cellulose membrane (Postnova Analytics
Europe, Landsberg, Germany) was used as the accumulation
wall. Ultrapure water (R ) 18.2 MΩ cm-1) with 1 mM sodium
nitrate was used as a carrier solution and was degassed before
delivery to the FlFFF by a PN 7505 vacuum degasser (Postnova
Analytics Europe, Landsberg, Germany). The crossflow was
maintained with PN1121 double piston pump and the carrier
solution was delivered by a 515 HPLC isocratic pump. FlFFF
fractionation conditions were 1.0 mL min-1 channel flow
and 3.0 mL min-1 crossflow. A UV detector at a wavelength
of 254 nm was used as a concentration detector (weight
hydrodynamic diameter distribution) to determine the
relative amount of the eluted particles. The fraction corre-
sponding to the UV signal (i.e., retention volume from 1 to
3 mL) was collected after FlFFF fractionation for further
analysis by AFM. Flow 2.1 software (Postnova Analytics
Europe, Landsberg, Germany) was used to collect signals
from the UV-vis detector. Nanospherical polystyrene poly-
mer standards of 20 ( 2 nm hydrodynamic diameters (Duke
Scientific, Palo Alto, CA) were used for the FlFFF calibration
to ensure that the separation agreed with FFF theory. The
standards were supplied as dispersion at a concentration of
10 g L-1 and were injected at 250 mg L-1 concentration. The
channel dimensions were calculated as follows: channel
thickness ) 186.5 µm and channel volume ) 1.03 mL.

Atomic Force Microscopy. Samples for AFM analysis were
prepared applying the so-called absorption method (25),
which is briefly described as follows. A freshly cleaved mica
sheet surface of about 1 cm2 was introduced into a beaker
containing 3 mL of each fraction collected from FlFFF and
was left for 30 min. Then, the mica sheets were withdrawn,
were rinsed with ultrapure water for 30 s to remove
nonadsorbed material, and were dried under ambient
conditions (relative humidity 60%), in a covered Petri dish,
but with an opening at the side to allow drying while
preventing airborne contamination. AFM sample preparation

was performed within 12 h after sampling and AFM analysis
was performed in tapping mode of a Nanoscope III instru-
ment multimode scanning probe microscope (Digital instru-
ments) within one week of sampling and fractionation to
minimize any artifacts because of storage time. Size mea-
surements of adsorbed colloids were performed on AFM
images using the section analysis in the AFM software (40).
The measured sizes were classified into intervals of 0.5-nm
width to construct particle size distribution histograms
(number particle size distribution). The number-average
heights/hydrodynamic diameter N(z) of the observed par-
ticles by AFM/eluted particles from FlFFF were determined
according to eq 1 and are summarized in Table 1.

where ni is the number of particles or the UV absorption and
zi is the height of each observed point by AFM or the
hydrodynamic diameter measured by FlFFF.

Results and Discussion
Diffusion Coefficient and Particle Size Distribution by
FlFFF. FlFFF-UV fractograms of three minimally perturbed
freshwater samples (Tern River, Bailey Brook River, and Vale
Lake) are presented in Figure 1. The abscissa in Figure 1a
shows the retention volume (Vr) from which the diffusion
coefficient (abscissa in Figure 1b) and the hydrodynamic
diameter (abscissa in Figure 1c) can be calculated applying
FlFFF theory (43). FlFFF-UV, which measures a weight particle
size distribution, indicates that the large majority of the
observed material has a hydrodynamic diameter less than 5
nm (Figure 1c). The ordinate in the three figures is propor-
tional to the absorbance of 254-nm UV radiation. Samples
show high UV absorbance in this range, which means that
they have a relatively large number of chromophores which
are highly active at 254 nm, and therefore, the detector
sensitivity is high. At larger sizes (>5 nm), no UV signal was
obtained, indicating lower absorbance of individual moieties
or lower concentrations. The results indicate that in the size
range < 5 nm, samples are rich in UV absorbing materials,
presumably natural organic matter which is humiclike in
nature, in agreement with Lyven et al. (19). Number-average
diffusion coefficients (D), on the basis of the weight particle
size distribution from FlFFF-UV, increase in the order River
Tern > Bailey Brook > Vale Lake (with number-average values
of 3.16 × 10-6, 2.75 × 10-6, and 2.10 × 10-6 cm2 min-1, see
Table 1), and their number-average hydrodynamic diameters
(d) increase in the order Vale Lake > Bailey Brook > River
Tern (number-average values of 2.4, 2.0, and 1.7 nm, see
Table 1), as expected from the inverse relationship between
D and d from the Stokes-Einstein relationship, which is
implicit in FFF theory. Values of both size and diffusion

TABLE 1. Summary of Samples’ Physicochemical Parameters (pH and Ionic Strength), Their Number-Average Diffusion Coefficient,
Number-Average Hydrodynamic Diameter Based on the VPSD Measured by FlFFF-UV, the Converted NPSD from FlFFF-UV, and the
Number-Average Height Measured by AFM

fraction pH conductivity µs cm-1 Da (10-6 cm2 min-1 ) dc (nm) D* b (10-6 cm2 min-1 ) d* d (nm) hf (nm) d*/h

Vale Lake 6.5 810 2.10 2.40 2.84 1.84 1.84 (0.9-3. 3)e 1.0
Bailey Brook 8.0 746 2.75 1.97 4.52 1.26 1.03 (0.4-5. 0) 1.22
River Tern 8.0 524 3.16 1.72 4.97 1.11 0.53 (0.3-4. 2) 2.10

a D is colloidal number-average diffusion coefficient based on the FlFFF-UV VPSD. b D* is colloidal number-average diffusion coefficient based
on the converted FlFFF-UV NPSD. c d is colloidal number-average equivalent spherical diameter based on the FlFFF-UV VPSD. d d* is colloidal
number-average equivalent spherical diameter based on the converted FlFFF-UV NPSD. e Values between brackets represent the range of values.
f h is colloid size (height) measured by AFM.

N(z) )

∑
i

nizi

∑
i

ni

(1)
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coefficients are similar to those of extracted aquatic humic
substances (44), again indicating that these materials are
humiclike in nature.

Particle Size Distribution by AFM. Representative images
of Vale Lake, Bailey Brook, and Tern colloids after sorption
to a substrate (corresponding to the FlFFF-UV signal) are
shown in Figure 2. Images from the Vale Lake (Figure 2a)
and Bailey Brook (Figure 2b) contain mainly individual
particles, while images from the Tern (Figure 2c) show single
particles, often surrounded by a thin coating of less than
0.5-nm thickness, slightly resembling a “fried egg” structure.
Importantly, the AFM images do not reveal any kind of
association or aggregation between the fine colloidal material
which confirms the limited sample perturbation expected
from FlFFF and AFM when used with appropriate sample
handling. AFM heights, using this preparation method (45),
is ideally suited to quantify this small size fraction and so
complements the FlFFF with a UV-vis detector well. The
corresponding distributions of diameter, that is, height above
the substrate surface, are shown in Figure 3. AFM size

distribution histograms (Figure 3) show a fairly homogeneous
size distribution in all the samples after FlFFF separation
and show that the large majority of the observed materials
are less than 3.5 nm: 100% for Vale Lake, 90% for Bailey
Brook River, and 98% for the Tern River. Number-average
height (h), on the basis of the number particle size distribution
from AFM measurements, increases in the order Vale Lake
> Bailey Brook > River Tern (with number-average values
of 1.84, 1.03, and 0.53 nm, respectively, see Table 1). The
sizes are for the discrete particles only, not the surrounding
films observed. Comparison of the directly obtained size
distributions from FlFFF-UV (Figure 1) and from AFM (Figure
3) is shown in Table 1. Values of d and h are in reasonable
agreement and show similar trends, that is, both the AFM
and FlFFF sizes show a decreasing size from the Vale Lake,
Bailey Brook, and River Tern. Thus, as a minimum, AFM
supplies a size measurement independently of FlFFF and
can be used to confirm FIFFF performance and to quantify
any potential artifacts in FIFFF fractionation. This is especially

FIGURE 1. FlFFF fractograms: (a) retention volume, (b) diffusion
coefficient, and (c) equivalent hydrodynamic diameter measured
by FlFFF without any preconcentration. FlFFF parameters: channel
flow ) 1.0 mL min-1, crossflow ) 3.0 mL min-1, channel thickness
) 186.5 µm, and channel volume ) 1.03 mL. UV 254 nm signal was
normalized to the area under the fractograms.

FIGURE 2. Typical AFM micrographs on the fractions collected
from FlFFF without any preconcentration: (a) Vale Lake, (b) Bailey
Brook River, and (c) Tern River. Image length is 5 µm.
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useful for characterizing complex, polydisperse natural
aquatic colloids.

Number versus Volume Size Distribution. Despite this
reasonable agreement of the data, it is clear that the AFM
results are consistently lower than the FlFFF results. In fact,
the discrepancy is about a factor of 3 in the case of the River
Tern (1.72 and 0.53 nm for the FlFFF and AFM, respectively).
Part of this discrepancy can be explained as both AFM and
FlFFF measure different size properties and therefore give
a different weighted size distribution, that is, AFM produces
a number-weighted distribution (number particle size dis-
tribution, NPSD) and FlFFF using a UV detector produces a
weight-weighted distribution which is equivalent to volume-
weighted particle size distribution (volume particle size
distribution, VPSD) assuming that all the particles within
this range have the same density. The NPSD and VPSD (eqs
2 and 3) should not be confused with the number-weighted
average size (eq 1). NPSD and VPSD are different distributions
and cannot be directly compared (1) without substantial
errors. Thus, without further data interpretation, FlFFF and
AFM might be expected to give similar but somewhat different
answers, as observed. Indeed, closer inspection of Figures 1

and 3 shows differences in the size distribution (as well as
their weighted means), despite the overall similarity. To
compare particle size distribution measured by each tech-
nique, it is essential to convert the FlFFF VPSD to NPSD
applying eq 2 or to convert the AFM NPSD to VPSD applying
eq 3.

where particle volume in eq 2 corresponds to the particle
volume of each slice in the FlFFF fractogram V ) 3/4πd3 and
in eq 3 it corresponds to the midpoint interval in the AFM
histogram V ) 3/4πh3.

Conversion of the FlFFF measured VPSD to NPSD (Figure
4) shows a good agreement with the NPSD directly obtained

FIGURE 3. Particles size distribution on the basis of height
measurement by AFM performed on the fractions collected from
FlFFF without any preconcentration: (a) Vale Lake, (b) Bailey Brook
River, and (c) Tern River.

FIGURE 4. Comparison between the number particles size distribu-
tion on the basis of height measurement by AFM (data point) and
the converted number particle size distribution from FlFFF (dashed
line): (a) Vale Lake, (b) Bailey Brook River, and (c) Tern River.

% number PSD )

( UV response

particle volume
/∑ UV response

particle volume) × 100 (2)

% volume PSD )

( particles number × particle volume

∑ particles number × particle volume) × 100 (3)
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by AFM in the case of the Vale Lake sample (Figure 4a).
However, in the Tern River and Bailey Brook samples, AFM
NPSD shows some deviations in the AFM and FlFFF PSD
values, with the FlFFF data having larger proportions of the
lower-sized material (Figure 4b and c). Nevertheless, the
trends are generally in good agreement; number-average
diffusion coefficients (D*), on the basis of the converted
FlFFF-UV number particle size distribution, increase in the
order River Tern > Bailey Brook > Vale Lake (with number-
average values of 4.97 × 10-6, 4.52 × 10-6, and 2.84 × 10-6

cm2 min-1, see Table 1), and their number-average hydro-
dynamic diameters (d*) decrease in the order Vale Lake >
Bailey Brook > River Tern (number-average values of 1.84,
1.26, and 1.11 nm, respectively, see Table 1). Converting AFM
NPSD to VPSD (Figure 5) shows a fairly good agreement
between AFM and FlFFF PSD in the case of Vale Lake (Figure
5a) with a higher proportion of midrange particle (2.0-2.5
nm) from AFM data. However, there is complete disagree-
ment between AFM and FlFFF PSD for the Tern River (Figure
5b) and Bailey Brook River (Figure 5c) samples, with the
larger 4-5 nm material measured by AFM absent from the
FlFFF data. From Figure 5, on the basis of the converted

AFM VPSD, one might conclude that samples contain mainly
large particles (>3.5 nm): 66% for the Tern River and 89%
for Bailey Brook River. The results indicate that the presence
of a small number of large particles > 3.5 nm will bias the
whole PSD toward larger particles when converting NPSD to
VPSD; a particle of 4 nm is equivalent to 64 particles of 1 nm
assuming spherical geometry.

Examination of eqs 2 and 3 shows that converting VPSD
to NPSD will reduce the percentage error to the third root,
while converting NPSD to VPSD will increase the percentage
error to the third power. This means that theoretically when
comparing FlFFF and AFM size distributions, FlFFF VPSD
should be converted into NPSD and not vice versa. Our results
indicate that this is also the correct method of data
interpretation. Thus, Figure 4 reports the most accurate
interpretation of data. The conversion to a number-based
distribution is most useful in interpreting aggregation
phenomena (1), and it is likely that aggregation is a key
process for colloids in this size range.

Interpreting the Coupled Methodology. The finding that
FlFFF and AFM produce consistent results is encouraging
especially given the major differences in the techniques which
are based on different principles, different detection methods,
and different weighted PSD (summarized in Table S1).
Nevertheless, although Figure 4 data showing NPSD data
are in fairly good agreement, these size distributions still do
not coincide completely. Indeed, the number-average hy-
drodynamic diameter values shown in Table 1 again show
that the number-average hydrodynamic diameter (d*) values
from FlFFF are still substantially higher than the number-
average heights from the (AFM) in the case of two of the
three samples. Comparison was based on Figure 4 only where
AFM and FlFFF data overlap (1-5 nm). This observation
might be due to two factors. First, there may simply be
experimental artifacts and differences inherent in a com-
parison between the two techniques. Second, and more
interestingly, FlFFF measures diffusion coefficient, rather
than size directly, and these data must be converted to size
using the Stokes-Einstein (SE) relationship. The SE relation-
ship makes three fundamental assumptions, that the particles
are small, spherical, and compact, that is, not open and
penetrable by solvent or solute molecules. Deviation between
the two sets of measurements might indicate that colloids
are either not spherical or are permeable. The two factors
are considered below.

Despite the use of appropriate AFM preparation tech-
niques, there is no agreed method of sample preparation
which will minimize sample perturbation (40). Potential
artifacts in AFM include flattening of colloids after sorption
to a substrate, especially where colloids are deformable and
have a substantial affinity for the surface and for the
occurrence of AFM tip-nanoparticle interactions, even in
“tapping” mode (38-40). In addition, some hydration water
essential to the structural integrity of the nanoparticle may
be removed by partial air-drying (relative humidity ca. 60%).
Artifacts such as these while likely to occur to some extent
have not been conclusively demonstrated for aquatic colloids,
although apparent underestimation of biocolloid (e.g., DNA)
sizes has been observed (46). Nevertheless, further experi-
mental development needs to be undertaken to minimize
these likely problems and to include optimization of AFM
preparation and analytical techniques such as the use of
noncontact mode analysis in water, the use of optimum tip
size and geometry, and the development of certified reference
materials in the nanoscale. In addition, the FlFFF is subject
to uncertainties because of aggregation from increase in
nanoparticle concentration before separation or on-channel
concentration (avoided in the work). These are potential
problems with the methods, but changes in nanoparticle

FIGURE 5. Comparison between the converted volume particles
size distribution on the basis of the volume particle size distribution
from FlFFF and the converted weight height from AFM measure-
ments: (a) Vale Lake, (b) Bailey Brook River, and (c) Tern River.
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structure, while likely, have not been demonstrated con-
clusively.

If these analytical uncertainties can be fully quantified,
then deviation of FlFFF hydrodynamic diameter and the AFM
diameter must be due to differences between the particle
structure and the assumptions in the SE relationship. Thus,
where the ratio of FlFFF and AFM diameter is not 1, this
must be because the colloids are not spherical or are
permeable (in the absence of methodological limitations).
The method would thus offer an opportunity to quantify the
structure of colloids relevant to environmental processes such
as trace pollutant chemistry in a simple parameter which
could be incorporated into, for example, speciation codes
defining metal chemistry. We have performed measurements
which are as accurate as possible given the analytical state-
of-the-art and the problems discussed above and have found
ratios (d*/h) of 1.0, 1.22, and 2.10 for Vale Lake, Bailey Brook,
and Tern, respectively. The deviations (perhaps indicating
nonsphericity and permeability) agree with qualitative
knowledge about nanoparticle structure. Qualitatively, the
nonspherical nature of natural colloids has been demon-
strated by electron and force microscopy (35, 38, 47). In
addition, extracted humic substances (HS) are permeable,
that is, solvent molecules and small ionic species are able to
penetrate within these colloids (48, 49), although this is the
first such data on nonperturbed natural colloids. Typical flow
penetration lengths of 25-50% in extracted HS have been
demonstrated (49) on the basis of electrophoretic mobility
data. The larger ratio of d*/h measured for the Tern sample
may possibly be related to the fried egg structure observed
in Figure 2c, which might result in a less spherical shape or
greater permeability. The agreement in trends between d*/h
ratios and ionic strength (conductivity) suggests that varia-
tions between FlFFF and AFM measurements might be
related to structural/shape variations; at the molecular level,
humic substance molecules tend to become more compact
with increasing ionic strength (50). Further work is obviously
required. First, this trend is based on only three points and,
second, suitable analytical protocols need to be developed
more fully. Nevertheless, the data indicate that the derived
ratios are likely to be based on structural properties to a
large degree.

We have coupled FlFFF and AFM offline and have
interpreted the data in a manner which will reduce experi-
mental artifacts. The results indicate that the two techniques
can be combined to usefully quantify the structure of fine
aquatic colloids, although data interpretation is not simple.
Initial results have provided a quantification of ultrafine
colloidal structure in terms of sphericity and permeability
which should have applications in modeling pollutant
chemistry, fate, and behavior. Further work in developing
the analytical methods and applications in nanoscience is
required to have full confidence in the derived structural
parameters.
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