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Abstract Long-term stability of two engineered

nanomaterials (ENMs), i.e., the inorganic n-TiO2

and the organic Multi-Walled Carbon Nanotubes

(MWCNTs), dispersed in artificial freshwater

(5–100 mg l-1), was investigated from short-term

settling velocity, particle size distribution, and surface

charge. Hydrodynamic diameter and f-pot, calculated
by means of dynamic and electrophoretic light scat-

tering, respectively, qualitatively indicated a general

ENMs dispersion instability over 1 h time. Sedimen-

tation results, obtained by centrifugal separation

analysis using the LUMiSizer over approx. 30 min

analysis time, allowed to estimate the quantitative

long-term (over 30 days) stability of ENMs. Settling

data fitted satisfactorily with a first-order kinetic

equation (R2 in the range of 0.918–0.989). The settling

rate constant k values extrapolated at gravity spanned

one order of magnitude, i.e., from 7.21 9 10-5 to

4.12 9 10-4 s-1, and with the increasing of initial

ENMs concentration. Sedimentation velocities were

in good agreement with short- to long-term literature

data (7.8 9 10-2–1.7 9 10-1 m day-1 vs. 5 9

10-4–3 9 10-1 m day-1 for n-TiO2 and 5.9 9

10-2–3.4 9 10-1 m day-1 vs. 2 9 10-1–1.2 m

day-1 for MWCNTs). n-TiO2 showed a higher long-

term stability with respect to MWCNTs (average:

1 9 10-1 ± 3.4 9 10-2 m day-1 instead of 1.7 9

10-1 ± 1.1 9 10-1 m day-1, respectively).
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Introduction

Unique physico-chemical properties of engineered

nanomaterials (ENMs) with respect to the conven-

tional bulk material have prompted the development

of nanotechnology-based consumer products in many

fields, including medicine, cosmetics, paints and

coatings, electronics, textiles and sport items, food

packaging, and energy storage (Piccinno et al. 2012).

As a consequence, the potential environmental release

and the resulting exposure to ENMs along their life

cycle are expected to constantly increase (Farré et al.

2009; Nowack et al. 2012; Pettitt and Lead 2013).

Based on environmental exposure scenarios, water is

one of the main compartments where ENMs can be
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released (Nowack et al. 2014). Similar to colloidal

particles, ENMs in a fluid become dispersed as solid

particles in a continuous medium, which leads to the

formation of a dynamic and heterogeneous system.

Classical colloid chemistry addressed the issue of

colloidal suspension stability by applying the Der-

jaguin–Landau–Verwey–Overbeek (DLVO) theory

(Dahirel and Jardat 2010), which combines two

opposite forces: van der Waals attraction (i.e., sum

of dipole–dipole forces, inductive forces, and disper-

sion forces) and electrostatic repulsion forces (Loux

et al. 2011). The colloidal stability is observed only

when the electrostatic forces dominate, while particles

are likely to aggregate and thus settle out if attractive

forces prevail. The stability of a colloidal system was

experimentally investigated by applying an electrical

field and measuring the movement of solid particles in

dispersion (Hunter 1988). By an optical detection

system, electrophoretic light scattering (ELS) was

developed and used for characterizing surface charges

of colloidal particles (Takeuchi et al. 1997; van der

Zande et al. 2000). Depending of particles’ charge, the

recorded signal of the movements of particles can shift

to different frequencies and then can be converted to

electrophoretic mobility and to Zeta potential (f-pot),
using the Smoluchowski equation (Jiang et al. 2009).

A f-pot of at least ±30 mV is normally required to

achieve a stable colloidal dispersion. The use of this

technique has also recently been extended to gather

information on the stability of different ENMs

dispersions (Suttiponparnit et al. 2011; Zhang et al.

2008).

The DLVO theory was reported in several studies to

interpret experimental observations of ENMs agglom-

eration behavior (Buettner et al. 2010; Liu et al.

2011b; Liu and Hurt 2010), as well as to predict the

agglomeration behavior of ENMs in liquids (Liu et al.

2011a). Even if a good agreement between the theory

and experimental results was shown, some authors

suggested that DLVO theory may have to be revised to

be applied to ENMs, mainly because of different

physico-chemical properties shown by ENMs in

comparison with chemicals (Dahirel and Jardat

2010; Hotze et al. 2010). Moreover, DLVO theory

has never been successfully used for complex matrices

(Lowry et al. 2010).

Similar to colloidal particles, upon release into the

environment, intrinsic physico-chemical properties of

ENMs as well as the specific environmental conditions

mainly determine the fate and behavior of ENM

(Hartmann et al. 2014; Wiesner et al. 2009). There-

fore, a comprehensive characterization of all the

processes affecting the ENMs system stability is

needed. Among all, transformation processes, such as

surface modification, homo- and hetero-aggregation,

and transport processes, i.e., advection and sedimen-

tation, have been identified as key factors to affect fate

and behavior of ENMs in the aquatic environment

(Quik et al. 2014a). Sedimentation and aggregation

kinetics of different ENMs in several media have been

investigated by numerous studies, combining exper-

imental and numerical approaches (Afrooz et al. 2013;

Brunelli et al. 2013; Chen and Elimelech 2006;

Chowdhury et al. 2013; Gambinossi et al. 2015;

Keller et al. 2010; Liu et al. 2012; Schwarzer and

Peukert 2005; Zhang et al. 2012). In parallel, modeling

approaches for estimating environmental exposure

concentration of ENMs have been published (Arvids-

son et al. 2011; Gottschalk et al. 2010; Mueller and

Nowack 2008; Praetorius et al. 2012; Quik et al. 2011),

including also key parameters for developing fate and

exposure models for ENMs, i.e., sedimentation rates

and non-settling fractions in natural waters and hetero-

aggregation rates between ENMs and natural colloids

(Quik et al. 2014a, b; Van Koetsem et al. 2015).

Experimental work performed so far on the sedi-

mentation behavior of ENMs in dispersion was carried

out with one of the following methods: (i) small angle

neutron scattering (SANS), to estimate the concentra-

tion of silica nanoparticles and thus the settling

velocity, at the top and near the bottom of the cuvette,

just above the settled particles (Jarvie et al. 2009); (ii)

molecular spectroscopy (Battin et al. 2009; Brunelli

et al. 2013; Chinnapongse et al. 2011; Keller et al.

2010; Kennedy et al. 2008; Phenrat et al. 2006;

Tiraferri et al. 2008), to measure the absorbance of

ENMs over time, approx. at the middle of the cuvette,

and thus to obtain the ENMs concentration by

applying the Lambert–Beer’s law, in order to finally

calculate the sedimentation rates of ENMs in disper-

sion; (iii) inductively coupled plasma mass spectrom-

etry (ICP-MS), as reported by Quik et al. (2010, 2012,

Quik et al. 2014b) and Van Koetsem et al. (2015), to

determine the concentration of inorganic ENMs over

time, taking an aliquot from the middle of a dispersion

at different times (i.e., up to 15 days), thus providing

the sedimentation velocity of each ENM by fitting the

experimental data with a first-order decay equation.
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In summary, according to the current state of the

art, fate and behavior of ENMs in dispersions were

studied at gravity, over no more than 15 days and in a

narrow region of the total volume investigated, by

using time-consuming techniques. Adeleye and Keller

(2014) and Schwyzer et al. (2012) were the only

studies investigating the long-term colloidal stability

of carbon nanotubes in water dispersions. Sedimenta-

tion kinetics for some ENMs were quantitatively

calculated only by Brunelli et al. (2013), Quik et al.

(2014b), and Van Koetsem et al. (2015), but no

standardized protocols have been provided to carry out

the characterization of the long-term stability of

ENMs in dispersion. Predicted environmental con-

centrations of ENMs and available ecotoxicological

data at realistic environmental concentrations (i.e., ng-

lg l-1) suggest that ENMs can cause sub-lethal and

long-term effects (Farré et al. 2009; Ramsden et al.

2013; Villarreal et al. 2014). Therefore, experimental

data on the long-term stability of ENMs is needed, in

order to deeply understand the real exposure and

effects of ENMs during chronic ecotoxicological

testing as well as to feed fate and long-range transport

modeling to support environmental risk assessment.

The aim of this work was to study the long-term

stability (over 30 days) in artificial freshwater of both

the inorganic titanium dioxide nanoparticles (n-TiO2)

P25 and the organic multi-walled carbon nanotubes

(MWCNTs) NC7000, by short-time (no more than

1 h) measurements. The centrifugal separation anal-

ysis (CSA) method, using the Multi-wavelength

Dispersion Analyzer, based on STEPTM technology

(space and time resolved extinction profiles), accord-

ing to ISO/TR 13,097:2013, was employed to calcu-

late the sedimentation kinetics of dispersed ENMs.

n-TiO2 and MWCNTs were selected as models

representative of spherical inorganic and tube organic

ENMs, respectively, since they are widely used in e.g.,

coatings, paints, personal care, and cosmetic products

(n-TiO2) as well as in electronics, transports, sport,

and leisure products (MWCNTs), and thus may reach

the environment at different life cycle stages, either

unaltered or, most likely, significantly transformed

(Al-Kattan et al. 2014). This work focused specifically

on transport processes of ENMs and, in particular, on

sedimentation kinetics, because environmental fate

and behavior of n-TiO2 and MWCNTs are mainly

affected by sedimentation, in addition to homo- and

hetero-aggregation/agglomeration (Hartmann et al.

2014).

Materials and methods

Characterization of pristine ENMs

The inorganic Aeroxide� P25 titanium dioxide

nanopowder (n-TiO2), obtained from Evonik Degussa

(Germany), and the organic NanocylTM NC7000

multi-walled carbon nanotubes (MWCNT), received

from Nanocyl s.a. (Belgium), were characterized by

means of dynamic light scattering (DLS), ELS, and

CSA. P25 powder (declared average particle size:

21 nm) is a mixture of approx. 80 % anatase and 20 %

rutile, with 99.5 % purity, 50 ± 15 m2 g-1 as surface

area, and a bulk density of 3.8 g cm-3. Primary

characterization of P25 is reported in our previous

work (Brunelli et al. 2013). NC7000 powder has an

average size diameter of 9.5 nm, with 1.5 lm length,

declared as amorphous carbon, 90 % purity, a surface

area between 250 and 300 m2 g-1 and, according to

the supplier, a density of 4.8 9 10-2 g cm-3.

To check consistency of primary characterization

data for NC7000 with suppliers, structure and material

size were investigated by transmission electron

microscopy (TEM) with a Jeol 3010 (Tokyo, Japan),

operating at 300 kV. TEM samples were prepared by

deposition of a drop of NC7000 dispersion in ethanol,

on a copper TEM grid, followed by evaporation at

room temperature prior to analysis. Specific surface

area was calculated by the Brunauer, Emmett, and

Teller (BET) method (Brunauer et al. 1938), by

nitrogen adsorption on a Micromeritics (Norcross,

GA, USA) ASAP 2000 instrument at an adsorption

temperature of -196 �C, after pre-treating the sample

under high vacuum at 300 �C for 2 h.

ENMs dispersions preparation

Ultrahigh-pure water (minimum resistivity: 18.2 MX
cm) was produced with a MilliQ water purifier system

(Millipore, Bedford, MA, USA). The recommended

reconstituted artificial freshwater (AFW) (OECD

1992), used for ecotoxicological testing, was prepared

by dissolving CaCl2�2H20, MgSO4�7H20, NaHCO3,

and KCl, in MilliQ water by magnetic stirring.
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All inorganic salts were of analytical grade and

purchased from Sigma-Aldrich (St. Louis, MI,

USA). The physico-chemical characteristics of AFW

were as follow: salinity was\1 %, ionic strength (IS)

was 2 mmol l-1, with Ca:Mg ions 4:1 and Na:K ions

10:1, acid capacity was 0.8 mmol l-1, pH was

8 ± 0.3, and dissolved organic carbon (DOC) was

\0.1 mg l-1. A stock dispersion at the nominal

concentration of 100 mg l-1 in AFW was prepared

from nanopowder and diluted to obtain working

dispersions. According to different interactions

between each ENM and the selected wavelength of

the Dispersion Analyzer LUMiSizer� 651, P25, and

NC7000 were tested at slightly different concentration

levels as follows: 5, 10, 15, 20, 50, and 100 mg l-1 for

P25 and 10, 14, 20, 40, and 100 mg l-1 for NC7000.

The concentration range was selected according to

ecotoxicological testing on ENMs and to the Limit of

Detection (LOD) of LUMiSizer (i.e., 1 mg l-1 for P25

and 0.1 mg l-1 for NC7000). The temperature was set

at 25 �C throughout the time span of analysis. Given

the fast agglomeration and sedimentation of NC7000

in AFW (i.e., around 10 min) and according to Wang

et al. (2013), 0.2 % w w-1 of Humic Acid (Sigma-

Aldrich, St. Louis, MI, USA) was used to increase the

stability rate. Thus, according to the certificate of

analysis of Humic Acid by Sigma-Aldrich, DOC of

NC7000 dispersions was approx. 0.2 %. Each disper-

sion was homogenized with an ultrasonic bath (Falc

Instruments s.r.l., Bergamo, Italy) at 50 kHz for

15 min immediately prior to sampling and analysis.

Short- and long-term stability of ENMs dispersions

The short-term stability of ENMs dispersions was

assessed by DLS and ELS by means of a multi-angle

Nicomp ZLS Z3000 (Particle Sizing System, Port

Richey, FL, USA). The hydrodynamic diameter of

P25 was measured over 1 h with an optical fiber set at

90� scattering angle, using a 25 mW laser, 639 nm

wavelength, and an avalanche photodiode, able to

increase the sensitivity and to multiply the signal

intensity from scattered particles up to ten times.

According to the physical principles of DLS, the

intensity of light scattered by examined particles is

assumed equal to that of an ideal sphere. Therefore,

DLS was not suitable to calculate the hydrodynamic

diameter of dispersed NC7000. The surface charge of

the electric double layer of both P25 and NC7000 was

acquired with ELS, by calculating the phase shift of

ENMs with the phase analysis light scattering (PALS).

A 5 V electric field was applied and f-potential was
determined from the mean phase shift with respect to

time. The results from DLS and ELS were reported as

an average of three measurements each.

Long-term (up to 30 days) stability of P25 and

NC7000 dispersions was extrapolated by short-time

(i.e., 33 min) measurements, carried out by the Multi-

wavelength Dispersion Analyzer LUMiSizer� 651

(L.U.M. GmbH, Berlin, Germany), which is based on

CSA.TheLUMiSizer allows to speed up the separation

of different components in dispersion by the applica-

tion of a Relative Centrifugal Force (RCF), ranging

from 5 to 2325, which accelerates the movement of

materials compared to gravity. The wavelength of the

transmitted light, through a polycarbonate quadratic

synthetic cell with an optical path of 10 mm, was set at

470 nm. The transmission profiles obtained referred to

the amount of light passing through the sample cell

lying horizontally on the rotor over time [as shown by

Fig. 1 in Detloff et al. (2007)]. Throughout each

measurement with LUMiSizer, the progress of the

transmission profiles moved from the lowest (red) to

the highest (green) transmission values (Fig. 1). The

variations of the transmission profiles over time and

space provided information on the kinetics of the

separation/sedimentation process, allowing to calcu-

late the sedimentation rates of solid material.

Sedimentation of P25 and NC7000 dispersions was

studied by selecting the transmittance (%) over time at

the midpoint of the length of the cuvette, i.e.,

117.48 mm far from the rotor, at different Rotation

Per Minute (RPM; min-1) and ENM initial concen-

trations tested. The midpoint of the cuvette was

selected to obtain data comparable with the most

common techniques (i.e., UV–Vis and ICP-MS)

reported in literature. RPM was converted to RCF by

the Eq. 1:

RCF ¼ 1:1179� 10�3 � RPM2 � R; ð1Þ

where R [m] is the radius, calculated from the center of

the rotor to the point at which the transmittance values

were considered. According to the Lambert–Beer’s

law, transmittance values were converted to absor-

bance and then to ENM concentration to finally plot

concentration versus centrifugation time. The runtime
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of each analysis was set at 2000s (i.e., 33.3 min), after

proving that, regardless ENMs initial concentrations

and RCF applied, this time interval was suitable to

reach the plateau, i.e., the complete ENM sedimenta-

tion, resulting in ENM concentration in AFW = 0.

The calculation of extrapolated day results from the

following equation: centrifugation time 9 RCF. Each

analysis was performed in triplicate and results were

expressed as average. The collected data were inter-

preted by means of a first-order decay equation

(Eq. 2), which was adapted from Brunelli et al.

(2013) and Quik et al. (2014b).

Ct ¼ ðC0 � plateauÞ � e�kt þ plateau; ð2Þ

where Ct [mg l-1] is the concentration at time t, C0

[mg l-1] is the initial concentration of ENM, k [s-1] is

the settling rate constant, t [s] is the settling time and

plateau [mg l-1] is the minimum concentration after

centrifugation, corresponding to a constant value close

to 0.

The estimation of the long-term (i.e., over 30 days)

stability of ENMs was performed fitting the k values

obtained at different RCF by LUMiSizer with linear

regression, allowing to calculate k values at gravity.

Finally, according to Quik et al. (2014b), sedimenta-

tion velocity of all dispersed ENMs was calculated by

multiplying k with the sedimentation length (i.e.,

9.48 mm, which was the length distance from the top

of the water surface to the midpoint of the cuvette). R

software was used for data treatment.

Results and discussion

Before undertaking any stability experiment, the

consistency of characterization data provided by

suppliers was checked. According to Brunelli et al.

(2013), n-TiO2 showed a size distribution ranging

from 10 to 65 nm (average: 27 nm), with partly

irregular and semi-spherical particles. Anatase:rutile

ratio was 4:1 ratio; specific surface area was

61 m2 g-1. As far as NC7000 is concerned, the

diameter ranged from 4 to 16 nm (average: 8 nm)

and the length from 575 to 3462 nm (average:

1543 nm) (Fig. S1). The specific surface area was

269 ± 13 m2 g-1. The overall characterization data

obtained were consistent with those provided by the

suppliers.

From short-time stability measurements to long-

term stability estimation

The qualitative short-term stability assessment of

ENMs dispersions was carried out over 1 h time, by

measuring the hydrodynamic diameter of P25 and the

f-potential of all the dispersions. The hydrodynamic

Fig. 1 Typical transmission profiles of n-TiO2 P25 (left) and MWCNTs NC7000 (right) dispersions in AFW at 10 mg l-1 at 1200

RPM
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diameter of P25 increased from 480 nm to 2 lm,

showing a fast particle agglomeration, as already

observed in literature (Brunelli et al. 2013; Zhang et al.

2009). Moreover, f-potential was -4.7 ± 2.7 and

-10.4 ± 1.9, for P25 and NC7000 dispersions respec-

tively, suggesting a general instability of the disper-

sions over the 0–1 h time interval.

The quantitative long-term stability of ENMs

dispersions was estimated from short-time experi-

ments by CSA–LUMiSizer instrumentation. The typ-

ical spatial range of settling data for dispersed ENMs

was between the liquid/air phase boundary, at 108 mm

far from the rotor of the centrifuge, corresponding to

the top of the cuvette, and the bottom of the cell, at

130 mm. As an example, typical transmission profiles

at 1200 RPM for P25 and NC7000 dispersions at

10 mg l-1 in AFW are presented in Fig. 1. Transmis-

sion profiles for P25 increased from an average of

69 %, representing the initial conditions, i.e., begin-

ning of experiment, to 94 %, corresponding to the

complete settling of particles (Fig. 1, left). As far as

transmission profiles of NC7000 (Fig. 1, right) is

concerned, the average transmission percentage

spanned from 54 % to 83 %. The broader range of

transmittance values obtained for NC7000 compared

to P25 was a preliminary indication of a higher long-

term stability of P25. Moving from transmittance to

concentration, Figs. 2 and 3 show typical sedimenta-

tion behavior of P25 and NC7000 respectively, both

dispersed in AFW at 10 mg l-1, obtained by LUMi-

Sizer at 189 RCF, corresponding to 1200 RPM.

Equation 2 was used to describe experimental data

(dots) with a first-order kinetic equation, to finally

obtain sedimentation profiles with standard deviations

(thin bar related to each dot). The overall sedimenta-

tion data of ENMs at different initial concentrations

and RCF tested, are presented in Figs. S2–S11. The

standard deviation over three measurements was

inversely related to RCF applied and resulted higher

for P25 than that of NC7000. Generally, as expected,

by increasing RCF, sedimentation rate of ENMs

increased, reaching the complete sedimentation, i.e.,

the plateau, over a shorter time. For example, as far as

NC7000 dispersed at 10 mg l-1 is concerned

(Fig. S7), the complete sedimentation was obtained

after approx. 150 s of analysis at 820 RCF compared

to 2000s of analysis at 84 RCF. Equation 2 was used to

calculate the first-order rate constant (k) values at

different RCF selected, and the results are displayed in

Figs. 4, 5. The overall data fitted well with linear

regression and, therefore, rate constant k at gravity,

i.e., the slope of each line, was calculated for all

dispersions. The fitting line was forced to pass through

the origin, assuming that at RCF = 0, k = 0.

Fig. 2 Sedimentation profiles of n-TiO2 P25 dispersed in AFW

at 10 mg l-1 over centrifugation time at 189 RCF, correspond-

ing to 1200 RPM

Fig. 3 Sedimentation profiles of MWCNTs NC7000 dispersed

in AFW at 10 mg l-1 over centrifugation time at 189 RCF,

corresponding to 1200 RPM
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The estimated k values at gravity, the correlation

coefficients (R2) of the fitting as well as the sedimen-

tation velocity data are summarized in Table 1.

Standard deviations of k were between one and two

order of magnitude lower than the average k values. R2

resulted satisfactorily for all the dispersions, ranging

from 0.918 to 0.989 (0.972 ± 0.02 for P25 and

0.958 ± 0.02 for NC7000). In general, k spanned

one order of magnitude, ranging from 7.21 9 10-5 to

4.12 9 10-4, increasing with the increase of initial

ENMs concentration, except for P25 dispersed at

10 mg l-1. Finally, the comparison of sedimentation

behavior between P25 and NC7000 dispersions is

presented in Fig. 6. Generally, as expected from a

preliminary observation of transmission profiles dis-

played in Fig. 1, a higher stability of P25 dispersions

in comparison with NC7000 dispersions was found,

especially for concentrations above 20 mg l-1.

Fig. 4 k values (dots) and linear fitting (line) of dispersed P25, calculated at different initial concentrations and RCF

J Nanopart Res (2016) 18:113 Page 7 of 13 113
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Comparison of the estimated long-term stability

with previous results

Schwyzer et al. (2012) and Adeleye and Keller

(2014) were the only authors who investigated the

long-term (up to 140 days) stability of several

carbon nanotubes under different environmental

conditions, but no sedimentation kinetics were

provided. A few studies have investigated the

sedimentation behavior of ENMs at environmental

realistic concentrations (Brunelli et al. 2013) or

tested ENMs with different chemical composition

and surface area but with similar shape (Keller et al.

2010), for no longer than 15 days and using two

different techniques, i.e., molecular spectroscopy for

organic samples and mass spectrometry for inor-

ganic samples (Quik et al. 2014b; Van Koetsem

et al. 2015).

Fig. 5 k values (dots) and linear fitting (line) of dispersed NC7000, calculated at different initial concentrations and RCF
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In very few studies the stability of nano-based

dispersions was investigated by CSA–LUMiSizer

instrumentation, by qualitatively comparing the sed-

imentation behavior of ENMs (Erné 2012; Krause

et al. 2010; Sobisch et al. 2010, 2012; Lerche 2002).

DeLoid et al. (2014) proposed a quantitative approach

based on CSA, calculating sedimentation coefficient

distributions (Supplementary Fig. 2 in DeLoid et al.

2014) and diffusion rates of ENMs in culture media for

in vitro dosimetry, using the CSA–analytical ultra-

centrifugation, a relatively expensive and time-con-

suming technique.

The results obtained in this work with LUMiSizer

were compared with data collected from the only

studies reporting sedimentation kinetics for n-TiO2

and MWCNTs, i.e., Quik et al. (2014b) and our

previous work (Brunelli et al. 2013). Table 2 summa-

rizes all the sedimentation velocity data and the

experimental conditions available in the literature.

Specifically, as far as TiO2 is concerned, Battin et al.

(2009), Keller et al. (2010), and Brunelli et al. (2013)

studied the sedimentation behavior of P25 in several

waters. As far as carbon-based materials are con-

cerned, Adeleye and Keller (2014), Schwyzer et al.

(2012), and Kennedy et al. (2008) investigated the

sedimentation behavior of MWCNTs, while in Quik

et al. (2014b) the dispersion stability of a spherical

carbon-based ENM, i.e., fullerene C60, was studied.

Although there are many differences among the

compared studies with regards to ENM’s type, initial

ENM concentration, medium, analytical technique,

and experimental duration, sedimentation velocity

data presented in this work are in good agreement with

data reported in Table 2. More specifically, sedimen-

tation velocity data of P25 dispersions extrapolated

from LUMiSizer, shown in Table 1, span a higher

range, i.e., from 7.82 9 10-2 to 1.66 9 10-1

m day-1, compared to literature data in freshwater

(Table 2). Vice versa, as far as NC7000 is concerned,

sedimentation velocity data in Table 1 comprised in a

narrower range compared to Kennedy et al. (2008),

i.e., from 5.9 9 10-2 to 3.37 9 10-1 m day-1 for

Table 1 First-order fitting equation parameters and sedimentation velocity data for P25 and NC7000 dispersions at different initial

concentrations tested in AFW

ENM Initial ENM

concentration (mg l-1)

k (s-1) at force gravity SD R2 Sedimentation

velocity (m day-1)

P25 5 1.02 9 10-4 7.35 9 10-6 0.969 8.35 9 10-2

10 9.55 9 10-5 9.84 9 10-6 0.940 7.82 9 10-2

15 1.02 9 10-4 8.34 9 10-6 0.961 8.35 9 10-2

20 1.04 9 10-4 5.32 9 10-6 0.985 8.52 9 10-2

50 1.43 9 10-4 6.27 9 10-6 0.989 1.17 9 10-1

100 2.03 9 10-4 8.68 9 10-6 0.989 1.66 9 10-1

NC7000 10 7.21 9 10-5 6.17 9 10-6 0.958 5.90 9 10-2

14 1.14 9 10-4 7.09 9 10-6 0.977 9.34 9 10-2

20 1.53 9 10-4 1.03 9 10-5 0.974 1.25 9 10-1

40 2.85 9 10-4 2.34 9 10-5 0.961 2.33 9 10-1

100 4.12 9 10-4 5.01 9 10-5 0.918 3.37 9 10-1

Fig. 6 Sedimentation velocity data, obtained by LUMiSizer,

for P25 (black squares) and NC7000 (red points) at the

following initial ENMs concentrations: 5, 10, 15, 20, 50, and

100 mg l-1 for P25 and 10, 14, 20, 40, and 100 mg l-1 for

NC7000
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NC7000 instead of 3 9 10-1 and 1.2 m day-1,

respectively, while Quik et al. (2014b) obtained

8.8 9 10-2 m day-1 for fullerene C60 in freshwater

lake. In conclusion, it can be stated that small

difference among our data and literature results can

be ascribed to the type of ENM, to the dispersion

medium, to the experimental time investigated as well

as to the range of the concentrations tested.

Conclusions

The stability of ENMs dispersions is generally

affected by the intrinsic physico-chemical properties

of ENMs, dispersion conditions (e.g., pH, ionic

strength, salt content and valence of cations, dissolved

organic carbon, natural organic matter), initial ENMs

concentration, and transformations in the environment

(e.g., homo- and hetero-aggregation/agglomeration,

sedimentation, dissolution, degradation). We have

proved that speeding up the settling velocity up to 960

times the one at gravity, applied to ENMs dispersed in

freshwater, with fixed pH (8 ± 0.3), IS (2 mmol l-1),

and DOC (B0.2 mg l-1), provided consistent and

reproducible results. Thus, it was demonstrated that

the long-term stability of ENMs dispersions can be

quantitatively predicted by means of short-time

experiments, typically from few minutes to half hour.

The methodology presented here can be extended to

investigate which individual parameter (e.g., size,

shape, surface charge, chemical composition etc.) is

most affecting the stability of ENMs in natural and/or

biological media. This would greatly improve the

interpretation of in vitro and in vivo toxicological

effects, and support the modeling of environmental

ENMs fate and transport.

Table 2 Sedimentation velocity and experimental conditions from literature (Brunelli et al. 2013; Quik et al. 2014b)

Reference Tested

ENM

Sedimentation velocity

(m 9 day-1)

ENM initial

concentrations

Medium Experiment

time

Quik et al.

2014a, b

C60 8.8 9 10-2 0.5, 2.5 and

10 mg 9 l-1 for the

metal ENMs and 5,

25 and 100 mg l-1

for C60

Freshwater lake 15 days

n-CeO2 5.4 9 10-3

n-SiO2-Ag 2.4 9 10-3

PVP n-Ag 8.2 9 10-4

Brunelli et al.

2013

n-TiO2 P25 3.5 9 10-3\ x\ 2 9 10-2 0.01, 0.1, 1, and

10 mg 9 l-1
Artificial freshwater

according to ASTM

E729-96, 2004 (2007)

50 h

Chinnapongse

et al. 2012

n-CeO2 10-2\ x\ 10-1 1, 10 and 100 mg l-1 River waters 12 days

Chinnapongse

et al. 2011

Citrate

capped

n-Ag

10-2\ x\ 10-1 1.5 9 10-5 mg l-1 Natural freshwater 48 h

Quik et al.

2010

n-CeO2 10-2\ x\ 10-1 10 mg l-1 Algae growth medium

according to OECD

(2006)

12 days

Keller et al.

2010

n-TiO2 P25 5 9 10-4\ x\ 7 9 10-2 10, 50, 100 and

200 mg l-1
Synthetic and real sea and

freshwaters, lagoon, river

and groundwater

6 h

n-ZnO 3 9 10-4\ x\ 8 9 10-2

n-CeO2 3 9 10-3\ x\ 5 9 10-2

Kennedy et al.

2008

MWCNTs 2 9 10-1\ x\ 1.2 100 mg l-1 Moderately hard

reconstituted freshwater

according U.S.

Environmental Protection

Agency (2002)

2 h

Battin et al.

2009

n-TiO2 P25 10-1\ x\ 3 9 10-1 5.3 mg l-1 Natural lake water 7 h

n-TiO2

Hombikat

UV100
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