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A B S T R A C T

Many advanced industrial and biomedical applications that use silver nanoparticles (AgNPs), require that particles are
not only nano-sized, but also well dispersed, not aggregated and not agglomerated. This study presents two methods able
to give rapidly sizes of monodispersed AgNPs suspensions in the dimensional range of 20–100 nm.

The first method, based on the application of Mie’s theory, determines the particle sizes from the values of the sur-
face plasmon resonance wavelength (SPRMAX), read from the optical absorption spectra, recorded between 190 nm and
800 nm. The computed sizes were compared with those determined by transmission electron microscopy (TEM) and dy-
namic light scattering (DLS) and resulted in agreement with the nominal values in a range between 13% (for 20 nm NPs)
and 1% (for 100 nm NPs),

The second method is based on the masterly combination of the Sedimentation Field Flow Fractionation (SdFFF −
now sold as Centrifugal FFF-CFFF) and the Optical Absorption Spectroscopy (OAS) techniques to accomplish sizes and
quantitative particle size distributions for monodispersed, non-aggregated AgNPs suspensions. The SdFFF separation
abilities, well exploited to size NPs, greatly benefits from the application of Mie’s theory to the UV–vis signal elabora-
tion, producing quantitative mass-based particle size distributions, from which trusted number-sized particle size distribu-
tions can be derived. The silver mass distributions were verified and supported by detecting off-line the Ag concentration
with the graphite furnace atomic absorption spectrometry (GF-AAS).

© 2016 Published by Elsevier Ltd.
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1. Introduction

Silver nanoparticles (AgNPs), for their broad spectrum of antibac-
terial and fungicidal activities, are active constituents of a number of
consumer products, including soaps, pastes, cosmetics, plastics, food
packaging, textiles, wound dressings, biomedical devices and many
others. AgNPs have also unique optical, electrical, and thermal prop-
erties that make them suitable to be incorporated into products that
range from photovoltaics to biological and chemical sensors, such as
conductive inks, pastes and fillers, photonic devices such as, for ex-
ample, solar cells where AgNPs are used as plasmonic light traps. The
economic interests around AgNPs are consequently important, as they
are their market horizons.

AgNPs with different morphologies, sizes, and shapes to target
specific applications can be nowadays easily synthetized; neverthe-
less, one of the critical criteria that has to be satisfied remains the size
distribution that should be often as narrow as possible. This require-
ment has determined an increasing attention towards all those analyti-
cal methods, which are potentially able to give this information.

The family of analytical techniques termed Field-Flow Fractiona-
tion (FFF) has entered in the laboratory practice as a set of methods
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suitable to separate and characterize nano and micro particles, col-
loids, macromolecules, natural and synthetic polymers [1,2]. They are
elution techniques, in which the detection varies depending on the
method and the sample type. Common detectors might be UV–vis
optical absorption spectrophotometer (OAS), multi-angle laser light
scattering (MALLS), dynamic light scattering (DLS), refractive in-
dex (RI), or destructive detectors such as the graphite furnace atomic
absorption spectrometer (GF-AAS), the inductively coupled plasma
atomic emission spectrometer (ICP-AES) or the inductively coupled
plasma mass spectrometer (ICP-MS).

The Sedimentation FFF (SdFFF), and the Flow-FFF (F4) tech-
niques are both suitable to analyze gold [3,4] and silver NPs [5–8]. For
these specific applications, the simplest instrumental configuration in-
volves the use of an UV–vis detector and an aqueous solvent as elu-
ent medium. The analysis result is represented graphically by a frac-
togram (elugram), where the detector response is reported as a func-
tion of the analysis time (retention time). From these data is possible
to derive the particle size distribution (PSD) of the sample. However,
the conversion of the fractogram into the PSD hides an important as-
sumption connected to the proportionality between the detector signal
and the sample concentration or the sample mass.

The linearity between the absorbance and the sample concentra-
tion, almost obvious for absorbing molecular species, becomes in-
deed more complicated in the case of particulate species, where the
light scattering component adds to the absorbing component [9]. The

http://dx.doi.org/10.1016/j.chroma.2016.10.026
0021-9673/© 2016 Published by Elsevier Ltd.
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absorption component remains mass proportional, while the scatter-
ing component follows complicated relations, which depend on the
particle size (diameter d) compared with the incident electromagnetic
wavelength λ [9]. The use of Mie’s theory in the FFF literature is lim-
ited to the cases in which the particle turbidity (scattering) was eval-
uated under the conditions that the ratio between the scattering coef-
ficient and the particle diameter was constant and the refractive index
of the sample was known [10,11].

The UV–vis signal of plasmonic NPs, such as the AgNPs, is by far
more complicated, because both absorption and scattering of light de-
pends in a nontrivial way on particles’ size, shape, aggregation, dielec-
tric environment, surface coating and even mutual electromagnetic in-
teraction in nearby particles [12–14]. These correlations complicate
the expressions describing the dependence of the OAS signal on NPs’
concentration.

This study demonstrates firstly that the correct application of Mie’s
theory allows to determine quite rapidly and with a reasonable degree
of accuracy the size of AgNPs aqueous suspensions, from the OAS
spectra. The reliability of the evaluation is assessed by comparing the
NP sizes, here comprised in the range 20–100 nm, with those achieved
with other analytical techniques, such as transmission electron mi-
croscopy (TEM) and DLS [7]. Secondly, that the coupling on-line of
the UV–vis detector (OAS) with a SdFFF allows to get a quantitative
particle size distribution. This is possible since the SdFFF provides
an independent and accurate determination of spherical particles’ di-
ameter from the measurement of the retention time, while the on-line
OAS provides a signal that through the Mie’s theory is related to the
relative silver abundance of each size. The quantitative mass-based
particle size distributions, elaborated from the fractograms, are there-
fore converted in number-sized PSD. The exactness of the quantita-
tive PSD profiles is verified by the off-line silver amount determina-
tion provided by the graphite furnace atomic absorption spectrometer
(GF-AAS).

2. Theory

2.1. OAS spectrum modeling

Optical properties of AgNPs were calculated with Mie’s theory,
which is based on the solution of the Maxwell’s equations in spherical
coordinates using the multipoles expansion of the electric and mag-
netic fields and accounting for the discontinuity of the dielectric con-
stant between the sphere and the surrounding medium [9]. Detailed in-
formation about the procedures are reported in the paragraph SM-2 of
the Supplementary material (SM).

2.2. SdFFF-OAS coupling

The theory of SdFFF, is widely documented in literature [15–17].
However, for the sake of discussion, the paragraph SM-4 in the Sup-
plementary material reports the fundamental relationships which gov

ern the retention, the proportionality of the retention time with the
particle sizes, and how, for a flow-through analysis, the optical ab-
sorbance and the extinction cross section σext are used to get quanti-
tative particle size distributions (mass or number frequency function
Fm,i, Fn,i).

3. Materials and methods

3.1. Reagents

Nearly monodisperse sodium citrate stabilized silver AgNPs dis-
persions of 20, 30, 40, 60, 70 and 100 nm at a nominal concentration
of 20 mgL−1 were kindly donated by the Joint Research Centre, Insti-
tute for Health and Consumer Protection, Ispra (Italy). To avoid silver
particle degradation or precipitation, dispersions were stored at 4 °C
and protected from prolonged exposure to light.

Information regarding the sizes and the actual total silver concen-
trations, determined with complementary techniques by the JRC are
reported in Tables 1 and 2 respectively.

NaOH and sodium citrate (Carlo Erba Reagents − Italy) were used
to prepare the mobile phase (eluent) for the SdFFF instrument.

All solutions were prepared using ultrapure deionised water
(18 MΩ cm−1) obtained from a MilliQ system (Merck Millipore Mi-
lan, Italy).

3.2. SdFFF

A Colloid/Particle Fractionator SdFFF system (Model S101 Post-
nova Analytics, Landsberg, Germany), described in detail elsewhere
[3,18], was employed to fractionate the AgNPs according to their
buoyant mass. AgNP suspensions were injected through a 50 μL

Table 1
Sizes information about the AgNPs given by the suppliers and measured with different
techniques and theoretical approaches. *The TEM sizes were chosen as the most reli-
able.

Size (nm)

AgNP20 AgNP30* AgNP40 AgNP60 AgNP70 AgNP100

Nominal 20 30 40 60 70 100
TEM* 19.6 ± 1.6 32.3 ± 3.2 40.6 ± 3.0 57.4 ± 4.0 68.4 ± 4.2 99.4 ± 7.0
DLS [7] 25 45 54 67) 69 98
Mie Fit −
Palik

10 46 48 64 74 102

Mie Fit −
J&C

60 60 62 74 80 106

SPRMAX −
Palik

33 40 44 61 69 99

*Relative
Error%

65 25 7 7 1 –

SPRMAX–
J&C

49 54 58 71 79 107

*Relative
Error%

49 69 41 24 16 8

Table 2
Optical information evaluated from the UV–vis spectra, recorded on the samples “as received”. The cell path was 1 cm. Ag atomic concentrations measured by ICP-MS data are the
average on 3 replicate measurements. The Ag atomic concentrations computed by OAS are the average of 8 values, determined at 8 different wavelengths selected between 250 and
440 nm; data are reported as the average ± standard deviation.

AgNP20 AgNP30 AgNP40 AgNP60 AgNP70 AgNP100

α @ 420 nm (L mg−1) 0.07553 0.08319 0.08118 0.07191 0.05989 0.03156
λmax

(nm) 401 410 415 429 441 493
Abs @ 420 nm 1.4426 1.4298 1.4856 1.3951 1.2637 0.5902
Ag atomic concentration ICP-MS* (mM) [7] 0.177 0.167 0.170 0.180 0.196 0.173
Average Ag atomic concentration Mie theory − Palik constant (mM) 0.202 ± 0.062 0.133 ± 0.041 0.151 ± 0.028 0.166 ± 0.030 0.191 ± 0.021 0.173 ± 0.011
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Rheodyne loop valve. Particle elution was monitored by an UV–vis
absorption detector Spectra SERIES UV100 (Thermo Separation
Products, USA) operating at a fixed wavelength of 420 nm, equipped
with a 3 mm flowcell optical path. An additional UV–vis photodi-
ode array detector (four channel UVD 340U Dionex, Dionex GmbH
Germering, Germany) was connected to the SdFFF in sequence after
the first detector and set to monitor the sample elution at 275, 375,
400 and 420 nm. Its flowcell of 10 μL had an optical path of 9 mm.
A Sykam S 1125 HPLC Pump (Sykam GmbH, Germany) was used
to deliver the eluent. The SdFFF instrument was controlled by SPIN
1409, a program also used to acquire the fractrograms. The regis-
tered data were processed by FFF ANALYSIS (Postnova), to convert
automatically the retention time in particle size, knowing the parti-
cle bulk density. For all AgNPs, the particle bulk density was set at
10.49 g cm−3 [19].

The eluent was a 10−5 M solution of sodium citrate in
18.2 mΩ cm−1 deionized water, basified at pH 9.2-9.3 with NaOH,
freshly prepared each day, flowing at 0.7, 1 or 2 mL min−1 depending
on the sample sizes. To ensure an uniform fractionating power over
the wide range of particle diameters, spinning power gradients were
used [20].

3.3. UV–vis − OAS

UV–vis spectra were recorded at room temperature in the
190–800 nm range with a Cary 300 UV–vis spectrophotometer (Ag-
ilent Technologies) using 1 cm path length quartz cuvettes, scan rate
of 300 nm min−1 and data interval of 1 nm. The standard solutions
were analyzed as received or diluted with deionized water 1:50.
18.2 mΩ cm−1 deionized water was used as a reference.

3.4. Calculations

All algorithms were developed under Wolfram Mathematica 6.0.
The first (Algorithm#1) was developed for the evaluation of AgNPs
size from optical absorption (Mie Fit). In this case, the model per-
formed the optimal fitting of experimental UV–vis spectra with Eqs.
(S1–S7) by using the average AgNPs size as the only parameter. Ex-
perimental spectra were fitted in the 250–800 nm spectral range, by
varying d of 0.1 nm. A χ2 fitting on a point every 5 nm was used for
the calculation of the best spectra, which were normalized on the SPR
maximum (SPRMAX). Calculated curves were allowed to shift of 1
point, if necessary, to improve the matching with the position of the
experimental SPRMAX. Scaling the values of the calculated spectra to
the experimental ones allows the determination of the concentration of
the NPs, according to Eqs. (S20)–(S21).

A second algorithm (Algorithm#2) was written to estimate the ex-
tinction cross section σext of AgNPs of predetermined size with Mie’s
theory and the results exploited for the evaluation of AgNPs concen-
tration according to Eqs. (S20)-(S21), on the basis of experimentally
measured absorbance.

A third algorithm (Algorithm#3) was developed to convert SdFFF
fractograms into AgNPs or atomic Ag concentration. In this case, the
input (absorbance versus AgNPs size, computed through the FFF the-
ory) was transformed in concentration versus size by calculating first
the σext(d,λ) with Mie’s theory and subsequently the concentrations
with Eqs. (S19)–(S22). The other input parameters required by the
program are the refractive index of the dispersing medium (water,
n = 1.334) and the optical path of optical absorption measurements
(3 mm or 9 mm in the present case).

4. Results and discussion

AgNPs exhibit a strong UV–visible extinction band, size-depen-
dent, known as localized surface plasmon resonance (SPR) that is not
present in the spectrum of the bulk metal. SPR excitation results in
wavelength-selective absorption with extremely large molar extinc-
tion coefficients (∼3 × 1011 M−1 cm−1), resonant Rayleigh scattering
with efficiency equivalent to that of 106 fluorophores, and enhanced
local electromagnetic fields near the surface of the NP that are respon-
sible for the intense signals observed in all surface-enhanced spec-
troscopies. This strong SPR extinction band (absorption and scatter-
ing) allows detection of AgNPs at picomolar levels (10−12 M) by using
standard absorption spectrometers or at a zeptomolar (10−21 M) sensi-
tivity by using more elaborate detection approaches [21–23].

The optical absorption spectroscopy (OAS) is commonly used for
in situ monitoring of the synthesis process of AgNPs and to obtain
quantitative information. However, AgNPs spectra are sometimes dif-
ficult to be interpreted because of the occurrence of blue [24] and red
shifts, determined perhaps by either an increase of the particle sizes
[14,25,26] and/or their organization in clusters [14,26,27].

4.1. AgNPs size determination by OAS

The first aim of this study was to demonstrate that the OAS might
be used to size AgNPs in the size range 20–100 nm, provided that the
size polydispersity is limited. Literature offers examples [2S–5S] in
which the Rayleigh theory was used to determine the light extinction,
but this approximated electromagnetic theory works very well for de-
tection of fine particles only at a fixed wavelength.

When the multipolar expansion terms of the electromagnetic field
cannot be truncated to the first (dipolar) term [9,1S], as in the case of
the AgNPs, the application of the Mie’s theory is more appropriate.

Examples in which the OAS was used to size AgNPs in a re-
stricted size range of 2.3–3.7 nm [28] or 3.8–4.5 nm [29] by fitting the
experimental spectra with Mie’s theory are present in the literature.
However, when particles of larger sizes were considered (10, 55, and
80 nm), the OAS was used only to individuate the maximum of the
absorption peaks and to conclude that OAS was not suitable to indi-
viduate the single populations when the samples are mixed. The sizes
were computed in fact by DLS, AFM and TEM [30].

In this study, the size of the particles were computed firstly by fit-
ting each OAS spectrum of the sodium citrate stabilized AgNPs stan-
dards with the Algorithm#1 (§ SM-2 in SM), considering the size as
the variable parameter. The fitting tested different optical constants,
computed respectively by Palik [31] and Johnson & Christy (J&C)
[32].

The size that determined the best fitting for each suspension was
taken as “true”, and compared in Table 1 (rows 4–5) with those
achieved with other well established sizing techniques (TEM and
DLS) [7]. The best fittings were obtained with the silver optical con-
stant tabled by Palik [31] but the fit reliability was dramatically lost
for sizes below 60 nm.

To improve the size determination, a number of equidistant par-
ticles sizes d (nm), in the range 5–120 nm, was set and by applying
the Algorithm#2, two series of SPRMAX (in nm) were calculated us-
ing again both the optical constants taken from the literature (Palik
[31] or J&C [32], respectively). The two series of computed SPRMAX
data were interpolated with cubic polynomials (Figure S-2 and Eqs.
S8a-S8b),

which were then resolved to achieve the AgNPs sizes by substi-
tuting the SPRMAX measured from the experimental spectra. The sizes
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obtained from Eq. (S8a) based on the Palik dielectric constants were
halfway to DLS and TEM results (Fig. 1 − full red triangles for Pa-
lik and full blue diamonds for J&C optical constants). Since the OAS
spectra account for both light scattering and absorption and the OAS
measurements were done without using polarized light, the deviation
from the straight line in Fig. 1 obtained through Eq. (S8a), could indi-
cate a partial particles aggregation rather than imprecise determination
of AgNPs size, as previously reported for AuNPs [33].

The third approach considered the TEM data the most reliable
measured sizes, even if TEM cannot discriminate between isolated
and agglomerated particles, unless when using a polymeric matrix to
freeze the colloidal status of NPs before deposition on the TEM grids.
The SPRMAX were computed with the Algorithm#2 by using the Palik
optical constants. Data were fitted with a cubic polynomial, whose ex-
pression is:

As a benchmark, Eq. (1) was used to determine the AgNPs size
starting from the SPRMAX values measured on 3 experimental UV–vis
spectra (20, 60 and 100 nm) and the agreement with the nominal size
was between 13% (for 20 nm NPs) and 1% (for 100 nm NPs).

It is worth to point out that this approach can be applied only to non
aggregated AgNPs, as in case of the samples exploited for this study.

4.2. Quantitative SdFFF particle size distributions

The second aim of this work was to get, for the first time, quanti-
tative particle size distributions of AgNPs from a SdFFF analysis by
using the common and relatively inexpensive UV–vis detector.

The SdFFF technique sorts the sample components according to
their buoyant mass, consequently for compact spherical particles the
FFF theory gives the sizes straightforwardly [1,2]. Unless the SdFFF
is equipped with an expensive specific element detector, such as
ICP-MS or ICP-OAS, the correct evaluation of the particle size distri

Fig. 1. Measured and evaluated AgNP sizes vs the nominal values. The measurements
were done by TEM and DLS, while the computed sizes were evaluated either from the
fitting of the UV–vis spectra and the application of the polynomial cubic expressions by
using in the Mie algorithms the Palik [30] and the J&C [31] optical constants.

bution PSD, in terms of mass, but now more and more requested in
number [34], might result complicated when the UV–vis detector sig-
nal has a complex relation with the sample concentration exiting the
separation channel. This happens, when the analytes are plasmonic
NPs, such as AgNPs or AuNPs.

To overcome this difficulty, it is necessary to establish a quantita-
tive relation between the absorbance and the mass of analyte, AgNP
with the awareness that the total sample’s mass extinction coefficient
αext, in this case, is the sum of the absorption and scattering of light.

The SPR intensity (absorbance Abs) is related to Ag atomic con-
centration (§ SM-4 in SM) by the Eq.:

where MMAg is the Ag atomic weight, m is the mass of sample, mp
is the mass of the single particle, V is the volume, b is the optical path
length and σext(d,λ) is the extinction cross section for the single parti-
cle of size d at the experiment wavelength λ.

By adopting the silver optical constants tabled by Palik [31], for
which the previous evaluations proved to give results closer to the ex-
perimental values than the J&C constants, the Mie’s model was used
therefore to calculate σext(d,λ). The Algoritm#2 used as sizes those
of the standards, while the wavelengths (eight values) were selected
between 250 and 440 nm, i.e. in the spectral region going from the
plasmon absorption band to the edge of silver interband transitions
[12,13,26].

The calculated Ag atomic concentrations (Figure S3) were aver-
aged for each size and compared to the ICP-MS determinations [7]
(Table 2, last row). The concentration ranges, computed by consid-
ering a single standard deviation around the average, include all the
ICP-MS data; however, it is worthwhile to underline that the accuracy
and the precision increase with the particle sizes, by reaching the sta-
tistical coincidence for the AgNP100 sample.

If the whole set of Ag atomic concentrations data is evaluated in-
stead as a function of the selected wavelengths, it appears that the
calculations done at certain wavelengths produce more accurate val-
ues then others, almost independently of the particle sizes. Fig. 2,
which reports the percentage average error evaluated respect to the
ICP-MS data as a function of the used wavelengths, clearly indicates

Fig. 2. Percentage average error evaluated for the computed Ag atomic concentrations
respect to the ICP-MS data, as a function of the wavelengths used for the AOS measure-
ments.

(1)

(3)
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that the most accurate evaluations are obtained in the 250–380 nm
range (7–8%). This is explained by the fact that almost only sin-
gle-electron interband transitions occur in AgNPs at those wave-
lengths, and these optical transitions are scarcely affected by particles
shape, aggregation and physico-chemical environment, contrary to the
SPR [12,13]. However, this point will be further commented in the
light of the GF-AAS results, achieved as off-line monitoring of the
FFF separations (comment to Fig. 4).

Overall, our findings point out that Mie’s theory allowed the accu-
rate and rapid measurement of Ag concentration by optical absorption
spectroscopy.

Getting back to the conversion of a fractogram into a correct num-
ber PSD, Fig. 3 sketches the steps that this study proposes, in the light
of the above results. The raw data (plot (a)) i.e. the UV–vis signal (ex-
pressed usually in absorbance units but often in mV or proportional
values depending on the acquisition software) are recorded as a func-
tion of the retention time (min). In this work, the first detector was set
at 420 nm, while the second at 275 nm, 375 nm, 400 nm and 420 nm,
as a consequence of the results discussed above. If the UV–vis signal
is recorded in volts, the data have to be converted in absorbance units
by taking into account the full scale of the detector and the possible
applied signal amplification.

The time-axis is transformed in size-axis (diameter) thanks to the
FFF software (Analysis) (plot (b)). Because the AgNPs are compact
and have a regular spherical shape (see Figure S-4), the diameter
can be considered a “real” size. Next, the y-axis (absorbance) is con-
verted into mass concentration by the algorithm based on Mie’s the-
ory (Algorthm#3), which uses as input data the particle sizes (x-vec-
tor) and the absorbance (y-vector) (plot (c)). It is worthwhile to high

light that the signal recorded at 275 nm was usually the less intense,
a fact that will determine an untrustworthy data elaboration. For the
sake of objectivity, it must be also recalled that the cleaning condi-
tion of the SdFFF channel affects the quality of the signal, determin-
ing sometimes an increase of the noise that alters the proportional-
ity among the signal intensities, detected at the different wavelengths.
According to the data shown in Fig. 2, the signal recorded at 375 nm
should guarantee a reliable conversion in atomic Ag mass concen-
tration. This hypothesis was experimentally verified by monitoring
off-line the amount of silver exiting from the FFF channel with a
GF-AAS.

Fig. 4 shows the Ag mass concentration profiles elaborated from
the UV–vis signal and the actual concentration determined by
GF-AAS for the samples of smallest dimensions. The concentration
profile computed from the signal recorded at 275 nm has been re-
ported on purpose in all graphs to underline its untrustworthiness, be-
cause of the uncertainty on the starting UV–vis signal, as mentioned
above. The agreement between the mass of Ag, calculated through
Mie’s theory, and the GF-AAS experimental element determination
was instead quite good for the signals recorded at 375 nm, 400 nm and
420 nm. The best correspondence was found with the signal recorded
at 375 nm (see Table S-1).

The number PSDs are eventually calculated for each sample divid-
ing the mass PSD (Eq. S14) by the mass of a single sphere, according
the Eq.:

Fig. 3. Scheme of the procedure to transform the fractogram into a number PSD. On the right side of the figure, a practical example applied to the AgNP sample of 60 nm.

(4)
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Fig. 4. Comparison between the Ag concentrations (mM) determined from the four UV–vis series of data recorded at 275 nm (red line), 375 nm (green line), 400 nm (purple line)
and 420 nm (blue line) and that measured on the eluted fractions by GF-AAS (solid black square). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5 reports, as examples, the number PSDs computed for the
AgNP20, 30, 40 and 60 nm samples. The most reliable data are those
derived from the signal recorded at 375 nm but for completeness, the
PSDs were computed for the four profiles.

As a complement of the above discussion, the GF-AAS data al-
lowed monitoring also the recovery of the separation process. The
clean conditions of the SdFFF channel are usually recognized by the
absence, or more often, by a limited signal noise. In this case, when
the fractions were collected for the GF-AAS measurements, the sig-
nal was quite noisy and the recovery confirmed a low separation yield
(50–60%).

These last considerations are important in the light of avoiding the
use of destructive and expensive elemental specific mass detectors
such as ICP-MS or either ICP-OAS, which can give a direct mass or
number PSD but paying the price of much higher analysis costs.

5. Conclusions

The results presented in this study prove that monodispersed,
spherical, non-aggregate or non-agglomerated AgNPs suspensions can
be sized by OAS also when the particle sizes are in the 20–100 nm
range. The algorithm, based on Mie’s theory and that uses the op-
tical constants tabled by Palik to evaluate the SPRMAX peak posi-
tion, allows to derive a cubic polynomial fitting equation, that solved
respect to the size, gives values in very good agreement with the
nominal sizes (relative percentage error of 7%, 1.5% and 0% for the
60 nm, 70 nm and 100 nm samples, respectively). The accuracy wors-
ens only when the dimensions are smaller than 30 nm. The draw-
back of this approach is the use of the TEM to verify the particle
sizes. However, for all those situations, in which the AgNPs are rou

tinely produced and characterized, the use of the time consuming and
expensive TEM technique is required only for the initial calibration
step.

This study has also proved for the first time that the correct eval-
uation of the UV–vis signal through Mie’s theory, allows to com-
pute mass- and number-sized particle distributions of AgNPs directly
from the SdFFF fractograms. This information, so intensely requested
nowadays, is achievable without coupling the SdFFF technique with
expensive and sophisticated detection units.

The procedure requires to determine first the extinction cross sec-
tion σext of AgNPs and then to use these values to elaborate the raw
data produced by the SdFFF, i.e. time and absorbance, and to build
trustable PSDs. The agreement between the Ag concentration derived
from the UV–vis data, recorded at 375 nm, and the concentration mea-
sured by GF-AAS was in some case excellent (-4% - 30 nm) and in
some other quite scarce (-23% - 20 nm) not because of the method but
rather to the channel cleaning conditions.

The procedures that this study proposes for the AgNPs could be
extended also for characterizing gold NPs, provided that the appropri-
ate optical constant are chosen and the limits of the method are experi-
mentally determined. However, because of the required boundary con-
ditions, the applicability of this approach to real samples could have
severe limitations.
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Fig. 5. Area normalized number PSDs computed starting from the UV–vis data recorded at 275 nm (black line), 375 nm (red line), 400 nm (blue line) and 420 nm (green line). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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