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Abstract−To understand the fate and exposure of engineered nanoparticles (ENPs) to environmental media, it is
important to identify ENPs in the natural occurring nanoparticles (NNPs). Although nanomaterials have unique physi-
cal properties such as uniform particle size, hierarchical nanostructure, well-defined crystalline structure, and high sur-
face area, compared to bulk materials, these properties are not suitable references to differentiate between ENPs and
NNPs. Therefore, the identification and quantification of ENPs pose a big challenge to analysis. Herein, we did a feasi-
bility study to distinguish between ENPs and NNPs based on the elemental ratio of target elements (Ti and Zn) to
background elements (Fe and Al). Morphologies, particle size, and elemental analysis for 12 NNPs, 4 ENPs, and 3 NPs
contained in consumer products were conducted. NPs were extracted from raw materials via density gradient ultracen-
trifugation and alkaline digestion. In a logarithm plot for the elemental ratio of {Ti+Zn} to {Ti/Zn}/{Fe+Al} and ter-
nary plot of {Ti+Zn}, Fe, and Al ions for all samples, ENPs have a distinct contrast with NNPs. Therefore, it is expected
that the suggested analysis for elemental ratio could be a preliminary screening tool to differentiate between ENPs and
NNPs.
Keywords: Engineered Nanoparticles, Natural Nanoparticles, Nano-consumer Products, Density Gradient Ultracentrif-

ugation, Alkaline Digestion

INTRODUCTION

The increasing manufacture and implementation of engineered
nanoparticles (ENPs) will continue to lead to the release of these
materials into the environment [1]. Although ENPs will certainly
enter the environment through unintentional releases, the possible
development and application of nanomaterials-based agrochemi-
cals could lead to widespread intentional environmental disper-
sion [2]. Namely, this increasing use of ENPs in consumer products
has raised concerns over its potential toxicity posed to both envi-
ronmental and human systems [3]. Fortunately, extensive studies
on in-vivo and in-vitro cytotoxicity of ENPs provide useful infor-
mation about the nanotoxicity issues and human health risks, and
the toxic effects were found to be primarily related to size, shape,
surface properties and chemical compositions [4-6].

In addition, reliably assessing the environmental exposure risk
of ENPs will depend highly on the ability to quantify and charac-
terize these materials in environmental samples. Although numer-
ous studies have been conducted on the fate and behavior of ENPs
released into the environment, the knowledge base on the fate and
toxicity to humans and ecosystems of naturally occurring nanopar-
ticles is rather sparse [7]. The underlying mechanism and mode of

interaction ENPs with bio-organisms to induce toxicity might be
different from the interaction of cell surfaces with NNPs, which
are often covered with natural organic matter. Therefore, a way has
to be found to differentiate between NNPs and ENPs. However,
due to a huge excess of NNPs in environment, the identification
and quantification of ENPs pose a big challenge to analysis [8].

Distinguishing between engineered and naturally occurring nano-
particles requires improvement in the selectivity of nano-metrol-
ogy, rather improvements in method sensitivity. Gulson and Wong
reviewed the possibilities of isotopic labeling and tracking of ENPs
(TiO2, CdS, and ZnO) and partially proved the possible use of sta-
ble isotopes to monitor dermal absorption of zinc and titanium
oxides in sunscreen preparations and other personal care products
[9]. However, isotope tracing method was not proved to differenti-
ate between ENPs and NNPs in environmental media. Since NNPs
generally display a broader range of sizes, this difference in parti-
cle polydispersity between ENPs and NNPs may be useful for dis-
tinguishing between engineered and naturally occurring particles.
However, transformation processes (dissolution, aggregation, and
complexation) in environmental media will tend to alter the size
distribution of ENPs [10], likely eliminating narrow size distribu-
tions as possible distinguishing property.

Nanoscale minerals may be composed of inorganic materials
such as aluminosilicates (e.g., clay mineral) and metal oxides (e.g.,
iron and manganese oxyhydroxides) [11]. Thus, no NNPs has com-
plete purity for composition elements, namely, their elemental ratio
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of component species was different with that of pure ENPs. There-
fore, we investigated the possibility of differentiation between ENPs
and NNPs based on the elemental ratio analysis of component ele-
ments. Natural mineral samples were collected from ilmenite-min-
ing area and NNPs were separated from minerals by density gradient
ultracentrifugation rate (DGUR) separation [12]. Reagent-level and
manufactured TiO2 and ZnO were selected as reference ENPs. In
addition, NPs contained in nano-consumer products (sunblock
and paint) were separated from products by alkaline digestion [13]
and used as verification materials. Based on the elemental analysis
for all materials, the possibility of differentiation of ENPs from NNPs
was evaluated.

EXPERIMENTAL

1. Sample Preparation for NNPs and ENPs
The most common NNPs are soil colloids, which are consti-

tuted of silicate clay minerals, iron- or aluminum oxides/-hydrox-
ides or humic organic matter, including black carbon. Therefore,
natural mineral samples were collected from ilmenite-mining area,
which is located in the Hadong, South Korea. 12 samples were
collected from Jikjeon (site #1) and Wolhoeng (site #2) in south
end and north end of Hadong, respectively. Ilmenite collected from
Hadong is known to have mixed phase between rutile and Fe-oxide
[14]. Reagent-ENPs (TiO2 and ZnO) purchased from Sigma-Aldrich
were of analytical grade and used as-received without further puri-
fication. Two ENPs were manufactured in the laboratory directly
by reported methods. In the typical sol-gel process for manufac-
tured-TiO2 [15], 3 mM titanium butoxide and 160 mM ethylene
glycol were used as precursor and reducing agent of hydrolysis
rate, respectively. The mixture of two solutions was stirred for 8 h,
followed by addition of 0.3% acetone. After annealing at 550 oC for
2 h, the spherical TiO2 was obtained. Manufactured-ZnO was pre-
pared by microwave-assisted method [16]. The mixture solution
of 97 mM zinc nitrate and 12.5 mM sodium hydroxide was trans-
ferred into a 100 mL Teflon vessel, followed by microwave-heat-
ing (100 oC for 1 h) in a microwave reactor (MARS6, CEM) at
1.8 kW and 2.5 GHz of magnetron frequency. The obtained parti-
cles were dried at 80 oC in a drying oven for 24 h. These reagent-
and manufactured-ENPs were selected as reference materials for
analysis of elemental ratio of {Ti+Al} to other components. In addi-
tion, two-types of consumer products containing NPs (TiO2 and/
or ZnO), sunblock (Innisfree Co. and Amore-Pacific Co., Korea)
and white-color paint (KSM6020, Noroo-paint Co., Korea), were
selected and NPs were extracted by alkaline digestion.
2. Separation of NNPs by DGUR

In DGUR separation, the sample has a greater density than that
of the highest density portion of the gradient. Because the centrif-
ugal force can help particles to move radially away from the axis of
rotation and can separate these particles by size and shape, the den-
sity of the fluid might affect the separation efficiency [12]. First,
natural minerals were washed with deionized water (DW) and fil-
tered with 75µm stainless steel mesh to remove bulk particles. In
the typical procedure, density gradient solutions (10-70%) of glyc-
erin were prepared with deionized water (DW). A step gradient was
created directly in centrifuge tubes (50 mL Falcon tube) by adding

layers with increasing density to the bottom of the tube. A filtered
mineral was immediately layered on top of the four-layer density
gradient prior to ultracentrifugation. The typical centrifugation con-
dition was 10 min at 22,000 rpm (53,029 ×g, SUPRA22, Hanil). The
sample recovered in top layer was dried at 80 oC in a drying oven
for 24 h.
3. Extraction of NPs from Consumer Products by Alkaline
Digestion

To extract NPs from consumer products, alkaline digestion was
used. Alkaline treatment has proven to yield high recoveries in
terms of both particle number and total mass, relative to sonication-
assisted homogenization and enzyme digestion. Alkaline digestion
with tetramethylammonium hydroxide (TMAH) was shown to
have high extraction efficiency of metallic nanoparticles, metal oxide,
and carbon nanotubes [13]. Sunblock and paint samples were dried
in an oven at 110 oC, and 10 mg quantity of dried samples was
added into 1 mL of 25 wt% TMAH, and mixture was sonicated
for 2 h. The resulting solution was five-times diluted with DW and
filtered with Advantac paper (5µm pore). After centrifugation
three times with DW, final material was re-dispersed in DW.
4. Characterizations

After HNO3 treatment of samples, the concentration of total
elements (Ti, Zn, Al, and Fe) was measured with induced coupled
plasma mass spectrometer (ICP-MS, iCAP-Q, ThermoFisher Sci-
entific). The particle size distribution was analyzed by dynamic
light scattering spectroscopy (DLS, ELS-Z, Photal) and transmis-
sion electron microscopy (TEM, JP/JEM-2010, Jeol). Surface mor-
phology of samples was analyzed with field emission scanning
electron spectrometer (FE-SEM, JSM-6700F, Jeol).

RESULT AND DISCUSSION

1. Separation of NPs from Raw Materials and its Characteri-
zations

TiO2 and ZnO NPs are manufactured worldwide in large quan-
tities for cosmetics, especially sunblock, in which TiO2 and ZnO
NPs help protect the skin from UV light. Several articles have re-
ported on the toxic effects of these NPs in animals, such as DNA
damage [17], and cytotoxicity [18,19]. The nanowaste contained
with TiO2 and ZnO NPs was generally treated by wastewater treat-
ment plant to remove their potential cytotoxicity. Therefore, the
residual TiO2 and ZnO in effluent could be released unintention-
ally into environmental media. Therefore, the fate of these materi-
als should be studied to reduce and understand its nanotoxicity,
and the starting point for the study on the environmental exposure
of NPs is just differentiation between ENPs and NNPs. Herein,
TiO2 and ZnO were selected as target materials.

DGUR separation used in this work was based on the fact that
the particles of different sizes that move with different velocities in
the medium provide a basis for particle separation into distinct
bands. This method was successfully applied to achieve length sep-
aration of SWCNT [20] and size and shape separation of metallic
nanoparticles [12]. The density gradient of glycerin for four layer
used here was 1.026-1.183 g/cm3 for 10-70% layer. As shown in
Fig. 1(a), natural mineral was filtered with micro-mesh to remove
the bulk particles with micron-size. The fraction samples separated
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from the fourth layer in tube have nanosized particles, and its size
was confirmed with TEM and DLS analysis. As shown in Fig.
1(b), primary particles with ~100 nm were aggregated with neigh-
boring particles and formed secondary large particle. Hydrody-
namic diameter of secondary particle for 10, 30, 50, and 70%
glycerin-layer was measured as 1,410, 1,211, 875, and 642nm, respec-
tively. Therefore, fraction recovered from the fourth layer was only

used as NNPs samples.
Manufactured ENPs used here were prepared by well-known

sol-gel and hydrothermal method. As reported in our previous work
[16], homogeneous heating in microwave induced uniform nuclei
growth without other impurity. Thus, low temperature and short
heating time via microwave-assisted method was used to synthe-
size ZnO ENPs. As shown in Fig. 2(a), ZnO ENPs showed two-
dimensional plate-like morphology with ~70 nm in thickness. This
morphology of ZnO was found at another report [21]. Single plate
of ZnO was aggregated and formed three-dimensional flower-like
microstructure, as shown in inset figure in Fig. 2(a). This hierar-
chical ZnO has open porous structures for more efficient trans-
portation for the reactant molecules into the active sites and to
enhance the efficiency of photocatalyst [22]. In the case of TiO2-
ENPs, ethylene glycol was adjusted the hydrolysis rate of titanium
precursor to fabricate titanium-glycolate intermediate precursor.
On adding of intermediate in acetone, the glycolated precursor
undergoes a slow hydrolysis and spherical titania particles are formed
through homogeneous nucleation and growth process [23]. As
shown in Fig. 2(b), the resulting TiO2 NPs showed spherical parti-
cles with ~20 nm size. Reagent ENPs purchased from commercial
band showed spherical and uniform nanostructure (Fig. 2(c) and
2(d)). Reagent TiO2 and ZnO has ~29 and ~36 nm, respectively.
Since these ENPs were used as received, their purity should be
checked by ICP-MS analysis.

NPs contained in nano-consumer products (sunblock and paint)
were recovered via extraction method using TMAH-digestion. In
our previous work [13], while NaOH and KOH often cause parti-
cle aggregation, TMAH has high extraction yield without dissolu-
tion of NPs. Since TMAH is a very strong base and high pH

Fig. 2. SEM images of manufactured (a) ZnO and (b) TiO2 nanoparticles, and reagent (c) ZnO and (d) TiO2 nanoparticles.

Fig. 1. (a) Extraction of natural nanoparticles by density gradient
ultra-centrifugal separation and filtration, and (b) TEM image
of natural nanoparticles (4th layer in glycerin-contained tube)
separated from natural minerals.
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conditions may induce the aggregation of neighboring NPs, pH of
TMAH-treated solution should be adjusted neutral in order to
obtain particulates that are not aggregated. After alkaline diges-
tion, the resulting samples are recovered and analyzed for particle
size and morphology by TEM. As shown in Fig. 3(a), NPs extracted
from sunblock showed rod-like nanostructure with ~ 70 nm in
length and ~14 nm in thickness. While, NPs extracted from paint
have plate-like nanostructure with ~230 nm.

Particle size of natural, manufactured, reagent and extracted NPs
is summarized in Table 1. All nanoparticles showed aggregated
form in SEM images, but the primary particle ranged in nanome-
ter scale from 10 to 100nm. Particle size and polydispersity of sam-
ples was not correlated with whether NPs were engineered or
naturally occurring. Note that these physical properties, such as size,
polydispersity, and size distribution, were not suitable properties to
differentiate between ENPs and NNPs. Manufactured ZnO has
unique morphology, compared to other samples. It is obvious that
plate-like or flower-like microstructure is artificially manufactured.
However, many ENPs have a spherical shape and similar morphol-
ogy with NNPs. Therefore, identification of ENPs from NNPs based
on the morphological difference is also not acceptable.
2. Differentiation of ENPs and NNPs Using Elemental Ratio

Elemental compositions in the natural and manufactured sam-
ples vary widely depending on the preparation method, sampling
spot, and synthetic conditions. Generally, manufactured ENPs have
high purity of main components. Since NNPs have various min-

eral components, such as Al, Fe, Ti, and Zn, in natural conditions,
the composition ratio was also different with pure ENPs. There-
fore, elemental analysis for all samples was carried out using ICP-
MS. As shown in Fig. 4(a), NNPs recovered from the fourth layer
in Fig. 1(a) have four different elements (Ti, Zn, Fe, and Al). Sili-
con (26.8%), oxygen (47.4%), aluminum (8.4%) and iron (7.1%)
are the most abundant element sin the earth’s crust [11]. In this
work, because silicon ion was not an interesting element, element
analysis for Si ion was not conducted. The ilmenite (FeTiO3) col-
lected from Hadong as natural mineral showed large portion of Ti
(site #2) but less-detectable Zn ion in NNPs. In site #1, average
concentration of Ti, Zn, Fe, and Al elements was 78.14±25.94,
6.55±2.12, 938.19±342.08, and 1,297.59±757.06 mg/kg, respectively.
In site #2, Ti, Zn, Fe, and Al showed 797.37±103.01, 13.6±8.47,
3,644.21±3,052.18, and 2,637.19±1,220.78mg/kg, respectively. Namely,
the composition ratio of {Fe+Al} and Ti in site #1 and site #2 is
96.3 and 3.4%, and 88.6 and 11.2%, respectively. Since the compo-
sition of Zn ion in natural mineral is 0.2% (site #2) and 0.3% (site
#1) as minor element, if the concentration of Zn ion in unknown
NPs whether ENPs or NNPs has some significance value compared
to other elements (Ti, Fe, and Al), those NPs may be referred to as
ENPs.

Fig. 4(b) represents the concentration of Ti, Zn, Fe, and Al con-
tained in reagent-/manufactured-ENPs and consumer products.
Reagent- and manufactured-ENPs have a high purity for Ti and
Zn ion in TiO2 and ZnO. Whereas, NPs contained in consumer

Fig. 3. TEM images of manufactured nanoparticles contained in (a) commercial sunblock and (b) white-color paint.

Table 1. Particle size of natural, manufactured and reagent samples
Compositions Grade Particle size (nm) Measuring tools
TiO2, ZnO
TiO2

TiO2

ZnO
ZnO
TiO2, ZnO

TiO2

Natural NPs
Manufactured NPs
Reagent NPs
Manufactured NPs
Reagent NPs
NPs in sunblock

NPs in paint

642.3±44.3
020.5±5.0
029.3±7.9
070.0±8.9 (thickness)
036.1±10.3
068.5±18.0 (long)
013.7±4.0 (short)
228.8±73.1

TEM/DLS
TEM/SEM
TEM/SEM
TEM/SEM
TEM/SEM
TEM
TEM
TEM
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products showed various composition of Ti, Zn, Fe, and Al ele-
ments. The composition of Ti, Zn, Fe, and Al elements in paint is
44.8, 31.5, 7.6, and 16.2%, respectively. Sunblock 1 and 2 showed
48.8, 46.7, 0.9, and 3.7%, and 56.8, 0.7, 8.2, and 34.3%, for Ti, Zn,
Fe, and Al elements, respectively. Based on the elemental analysis,
paint and sunblock 1 contain a mixture of TiO2 and ZnO ENPs,
while sunblock 2 contains TiO2 ENPs without ZnO. Trace materi-
als for sunblock 1 and 2 were known as aluminum hydroxide, hy-
drated ferric oxide, alumina, and aluminum stearate, which was
identified as cosmetic component manual.

For more specific distinction between ENPs and NNPs, the ele-
mental ratio of {Ti+Zn} to {Ti/Zn}/{Fe+Al} for all samples is repre-
sented as a logarithm plot in Fig. 5(a). Analytical methodology for
the elemental ratio was found in the study on the release of TiO2

NPs from sunscreens into surface waters. Gondikas et al. [24] found
that the Ti/Al ratio was significantly different between the sum-
mer and spring, and this difference was due to the heavily used
TiO2-contained sunscreens for recreational activities like bathing
and water sports during the summer season. Elemental ratio of
{Ti+Zn} was increased with decreasing of background elements
{Fe+Al}, and thus {Ti+Zn} show linearized correlation with {Ti/
Zn}/{Fe+Al} ratio. Site #1 and #2 points in Fig. 5(a) revealed the
average elemental ratio of natural mineral without post-treatments
(filtration and DGUR). While {Ti/Zn}/{Fe+Al} ratio of NNPs ranged

in 0.01 to 1, its ratio of NPs extracted from consumer products
was from 1 to 100. Pure ENPs such as reagent- and manufactured-
TiO2 and ZnO showed above value of 100 in {Ti/Zn}/{Fe+Al} ratio.
Additionally, element compositions for Ti, Zn, Fe, and Al in NPs
were represented as other form like a triangular diagram as shown
in Fig. 5(b). Ternary plot for {Ti+Zn}, Fe, and Al ions was helpful
to identify the composition ratio at a glance. Since NNPs with high
composition of Fe and Al, NNPs sampled from Hadong were
located in the bottom range of 0 to 30% {Ti+Zn}. NPs extracted
from consumer products have high concentrations of Ti and Zn
compared to Fe and Al, and thus points located in the top range
of 50 to 95% {Ti+Zn}. Pure ENPs exhibit in the vertex of {Ti+Zn}.

Single-particle ICP-MS (SP-ICP-MS) and crystallinity analysis

Fig. 4. Elemental compositions of Ti, Zn, Fe, and Al in the (a) natu-
ral and (b) manufactured samples. Natural nanoparticles in
(a) were recovered from the 4th layer as shown in Fig. 1(a).

Fig. 5. (a) Logarithm plot for the elemental ratios of {Ti+Zn} to
{Ti+Zn}/{Fe+Al} in all samples. (b) Triangular diagram for
the element compositions of Ti, Zn, Fe, and Al species in all
samples. A: 2-1, B: 2-2, C: 1-4, D: 1-2, E: 1-1, F: 1-3, G: 2-5,
H: 2-6, I: 2-4, J: 2-7, K: 2-3, L: sunblock 1, M: paint, N: sun-
block 2, O: manufactured ZnO, P: reagent TiO2, Q: reagent
ZnO, R: manufactured TiO2, site 1: Wolhoeng-ri, site 2: Jik-
jeon-ri.
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using X-ray diffractometer (XRD) could be candidates as another
differentiation methodology between ENPs and NNPs. As pointed
out by Gondikas et al. [24], SP-ICP-MS currently cannot measure
more than one isotope simultaneously and crystal structural dif-
ferences between ENPs and NNPs are not particularly promising.
Although isotopic analysis has been successfully used with other
elements, such as mercury to trace their source to manufacturing
processes [25], this method is also not likely to be useful in the
case of TiO2 due to the quantitative conversion of the source mate-
rials to ENPs [26]. Therefore, given these limitations, the elemen-
tal ratio of specific elements in samples to use locally established
background elemental ratios seems to be the candidate solution
for differentiation between ENPs and NNPs.

CONCLUSIONS

We investigated the possibility of differentiation between ENPs
and NNPs based on the elemental ratio analysis of component ele-
ments. Natural mineral samples were collected from ilmenite-min-
ing area, which is located in Hadong, Korea, and 12 NNPs were
separated from minerals by DGUR separation. Reagent- and man-
ufactured-TiO2 and ZnO were selected as reference ENPs, and
additionally, 3 NPs samples were extracted from nano-consumer
products (sunblock and paint). Based on the analysis of particle size
and polydispersity of samples, these physical properties were not
suitable properties to differentiate between ENPs and NNPs. Ele-
mental analysis for all samples was carried out using ICP-MS, and
elemental ratio of {Ti+Zn} to {Ti/Zn}/{Fe+Al} for ENPs showed a
distinct difference with that for NNPs. While {Ti/Zn}/{Fe+Al} ratio
of NNPs ranged in 0.01 to 1, its ratio of NPs extracted from con-
sumer products was from 1 to 100, and reagent-/manufactured-
ENPs such as reagent- and manufactured-TiO2 and ZnO showed
above value of 100 in {Ti/Zn}/{Fe+Al} ratio. In addition, a ternary
plot for {Ti+Zn}, Fe, and Al ions was helpful in identifying the
composition ratio at a glance. Based on a feasibility test for distin-
guishing ENPs from NNPs, the elemental analysis of specific ele-
ments to background elemental ratios might be candidates for
differentiation between ENPs and NNPs.
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