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Characterization of natural nanomaterial (NNM) physicochemical properties – such as size, size distribution, ele-
mental composition and elemental ratios - is often hindered by lack of methods to disperse NNMs from environ-
mental samples. This study evaluates the effect of extractant composition, pH, and ionic strength on soil NNM
extraction in term of recovery and release of primary particles/small aggregate sizes (i.e., b200 nm). The extracted
NNMs were characterized for hydrodynamic diameter and zeta potential by dynamic light scattering and laser
Doppler electrophoresis, natural organicmatter desorption byUV–Vis spectroscopy, element composition by induc-
tively coupled plasma-mass spectroscopy (ICP-MS), size based elemental distribution by field flow fractionation
coupled to ICP-MS, and morphology by transmission electron microscopy. The extracted NNM concentrations in-
creased following the order of NaOH ≤ Na2CO3 b Na2C2O4 b Na4P2O7. Na4P2O7 was the most efficient extractant
and results in 2–12 folds higher NNM extraction than other extractants. The Na4P2O7 extracted NNMs exhibited
narrower size distribution with smaller modal size relative to NaOH, Na2CO3, Na2C2O4 extracted NNMs. Thus,
Na4P2O7 enhances the extraction of primary NNMs and/or smaller NNM aggregates (i.e., size b200 nm). Na4P2O7

promote soil microaggregates breakup and release of NNMs by reducing free multivalent cation concentration in
soil pore water by formingmetal-phosphate complexes and by enhancing NNM surface charge via phosphate sorp-
tion on NNM surfaces. Additionally, the extracted NNM concentrations increased with the increase in extractant
concentration and pH, except at 100 mM where the high ionic strength might have induced NNM aggregation.
The improved NNM-extraction will improve the overall understanding of the physicochemical properties of
NNMs in environmental systems. This study presents the key properties of NNMs that can be used as background
information to differentiate engineered nanomaterials (ENMs) from NNMs in complex environmental media.
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1. Introduction
Soil is an important reservoir of inorganic and organic natural parti-
cles such as clay minerals, metal oxides, and humic substances
(Gieseking, 1975a, 1975b). Natural nanomaterials (NNMs) are impor-
tant constituents of soils, because they are involved in numerous funda-
mental biogeochemical processes such as water regulation, element
cycling and bioavailability through sorption, retention and transport of
nutrients, natural organicmatter (NOM) andorganic/inorganic contam-
inants (McCarthy and Zachara, 1989; Theng and Yuan, 2008). These
processes are strongly influenced by NNM physicochemical properties
(Nowack and Bucheli, 2007). Soils are also expected to become a reser-
voir for anthropogenic materials (i.e., incidental and engineered
nanomaterials, ENMs) (Mueller and Nowack, 2008) mainly due to the
application of wastewater sludge as fertilizer but also from intentional
and accidental releases (El Hadri et al., 2018; Klaine et al., 2008).
ENMs are currently produced in large volumes (Piccinno et al., 2012)
and are used in many novel applications and consumer products due
to their very unique physico-chemical properties (i.e., optical, mechan-
ical, narrow monomial size distribution, specific surface coating etc.)
(Chen and Mao, 2007; Lu et al., 2007; Stark et al., 2015). ENMs are
thus prompt to enter environmental compartments including soil
(Keller and Lazareva, 2014; Song et al., 2017), where they may pose en-
vironmental and human health concerns. ENM risk assessment entails
ENM exposure characterization and thus quantification and characteri-
zation of ENM physicochemical properties size, size distribution,
elemental composition and ratios, morphology. Nonetheless, quantifi-
cation and characterization of ENMs in complex environmental matri-
ces remain a significant challenge in environmental nanoscience and
engineering (Montano et al., 2014; Wagner et al., 2014) due to (i) the
low concentration of ENMs (several order of magnitude) relative to
NNMs (Praetorius et al., 2017), (ii) the similarity in the chemical com-
position between NNMs and ENMs (Gondikas et al., 2018; von der
Kammer et al., 2012), and (iii) the tendency of NNMs and ENMs to
heteroaggregates in the natural environment (Praetorius et al., 2014;
Wang et al., 2015). Thus, understanding the physicochemical properties
(e.g., size, size distribution, elemental composition and ratios) of NNMs
is essential to develop approaches to distinguish ENMs from NNMs
based on differences in their physicochemical properties.

Natural organic matters (NOM) strongly associate with NMs and
tend to form large heteroaggregates through organo-mineral interac-
tions (Buffle et al., 1998; Cornelis et al., 2014). For electrostatically sta-
bilized NM, which is the most prevalent NM stabilization mechanism,
heteroaggregation/disaggregation is mainly controlled by NM surface
charge. The latter is largely determined by the media physicochemical
properties such as ionic strength, counter ion concentration and
valency, pH, and concentration, and properties of NOM (Baalousha,
2009; Loosli et al., 2015; Philippe and Schaumann, 2014). Whereas,
higher ionic strength promotes NM aggregation via surface charge
screening, higher pH and NOM concentration promotes NM colloidal
stability by enhancing NM surface charge. Nonetheless, high concentra-
tions of both NOM and multivalent counterions promote NM aggrega-
tion via bridging mechanism (Chen et al., 2006, 2007). Thus,
scavenging multivalent cations and promoting NOM desorption/disso-
lution may enhance NM surface charge, and thus electrostatic repul-
sions between NMs, and ultimately favor disaggregation processes
(Loosli et al., 2018). Extraction of NNMs from soils usually consists of a
combination of chemical treatment, i.e. dispersion of soils into a liquid,
and a physical treatment, e.g. sonication, followed by size separation
by centrifugation or filtration (Bakshi et al., 2014; Li et al., 2012; Tang
et al., 2009). NNM Extraction efficiency depends on the experimental
conditions, i.e., pH, ionic strength, sonication time and on the chemical
proprieties of the extractant (Pronk et al., 2011). Alkaline condition en-
hances soil organic matter (SOM) solubilization/desorption and may
favor disaggregation process of organo-mineral heteroaggregates. Nev-
ertheless, soil extraction in NaOH is not sufficient to disperse NNMs as
primary particle, because forces applied during sonication are not suffi-
cient to break organo-mineral heteroaggregates (Regelink et al., 2013a,
2013b). To enhance NNM extraction efficiency, complexation agents,
e.g. Na2C2O4, EDTA, Na4P2O7, are used to sequestre multivalent cations
released from clays during extraction processes due to cation exchange
and mineral delamination (Liu et al., 2015; Novikova et al., 2016). Such
extractants prevent specific adsorption of multivalent cations onto par-
ticles which is known to strongly destabilize particles (Jolivet, 2000)
and were effective to extract NNMs in soils (Calabi-Floody et al.,
2011). Phosphate based extractant are also shown to adsorb specifically
on colloids andmodify their surface charge and facilitate disaggregation
processes (Jeanroy and Guillet, 1981).

The aggregation of NNMs in soils complicates primary NNM charac-
terization. Thus, in order to quantify and characterize NNMs in soils, it is
necessary to extract/disperse primary NNMs and/or small aggregates
(i.e. size b200 nm) from soil microaggregates (i.e. size N1000 nm)
(Baalousha et al., 2005; Montano et al., 2014; Regelink et al., 2013a).
Thus, the aims of this study are to: (i) evaluate the effect extractant
chemical properties, concentration and pH on the extraction efficiency
of NNMs, and (ii) characterize the properties – size distribution and el-
emental composition and ratio - of the extracted soil NNMs using a
multimethod approach including dynamic light scattering, UV–Vis,
flow-field flow fractionation coupled to inductively coupled plasma-
mass spectroscopy (AF4-ICP-MS), and transmission electron micros-
copy (TEM).
2. Material and methods

2.1. Soil sampling and geographic location

The topsoil sample used in this studywas collected inMarion County
which is situated in the coastal plain region of South Carolina, USA. The
soil was characterized as Dothan series which consists of very deep and
well drained soils. These series are formed from clay and loamy marine
sediments. The soil sample was collected from the surface horizon
15 cm below the surface (A horizon) which consists mainly of sandy
loam. The soil sample is characterized by brown color and weak fine
granular structure (USDA, 2017). The soil was collected using a hand
drill and preserved in polyethylene bag. Dry soils were sieved through
a 10-mesh (2 mm) nylon sieve (Zhangxing instrument, China) to re-
move gravel and large debris. Then 100 g of the dry sieved soils were
dispersed in 1 L of UPW, shook for 24 h and wet sieved through a
300-mesh (54 μm) nylon sieve (Zhangxing instrument, China) prior
freeze drying (Freezone® 6, Labconco, USA).
2.2. Chemicals

Ultrapure water (UPW) (PURELAB Option-Q, ELGA, UK)was used to
prepare all solutions. Tetrasodium pyrophosphate (Na4P2O7, analytical
grade, Alfa Aesar Japan), Sodium oxalate (Na2C2O4, analytical grade,
Alfa Aesar, China), and Sodium carbonate (Na2CO3, ACS grade, BDH,
USA) were used to extract NNMs from soil. 1 M sodium hydroxide
(ACS grade, BDH, USA) and hydrochloric acid (Trace metal grade, Fisher
Chemicals, Canada) were used to adjust the pH of soil suspensions. Ni-
tric acid (Trace metal grade, Fisher Chemicals, Canada) was used at a
2% (v/v) to prepare ICP-MS calibration standards. Sodium nitrate
(NaNO3, ACS grade, BDH, Canada), Sodium azide (NaN3, 99%, Fisher
brand, USA), and FL-70 detergent (Fisher brand, USA)were used to pre-
pare the AF4 carrier solution. Nitric acid (HNO3) and hydrofluoric acid
(HF), and hydrochloric acid (HCl) were used to digest the extracted
NNM suspensions and were all distilled from reagent grade acids.
HNO3 and HF were purified using a custom made sub-boiling
perfluoroalkoxy alkanes (PFA) stills, and HCl was purified using a
custom-made quartz double-still.



Fig. 1. UV–Vis absorbance at 254 nm (A254) of extracted NNM suspensions using different extractants at a range of pHs and concentrations. In the x-axis title, the numbers represent the
concentration of the extractants (2, 10 and 100 mM). UV–Vis absorbance was measured on one soil sample for the 30 extraction conditions. The black dashed line correspond to the
absorbance of the NNM suspension extracted with NaOH at pH 8 (A254 = 0.1). The UV–Vis is reported in arbitrary units (a.u.).

36 F. Loosli et al. / Science of the Total Environment 677 (2019) 34–46
2.3. Soil NNM extraction

Soil NNMs were extracted using 2 mM, 10 mM and 100 mM
Na4P2O7, Na2C2O4, and Na2CO3. Soil NNMs were also extracted using
NaOH as control extraction condition. 40 mL of extraction solution
was added to 4 g of freeze dried soil in 50 mL polypropylene (PP)
Fig. 2. (a) Z-average hydrodynamic diameter (Z-dh) and (b) zeta potentia
centrifuge tube (Eppendorf, Mexico). The suspension was mixed at
40 rpm overnight with a tube rotator (Fisher brand, China) to enable
wetting of the freeze-dried soil. The soil-extractant suspension pH was
adjusted to pH 8, 9 and 10 andmonitored throughout the experimental
time using a pH meter (Mettler Toledo pH Electrode LE438,
Switzerland). Suspensions were sonicated for 1 h in an ultrasonication
l of extracted NNM suspensions as a function of extraction protocols.



Fig. 3. Concentration of total digested soil nanosize fraction extracted by different dispersing agents at different concentration and pH conditions. In the x-axis title, the top numbers
represent the pH (8, 9 and 10) and the second numbers represent the concentration of the extractants (2, 10 and 100 mM).
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bath (Branson Model 2800, 40 kHz, USA). Samples were centrifuged
(Eppendorf, 5810 R, Germany) for 90 min at 3100g to remove particles
larger than 100 nm based on a particle density of 2.5 and Stokes' law
Fig. 4. Schematic representation of the main disaggregation mechanisms (cation sequestrati
heteroaggregates in presence of Na4P2O7. M x+, SOM and NNMs represent multivalent cations
calculation assuming a spherical shape (Tang et al., 2009). Supernatants
(25mL) were carefully collected and stored in the dark at 4 °C until fur-
ther analysis.
on/complexation and specific adsorption/SOM desorption) involved in dispersing NNM
(x N 1), soil organic matter and natural nanomaterials, respectively.



Fig. 5. Elemental concentration distributions of NNMs extracted by different chemical dispersant at pH 10 and 10 mM extractant concentration, a) Ce, b) V, c) Al and d) Ti.

Fig. 6. TEM images of NNMs extracted by a) NaOH at pH 10 and b) 10 mM Na4P2O7 at pH 10.
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Fig. 7. Effect of Na4P2O7 and Na2CO3 concentration on element concentration and size distribution at pH 10, a) Al, b) Ti, c) V and d) Ce. Black curves refer to 2mM, red to 10mN and blue to
100 mM.
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2.4. General analysis on soil NNM suspensions

The NNMs z-average hydrodynamic diameter and zeta (ζ) potential
were determined by dynamic light scattering (DLS) and laser Doppler
electrophoresis (Malvern Nano ZS, USA) at 20 °C. The size distribution
polydispersity index for all samples was below 0.4 and the
Smoluchowski approximation (Makino and Ohshima, 2010; Murdock
et al., 2007) was applied for ζ potential determination. UV–Vis absor-
bance at a wavelength of 254 nm (A254) was recorded (UV 2600,
Shimadzu Co., Japan) as a measure of NOM concentration in the ex-
tracted NNM suspensions. UV–Vis absorbance was measured on one
soil sample for the 30 extraction conditions.

2.5. Soil NNM digestion and ICP-MS analysis

Soil NNM suspensions were digested in 15 mL Teflon vessels
(Savillex, USA) on custom-made Teflon covered hotplates with
double-HEPA filtered forced air in a metal-free HEPA filtered air clean
lab. The digestion method was based on Gaudino et al. HF:HNO3 (3:1)
digestion of soils. Aliquots of NNM suspensions (5 mL) were weighted
(Mettler Toledo, Excellence Plus, Switzerland) into Teflon vessels and
dried down at 110 °C. The residue were treated for 2 h at 70 °C with
1 mL of H2O2 30% (Fisher Chemical, USA) to remove organic com-
pounds. After H2O2 evaporation, 2 mL of HF:HNO3 (3:1) was added to
the samples and allowed to digest at 110 °C for 24 h. Samples were
dried down and treated twice with 1 mL HNO3 to minimize the pres-
ence of insoluble fluorides. The samples were dissolved in 10 mL of 2%
HNO3, sonicated for 5 min and heated at 50 °C for 2 h for complete dis-
solution. The solutions were transferred into 15 mL PP centrifuge tubes
and preserved at 4 °C in the dark until further analysis. The samples
were centrifuged for 5 min at 3100g prior ICP-MS analysis to remove
any remaining refractory minerals.

Elemental concentrations of the digested NNM suspensions were
determined on a high resolution ICP-MS (ELEMENT2, Thermo Scientific,
USA). Samples were injected to the ICP-MS using an APEXQ introduc-
tion system and a 100 μL min−1 PFA nebulizer. Amplifier gain calibra-
tion was performed daily. Baseline was determined by beam
deflection. Typical runs consisted of 35–40 8.3 s integrations. The mea-
sured analytes were 27Al, 47Ti, 51V, 90Zr, 93Nb, 139La, 140Ce, 178Hf and
181Ta. ICP-MS calibration was performed using a mixture of two multi-
element standards, IV-ICPMS-71A (Inorganic Ventures, USA) and ICP-
MS-68A-B (High-Purity Standards, USA).

2.6. AF4-ICP-MS analysis

NNM size-based elemental distribution of a subset of extracted
NNMs was measured by asymmetric flow-field flow fractionation
(AF4, Wyatt Eclipse® DualTec™, Germany) coupled to ICP-MS (Perkin
Elmer NexION350D). The AF4 was equipped with 350 μm spacer and a
1 kDa polyether sulfonate membrane (Pall Corporation, USA). The AF4
carrier solution consisted of 10 mM NaNO3 (VWR Analytical, BDH®,
ACS, Canada), 0.01% NaN3 (Fisher Bioreagents™, India), and 0.0125%
FL-70 (Fisher Scientific, USA) in UPW. The detector and cross flows
were 1.0 mL min−1. Sample injection volume was 5 μL and the focus
time was 10 min. Polystyrene latex standards of 20, 40, 80, and
150 nm diameters (Nanosphere™, Thermo Scientific, USA) were used
to calibrate particle size as a function of retention time.

ICP-MSwas calibrated for the concentration range of 0.1–100 μg L−1

using amixture of twomulti-element standards IV-ICPMS-71A and ICP-
MS-68A-B. Sampleswere introduced to the ICP-MS using a T-junction to
monitor internal standards (ICP Internal Element Group Calibration
Standard, BDH Chemicals, USA) for quality control and to acidify (1%
after mixing with the sample) the samples just prior introduction into
the ICP-MS in order to avoid particle stability changes. In this configura-
tion, the sample introduction flow rate was equal to 1.0 mL min−1 and
the acidified internal standard solution flow rate was 0.3 mL min−1. A
50 ms dwell time was applied for all the analytes. A 20 min 1% HNO3,
20 min 2% CH3OH and 10 min UPW rinses were applied field-off be-
tween each sample to clean the system and remove any deposited or-
ganic matter. Data were collected using Chromera 4.1.0.6386 software.
Elemental recovery by AF4-ICP-MS was approximately 20–60% relative
to the total elemental concentrationmeasured following total digestion
(Table S1).

2.7. Transmission electron microscopy

Analysis of selected soil NNM suspensions extracted using NaOH,
and Na4P2O7 were performed using transmission electron microscope
(TEM). TEM samples were prepared using drop deposition method ac-
cording to the procedure described elsewhere (Prasad et al., 2015).
Briefly, TEM grids were functionalized using a positively charged poly-
L-lysine (1% w/v in water solution; Ted Pella, USA) to enhance the at-
tachment of the negatively charged NNMs on the grid surface. 10 μL of
poly-L-lysine were deposited on a 300 mesh Cu grid (Ted Pella,
Pelco®, USA) for 20 min followed by rinsing three consecutive times
in UPW water to remove excess poly-L-lysine. Subsequently, 20 μL of
soil suspensions were deposited on the functionalized TEM grids for
15 min. The excess NNM suspension was then removed by immersing
the TEM grid three times in UPW to avoid NNM aggregation during
the drying process. The TEMgridswere then left to dry for 12 h in a cov-
ered petri dish to avoid atmospheric particle deposition on the TEM
grid. Samples were analyzed in a LaB6 Jeol 2100 TEM, operated at
200 keV. Micrographs were acquired at different magnifications, rang-
ing from 500× to 400,000×, to gather information about the NNM dis-
persion state (dispersed vs aggregated NNMs).

3. Results and discussion

3.1. General characteristic of the sample

The UV–Vis absorbance at λ254 (A254) is used here as a measure of
the concentration of soil organic matter (SOM) released into solution
during NNM extraction (Fig. 1) (Albrektienė et al., 2012; Buchanan
et al., 2005). NaOH extracted NNMs have a relatively low A254 (ca.
0.1–0.14 a.u.), indicating that physical treatment (e.g., ultrasonication)
is insufficient to desorb/release SOM, and thus insufficient to release
NNMs from soil microaggregates (i.e. size N1000 nm). Similarly, the
A254 at 2 mM extractant concentration and pH 8 is relatively low
(b0.1) for all extractants, indicating that these conditions are not opti-
mal to releases SOMand to break up soil microaggregate. A254 increased
in the order of NaOH b Na2CO3 b Na2C2O4 b Na4P2O7, suggesting that
Na2C2O4 and Na4P2O7 facilitates the desorption and release of SOM.
Also, A254 increases with increase in Na2C2O4 and Na4P2O7 concentra-
tions and pH. However, A254 did not show a specific trend with the in-
crease in Na2CO3 concentration. Nonetheless, the A254 of Na2CO3

extracted NNM suspensions was slightly higher at pH 9 and 10 com-
pared to that at pH 8. For Na4P2O7 extracted NNMs, the A254 increased
by 2.4 and 3.1 folds (e.g., to 0.29 and 0.36 a.u.) in 10 and 100 mM sus-
pensions, respectively, compared to that of the NaOH extracted NNM
suspensions. For Na2C2O4 extracted NNMs, the A254 increased by 1.5
± 0.4 and 2.8 ± 0.2 folds (e.g., to 0.18 and 0.33 a.u.) at 10 and
100mMNa2C2O4, respectively compared to that of the NaOH extracted
NNM suspensions. Therefore, high pH (i.e. 9 and 10) in combination
with chemical extractants facilitates the desorption and release of
SOM from soil microaggregates as suggested in previous studies
(Pronk et al., 2011).

The effect of extractants on the NNM size and zeta (ζ) potential are
presented in Table S2 and Fig. 2. The z-average hydrodynamic diameter
of NaOH extracted NNMs decreased slightly from 104 to 98 nm and the
ζ potential magnitude increased from 22.2 to 34.8 mVwith the increase
in pH from 8 to 10. Similarly, NNM z-average hydrodynamic diameter



Fig. 8. Effect of pHon element concentration and size distribution for sodiumpyrophosphate at 10mMand100mM. a) Al, b) Ti, c) V andd) Ce. Black curves refer pH8, red pH9 andblue to
pH 10.
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decreased and ζ potential magnitude increased with the pH increase
(pH 8 vs 10) for Na4P2O7 extracted NNMs. For Na2CO3 and Na2C2O4 ex-
tracted NNMs, the z-average hydrodynamic diameter generally
remained constant or increased with the increase in pH (pH 8 vs 10),
whereas the ζ potential magnitude increased with the increase in pH,
except at 100 mM Na2C2O4, where the ζ potential did not change with
the increase in pH. The higher ζ potential magnitude of the extracted
NNMs in the presence of chemical extractants than the corresponding
ζ potential magnitude potential of NaOH extracted NNMs, at a given
pH, indicates that extractant anions adsorb specifically on NNM sur-
faces. Several studies demonstrated the selective sorption of carbonate,
phosphate, and oxalate anions on NNM surfaces (Jolivet, 2000) and that
these anions replace SOM on NNM surfaces. This is in good agreement
with the higher A254 measured in NNM suspensions extracted using
chemical extractants relative to those measured in NaOH extracted
NNMs (Fig. 1).

At all pH conditions, Na2CO3, Na2C2O4, and Na4P2O7 extracted NNMs
exhibited a smaller z-average hydrodynamic diameter and higher ζ po-
tential magnitude at 2 and 10 mM extractant concentrations than at
100mMextractant concentrations. The larger NNMz-average hydrody-
namic diameter and lower ζ potential magnitude at 100 mM extractant
concentrations is likely due toNNMsurface charge screening and aggre-
gation at high ionic strength (Jiang et al., 2009; Suttiponparnit et al.,
2011). Overall, the smallest NNM hydrodynamic size and highest ζ po-
tential magnitude were 88 ± 1 nm and −40.2 ± 2.8 mV, respectively
for 10mMNa4P2O7 extractedNNMsat pH10, suggesting that these con-
ditions (10mMNa4P2O7 at pH 10) are themost favorable conditions for
the extraction of NNMs from soil.

These observations are in good agreement with NNM aggregation
behavior, which is strongly influenced by particles surface charge.
Several soil minerals and NNMs, such as Al- and Fe-oxides, have a
point of zero charge (PZC) at pH N 8 (Fisher-Power and Cheng,
2018), and thus, they are positively charged in the pH range
4.5–7.5 of most soils which will lead the NNM heteroaggregation
mediated by SOM and multivalent cations. Higher pHs (i.e., above
NNM PZC) enhance NNM and SOM negative surface charge by en-
hancing the dissociation of surface hydroxylic- and carboxylic-
bearing functional groups (pKa ranging from 4 to 10, with functional
groups with pKa ~9 being the most firmly bonded to soils
(Shamrikova et al., 2006, 2007)).

It is worth noting here that the z-average hydrodynamic diameter
was close to the size cut-off selected to extract NNMs; that is 100 nm.
This is because the z-average hydrodynamic diameter measured by
DLS is intensity weighted and is thus biased toward larger particles in
polydispersed samples (Baalousha and Lead, 2012) because the inten-
sity of the scattered light (I) is proportional to the particle diameter
(d) to the power 6 (i.e., I α d6). Therefore, the hydrodynamic diameter
of the extracted NNMs was measured by AF4-ICP-MS (see Section 3.3)
in order to better understand the impact of extractants on NNM size
distribution.

3.2. NNM extraction efficiency

The total concentrations of selected elements (Ce, Al, V and Ti) in
the extracted NNM suspensions using NaOH, Na2CO3, Na2C2O4 and
Na4P2O7 are presented in Fig. 3, and other elements are provided in
Fig. S1. These elements were selected because they illustrate the ef-
fect of extractants on the different NNM phases. Overall, elemental
concentrations increased following the order: NaOH ≈ Na2CO3

≤ Na2C2O4 b Na4P2O7. This trend follows the same trend of SOM con-
centration (inferred fromUV–Vis absorbance, Fig. 1) in NNM suspen-
sions indicating the co-release of NNMs and SOM from soil
microaggregates. For Na2C2O4 and Na2CO3 extracted NNMs, the ele-
mental concentrations did not follow a clear trend with the increase
in pH or extractant concentration (Fig. 3). For Na4P2O7 extracted
NNMs, elemental concentrations were generally higher (2 to 12
folds) than those measured in NaOH extracted NNM suspensions
(Fig. 3). Elemental concentrations generally increased with the in-
crease in solution pH at 2 and 10 mM Na4P2O7. The element extrac-
tion pH-dependency can be attribute to the pyrophosphate
speciation with higher proportion of P2O7

4− (e.g., b5% at pH 8 vs 50%
at pH 10) in comparison to HP2O7

3− at higher pH values (Masala
et al., 2002). However, elemental concentrations did not change or
even decreased with the increase in pH at 100 mM Na4P2O7. The in-
crease in elemental concentrations with the increase in Na4P2O7 con-
centration was element-specific. Cerium concentration (Fig. 3a)
increased by 8 folds with the increase in Na4P2O7 concentration
from 2 to 100 mM, whereas Al, Ti and V concentrations increased
slightly by 1.4 to 1.8 folds with the increase in Na4P2O7 concentra-
tion. These differences may be attributed to the affinity of these ele-
ments to Na4P2O7, suggesting that Na4P2O7 results in selective
extraction of Ce phases, and/or that Al, Ti and V occur dominantly
in larger particles.

These results suggest that the increase in NNM surface charge by in-
creasing suspension pH using indifferent electrolyte is insufficient to sig-
nificantly disperse NNMs from soil microaggregates which is supported
by nearly-constant elemental concentrations for NaOH extracted NNMs
at pH 8, 9 and 10. Chemical extractants (i.e., Na4P2O7 and Na2C2O4) en-
hanceNNMdispersion from soilmicroaggregates via severalmechanisms
(depicted in Fig. 4) including (i) complexation of multivalent cations
(Mekmene and Gaucheron, 2011), (ii) specific sorption on NNM surfaces
resulting in displacement of SOM from NNM surfaces (Arai and Sparks,
2001; Connor andMcQuillan, 1999; Regelink et al., 2013b), and enhance-
ment ofNNM ζpotential (Phamet al., 2014). Complexationofmultivalent
cations reduces the concentration of free multivalent cations in solution,
and thus reduces NNM aggregation via surface charge screening and or
bridging mechanism (Chen et al., 2006, 2007). Combined, these
mechanisms result in an overall increase in the release of SOM and
NNM from soil microaggregates as demonstrated for Na4P2O7 and
Na2C2O4 extractions (Arai and Sparks, 2001; He et al., 1999; Regelink
et al., 2013b). However, the release of polyvalent cations (e.g., Ca2+, Al3
+, Fe3+, Mg2+) from soil microaggregates during the extraction process
may result in NNM heteroaggregation via NNM-SOM bridging mecha-
nism (Zhou et al., 2012). The higher efficiency of Na4P2O7 compared to
Na2C2O4 can be attributed to the higher affinity of Na4P2O7 tomultivalent
cations (e.g., Kap for Ca2+ of 105 and 103 M−1, respectively) (Furia, 1972)
and NNM surfaces (Burlamacchi et al., 1983; Doetterl et al., 2015).

3.3. Effect of extraction conditions on NNM size distribution by AF4-ICP-MS

3.3.1. Effect of extractant at constant concentration and pH
The elemental size distributions of Al, Ti, V and Ce containing NNMs

extracted using NaOH, Na4P2O7, Na2C2O4 and Na2CO3 at pH 10 and
10 mM concentration are presented in Fig. 5. For all elements except
Al, NNM concentration increased following the order: NaOH ~ Na2CO3

b Na2C2O4 b Na4P2O7, in good agreement with the total elemental con-
centrations measured following total NNM digestion (Fig. 3). Na4P2O7

extracted NNMs are characterized by the highest elemental concentra-
tions (ca. 2–5 folds higher than NaOH extracted NNMs), the narrowest
size distribution, and the smallest modal hydrodynamic diameter.
These findings suggest that Na4P2O7 extraction results in the release of
metal-containing NNMs from soil microaggregates as small aggregates
and/or primary NNMs. These observations were further corroborated
by TEM analysis of NaOH and Na4P2O7 extracted NNMs (Fig. 6). NaOH
extracted NNMs occur mostly as heteroaggregates of NNMs with larger
particles (Fig. 6a), whereas Na4P2O7 extracted NNMs occur mostly as
dispersed primary particles and small aggregates (Fig. 6b).

3.3.2. Effect of Na4P2O7 and Na2CO3 concentration at constant pH
The elemental size distributions of Al, Ti, V and Ce rich NNMs ex-

tracted using 2, 10 and 100 mMNa2CO3 and Na4P2O7 at pH 10 are pre-
sented in Fig. 7. For Na4P2O7 extracted NNMs, the elemental size
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distributions and the modal hydrodynamic diameter shift toward
smaller sizes with the increase in Na4P2O7 concentration (Fig. 7a–d).
For Na2CO3 extractedNNMs,NNMsize distributionwasnot significantly
impacted by Na2CO3 concentrations. However, the elemental concen-
tration decreased with the increase in Na2CO3 concentration (Fig. 7e–
h), likely due to NNM aggregation. This hypothesis is supported by the
increased in NNM hydrodynamic diameter measured by DLS (Fig. 2a)
and the decrease in NNM ζ potential magnitude with the increase in
Na2CO3 concentration (e.g., from −33.7 ± 0.9 and −35.5 ± 2.1 at 2
and 10 mM to−28.5 ± 2.5 at 100 mM, Table S2). For Na2CO3 extracted
NNMs, titanium was not detected by AF4-ICP-MS and the concentra-
tions of Ce, and V bearing NNMs were very low at all pHs, indicating
that Na2CO3 is not suitable for the extraction of these NNMs. For a
given element at constant extractant concentration, Na4P2O7 extracted
NNMs exhibited narrower size distribution, smaller modal hydrody-
namic diameter, and higher concentrations (1.5 to 5 folds) relative to
Na2CO3 extracted NNMs. Thus, Na4P2O7 is more suitable than Na2CO3

to extract NNMs from soils.

3.3.3. Effect of pH at 10 and 100 mM Na4P2O7

The elemental size distributions of Al, Ti, V and Ce bearing NNMs ex-
tracted using 10 mM and 100 Na4P2O7 at pH 8, 9 and 10 are presented
in Fig. 8. At 10mMNa4P2O7, the concentration of the extracted NNMs in-
creases up to 5 foldswith the increase in pH from8 to 10. NNM ζpotential
Fig. 9. Elemental ratios of total digested soil nanosize fraction extracted by different dispersing
represent the pH and the second number represents the concentration of the chemical dispers
magnitude increases with pH from 8 to 10 (Table S2), resulting in larger
repulsive forces between NNMs, which may enhance the release of
NNMs from soil microaggregates. All elements, except Al, show similar
size distributions at the different pHs. Al-containing NNMs exhibited
broader size distributions with the increase in pH indicating the extrac-
tion of larger Al-containing NNMs with the increase in pH. At 100 mM
Na4P2O7, the elemental size distribution of all elements remained the
same with the increase in pH. The concentration of Al, Ti, and V-
containing NNMs remained constant with the increase in pH, whereas
the concentration of and Ce-containing NNMs increase with the increase
in pH. This increase in Ce concentrationwith the increase in pH can be at-
tributed to the specific interaction of pyrophosphate Ce rich NNMs.

3.4. Elemental association and ratios

The elemental ratios of Zr to Hf, Ti to Nb, Ti to Ta, and Ce to La were
relatively constant under all extraction conditions (Fig. 9) indicating
strong association between these elements, likely within the samemin-
eral phase. Nonetheless, elemental ratios calculated from total elemen-
tal concentrations do not exclusively indicate the association between
these elements with the same particle/phase, could be biased by dis-
solved ions in the solution, and vary with particle size. Size based-
elemental ratios obtained by AF4-ICP-MS analysis are intrinsic to
NNMs as dissolved ions pass through the AF4 accumulation wall and
agents at different concentration and pH conditions. In the x-axis title, the top numbers
ants.



Fig. 10. Elemental size distributions of (a) Ti and Nb (b) Ti and Ta, (c) Ce and La, and the (d, e, and f) the corresponding size-based elemental ratios. NNMs were extracted with 10 mM
Na4P2O7 at pH 10.
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only NNMs are analyzed by ICP-MS. Fig. 10a and b show that Ti, Nb and
Ta co-elute at the same elution time/hydrodynamic diameter and
Fig. 10c show that Ce and La co-elute at the same elution time/hydrody-
namic diameter. The elemental ratio of Ti to Nbwas constant at approx-
imately 300 for all NNM sizes in good agreement with elemental ratio
calculated from the total elemental concentrations (Fig. 9b) and with
the average crustal Ti to Nb elemental ratio of 312 (Wedepohl, 1995).
Similarly, the elemental ratio of Ti to Ta was constant at approximately
2000 for all NNM sizes, in good agreement with elemental ratio calcu-
lated from the total elemental concentrations (Fig. 9c) and the average
crustal Ti to Ta elemental ratio (Wedepohl, 1995). Overall, these results
indicate strong association between Ti, Nb and Ta in soil NNM indepen-
dent of the particle size. Given the higher Nb content in NNMs (e.g.,
smaller Ti/Nb ratio), Nb is most likely to provide more accurate results
when determining shift in elemental ratios, in particular for AF4-ICP-
MS analysis to avoid high volume injections in order to detect Ta. Ce/
La ratio is also nearly constant as a function of particle size at approxi-
mately 4 (Fig. 10f) in good agreement with elemental ratio calculated
from the total elemental concentrations (Fig. 9b) and with the average
crustal Ti to Nb elemental ratio. Thus, the elemental ratio of Ce to La
can also be used as good proxy for the detection of cerium oxide ENM
in soils (Montano et al., 2014; Navratilova et al., 2015). These elemental
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associations can be used to track NM sources (e.g., natural or
engineered) by monitoring the increase in these elemental ratios due
to contamination with pure ENMs (Gondikas et al., 2018; Loosli et al.,
2019).

4. Conclusion

Extraction of NNMs from soils is vital to facilitate NNM character-
ization, to better understand elemental associations and ratios
within NNMs, and to develop approaches to differentiate engineered
from natural particles. This study investigated systematically the ef-
fect of extractant composition, concentration, and pH on the extrac-
tion efficiency and properties of soil NNMs. Na4P2O7 at a
concentration of 10 mM and pH 9–10 extracted the highest concen-
trations of NNMs. Although, Na2C2O4, and to a lesser extend Na2CO3,
generally extracted higher concentrations of NNMs in comparison to
NaOH, the NNMs were extracted in the form of small aggregates of
multiple primary NNMs. The extracted NNMs were characterized
by constant, and size-independent, elemental ratios of Ti to Nb, Ti
to Ta, and Ce to La, and these ratios were in close proximity to
those calculated based on the average crustal elemental composi-
tion. This study presents a comprehensive approach to characterize
soil NNMs based on dispersion and extraction of NNMs, total metal
concentration, size fractionation and detection by AF4-ICP-MS, and
microscopic analysis. Future studies will focus on determining the
elemental associations and ratios in NNMs extracted from different
geological formation and geographic locations to further support
the implementation of these elemental associations and ratios to dis-
tinguish natural from engineered particles globally.
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