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Abstract: The investigation of environmental nano- and 
submicron particles is needed for the assessment of their 
impact on the environment and human health as well as 
for understanding various natural and anthropogenic pro-
cesses. Nano- and submicron particles have an increased 
mobility, may serve as a “carrier” for toxic and nutrient 
substances, and hence are of particular interest. So far, 
there is a lack of knowledge about source, behavior, fate, 
and toxicity of environmental nano- and submicron par-
ticles. This article is focused on the separation and char-
acterization methods, which are currently used for their 
investigation. The application of sedimentation, centrifu-
gation, membrane filtration, and field- and flow-based 
techniques to the separation of nano- and submicron 
particles are discussed. The advantages and limitations 
of the techniques are briefly summarized. Among charac-
terization/analysis methods, a special attention is given 
to electron microscopy, light scattering as well as atomic 
absorption spectroscopy, optical emission, and mass 
spectrometry.

Keywords: characterization; environmental; nanoparti-
cles; separation; submicron particles.

Introduction
Nano- and submicron particles (NP and SMP) exist on the 
Earth from immemorial time as a result of various natural 
processes such as volcanic eruptions, dust storms, soil 

erosion, and fires. It should be noted that according to 
the recommendations of the International Union of Pure 
and Applied Chemistry (IUPAC) particles of any shape 
with dimensions in the range 1–100 nm are defined as NP, 
whereas SMP by convention are considered to be in the 
size range from 100 nm to 1 μm. NP and SMP of volcanic 
ash and dust “travel” around the world entrained by wind 
and suspended in the atmosphere. Anthropogenic activ-
ity also takes an active part in the production of NP and 
SMP. Industrial processes, traffic emissions, and nano-
technologies are the main sources of anthropogenic NP 
and SMP. It has been estimated that 10% of total airborne 
particulate matter are of anthropogenic origin, whereas 
90% are of natural one (Buzea et al. 2007). Environmen-
tal particles may undergo substantial modifications in 
the chemical and physical properties in course of “aging” 
processes under natural and anthropogenic conditions 
(Han and Zender 2010, Kim and Park 2012, Geng et  al. 
2014). Anthropogenic load on the environment, espe-
cially in the form of industrial emissions, may cause con-
siderable change in chemical composition of particulate 
matter. The impact of such particles on the environment 
and human health may be very significant. Moreover, 
airborne particles during their long-range transport 
affect the Earth energy balance due to the absorbance of 
sun radiation and scattering it back to space (Houghton 
2005, Buzea et  al. 2007). Thus, environmental particu-
late matter may be considered not only in terms of health 
effects or regional ecological problems but also as a cause 
of global climate changes.

It is known that airborne particulate matter is an 
important pathway for exposure of people to environmen-
tal pollutants including toxic metals and metalloids. The 
impact of particles containing toxic metals and metalloids 
on the environment and human health is strongly depend-
ent on their size and composition. NP and SMP are most 
hazardous for human health because of their high mobil-
ity in the environment. The tiniest fractions of dust or ash 
particles suspended in the air can easily be transported 
over long distances and penetrate into respiratory or gas-
trointestinal tract. Furthermore, specific surface (surface/
mass ratio) of particles and hence their sorption capacity 
increases with size decreasing that can cause the accu-
mulation of metals and metalloids in finest fractions of 
dust. Taking into account the aforesaid, environmental 
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nanoparticles must be scrutinized because of their 
extremely high potential sorption capacity for toxic ele-
ments, mobility, and penetration ability into the lungs.

Unfortunately, nowadays, there is a lack of knowl-
edge about source, behavior, mobility, fate, and toxicity of 
environmental NP and SMP. The main reason is the diffi-
culty to recover SMP and NP from environmental samples 
for further characterization and quantitative analysis. 
Actually, the problem of characterization of environmen-
tal NP and SMP is directly related to the problem of their 
separation. In fact, NP and SMP in such complex poly-
disperse environmental samples as dust, volcanic ash, or 
soil may represent only about thousandths or less of bulk 
sample (Fedotov et  al. 2014). Therefore, their recovery 
followed by a quantitative determination of analytes is a 
complex task.

The aim of this article is to review recent advances 
in field of investigation of NP and SMP (deposited or sus-
pended) of dust, volcanic ash, soil, and water colloids 
including particle separation methods and techniques for 
particle characterization and analysis.

Separation of nano- and submicron 
particles
There are different fractionation methods based on 
various principles and covering different size ranges of 
separated particles (Fedotov et  al. 2011). The separation 
techniques, which are used for the recovery of NP and SMP 
from volcanic ash, dust, and soil, will be discussed in this 
section. The presented separation methods can be divided 
into two groups depending on the phase, where the sepa-
ration is performed: gaseous or liquid one. However, the 
latter group of methods is discussed more extensively 
because of its wide variety as compared to the separation 
in gaseous media.

Sedimentation methods

Method of sedimentation in gravitational field is a well-
known technique for microparticles fractionation, con-
ventionally used for the recovery of clay fraction (<2 μm) 
from soils (Guzel and Ibrikci 1994, Ducaroir and Lamy 
1995, Gavinelli et al. 1995, Schmidt et al. 1999, Luo et al. 
2011, Tsao et  al. 2013). The separated clay fractions are 
usually studied for the trace (Ducaroir and Lamy 1995, Luo 
et al. 2011) and major (Luo et al. 2011) metals, phosphorus 
(Guzel and Ibrikci 1994), carbon, and nitrogen (Gavinelli 

et al. 1995) content. The fraction of particles <2 μm with 
a certain assumption may be considered as “submicron” 
fraction. The sedimentation method can also be applied to 
the investigation of heavy metals association with different 
particle size fractions (including fraction <2 μm) of street 
dust (Acosta et al. 2011). It is evident that this method is 
suitable for the fractionation of volcanic ash particles. The 
method is based on differences in sedimentation veloci-
ties of particles with different size and density. The time 
needed for the recovery of fraction is calculated according 
to the Stokes’ law. The separation is achieved by repeated 
sedimentation and decanting. Often, a dispersing agent 
(e.g. Na-polyphosphate (Schmidt et al. 1999, Acosta et al. 
2011)) is added to the suspension before fractionation to 
achieve more complete dispersion and prevent the par-
ticle agglomeration during time-consuming separation 
process. In addition, the ultrasonication of suspension for 
the additional dispersion of the sample under fractiona-
tion may be used (Schmidt et al. 1999, Luo et al. 2011, Tsao 
et al. 2013). On the whole, the method of sedimentation 
in gravitational field is a time-tested technique, which 
enables SMP fraction of soil, dust, and volcanic ash to be 
separated. The main advantage of this method is simplic-
ity because it does not require expensive devices and can 
be realized in any laboratory. Nevertheless, sedimentation 
is a time-consuming method, which does not enable NP 
and SMP fractions to be separated.

Centrifugation is a sedimentation method acceler-
ated by using more intensive g-force. The method enables 
fractionation time to be decreased. At the same time, 
the separation of NP and SMP becomes possible. As a 
time-saving alternative to conventional sedimentation 
method, conventional (differential) centrifugation is used 
for the separation of soil particles <2 μm (Stemmer et al. 
1998, Novoszad et  al. 2007, Ajmone-Marsan et  al. 2008, 
Madrid et  al. 2008) and <1 μm (Tang et  al. 2009) and 
studying association of metals with different size frac-
tions (Ajmone-Marsan et al. 2008), their availability and 
bioaccessibility (Madrid et al. 2008). It is also known that 
distribution of naphthalene derivatives (Novoszad et al. 
2007), organic matter, and enzyme activity (Stemmer 
et  al. 1998) in soils have been studied using a centrifu-
gation. The application of centrifugation to the sepa-
ration of particles <450  nm (Tsao et  al. 2013), <200  nm 
(Nishimura et  al. 2008), and <100  nm (Stemmer et  al. 
1998, Bakshi et al. 2014) from soils is also reported. The 
time required for the separation of NP and SMP fractions 
from soil is also calculated according to the Stokes’ equa-
tion (Laidlaw and Steinmetz 2005). As a whole, the cen-
trifugation is a universal method for the recovery NP and 
SMP from polydisperse environmental samples, which 
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enables a considerable weight of the sample to be frac-
tionated. However, since the density of particles of one 
soil may cover a wide range from <1.9 g/cm3 (organic par-
ticles) up to >5.0 g/cm3 (iron oxides), it might be prob-
lematic to achieve a precise particle size separation by 
differential centrifugation for soil suspensions with a 
high diversity in particle density (Zirkler et al. 2012). It is 
nearly impossible to achieve an accurate resolution for 
NP and SMP separation. It should be noted that since NP 
and SMP represent only about thousandths or less of bulk 
sample, a considerable sample weight must be handled 
to separate weight amounts of NP and SMP fractions 
for their further quantitative analysis. Therefore, due to 
the cross-contamination of separated fractions, time-
consuming filling and decanting of numerous centrifuge 
tubes are needed to achieve complete separation with 
required fraction resolution (Figure 1A).

In addition to differential centrifugation, there is 
another type of centrifugal techniques for particle sepa-
ration, which is called density gradient centrifugation. In 
turn, this technique has two subtechniques: rate-zonal 
centrifugation and isopycnic centrifugation. In rate-zonal 
centrifugation, a sample to be separated is added as a thin 
layer on the top of a density gradient, which is created by 
layering media of increasing density in a centrifuge tube. 
The separation is achieved by migration of particles with 
different rates through the density gradient in the course 
of centrifugation (Figure 1B). As a result, separated parti-
cle fractions appear as zones in the gradient. In contrast 
to differential centrifugation, this technique enables the 
separation of particles on the basis of their size, shape, 
and density without tedious procedure of decanting and 
filling of centrifugation tubes to achieve the required frac-
tion resolution and avoid cross-contamination of different 
size fractions.

Nowadays, rate-zonal centrifugation is mainly applied 
in biological sciences to the separation of cells, organelles, 

membrane vesicles, viruses, DNA, etc (de Araojo et al. 2008). 
However, its potential for the fractionation of environmental 
NP and SMP seems to be promising. The density gradient 
centrifugation enables the efficient fractionation of 20, 30, 
40, 60, 80, 150, 250 nm gold (Steinigeweg et al. 2011) as well 
as silver particles (Lee et al. 2014a,b) to be achieved. Thus, 
the method may be useful for the separation and quantifica-
tion of engineered NP and SMP in environmental samples.

The isopycnic centrifugation (also known as buoyant 
or equilibrium separation) enables particles to be frac-
tionated only on the basis of their density (Figure 1C), and 
therefore will not be described in present review in detail. 
However, the application of isopycnic centrifugation to 
the separation of NP and SMP of different origin may be 
very attractive.

Membrane filtration

Membrane filtration is a pressure-driven membrane trans-
port process used for the separation of macromolecules, 
microorganisms, and particles according to their hydro-
dynamic diameter, which covers a size range from 1  nm 
to several micrometers (Fedotov et  al. 2011). Membrane 
filtration is used for the separation and further charac-
terization of soil colloids (Lægdsmand et al. 1999, Worrall 
et  al. 1999, Turner et  al. 2004, Klitzke et  al. 2008, Tang 
et  al. 2009, Tsao et  al. 2013), dust, and volcanic ash NP 
and SMP (Tepe and Bau 2014, Hofman et al. 2014, Kadar 
et  al. 2014a,b). Membranes with pore diameter of 1  nm 
(Turner et al. 2004, Tsao et al. 2013), 50 nm (Kadar et al. 
2014a,b), 100  nm (Turner et  al. 2004, Tang et  al. 2009), 
200 nm (Turner et al. 2004, Hofman et al. 2014, Kadar et al. 
2014a,b), 450 nm (Worrall et al. 1999, Tepe and Bau 2014, 
Kadar et al. 2014a,b), 1 μm (Turner et al. 2004), and 3 μm 
(Hofman et al. 2014) are used for the separation of envi-
ronmental particles in liquid media. Membrane filtration 
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Figure 1: The principle of differential (A), rate-zonal (B), and isopycnic (C) centrifugation.
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is often used after the preseparation by the conventional 
sedimentation or centrifugation to remove the coarse par-
ticles before filtering (Tang et al. 2009, Tsao et al. 2013). 
In general, membrane filtration is a complex process and 
the results of filtration may be distorted due to the filter 
cake formation and clogging of membrane pores (Fedotov 
et  al. 2011, Zirkler et  al. 2012). For example, it has been 
demonstrated that the recoveries of kaolinite particles 
(100–300 nm) filtered through membranes with pore 
sizes 200, 400, and 800  nm were only 10, 50, and 85%, 
respectively (Karube et  al. 1996). The cross-flow filtra-
tion (or tangential flow filtration) enables these artifacts 
to be minimized (Tang et  al. 2009, Fedotov et  al. 2011). 
However, cross-flow filtration is applicable only to rela-
tively low colloid concentration suspensions. Moreover, 
the comparative study on separation of <1 μm soil particle 
fraction showed that membrane filtration underestimates 
the concentration of colloids that is partly attributed to 
the formation of filter cakes but mainly results from pores 
clogging (Zirkler et al. 2012). This corresponds to findings 
of Gimbert et al. (Gimbert et al. 2005) who compared filtra-
tion and centrifugation techniques to isolate two colloidal 
fractions of soil suspensions (<450 and <200 nm). Mem-
brane filtration seriously underestimated the total mass of 
particulate matter in suspensions as compared to centrifu-
gation. It should be noted that membrane filtration results 
are also dependent on the membrane material (cellulose 
nitrate, glass fiber, polycarbonate, etc.) (Zirkler et  al. 
2012). On the other hand, as has been mentioned earlier, 
centrifugation is unfavorable for soil suspensions with a 
high range of density of particles for precise size separa-
tion. Among the advantages of membrane filtration, the 
possibility of handling large volumes of sample up to 1 
m3 can be highlighted (Fedotov et al. 2011). It is useful for 
the preconcentration, separation, and characterization of 
diluted suspensions of environmental particulate matter. 
Another advantage of membrane filtration is the possibil-
ity to interpret the results of separation of particles and 
macromolecules without using size reference materials 

because the membrane pore diameters themselves can 
serve as size standards (Fedotov et al. 2011).

Field- and flow-based methods

Field- and flow-based techniques are widely used for the 
separation and characterization of particulate matter of 
different origin, including environmental NP and SMP 
(Fedotov et al. 2011).

Field-flow fractionation (FFF) is a particle separation 
and sizing method. FFF is a relatively young technique, 
despite the fact that general concept of FFF was developed 
in 1960s (Giddings 1966, Fedotov et al. 2011). FFF is a set 
of liquid chromatography-like elution methods. However, 
unlike chromatography, FFF requires no stationary phase 
and only physical interactions are involved in the separa-
tion process (Schimpf et al. 2000, Fedotov et al. 2011,). The 
separation is achieved under the action of the nonuniform 
flow velocity profile of a carrier fluid and a physical force 
field (gravitational, centrifugal, electric, magnetic, etc.) 
applied at a right angle to the thin (0.05–0.5-mm) ribbon-
like channel (Fedotov et al. 2011) (Figure 2). According to 
the nature of cross-field force, several FFF subtechniques 
are differentiated: sedimentation FFF (SdFFF), flow FFF 
(FlFFF), etc (Fedotov et al. 2011). The SdFFF is performed 
in a circular flat channel inserted inside a centrifugal 
basket. In FlFFF, the cross-flow play the role of exter-
nal force field. In assymetrical FlFFF (also called AF4), 
the most commonly used FlFFF type, one channel wall 
(accumulation wall) is permeable for carrier-fluid, which 
passing through it form the cross-flow. Without going 
into details of FlFFF classification, further we will refer to 
these methods just as FlFFF.

FFF is a powerful analytical tool for the separation 
and characterization of environmental macromolecules 
and particles (Beckett 1991). It was demonstrated that 
SdFFF can be successively used for the fractionation and 
characterization of some inorganic colloidal particles and 
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Figure 2: The principle of field-flow fractionation technique.
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river-borne suspended particulate matter of size range 
<1  μm (Taylor et  al. 1992, Murphy et  al. 1993, Contado 
et al. 1997), soil colloids of size <1–2 μm (Chittleborough 
et al. 1992, Ranville et al. 1999), and colloidal kaolin par-
ticles (Blo et  al. 1995). SdFFF is also was applied to the 
study of mercury association with soil colloids within size 
range 0.1–1 μm (Santoro et  al. 2012). Nowadays, SdFFF 
can be used for the separation of particles >10 nm. This 
limitation is related to capability of centrifuges, which are 
used for cross-field force generation. This restriction can 
be avoided by using another FFF subtechnique, FlFFF, 
which enables particles down to 1 nm to be fractionated. 
FlFFF is used for the fractionation and characteriza-
tion of water (v.d. Kammer and Forstner 1998, Hassellov 
et  al. 1999, Lyven et  al. 2003) and soil (Baalousha et  al. 
2006) colloids. FlFFF has been applied to the fractiona-
tion of soil nanocolloids for studying iron (Regelink 
et  al. 2013b, 2014), phosphorus (Regelink et  al. 2013a), 
uranium (Claveranne-Lamolère et  al. 2009, 2011, Brit-
tain et al. 2012), and to trace metals (Brittain et al. 2012) 
speciation. FFF is used for the separation, detection, and 
quantification of such engineered NP as silver (Koopmans 
et  al. 2015), multiwalled carbon nanotubes (Gogos et  al. 
2014), ZnO (Gimbert et  al. 2007) in soils. For fractiona-
tion and characterization of soil colloids by FFF, a prese-
paration step is required. As a rule, centrifugation and/
or membrane filtration (Claveranne-Lamolère et al. 2009, 
2011, Santoro et  al. 2012, Koopmans et  al. 2015) as well 
as conventional sedimentation (Gimbert et  al. 2008) are 
used for sample treatment before FFF procedure. Sample 
treatment plays an important role in further fractionation 
and characterization of soil NP and SMP. For example, as 
has been mentioned earlier, membrane filtration can seri-
ously underestimate the colloidal fraction in soil sample 
(Gimbert et al. 2005, 2006) that can distort FFF results.

Generally, FFF is a powerful analytical tool for separa-
tion and characterization of environmental SMP and NP in 
size down to ~1 nm. Besides, FFF systems can be coupled 
on-line to different specific detectors to provide a compre-
hensive information about sample under investigation. 
However, the main limitation of this technique is weight 
of handling sample, which is about 1 mg and related to the 
volume of separation channel of FFF system. This requires 
an increased sensitivity of detection techniques used for 
the analysis of separated fractions. Besides, samples 
should be highly homogenized in order to provide rep-
resentative data (Fedotov et  al. 2011). However, in FFF 
studies of NP and SMP of dry particulate samples (e.g. 
soils), a preseparation step is used, as a rule, to recover 
fine particles. Since the weight of initial sample (taken, 
for example, for the preseparation by membrane filtration 

or centrifugation) is on a gram level, the data obtained in 
such a way may be considered as representative ones.

The fractionation in a rotating coiled column (RCC), 
which can be attributed to nonconventional FFF, enables 
the loading sample weight to be increased up to at least 1 g 
(Fedotov et al. 2011, 2015). This technique, named coiled 
tube FFF (CTFFF), employs the complex asymmetrical 
force field generated in planetary centrifuges. Among the 
other FFF techniques, CTFFF is more similar to SdFFF 
utilizing a circular channel inserted inside a centrifugal 
basket. Though both SdFFF and CTFFF are based on the 
centrifugal force field, there are two important differences 
between these techniques. Firstly, in the case of CTFFF, 
the mixture to be separated is not introduced into a thin 
channel but pumped with the carrier fluid through a long 
rotating coiled column (inner capacity about 20  ml or 
more). Secondly, in the planetary centrifuge used for per-
forming CTFFF, particles and fluid in the coiled column 
are under the action of the complex asymmetrical centrif-
ugal force field since the column drum rotates around its 
own axis and at the same time revolves around the central 
axis of the centrifuge. The separation of NP and SMP frac-
tions is achieved by an increasing step gradient of the 
carrier fluid flow rate at a constant column rotational 
speed (Fedotov et al. 2015).

FFF in RCC has been successfully applied to the sepa-
ration of soil clay fraction (<2 μm) for further characteriza-
tion and analysis (Katasonova et al. 2005). Fractionation 
in rotating coiled columns may be considered as a time-
saving alternative to the conventional sedimentation in 
the gravitational field. It is also known about using of 
RCC for the separation of NP and SMP (<0.3 and 0.3–1.0 
μm) of street dust samples for studying trace metals (Cr, 
Ni, Cu, Cd, Zn, Sn, and Pb) and rare-earth elements (La, 
Ce, Pr, Nd, and Sm) association with different size particle 
fractions (Fedotov et al. 2014). CTFFF was also applied to 
the fractionation of volcanic ash samples. As a result, the 
fractions of nano-, submicron, and micron volcanic ash 
particles were separated (Fedotov et al. 2015). FFF in RCC 
is a new but promising technique for the separation and 
characterization of nano- and microparticles (Fedotov 
et al. 2015).

Another field- and flow-based technique, which is 
used for NP and SMP particle separation, is continuous-
flow centrifugation (Zhang et  al. 2013). This method 
enables large volumes of material to be separated without 
time-consuming filling and decanting of numerous cen-
trifuge tubes. Continuous-flow centrifuges are used for 
implementation of this technique. The particle suspension 
is pumped with high flow rate into the rotor of centrifuge 
for separation. The different size fraction can be separated 
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by controlling the rotor speed. Thus, application of con-
tinuous-flow centrifugation to the recovery of <0.2, <0.6, 
and <1 μm particle fractions from soils is reported (Zhang 
et al. 2013).

Separation in impactors

Separation of particles in gaseous media is often used 
for the characterization of size distribution and chemi-
cal composition of airborne particulate matter. Different 
multistage (cascade) impactors are used for the study 
of endotoxins (Traversi et  al. 2011), polycyclic aromatic 
hydrocarbons (Hata et al. 2013), polychlorinated dibenzo-
p-dioxins and dibenzofurans (Yu et  al. 2009), soluble 
iron (Ooki et al. 2009), vanadium, iron, arsenic, and lead 
(Tolocka et  al. 2004) concentrations in different NP and 
SMP fractions of dust. It is also known about application 
of impactors for the investigation of chemical composition 
of dust (Reid et al. 2003, Geng et al. 2014) and volcanic ash 
(Ivleva et al. 2013) aerosol particles. It is reported of using 
impactors for the separation and collection of airborne 
particles in size classes of <0.49, 0.49–0.95 μm (Traversi 
et  al. 2011), <0.45, 0.45–0.65, and 0.65–1.1 μm (Ooki 
et  al. 2009); <0.07, 0.07–0.5, and 0.5–1.0 μm (Hata et  al. 
2013), <0.09, 0.09–0.24, 0.24–0.34, 0.34–0.56, 0.56–0.74, 
and 0.74–1.1 μm (Reid et  al. 2003); <0.25, 0.25–0.5, and 
0.5–1 μm (Geng et al. 2014). The separation in this case is 
achieved by pumping of large air volumes through impac-
tors and occurred according to the aerodynamic diameter 
of particles. It should be noted that particle separation in 
gaseous media according to their aerodynamic diameter 
is possible not only for aerosol particulate matter but also 
for deposited one. There are special laboratory chambers 
(Ho et al. 2003, Chow et al. 2004, Zhao et al. 2006) as well 
as mobile devices (Jancsek-Turóczi et  al. 2013) for the 
resuspension, separation, and further characterization of 
dust particles.

Techniques currently used for the separation of envi-
ronmental NP and SMP are briefly summarized in Table 1.

Characterization and analysis of 
nano- and submicron particles

Particle size distribution

Size distribution of particles is an important character-
istic of environmental samples, which determines their 

properties. Different methods are used for the assessment 
of particle size and size distribution: scanning electron 
microscopy (SEM), environmental SEM (ESEM), atmos-
pheric SEM (ASEM), transmission electron microscopy 
(TEM), laser diffraction (LD, also known as static light 
scattering), multiangle laser light scattering (MALLS), and 
dynamic light scattering (DLS, also known as photon cor-
relation spectroscopy). Scanning (Reid et  al. 2003, Tang 
et al. 2009, Acosta et al. 2011, Geng et al. 2014, Kadar et al. 
2014a,b) and transmission (Tang et  al. 2009, Tsao et  al. 
2013, Zhang et  al. 2013, Kadar et  al. 2014a,b) electron 
microscopies are the mostly used techniques for study-
ing the size and morphology of environmental particles. 
Electron microscopy techniques enable the particle size 
to be measured precisely. However, an adequate particle 
size distribution is difficult to obtain due to small sample 
size. One of the disadvantages of methods such as SEM 
and TEM is a difficulty of specimen preparation, which 
may affect the structures to be analyzed. Charging effects 
(in SEM) occurring in nonconducting samples (e.g. soils) 
under high vacuum also may hinder the imaging (Tuor-
iniemi et al. 2014). Moreover, vacuum environment inside 
the SEM or TEM chamber requires the samples to be pre-
pared in a dry state. Some artifacts can be introduced in the 
course of drying process that can lead to incorrect results 
(Luo et al. 2013). ESEM and ASEM, where it is possible to 
have a higher pressure (including atmospheric pressure) 
in the sample chamber than in a conventional SEM instru-
ment, may be suitable instruments for characterization of 
complex environmental particulate samples (Tuoriniemi 
et al. 2014). In contrast to SEM and TEM, ESEM and ASEM 
offer imaging of dry, semi-dry, and liquid samples in their 
original state and provide a broad overview of the whole 
population of NP and SMP (Luo et al. 2013). For example, 
using ESEM and ASEM for the in situ characterization of 
engineered NP and SMP in soil (Tuoriniemi et  al. 2014) 
and natural sediment (Luo et al. 2013) has been reported.

Methods such as LD, MALLS, and DLS allow one 
to estimate particle size distribution in suspension. In 
general, LD and MALLS are the methods based on one 
measurement principle. Thus, in LD analysis, according 
to Fraunhofer diffraction theory, the intensity of light scat-
tered by a particles is directly proportional to their size and 
the angle of the scattered laser beam increases as particle 
size decreases (and vice versa). It should be clarified that 
simultaneous measurements at several angles are known 
as MALLS. LD techniques are used for the measurement 
of particle size in nano-, submicron, and micron range. 
In turn, DLS is based on another measurement princi-
ple of particle size and size distribution. The Brownian 
motion of different size particles in suspension causes the 
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scattering of laser light with different intensities. Analy-
sis of these intensity fluctuations provides the informa-
tion about velocity of the Brownian motion and hence the 
particle size using the Stokes–Einstein relationship. DLS 
is commonly used for the characterization of particles in 
nano- and submicron scale.

Thus, LD (Tang et  al. 2009, Zhang et  al. 2013), DLS 
(Bakshi et  al. 2014, Kadar et  al. 2014a,b), and MALLS 
(Andersson et al. 2003, Claveranne-Lamolère et al. 2009, 
2011, Gogos et al. 2014) are used for the measurement of 
particle size distribution and for the evaluation of hydro-
dynamic and gyration radii of macromolecules and parti-
cles. Aforementioned light scattering techniques may be 
used in both off-line and on-line modes. The main features 
of particle size characterization techniques are summa-
rized in Table 1.

It should be noted that FFF techniques also enable 
particle size distribution of the sample to be estimated. 
Particles of different size have different retention time in 
the course of FFF procedure. Thus, calibration of FFF by 
using standard particles (e.g. polystyrene) allows one to 
evaluate the size distribution of NP and SMP in soil and 
other samples (Claveranne-Lamolère et al. 2009, 2011).

Chemical composition

For chemical characterization (assessment of elemental 
and mineral composition) of environmental NP and SMP, 
a wide range of analytical techniques is employed.

Electron microscopes (SEM or TEM) equipped with 
energy-dispersive X-ray spectroscopy detectors (EDS) can 
be used not only for size and morphology characteriza-
tion of particles but also to estimate particle macroele-
mental composition (Reid et al. 2003, Acosta et al. 2011, 
Geng et al. 2014, Kadar et al. 2014a,b). It should be noted 
that SEM-EDS enables single particles including nanopar-
ticles to be analyzed without separation (Shi et al. 2009, 
Dalmora et al. 2016). However, this is a semiquantitative 
method, which allows one to determine mainly major ele-
ments. Moreover, representativity in single-particle analy-
sis by SEM-EDS is very poor because of variety of particle 
origin, age, and hence chemical composition. This is why 
estimation of chemical composition of particular size frac-
tion is in general a difficult task.

X-ray diffraction (XRD) is used for characterization 
of structure and mineral composition of environmental 
particles. Application of conventional and synchrotron 
XRD to characterization of clay minerals composition in 
various particle size fractions (1–100, 100–450, and 450–
2000 nm) of soils has been reported (Tsao et al. 2013). XRD 

was also used for the identification of clay minerals in <0.2 
and 0.2–3 μm soil particles (Zhang et al. 2013). In addition 
to XRD, Raman microspectroscopy is also utilized to study 
mineral composition and structure of individual volcanic 
ash particles for their identification (Ivleva et  al. 2013). 
Characterization of particle structure may be used for 
identification of their origin, for example, volcanic erup-
tions or soil erosion, and aging (Ivleva et al. 2013).

Advanced analytical techniques are utilized for the 
investigation of elemental composition of environmen-
tal NP and SMP. Such techniques as inductively coupled 
plasma optical emission spectrometry (ICP-OES) (Tang 
et al. 2009, Luo et al. 2011, Zhang et al. 2013, Fedotov et al. 
2014), inductively coupled plasma mass spectrometry 
(ICP-MS) (Tang et al. 2009, Luo et al. 2011, Fedotov et al. 
2014, Tepe and Bau 2014), and atomic absorption spectro-
scopy (AAS) (Ajmone-Marsan et  al. 2008, Madrid et  al. 
2008, Acosta et al. 2011) are often utilized for off-line deter-
mination of major (K, Na, Al, Ca, Fe, Mg, etc.) and trace 
(Cu, Zn, Pb, Co, Ni, Cr, Cd, etc.) elements in NP and SMP 
fractions of soil, dust, and volcanic ash after their acid 
digestion. The application of cold vapor generation elec-
trothermal atomic absorption spectrometer (CV-ETAAS) to 
the investigation of mercury association with soil NP and 
SMP is also known (Santoro et al. 2012). As a rule, off-line 
determination of element concentrations is applied to NP 
and SMP fractions separated by using sedimentation, cen-
trifugation, and membrane filtration techniques.

Special attention should be paid to the method called 
single particle-ICP-MS (SP-ICP-MS), which enable meas-
urements on a “particle by particle” basis to be performed 
(Laborda et  al. 2014). This technique, initially being 
proposed for the characterization of aerosol particles 
(Nomizu et al. 1993), was applied to analysis of colloidal 
suspensions on uranium (Degueldre et al. 2006a), zirconia 
(Degueldre et al. 2004), thorium (Degueldre and Favarger 
2004), and gold (Degueldre et al. 2006b). In recent years, 
due to development on nanotechnologies and hence the 
necessity to establish new techniques for characteriza-
tion and quantification of engineered NP, SP-ICP-MS has 
received renewal interest (Heithmar and Pergantis 2010, 
Pace et al. 2011). SP-ICP-MS enables information about the 
elemental composition, number concentration, size, and 
size distribution of NP and SMP to be obtained. The prin-
ciple of particle characterization by SP-ICP-MS is based on 
assumption that each recorded pulse represents a single 
particle from which it follows: (i) the frequency of the 
pulses is directly related to the number concentration of 
particles and (ii) intensity of each pulse is proportional to 
the mass of element in each detected particle (i.e. its size) 
(Laborda et al. 2014).
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It should be noted that dissolved forms of the nano-
particle constituent elements can be determined as well. 
Soluble forms of an element are distributed homoge-
nously within a solution; therefore, the mass of element 
entering the plasma per unit of time and traveling to the 
detector as ions can be considered constant, producing a 
“steady” signal (Laborda et  al. 2014). By contrast, if the 
sample contains NP, the element is no longer distributed 
homogenously and present as discrete groups of atoms 
(Laborda et al. 2014).

Thus, it is known about the application of SP-ICP-MS 
to the quantification and characterization of engineered 
copper NP in soil (Navratilova et  al. 2015), titanium 
dioxide, silver, and gold NP (Donovan et al. 2016a, Yang 
et al. 2016) as well as zinc oxide and cerium dioxide NP 
(Donovan et  al. 2016b) in water. It is also reported that 
combination of SP-ICP-MS with synchrotron-based X-ray 
absorption spectroscopy enables the release of colloidal 
arsenic in environmental samples to be evaluated (Gomez-
Gonzalez et al. 2016).

SP-ICP-MS is a promising sizing and quantification 
technique for environmental NP and SMP; however, some 
limitations should be mentioned. First of all, to provide 
precise information about size of the particles, their com-
position, density, and shape must be known (Laborda 
et  al. 2014). Therefore, the combination of SP-ICP-MS 
with imaging techniques (e.g. electron or atomic force 
microscopy) is recommended. Secondly, the method is 
suitable for particles not less than 10–20 nm (depending 
on the constituent element) (Laborda et al. 2014, Lee et al. 
2014a,b). The detection of smaller sized NP involves the 
use of ICP-MS instruments with a higher detection effi-
ciency (Laborda et al. 2014).

In general, combination of aforementioned off-line 
analytical techniques may give a comprehensive informa-
tion about size, morphology, structure, and chemical com-
position of environmental NP and SMP. However, in recent 
years, hyphenated techniques have received an increased 
attention as powerful analytical tool for on-line separa-
tion and characterization/analysis of complex samples. 
Hyphenated techniques enable time and additional errors 
related to sample handling in interstitial stages of charac-
terization and analysis to be reduced.

As it has been mentioned earlier, FFF is a good basis 
for developing different “hyphenated” techniques for sep-
aration, investigation, and analysis of environmental col-
loidal and particulate matter (Fedotov et al. 2011). It can 
be easily coupled to various detectors such as ultraviolet 
(UV), differential refractive index, MALLS, fluorescence, 
ICP-MS, and ICP-OES. As a rule, UV-detector and MALLS 
are always used for detection of particles and their size 

measurement. For chemical analysis, different techniques 
are employed. For example, coupling of SdFFF with 
ICP-MS (Murphy et al. 1993, Ranville et al. 1999) and ETAAS 
(Contado et al. 1997) has been proposed for environmental 
nanocolloid characterization. The hyphenation of FlFFF 
with ICP-MS (v.d. Kammer and Forstner 1998, Hassellov 
et al. 1999, Lyven et al. 2003, Claveranne-Lamolère et al. 
2009, 2011) and ICP-OES (Sangsawong et al. 2011) is also 
reported. It is also known about hyphenation of FlFFF 
with SP-ICP-MS for the detection and quantification of 
silver nanoparticles in aquatic systems at environmen-
tally relevant concentrations (Huynh et al. 2016). It should 
be noted that coupling of FFF-system with detector (i.e. 
ICP-MS, ICP-OES, etc) lead to the analysis of particle sus-
pension. In this case, the results are directly dependent on 
completeness of particle decomposition. It is known that 
in major cases particles <1 μm fully decompose in electro-
thermal atomizer or ICP (Olesik and Gray 2012). Therefore, 
direct analysis of NP and SMP by using ICP-MS, ICP-OES, 
and ETAAS may be considered to be reliable.

Quality control of separation and 
characterization methods
The problem of quality control of separation and 
characterization methods of NP and SMP is very impor-
tant within the context of reliability of obtained data 
because, for today, there are no reference materials of 
NP and SMP for complex environmental samples such as 
soil, dust, and ash. It is a relevant subject, which should 
help in comparison and interpretation of analytical 
results. Some aspects of this problem will be discussed 
in this section.

With regard to the separation methods, the quality 
control may be implemented by imaging (e.g. SEM and 
TEM) and light scattering (LD, DLS) techniques. In this 
respect, imaging techniques seem to be more reliable 
because they can get more precise information about size, 
shape, and morphology of separated particles. The meas-
urement of particle size by light scattering techniques is 
based on certain theories that have certain assumptions, 
which may introduce some artifacts in acquired data 
(especially when investigating environmental particles 
with complex composition and shape). Therefore, ideally, 
particle size distribution obtained by light scattering 
techniques should by confirmed by electron microscopy. 
In this sense, among separation techniques, FFF is more 
self-sustained because it is a sizing technique as well. 
However, sizing theory of FFF also has some assumptions 
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(e.g. particle sphericity); therefore, results obtained 
should be confirmed by aforementioned light scattering 
and imaging techniques.

Membrane methods should also be mentioned in 
terms of quality control of separation. Pore diameter of 
membrane is considered to be a size standard for particles 
permeating through the membrane. However, when using 
cascade filtration, the possibility of cross-contamination 
of separated fractions may be very significant because of 
some negative side processes. In turn, one-stage mem-
brane separation enables particles less than membrane 
pore diameter to be recovered in permeate. Similar to 
other separation methods, results obtained should be 
confirmed by light scattering and imaging techniques. In 
respect to quality control, particle separation in impactors 
according to aerodynamic diameter is similar to mem-
brane filtration (according to hydrodynamic diameter). 
The diameter of orifices used in impactors may be consid-
ered as a size standard as well.

As has been mentioned, there are no reference mate-
rials of NP and SMP for complex environmental samples 
such as soil, dust, and ash. Therefore, concerning the 
quality control of elemental analysis, only calibration of 
analytical instrument by using elemental standards is 
appropriate.

Conclusion
It can be concluded that all considered separation and 
characterization techniques, which are used for investiga-
tion of environmental NP and SMP, have both advantages 
and limitations. The selection of appropriate technique is 
dependent on the research tasks related to the nature and 
physicochemical properties of particulate samples, size of 
particles to be separated, elements under study, or expen-
siveness and availability of analytical devices. The fea-
tures of different separation and characterization/analysis 
techniques are briefly displayed in Table 1. In most cases, 
a reasonable combination of separation and characteriza-
tion techniques allows one to obtain the most reliable and 
comprehensive results. Special emphasis should be given 
to hyphenated techniques, which enables separation and 
characterization/analysis of environmental NP and SMP 
to be performed on-line.
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