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Aqueous Dispersions of Polypropylene: Toward Reference
Materials for Characterizing Nanoplastics

Jana Hildebrandt and Andreas F. Thünemann*

Microplastics and nanoplastics pollute the natural environment all over the

world, but the full extent of the hazards posed by this waste is unclear. While

research on microplastics is well advanced, little work has been done on

nanoplastics. This discrepancy is mainly due to the lacking ability to detect

nanoplastics in biologically and environmentally relevant matrices.

Nanoplastics reference materials can help the development of suitable

methods for identifying and quantifying nanoplastics in nature. The aim is to

synthesize nanoplastics made from one of the most commonly used plastics,

namely polypropylene. An easy way to produce long-term stable aqueous

dispersions of polypropylene nanoparticles (nano polypropylene) is reported.

The nanoplastic particles, prepared by mechanical breakdown, show a mean

hydrodynamic diameter of Dh = 180.5 ± 5.8 nm and a polydispersity index of

PDI = 0.084 ± 0.02. No surfactant is needed to obtain dispersion which is

stable for more than 6 months. The colloidal stability of the surfactant-free

nano polypropylene dispersions is explained by their low zeta potential of 𝜻 =

−43 ± 2 mV.

1. Introduction

Plastic nanoparticles—a.k.a. nanoplastics—are assumed to be
becoming increasingly abundant in nature.[1] This is because
global plastic production is increasing and waste is not being dis-
posed of properly in large parts of the world. No strategies are
in place for reusing or recycling plastics produced as completely
as possible, which would otherwise prevent them from entering
the environment. Only about 21% of plastic produced between
1950 and 2015 has been reused through recycling or incineration,
leaving 79% that has ended up in landfills or otherwise entered
the natural environment.[2] There, various degradation processes
turn macroplastics into microplastics and ultimately nanoplas-
tics. An awareness of these processes and the possible negative
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effects of microplastics is evident in large
sections of the population nowadays.
For clarity, it should be noted that

in addition to the international standard
ISO/TR21960:2020(en), Hartmann et al.
have suggested that nanoplastic particles re-
fer to dimensions < 1μ m.[3] We refer to
both publications for definitions and classi-
fications for plastic debris. In contrast, Sieg
et al.[4] have decided to use the term “nano”
as commonly used in the nanotoxicology
field,[5] whereby nanoplastic refers to parti-
cles ranging from 1 to 100 nm. In the litera-
ture, there is often a gap in the definition be-
tween the lower size limit for microplastics
(>1 μm) and the size range for nanoparti-
cles below 100 nm. For the plastic particles
with diameters between 100 and 1000 nm
the term “submicron” is often used.[4]

Recently, Paul-Pont et al.[6] recom-
mended that laboratory studies on mi-
croplastics made of the “Big Six” polymers,

that is, polypropylene (PP), polyethylene (PE), polyvinyl chlo-
ride (PVC), polyurethane (PU), polyethylene terephthalate (PET),
and polystyrene (PS), so that priorities could be set for ex-
perimentally exposing of marine organisms to these plastics.
These polymers account for 80% of the plastics produced in Eu-
rope. Polypropylene and polyethylene can be focused on even
more because recoveries of these two polymers dominate in
all environmental compartments. For example, polyethylene ac-
counts for 53–67% and polypropylene for 16–30% of the plas-
tics found in the Bay of Brest.[7] Due to the lack of compa-
rable data for nanoplastics, we assume that the occurrence of
polyethylene and polypropylene as nanoplastics is comparably
high.
In contrast to microplastic, data available on nanoplastics

is scarce.[8] This also means that the risk assessment for
nanoplastics is still in its infancy. Some studies, however,
give considerable cause for concern. As one example, Tallec
et al. found that nanoplastics induced a significant decrease
in fertilization success as well as embryo–larval development
amongst Pacific oysters, while no effects of plain microplastics
were seen.[9] Hollóczki and Gehrke reported that polyethylene
nanoparticles dissolve in the hydrophobic core of lipid bilayers
in a simulation study.[10] Accordingly, there is also a risk that vital
functions of the cell membranes might be altered. The same
authors reported that nanoplastics can change the secondary
structure of proteins.[11] In this case, the danger is that such
proteins might lose their function, whereby enzymes might
become inactive as one example.
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In general, there are two ways that previous studies of
nanoplastic toxicity have proceeded. One part of the studies uses
spherical plastic nanoparticles, mostly made of polystyrene (PS),
whose size is known.[12] These nanospheres are available for pur-
chase and therefore easily accessible to the user. At the same
time, these commercial nanospheres were not produced for the
purpose of serving as reference materials for nanoplastics found
in the environment. Added additives and surfactants can falsify
results.[13] Therefore, more and more research groups are mov-
ing toward producing their own test material.[14] However, the
quantities produced are often only sufficient for one study and
do not allow comparison between different laboratories. An eas-
ily repeatable method with stable results concerning the size of
the particles is thereforemuchneeded. In this study, we produced
long-term stable aqueous dispersions of polypropylene nanopar-
ticles from bulk material. The presented preparation method for
polypropylene nanoparticles was inspired by the approach pro-
posed by Ekvall who formed nanoplastics by mechanically break-
ing of polystyrene products used in daily life.[15] The authors pro-
duced polystyrene nanoplastics directly in water using a house-
hold immersion blender. Ekvall et al. also recently reported on
nanoplastics of high-density polyethylene displaying a diameter
around 110 nm which induced a size-dependent toxic effect in
the zooplankton species Daphnia magna.[16] In their method, the
prepared polyethylene particles were not stable in solution over
time, that is, no nanoparticles were detected after a storage time
of 100 days. Very likely, their 𝜁 potential of about −10.9 ± 6.4
mV was not sufficient to allow for colloidal long-term stability.
Highly stable particles could be expected for 𝜁 potentials below
−30 mV.[17] Since we wanted to avoid using surfactant stabiliz-
ers, establishment of a strongly negative zeta potential was the
most important goal for providing colloidally stable dispersions.
In the following, we show how this was possible for polypropy-
lene nanoparticles. In the future, these dispersions are intended
to serve as reference materials for the detection of nanoplastics
in liquid samples. Such reference materials might help in the de-
velopment of methods for detecting polypropylene nanoplastics
in food and environmental samples.

2. Results and Discussion

Mechanical breakdown was used to crush macroscopic
polypropylene granules into smaller pieces by employing a
mechanical disperser based on the rotor–stator principle,
thereby providing a higher mechanical energy input than that
utilized by Ekvall.[15] Preparing polypropylene nanoparticles
directly in water proved unsuccessful, but success was achieved
when using acetone as the dispersion medium while crushing
the polypropylene granules at a temperature of 0 °C. Larger
polymer fragments were removed after mechanical breakdown
via filtration, then water was added, and the acetone was finally
removed by distillation. In this form it remains as an aqueous
phase, displaying the typical semitransparent appearance of
a diluted particle dispersion, as can be seen in Figure 1. We
assume that polypropylene is brittle enough under the chosen
conditions to form a significant number of separated nanopar-
ticles, which at the same time are colloidally stabilized. We
also assume that processes such as polymer welding, which
counteract the formation of colloids, predominate in pure water.

Figure 1. Bottle containing 10 mL of an aqueous dispersion of polypropy-
lene nanoparticles. The dispersion is illuminated with a green laser from
the left side to illustrate the light scattering properties.

As such, polypropylene nanoparticles are not formed in water
without the help of surfactants. Recently, Lionetto et al. reported
on the production of PET nanoparticles via a stepwise grinding
and sieving of PET pellets.[18] Like our observations, their work
also suggests that high mechanical energy input typically causes
nanoparticles to re-weld if they are not immediately colloidally
stabilized. Polystyrene on the other hand is brittle at ambient
conditions, which may explain the fact that re-welding processes
failed to prevent the formation of PS nanoparticles in the study
of Ekvall.[15] It seems plausible to us that the formation of
nanoparticles by grinding becomes more difficult as the glass
transition temperature of the polymer increases. The glass
transition depends not only on the material, but also on the
pretreatment of the polymer. Nevertheless, the glass transition
temperature and thereby the ease of preventing re-welding
increases in the order PE (−100 °C), PP (−10 °C), PET (70 °C) to
PS (100 °C).
Since our polypropylene nanoparticles are dispersed in pure

water without any added stabilizer, we assumed that the particles
start to agglomerate after short periods of storage. To test this
assumption, a sample was filled into a glass vial and left at am-
bient room temperature and under lighting. The hydrodynamic
diameter of the particles of this sample was then measured at
0, 9, 43, and 245 days after sample preparation. Surprisingly, no
signs of agglomeration could be found in the DLS data and the
hydrodynamic diameter stayed constant at 116 ± 10 nm as can
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Figure 2. Light scattering. Left panel: SLS data (circles) andGuinier approximation according to Equation(1) (red solid line) providing a radius of gyration
of Rg = 190.8 ± 6.9 nm. Right: Intensity correlation functions of measurements performed at scattering angles of 2𝜃 = 26°, 90°, and 146°, respectively.
The red dotted lines represent curve fits using Equation (4).

Table 1. Molecular characteristics of the polypropylene before and after
nanoparticle preparation, as derived by gel permeation chromatography.
M̄n is the number-weighted mean molar mass, M̄w is the mass-weighted
mean molar mass, and Ð is the dispersity index.

M̄n (g mol−1) M̄w (g mol−1) Ð

Pristine polypropylene 1.1· 104 3.6· 104 3.3

Nano polypropylene 1.2· 104 3.6· 104 2.9

be seen in Figure S2, Supporting Information. This finding in-
dicates that no additional stabilizing surfactants are necessary to
create a long-term stable aqueous dispersion of the polypropy-
lene nanoparticles. Therefore, the assumption that this method
might be suitable for producing a reference material seemed jus-
tified. To increase the concentration of the nanoparticles, a higher
concentration of granular starting material was then used to pro-
duce the nanoparticle referencematerial candidate, resulting in a
polypropylene weight concentration of 41 μgmL−1 as determined
gravimetrically (see Experimental Section).
The particle preparation was suspended in acetone because

acetone forms no azeotrope with water,[19] and is easily remov-
able from an acetone/water mixture by evaporation due to its
low boiling temperature of 56 °C. There was a possibility that
the polypropylene chains might have been mechanochemically
cleaved and that the acetone may have reacted with the subse-
quently produced polymer fragments. For this reason, gel perme-
ation chromatography was performed on the pristine polypropy-
lene and on dried nano polypropylene to test this hypothesis. This
showed that the number-weighted mean molar mass M̄n of (1.1
− 1.2) × 104 g mol−1, the mass-weighted mean molar mass M̄w

of 3.6 × 104 g mol−1 and the dispersity index Ð of 2.9 to 3.3 did
not change significantly due to particle preparation, that is, the
main characteristics of the molecular weight distribution were
unchanged (see also Table 1). This result strongly indicates that
the polypropylene chains themselves remain unchanged in the
process of preparing nano polypropylene.

2.1. Size Determination

The sizes of the produced polypropylene particles were deter-
mined by static (SLS) and dynamic light scattering (DLS). The
intensity values of the SLS data as a function of the scatter-
ing vector I(q) are bell shaped, indicating the presence of de-
fined particles. The SLS data were interpreted using the Guinier
approximation[20]

I(q) = I0 e
−R2g q

2∕3 (1)

where I0 is the scattering intensity at a scattering vector of q =

0 and Rg is the particles’ radius of gyration. The relationship be-

tween the radius of a sphere and its radius of gyration is R2 =

5∕3R2
g
. Together with R =D/2, one obtainsD = 2

√
5∕3Rg, where

D is the equivalent sphere diameter. The radius of gyration was
Rg = (190.8 ± 6.9) nm, corresponding to an apparent diameter of
D = (490 ± 18) nm. SLS data and curve fits according to Equa-
tion (1) are shown in Figure 2.
Multi-angle DLS was used to characterize the hydrodynamic

diameter of the particles, as well as to indicate aggregation and
particle–particle interaction. The intensity correlation functions
of the DLS measurements were approximated by Friskens’ vari-
ation of the cumulants’ method.[21] This method utilizes direct
curve fittings of the measured intensity correlation functions
with

G2(𝜏) − 1 = B + 𝛽 exp
(
−2Γ̄𝜏

)(
1 +

𝜇2

2!
𝜏2
)2

(2)

where B is a baseline, Γ̄ is the first cumulant (mean decay rate),
and μ2 is the second cumulant. The third and higher cumulants
are normally considered as not significant[21] as already stated by
Koppel.[22] The Γ̄ is related to the mean translational diffusion
coefficient D̄ of the particles by Γ̄ = D̄q2, where q = 4𝜋n/𝜆 sin (𝜃)
is the scattering vector. The n =1.332 is the refractive index of
water, 𝜆 = 632.8 nm the wavelength of the laser, and 2𝜃 is the
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Figure 3. Light scattering. Left panel: Diffusion coefficients as a function of q2 (circles) and a linear fit (red solid line). Right panel: Hydrodynamic diameter
(black circles) and PDI (blue diamonds) at different scattering angles. The gray area covers the range between the smallest and largest Dh-value of 190
and 230 nm. The blue area comprises the mean value of the PDI plus-minus one standard derivation,that is, <PDI > =0.11 ± 0.05.

respective scattering angle. The diffusion coefficient can be de-
termined directly as a fit parameter when using

G2(𝜏) − 1 = B + 𝛽 exp
(
−2D̄𝜏q2

)(
1 +

𝜇2

2
𝜏2
)2

(3)

In the graphical representation it is not ideal that the data do not
overlap for measurements at different q-values when the diffu-
sion coefficient is the same. For displaying the correlation func-
tions more optimally, an x-axis transformation from 𝜏 to x = 𝜏q2

was therefore performed, as

G2(x) − 1 = B + 𝛽 exp
(
−2D̄x

)[
1 +

𝜇2

2q4
x2
]2

(4)

This presentation allows direct evaluation from the data whether
the D̄ and hence the Dh-values are angular dependent. Examples
of using Equation (4) for interpretation of theG2(𝜏q

2)− 1 data for
scattering angles of 26°, 90°, and 146° are given in Figure 2. It is
easy to see that the curves are largely superimposed, indicating
the absence of aggregates. Nevertheless, a certain systematic an-
gular dependence of the diffusion coefficient is visible, ranging
from D̄ = 2.0 × 10−12 to 2.4 × 10−12 m2s−1, as shown in Figure 3.
The D̄ values increase approximately linearly with q2 as

D̄ = (1.97 ± 0.02) × 10−12m2s−1 + (7.0 ± 0.3) × 10−28m4s−1 × q2

(5)

(see the red solid line in the left panel of Figure 3). The D̄ and Dh

are related by

Dh =
kT

3𝜋𝜂D̄
(6)

with an uncertainty of

uDh
=

kT

3𝜋𝜂D̄2
uD̄, (7)

where k is the Boltzmann constant, T is the temperature, 𝜂 is
the viscosity of water, and uD̄ is the uncertainty of D̄ as esti-
mated from the curve fit. Application of Equations (6) and (7)
provides a hydrodynamic diameter of Dh = (230.0 ± 1.5) nm for
limq2→0 D̄(q

2). ThisDh value can be assumed to be themost physi-
cally realistic value, as this form of evaluation of multi-angle light
scattering data has been generally accepted.[23] For application
as reference material, however, it is of great importance to con-
sider the measurement capabilities of the typical users and, not
just those of nationalmetrological institutes and other excellently
equipped facilities. Typically, users have DLS instruments that
measure at only one scattering angle, for example, 90° or most
often in back scattering mode, that is, at 173°. It is therefore im-
portant to specify which hydrodynamic diameter is to be deter-
mined for the nano polypropylene for the respective measuring
angle of the user’s respective measuring instrument. A conver-
sion of the angle-dependent diffusion coefficients, from Figure 2
to hydrodynamic diameters, can be seen in Figure 3. Therein,
the minimum value is Dh = 190 nm and the maximum value is
230 nm. In principle, it is possible to certify the parameters of
Equation (5) for using nano polypropylene as reference material.
This allows the reference value to be calculated for the measur-
ing angle of the respective instrument. However, this might be
impractical for many potential users. Due to the large number of
DLS instruments that operate with a back scattering geometry, it
seems appropriate to us to specify a Dh value for a measurement
in back scattering mode as a reference value.
A second relevant parameter is the polydispersity index, abbre-

viated as PI or PDI, and defined as the ratio of the second cumu-
lant and the square of the first cumulant in Equation (A.13) of
the ISO 22412 standard.[24] The

PDI =
𝜇2

Γ̄2
, and with Γ̄ = D̄q2 is equivalent to PDI =

𝜇2

q4D̄2
(8)

The uncertainty of the PDI as calculated according to GUM[25] is

uPDI =

[(
1

q4D̄2

)2

u2
𝜇2
+

(
2𝜇2

q4D̄3

)2

u2
D̄

]1∕2

(9)

Macromol. Rapid Commun. 2023, 44, 2200874 2200874 (4 of 15) © 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH

 1
5
2
1
3
9
2
7
, 2

0
2
3
, 6

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/m

arc.2
0
2
2
0
0
8
7
4
 b

y
 F

ak
 - B

am
 B

erlin
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

0
/0

3
/2

0
2

3
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



www.advancedsciencenews.com www.mrc-journal.de

Figure 4. Scanning electron micrograph of polypropylene particles (scale
bar = 200 nm).

We found that, in contrast to Dh, the PDI values do not show any
systematic dependence on q as can be seen in the left panel of
Figure 3 (blue diamonds). The mean value is <PDI > =0.11 ±

0.05 (horizontal blue line) and may serve as a potential reference
value. The <PDI > is surprisingly low, considering the produc-
tion of nano polypropylene via mechanical breakdown.
By comparing the radius of gyration and the hydrodynamic ra-

dius according to 𝜌= Rg/Rh, the 𝜌 ratio is obtained,
[26] which pro-

vides information about the shape of particles. A homogeneous
sphere has the smallest possible value for the 𝜌 ratio of 0.775.
The 𝜌 ratio increases as the shape changes from spherical to ex-
tended rigid particles.[23,27] The 𝜌 ratio of nano polypropylene is in
the range of about 1.7 and 2.0 indicating that the nano polypropy-
lene deviates significantly from a spherical shape.
Scanning electron micrograph (SEM) measurements of the

polypropylene particles were performed to reveal insights about
particle shapes. A typical SEM image is given in Figure 4. It is ob-
vious that the particle have clear fracture edges. Additionally, the
particle shape appears to be elongated. If we assume a simplified
cylinder geometry, we can calculate a hydrodynamic equivalent
diameter. For this, we set the diffusion coefficient of a sphere to
Ds = kBT/(3𝜋𝜂Dh), equal to that of a cylinder of

[28,29]

Dc =
kBT

3𝜋𝜂l
(log(p) + 𝜈) (10)

with p = l/d and 𝜈 = 0.312 + 0.565 p−1 − 0.1 p−2, resulting in

Dh =
l

0.313 − 0.1d2∕l2 + 0.565 d∕l + log(l∕d)
(11)

The Boltzmann constant kB, temperature T, and viscosity 𝜂 are
shortened, that is, Dh is given by length l and diameter d of the
cylinder. Inserting a cylinder length of l= 300 nm and a diameter
of d = 100 nm provides a hydrodynamic equivalent diameter of
Dh = 189 nm. This value is consistent with the experimentally
observed hydrodynamic diameters and suggests that the SEM
picture is representative of the nano polypropylene. It should be
noted here that a detailed SEM/TEM study is underway and is
beyond the scope of the current work.

2.2. Zeta Potential

The obvious assumption to explain particle colloidal stability is
that the particles are stabilized by surface charges. 𝜁 potential
measurements were taken to substantiate this assumption. In-
deed, the as-prepared particles revealed 𝜁 potential values of
around - 35mV at pH 7.4. As a general rule (even if the individual
case can be more complicated), nanoparticle dispersions with 𝜁

potentials of ± 0–10 mV are classified as highly unstable, ± 10–
20 mV as relatively stable, ± 20–30 mV as moderately stable, and
larger than± 30mV as highly stable.[30–32] We therefore conclude
that the strongly negative 𝜁 potential of the nano polypropylene
is the cause for its colloidal long-term stability. Next, we mea-
sured the 𝜁 potential as a function of the pH by titration with
hydrochloric acid. The 𝜁 (pH) data display a sigmoidal shape as
shown in Figure 5. For quantification, we follow the approach of
Creux et al.[31] and fitted the data as an acid–base titration curve
with

𝜁 (pH) =
𝜁sK

10−n pH+K
(12)

where 𝜁 s is the saturation level of the 𝜁 potential at high pH, K is
the acid–base equilibrium constant and n is an exponent. Applica-
tion of Equation (12) provided 𝜁 s = 35±1mV andK= (1.13±0.12)
· 10−4 (see red solid line in Figure 5). A fixed value of n=1 was
employed to avoid ambiguous results. Extrapolation to low pH
values provides limpH→ 0𝜁 (pH) = 0 mV. The half titration point
of 𝜁 s/2 = −17.48 mV is found at pH 3.94 as indicated by the blue
lines in Figure 5.
At first glance, the presence of a strongly negative 𝜁 poten-

tial of the nano polypropylene without use of an anionic col-
loidal stabilizer such as sodium dodecyl sulfate[33] or poly(acrylic
acid)[34] seems surprising. Therefore, we must assume that the
negative 𝜁 potential is generated by the water itself interacting
with the polypropylene nanoparticles. Suitable arguments for
this hypothesis can be found in the literature. Here, the earlier
studies of Zimmermann et al.[35,36] showed, that non-polar poly-
mer surfaces of fluoropolymers are highly negatively charged in
the presence of water. They found that hydroxide ions adsorb
to the polymer surface at the interface between the solid poly-
mer and the liquid water. Greben et al. reported on 𝜁 poten-
tials of polypropylene foils below −60 mV at pH 6.8.[37] In a far
more general form, Creux et al. showed a strong specific hydrox-
ide ion binding and hence negative zeta potentials at oil/water
and air/water interfaces.[31] Thismeans that negative 𝜁 potentials
can generally be expected for non-polar/water interfaces. Sim-
ilarly, Nauruzbayeva et al. deduced that common hydrophobic
materials such as polypropylene possess surface-bound negative
charges.[38] The discussion about the existence and stability of
gas-filled nanobubbles is also related.[39] Tan et al. provide a the-
ory on how nanobubbles might survive in bulk water by a mech-
anism of accumulated negative surface charge density and they
calculated a preferred diameter of about 200 nm.[40] Although the
interpretation that the negative 𝜁 potentials result from negative
surface charges produced by adsorbed hydroxide ions is widely
accepted, it should be noted here that Manning, for example,
looked at this critically.[41] Uematsu et al. found in a theoreti-
cal study that the adsorption of small inorganic ions, including
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Figure 5. Left: 𝜁 potential as a function of the pH and a curve fit according to Equation (12) (black circles and red line, respectively). The half titration
pH is at pH 3.94 for which the 𝜁 potential is 17.5 mV (indicated by blue lines). Right: Surface charge density and the number of charges (OH− ions) per
nano polypropylene particle.

hydroxide ions, cannot account for the experimentally observed
negative 𝜁 potentials of hydrophobic surfaces, although surface-
active charged impurities can.[42] Even if the discussion is not
yet finished, for the purpose of the present work, we adopted the
common opinion and assumed that adsorbed hydroxide ions are
the cause of the negative 𝜁 potential of the nano polypropylene.
Worthy ofmention is the fact that we do not find a crossover from
a negative to a positive surface charge for the nano polypropylene
at lower pH. This contrasts with a polypropylene foil, where an
isoelectric point was found around pH 4 and the zeta potential
becomes positive at lower pH.[37] It can be assumed that the rea-
son for this discrepancy is the curvature of the particle surface.
Tan et al. provide an expression for the calculation of the surface
charge density of bulk nanobubbles,[40] and we applied that equa-
tion to our nano polypropylene. The surface charge density of a
hydrophobic particle calculates as

𝜎(R) =
2𝜖𝜖0𝜅kBT

e
sinh

(
e𝜁

2kBT

)
f (R) (13)

where ϵ0 = 8.854 × 10−12 F m−1 is the vacuum permittivity, ϵ =

78.2 is the permittivity of water at 25 °C, e= 1.602 × 10−19 C is the
elementary charge, kB = 1.380649 × 10−23 J K−1 is the Boltzmann
constant, T = 298 K is the temperature (25 °C), 𝜅 is the Debye
screening wave vector, and f(R) is a term that corrects for the cur-
vature of the particles. The reciprocal of 𝜅 is the Debye screening
length,

𝜅−1 =
√
𝜖𝜖0kBT∕2c0e

2 (14)

where c0 is the ionic strength of the solution. For our particle dis-
persions with c0 = 1.1 × 10−4 mol L−1 the Debye length is about
29 nm. Note that the theoretically possible limit (that of pure wa-
ter with an ionic strength of 2 × 10−7mol L−1) is 678 nm. The f(R)

is a geometric term arising from an approximate solution to the
spherical Poisson–Boltzmann equation,[43] given as

f (R) =

√√√√1 +
1

𝜅R

2

cosh2(Ψ∕2)
+

1

(𝜅R)2

8 ln
[
cosh(Ψ∕2)

]

sinh2(Ψ)
(15)

with the particles’ radius R and

Ψ = e𝜁∕2kBT . (16)

In the large particle limit 𝜅R ≫ 1, f(R)→ 1 and the Equation (13)
becomes the Grahame equation for a planar double layer. Appli-
cation of Equation (13) provides an estimate of the surface charge
density as a function of the pH value shown in the right panel of
Figure 5. The surface charge density is about −1.0 × 10−3 C m−2

at a 𝜁 potential of−35.0 mV (pH 7.4). This translates to an area of
156 nm2 per OH− ion and about 2900 OH− ions on the surface of
each particle if we assume for simplicity a spherical shape with
a radius of 190 nm. The surface charge density decreases with
lower 𝜁 potential and at the half point of titration (pH 3.94) with
a 𝜁 potential of −17.5 mV the surface charge is reduced to −0.49
× 10−3 C m−2.
Beattie et al.[44] estimated surface charges of −5 × 10−2 to −7

× 10−2 C m−2 for emulsions of hecadecane, perfluoromethylde-
calin, or squalene formed at pH 7–9. These values correspond to
about one hydroxide every 3 nm2. Karraker andRadke[45] reported
on one hydroxide for every 65 nm2. Manciu and Ruckenstein[46]

calculated an even lower value of about one OH− every 167 nm2

for an ionic strength of about 10−3 mol L−1. The latter complies
with our findings. For comparison, polymer particles which are
colloidally stabilized with carboxyl or amine surface groups dis-
play much higher surface charge densities (in the order of 0.02
to 0.1 Cm−2) as should be expected, and as has been theoretically
described by Ong et al.[47] Considering the widely diverging val-
ues in the literature, the values found here for the surface charge
density seem at least plausible. We conclude from the results of
the 𝜁 potential measurements that the surface of the particles is
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Figure 6. Repeatability of preparation of polypropylene nanoparticles. Values of z-scores are given for Dh, PDI, and 𝜁 potential for all batches produced
(circles). Data with z-scores between −2 and +2 (green area) are considered to be satisfactory. These samples were pooled to form a masterbatch.

very likely covered with hydroxyl ions, even without being able to
present direct spectroscopic evidence for this. The preliminary
investigations described above indicate that Dh, PDI, and 𝜁 po-
tential may serve as suitable quantities for nano polypropylene
as reference material. The following chapters will explore this as-
sumption further. It should be noted that all results in the fol-
lowing are from DLS data measured in back scattering mode at
a fixed scattering angle of 2𝜃 = 173°.

2.3. Repeatability

In nanotechnology, many processes fail due to their poor
repeatability,[48] which could also be a problem here. Therefore,
we performed a repeatability study to test our particle preparation
process. For this purpose, the production of nano polypropylene
was repeated 59 times to obtain statistically significant informa-
tion about the repeatability of the production method. The Dh,
PDI, and 𝜁 potential were determined for a sample from each of
the batches (data are provided in Supporting Information). We
then compared the results of the different batches on the basis of
their z-scores. In this study z-scores are calculated as

z =
x − x̄

𝜎
(17)

with x being the result of a measurand (Dh, PDI, and 𝜁 poten-
tial, respectively) determined for each batch, x̄ being the arith-
metic mean of the measurand values, and 𝜎 being the standard
deviation of the mean values. We refer to Lamberty et al.[49] for
application of the z-score in an interlaboratory comparison for
the measurement of the particle size and 𝜁 potential of silica
nanoparticles in an aqueous suspension. Often, z-scores which
range within −2 and +2 are considered to be satisfactory, scores
in the ± interval between 2 and 3 to be questionable, and those
outside −3 and +3 to be unsatisfactory. We adopt this classifica-
tion here and an overview of the resulting z-scores is given in
Figure 6 (circles). It can be seen that most of the values lie within
the interval of −2 to 2 (satisfactory, green area) and that overall,
the z-values of 52 of the 59 batches are within this interval for
all measurands. More precisely, a number of 3 batches for Dh, 3
for PDI and 1 for 𝜁 potential lie outside this interval and were
therefore discarded. For the selected samples, the mean values
are <Dh > =183 ± 7 nm, <PDI > =0.09 ± 0.03, and <𝜁 > poten-
tial = −44 ± 3 mV. The 52 accepted batches from this repeata-
bility study were combined into a master batch and of these a

total of 480 samples were filled into glass vials (see Figure 1).
The latter were taken for the assessment of homogeneity and
stability.

2.4. Homogeneity

Twenty vials were randomly taken from the 480 produced vials
for a homogeneity study. Samples were taken from the selected
vials on three consecutive days and immediately measured, re-
sulting in 60 values for each of the measurands Dh, PDI, and 𝜁

potential. The overall means now are <Dh > =181 ± 6 nm, <PDI
> =0.084 ± 0.023, and <𝜁 > potential = −43 ± 2 mV. A violin
plot for comparison of the measurand values for the produced
batches (a), selected batches (b), and the pooled batches in the
homogeneity study (c) is given in Figure 7. It can be seen that
the mean measurand values in a, b, and c are very similar. For
example, the differences of the mean values between b and c are
<Dh, c > − < Dh, b > =2 nm, <PDIc > − < PDIb > =0.01 and
<𝜁 c > − < 𝜁b > =1 mV. These differences are smaller than the
corresponding standard deviation of the means of c and b. We
conclude that pooling of the selected batches to a master batch
has not changed the mean values of the measurands, as was in-
deed expected. In contrast, from inspection of the violin plots
in Figure 7 it was clear that the ranges and the standard devia-
tions became smaller in lines a, b, and c. Therefore, the effect
of selection of batches and then pooling of the selected batches
is that the measurand values became more uniform, as was
intended.
Of interest for the further evaluation is whether the measur-

and values are normally distributed. We employed Kolmogorov–
Smirnov, Shapiro, and Normal tests for this purpose and found
that for a and b, the hypothesis of normality forDh, PDI, and 𝜁 po-
tential values could not be rejected based on these tests. Normal-
ity for Dh and 𝜁 potential can also not be rejected for c. For PDI,
however, the hypothesis of normality cannot be rejected based on
the Kolmogorov–Smirnov test, but with the Shapiro and Normal
tests it could be rejected. This may have been due to the narrower
distribution of the values. Taken together, these tests indicate
that the measurand values are normally distributed. We there-
fore continued the homogeneity study in the form of an analysis
of variance test (ANOVA).
ANOVA was performed for the measurands according to ISO

Guide 35.[50] Therein, the scattering of the values is expressed
by the between-group (Mbetween) and within-group mean squares
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Figure 7. Violin plots of Dh, PDI, and 𝜁 potential of nano polypropylene particles. The measurands are provided in each panel a) for all 59 batches
produced, b) for the 52 selected batches, and c) for the 20 samples of the homogeneity study. Each filled area extends to represent the entire data range,
with lines at the mean, the minimum, and the maximum.

Table 2. ANOVA tables for between-bottle homogeneity study of D, PDI, and 𝜁 potential.

Overall mean (nm) Overall s (nm) Source of variation SS df MS s F Fcrit p-value

180.5 5.76 Between bottles 893.39 19 47.021 2.613 1.772 1.853 0.064

Within bottles 1061.7 40 26.542 5.152

Total 1955.1 59

Overall mean Overall s Source of variation SS df MS s F Fcrit p-value

0.084 0.023 Between bottles 0.011 19 0.001 0.004 1.102 1.853 0.385

Within bottles 0.021 40 0.001 0.023

Total 0.032 59

Overall mean (mV) Overall s (mV) Source of variation SS df MS s F Fcrit p-value

−42.998 1.97 Between bottles 65.07 19 3.425 0.0 0.835 1.853 0.656

Within bottles 164.1 40 4.102 2.025

Total 229.17 59

(Mwithin). These values were used for estimation of the standard
uncertainties associated with between-bottle standard deviation
as

sbb =

√
max

(
Mbetween −Mwithin

n0
, 0

)
(18)

where n0 is the number of observations per group (here n0 = 3;
observation at days 1, 2, and 3). The sbb is 0 ifMbetween < Mwithin.
Furthermore, the repeatability standard deviation is calculated as

sr =
√
Mwithin (19)

The between bottle and repeatability standard deviations are sbb =
2.6 nm and sr = 5.1 nm forDh, sbb = 0.004, and sr = 0.023 for PDI
and sbb = 0 and sr = 2.0 mV for 𝜁 potential. Results are summa-

rized in the ANOVA Table 2. An overview of the data is provided
in Figure 8. The finding that the sbb values are very small or even
zero strongly indicates the absence of any between-bottle effect
for Dh, PDI, and 𝜁 potential. Such could be expected because all
the bottles were filled from the same stock suspension. ANOVA
uses a variance-based F-test to test the groupmean equality. With
this, the null hypothesis that all group means are equal cannot
be rejected if the calculated F-value is below a tabulated critical
value Fcrit. Comparison of the data in Table 2 shows that the F-
value is always <Fcrit, indicating that the group means are equal.
The p-values, which are inversely related to the F-values, are also
given in Table 2 as indicators for significance. The p-values of
0.064 (Dh), 0.385 (PDI), and 0.656 (𝜁 potential) are larger than the
typically utilized threshold value of 0.05. Therefore, the p-values
are not significant, and it can be concluded that the groups have
equal variances.
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Figure 8. Homogeneity study onDh, PDI, and 𝜁 potential. Left panels: The
20 samples of the study are indicated by their sample IDs. Black circles and
error bars represent the mean value and the standard deviation for each
sample. Red squares and red error bars represent the overall mean and
one standard deviation of the overall mean. Blue circles and error bars
represent the overall mean and two standard deviations. Right panels: Vi-
olin plots forD, PDI, and 𝜁 potential. Filled areas represent the entire data
range.

To summarize, no evidence was observed suggesting a rejec-
tion of the hypothesis that the material is sufficiently homoge-
neous. In this case, the between unit homogeneity contribution
to the combined uncertainty is identical to the between unit stan-
dard deviation, that is,

ubb = sbb (20)

All data from the homogeneity study were accepted and pooled.
Thus, the total mean values for the three measurands and es-

timates of the uncertainty ubb due to possibly undetected inho-
mogeneity were derived from the homogeneity study. Next, the
repeatability standard deviations were utilized to estimate of the
uncertainty of the repeatability of a single measurement, that is,

urep = sr (21)

2.5. Stability

It might be assumed that the colloidal properties of nano
polypropylene are temperature sensitive. For this reason, the can-
didate material was submitted for an isochronous accelerated
stability study, that is, samples were measured after pre-defined
storage times within short time intervals.[51] From a total of 24,
6 units each were stored at temperatures of 4, 20, 40, and 70
°C. Half of the samples were measured after a storage time of
31 days, with the rest being measured after 90 days. Inspection
of the data shown in Figure 9 suggests that Dh decreases with
time, while PDI and 𝜁 potential increase. From a colloid chem-
istry point of view, an increase of the 𝜁 potential toward lower
surface charge might be reasonable, because it is assumed that
hydroxyl ions are responsible for the highly negative 𝜁 potential.
If the amount of OH− ions on the surface decreases, the 𝜁 po-
tential increases. Also, it is typical that the PDI (size distribution
width) of nanoparticles increases with storage time. What is very
unusual, however, is that the hydrodynamic diameter may have
reduced, since polypropylene is actually insoluble in water. In-
stead, increase in Dh may have been the more likely outcome,
for example, due to agglomeration. It was therefore necessary to
determine whether these trends were statistically significant. For
this purpose, we determined Pearson correlation coefficients (r
values) and p values for testing non-correlation of the measur-
ands as a function of time. The results for each measurand and
storage temperature are provided in Table 3. Inspection of the r
values reveals that the correlation between the parameters and
the storage time is low. Exceptions are only two r values of 0.750
and 0.720 for the 𝜁 potential, which may indicate some signifi-
cance for correlation. Additionally, most of the p values are much
larger than the typically used threshold value of p = 0.05. Over-
all, p and r values do not provide clear indications of a statistical
significance for the changes of the measurand values (at a 95%
confidence level). But the lack of statistical significance for cor-
relation does not strictly prove any absence of temperature sen-
sitivity for the measurand values. Tentatively, for the quantitative
description of the time dependence of the variables we use a sim-
ple, linear approach with

f (t) = keff (T) t + f (0) (22)

where keff(T) is a temperature-dependent proportionality coeffi-
cient and f(0) is the value of the respective measurand found at
the start of the stability study, that is, t = 0. Here, the values from
the homogeneity study are utilized for f(0) and held constant dur-
ing curve fitting. The fit results of keff(T) forDh, PDI, and 𝜁 poten-
tial are summarized in Table 3 and the corresponding curve fits
are shown in Figure 9 (black solid lines). As expected, the keff(T)
values reveal large uncertainties, but nevertheless provide hints
that the measurand values may change with time.
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Figure 9. Accelerated stability study for Dh, PDI, and 𝜁 potential at temperatures of 4, 20, 40, and 70 °C, measured after storage times of 0, 21, 90, and
181 days (symbols). Linear fits for estimation of keff according to Equation (22) are displayed as solid lines. Measurand values from the homogeneity
study are displayed as horizontal dashed lines.

Table 3. Results of the isochronous stability study. keff is a constant describing the change of the respective parameter per month, r is the Pearson
correlation coefficient, p is the p-value, U = 2u is an acceptable value for the expanded uncertainty, and tmax is an estimate of the shelf-life.

Parameter T [°C] keff r p U tmax

D 4 −1.103 ± 0.770 nm/month 0.202 0.577 41.6 nm 38 month

D 20 −2.383 ± 0.770 nm/month −0.180 0.618 41.6 nm 17 month

D 40 −3.663 ± 0.818 nm/month −0.496 0.145 41.6 nm 11 month

D 70 −6.258 ± 1.997 nm/month −0.447 0.315 41.6 nm 7 month

PDI 4 −0.004 ± 0.003 1/month −0.696 0.026 0.2 57 month

PDI 20 0.010 ± 0.004 1/month −0.096 0.792 0.2 21 month

PDI 40 0.008 ± 0.003 1/month 0.077 0.833 0.2 27 month

PDI 70 0.043 ± 0.031 1/month 0.526 0.225 0.2 5 month

𝜁 potential 4 0.759 ± 0.113 mV/month 0.750 0.013 20.4 mV 27 month

𝜁 potential 20 1.075 ± 0.247 mV/month 0.398 0.255 20.4 mV 19 month

𝜁 potential 40 1.147 ± 0.219 mV/month 0.635 0.049 20.4 mV 18 month

𝜁 potential 70 3.504 ± 1.219 mV/month 0.720 0.068 20.4 mV 6 month

For a reference material, it is necessary to specify an uncer-
tainty contribution for the long-term stability ults. We therefore
defined target values of ults = 20 nm (Dh), 0.1 (PDI), and 10 mV
(𝜁 potential) as—froma practical point of view—acceptable upper
limits for ults. With this, the overall uncertainty can be estimated
as

u =
(
u2
bb
+ u2

rep
+ u2

lts

)1∕2
(23)

Next, the expanded uncertainty U is taken as U = ku and with
a coverage factor of k =2 provided U = 41.6 nm (Dh), 0.2 (PDI),

and 20.4 mV (𝜁 potential) (see Table 3). The U and keff(T) can be
utilized to estimate the shelf-life

tmax = |U∕keff|, (24)

as suggested by Bremser et al.[52] This approach was applied by
Riedel et al.[53] for certifying a reference material for zearalenone
in maize germ oil and by Koch et al.[54] for two certified refer-
ence materials for acrylamide determination in food. Applica-
tion of Equation (24) leads to estimation of the shelf-life of the
nano polypropylene when stored at different temperatures. It in-
creases from tmax ≈ 0.5 to 2–3 years when decreasing the storage
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Figure 10. Arrhenius plots reveal activation energies of Ea = −20.1 ± 2.6 kJ mol−1 for Dh, Ea = −26.5 ± 8.3 kJ mol−1 for PDI, and Ea = −17.3 ± 4.7 kJ
mol−1 for 𝜁 potential.

temperature from 70 to 4 °C (see Table 3). Even lower storage
temperatures are utilized in the literature to increase the mate-
rial’s shelf-life. For example, Koch et al.[54] chose a temperature of
−20 °C for storage to attain a suitable shelf-life of an acrylamide-
containing reference material. Such a low storage temperature
is not possible for the nano polypropylene, because the sam-
ples are not colloidally stable upon freezing. We therefore deduce
that a storage temperature of 4 °C is an optimum choice for the
nano polypropylene.
Although the Arrhenius model certainly represents an exten-

sive simplification, it may serve as a rough estimate of the ac-
tivation energy for the colloidal stability of nano polypropylene.
Tentatively, we interpret keff(T) as a temperature-dependent rate
constant following an Arrhenius behavior, i.e. keff(T) = Aexp (−
Ea/(RT)), where A is a pre-exponential factor, Ea is an activation
energy of the process, and R the gas constant. Taking the natural
logarithm provides

ln keff (T) = lnA −
Ea
RT

(25)

and in a plot of ln keff(T) as a function of 1/T the y-intercept cor-
responds to lnA and the slope to −Ea/R. Arrhenius plots provide
activation energies ofEa =−20.1± 2.6 kJmol−1 forDh,Ea =−26.5
± 8.3 kJmol−1 for PDI, and Ea =−17.3± 4.7 kJmol−1 for 𝜁 poten-
tial (data and corresponding curve fits are shown in Figure 10).
We are not aware of reports investigating the colloidal stability
of polymer nanoparticles in terms of the Arrhenius model. How-
ever, a certain similarity may be provided by the growth of gold
nanoparticles on TiO2 and SiO2 surfaces, for which Arrhenius
plots provide activation energies of Ea = 36 ± 10 kJ mol−1 and
Ea = 86 ± 14 kJ mol−1, respectively.[55] Some thematically more
distant examples of using Arrhenius plots for reference material
development are available. An activation energy of Ea = 53.2 kJ
mol−1 was reported for a certified reference material containing
an estrogenic mycotoxin in maize germ oil.[53] Ea values of 47
and 60 kJ mol−1 were found for the degradation of acrylamide

in two food reference materials.[54] The activation energies we
found were somewhat lower, but at least within the same order
of magnitude. A detailed understanding of the activation energy
may arise from applying the recently developed fluctuation the-
ory for dynamic systems,[56] but this is beyond the scope of the
present work.

2.6. Agglomeration Profile in Salt Solution

A priori, it could have been assumed that the presence of salt
reduces the colloidal stability of the suspensions because it de-
creases the Debye length (see Equation (14) and discussion in
Section 2.2). Indeed, agglomeration was observed when the nano
polypropylene was diluted with aqueous sodium chloride. Time-
resolved DLS measurements were employed to monitor the ag-
glomeration kinetics by determine the change of the hydrody-
namic diameter as a function of time. We investigated suspen-
sions with salt concentrations of cNaCl =0.90% and 0.09% w/w,
corresponding tomolar concentrations of 150 and 15mmol. DLS
measurements were started directly after mixing the pristine par-
ticles with sodium chloride solutions in a volume ratio of 1 to
1. Examples of the resultant cumulative distribution functions
(cdf) of the hydrodynamic diameters of the particles, determined
after incubation times of 4, 51, and 96 min, are shown in Fig-
ure 11 (blue, black, and green solid lines, respectively). It can be
seen that the cdf shift to larger values with increasing incubation
time for both salt concentrations, but the shape of the cdf dif-
fer at larger times. At times of 51 and 96 min the shape of the
cdf for cNaCl = 0.90% indicates a monomodal distribution while
it appears bimodal for cNaCl = 0.09%. We interpret these shifts
as resultant from the appearance of agglomerates of primary
particles, which were held together by van der Waals interac-
tions. In addition to the presence of agglomerates, a considerable
number of non-agglomerated particles seem to be still present
at the lower salt concentration. The monomodal and bimodal
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Figure 11. Time evolution of the cumulative distribution function (cdf) of the hydrodynamic diameters during storage of nano polypropylene in sodium
chloride solution with concentrations of a) cNaCl = 0.90 and b) cNaCl = 0.09. Displayed are cdfs for incubation times of 4 min (blue), 51 min (black), and
96 min (green). Curve fits according to Equation (26) are provided as red dotted lines.

Figure 12. Time evolution of the median values of the hydrodynamic diameters of nano polypropylene at salt concentrations of a) cNaCl = 0.90 and b)
cNaCl = 0.09. The change of the hydrodynamic diameter of the agglomerates (blue lines) were approximated using Equation (27 ) (red solid lines, gray
are in panel (b) was not included in curve fitting). Inset: Fraction of particles transformed to agglomerates and non-agglomerated particles (blue and
black solid line). Curve fits accordingly are given as red dashed lines.

distributions were described by one, respectively, by two cumula-
tive lognormal distribution functions as

f (Dh) =

n∑
i=1

ai
n
erf

⎛⎜⎜⎜⎝

log
(

Dh

Dh,i

)

√
2wi

⎞⎟⎟⎟⎠
(26)

with n = 1 for cNaCl = 0.9% and n = 2 for cNaCl = 0.09%. The ai
are scaling factors, which are a measure of the fraction of parti-
cle population i, respectively. The wi are width parameters and
theDh, i are the median hydrodynamic diameter. The experimen-
tal curves were fitted well by employing Equation(26) as shown
exemplarily as red dashed lines in Figure 11a,b. The resultant
Dh(t) data are displayed in Figure 12a,b (blue lines for agglom-
erates, black line for non-aggregated particles). It can be seen
that agglomerations are immediately formed and monotonically
grow at the higher salt concentration. At the lower salt concen-
tration, non-agglomerated particles are present at all incubation

times (black solid line in the right-hand panel of Figure 12). Here,
the agglomeration process may be divided in different temporal
stages (see blue line). First, no agglomerates are found in an in-
duction period of t0 = 20min. Then, loose but large agglomerates
are formed in the period between 20 and 50 min with large size
fluctuations up to about 1 micron (displayed gray). Afterward,
at times of about 50 min, compaction of the agglomerates takes
place to sizes of about 500 to 600 nm. Finally, for times longer
than 50 min, the more compacted agglomerates grow slowly in
size. For interpretation of the time evolution of the size of the
agglomerates, the power law

Dh(t) = Dh,0 + kD (t − t0)
𝛼 (27)

was employed, where Dh, 0 is the initial hydrodynamic diameter
of the particles of 189 nm, kD is an effective aggregation con-
stant, and 𝛼 is the power law exponent. The parameter t0 is the
time at which the aggregation starts, that is, t0 = 0 and 20 min,
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respectively. Equation (27) appears reasonable formodelingDh(t)
as shown in Figure 12a,b (red solid lines). The best fit curves pro-
vide kD values of (265 ± 24) nm min−1 (cNaCL = 0.90%) and kD =

(182 ± 65) nm min−1 (cNaCL = 0.09%). The considerably higher
value of kD at the higher salt concentration shows that the ag-
glomeration proceeds much faster at higher salt concentration
than at lower ones. Such was expected, because a salt induced
increase of agglomeration and aggregation of particles in sus-
pensions has been reported for numerous suspensions.[57,58] In
contrast to kD, the corresponding values for the exponent 𝛼 =

0.21 ± 0.02 and 0.21 ± 0.07 are the same. This indicates that
the type of agglomerate formation is not affected by the salt
concentration.[58] For the bimodal case (cNaCl =0.09%), the scal-
ing factors (a1 and a2) in Equation (26) are measures for the frac-
tion of particles transformed to aggregates and non-aggregated
particles. The course of the fraction of the transformed particles
and non-aggregated particles is shown in the inset of Figure 12
(blue and black solid line, respectively). It can be seen that the
agglomeration essentially takes place in the time interval of 20
to 100 min. A simulation of the increase of the fraction of trans-
formed particles, crel, was performed by

crel(t) = c∞
(
1 − e−kc(t−t0))

)n
(28)

which provides a final relative amount of particles transformed
to agglomerates of c∞ = (89 ± 1)%, the apparent transformation
rate constant is kc = (0.05 ± 0.01)min−1, the delay time is t0 =
20 min (was held constant) and the exponent is n = 4.2 ± 0.7.
The curve fit for crel(t) and the relative amount of non-aggregated
particles (1-crel(t)) is shown in the inset of Figure 12 (red dashed
lines).

3. Summary and Outlook

In summary, we report here on an aqueous dispersion of col-
loidally stable polypropylene nanoparticles. The stability is inter-
preted in terms of a highly negative 𝜁 potential, likely resulting
from hydroxyl ions present at the particles’ surface. The particle
preparation method was described in detail with respect to its re-
peatability, as was the study of homogeneity and stability of the
dispersions. In the present study, a polypropylene with a lowmo-
larmass ofMw = 12000 gmol−1 was used for particle preparation.
The tentative use of polypropylene with a considerably higher
molar mass ofMw = 250000 g mol−1 lead to particles with a very
similar distribution of hydrodynamic diameters (see Figure S3,
Supporting Information for comparison). Therefore, it can be as-
sumed that the particle preparation method can at least be trans-
ferred to polypropylene with other molar masses. The particles
are intended to be used in further studies developing analytical
methods to characterize and quantify polypropylene nanoparti-
cles in the environment. Furthermore, the particles may also be
used to study the fate of polypropylene nanoparticles in biolog-
ically relevant surroundings, for example, with their uptake by
cell cultures. The particles start to agglomerate when immersed
into sodium chloride solution. Agglomeration is faster at higher
salt concentration. However, this is not a disadvantage for the in-
tended use as reference material in cell cultures, as the biological
effect of agglomerates is of particular interest here. The particle
preparation method is also intended to be used for producing

nanoplastic reference materials made of the remaining five “Big
Six” polymers, that is, PE, PVC, PU, PET, and PS.

4. Experimental Section

Materials: All chemicals were used as received without further pu-
rification. Polypropylene (isotactic, average M̄w ≈ 12000g mol−1, average
M̄n ≈ 5000g mol−1 and isotactic, average M̄w ≈ 250000g mol−1, average
M̄n ≈ 67000g mol−1) was purchased from Sigma-Aldrich. Acetone (p.A.,
min. 99.5%, ChemSolute) was purchased from Th.Geyer. The water for the
preparation was purified using a Sartorius arium 611DI purifier. Folded fil-
ters of grade 2105 (fast filtering, particle retention 12–15μm, by LabSolute)
were purchased from Th.Geyer.

DLS Measurements: DLS measurements were performed using a
multi-angle ALV 7004 device with a He-Ne laser (𝜆 =632.8nm) from ALV
Langen. The samples were filtered using a Millex 0.45μm PVDF syringe fil-
ter. The glass cuvettes used were cleaned with acetone prior to filling them
with the sample. Measurements were performed at scattering angles of 2𝜃
=26°–146° in 8° steps and at a temperature of 20 ± 1°C. Three measure-
ments, lasting 30 s each, were carried out at each angle. The magnitude
of the scattering vector is given by q = 4𝜋n/𝜆 sin 𝜃 where n = 1.333 is
the refractive index of water. Measurement of Dh, PDI, and 𝜁 potential for
the homogeneity and stability studies were performed with an instrument
working in back scattering geometry at an angle of 2𝜃 = 173° (Zetasizer
fromMalvern Panalytical). Six measurements were taken on each sample.

GPC Measurements: This analytical method describes the determina-
tion of the molar masses and molar mass distribution of polyolefins af-
ter gel chromatographic separation on GPC columns (3 × PSS POLY-
OLEFIN linear XL, 30 × 0.8 cm, 10 μm pore size). This method was a
relative method. The molar masses were calculated based on a univer-
sal calibration with 12 polystyrene standards from Polymer Standards Ser-
vice GmbH, over the range of Mp = 1.2 · 107 − 266 g mol−1 by conver-
sion according to Mark–Houwink parameters. A high-temperature GPC
equipped with infrared (IR4) and viscosity detection (PolymerChar GPC-
IR), an isocratic HPLC pump (PSS-Security), and an autosampler from
PolymerChar GPC-IR running at 160°C were used. The eluent used was
1,2,4-trichlorobenzene stabilized with 0.1 % BHT. The flow rate was 1.0
mL min−1. Injection of 200 μL of an approximately 2 mg mL−1 (8 mL to-
tal) solution in the eluent (internal filtration unit) then followed. The error
range was estimated at approximately ± 10%.

SEM Experiments: SED was performed with a Zeiss Supra 40 Scan-
ning Electron Microscope (Zeiss, Oberkochen, Germany), at 10 kV accel-
eration voltage, 4.8 mmWD, in SE InLens mode, and at different magnifi-
cations. Before measurement, the flask with nano polypropylene was care-
fully shaken. 3 μL of the suspension (PP, ID336) were drop-casted on the
carbon tape and allowed to dry for ca. 24 h under normal laboratory con-
ditions.

Zeta Potential Measurements: 𝜁 potential measurements were per-
formed using a ZetaSizer Nano ZS and MPT-2 titrator (both Malvern
Panalytical). The sample holder was equipped with a folded capillary cell
(DTS1070 cell). After a single 𝜁 potential measurement for sample qual-
ity checking, the cell was connected via tubing to the titrator. The titrator
was filled with deionized water and two solutions of hydrochloric acid (c1
=0.25 mol L−1 and c2 =0.01 mol L−1) for titration to lower pH values. All
solutions used for these measurements were filtered prior to use with a
Millex 0.45 μmPVDF syringe filter. A temperature of 25 °C was maintained
during the measurements. For every pH step, 3 measurements were per-
formed. The titration was started at the initial pH of the sample and car-
ried out down to a pH of 2. The titration steps were approximately pH =

0.5. For measurements related to the repeatability and homogeneity tests,
the 𝜁 potential was measured according to the single measurement auto-
matic procedure.

Top-Down Preparation of Nanoplastics: The polypropylene granules
(6.0 g) were added to a glass beaker (tall-form) before acetone (115 mL)
was added (diameter of the granules was ca. 5 mm). The beaker was
cooled with an ice bath to prevent the evaporation of acetone during the
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preparation. The polymer granules were dispersed with a disperser (IKA T
18 digital ULTRA-TURRAX) for 10min at a rotation speed of 18000 rpm. Af-
ter dispersion, the solution was filtered using a folded filter to remove the
larger aggregates of the polymer. Acetone was evaporated until ca. 10 % of
the liquid remained. Then water (115 mL) was added to the mixture and
the remaining acetone was evaporated to obtain an aqueous dispersion
of the polymer nanoparticles. The aqueous dispersion was again filtered
with a folded filter, to remove any particles that may have aggregated while
being transferred to the water. An overview on the particle preparation is
provided in Figure S1, Supporting Information.

Preparation of the Reference Material: The reference material was pre-
pared according to the method described above. The preparation was re-
peated several times and all batches with a z-score between −2 and +2
(see Figure 6) were added to a 5 L bottle. The stock bottle was swirled to
mix the batches. The bottle was equipped with a BRAND seripettor bottle-
top dispenser with a dispensing volume of 10 mL. The reference material
was dispensed into small screw-top glass bottles. After every 15th filling,
the stock bottle was swirled again to maintain a good mixture. Finally, 481
bottles with a sample volume of 10 mL each were filled with the reference
material (see Figure 1). To improve durability, the samples were pasteur-
ized in an oven at 90 °C for 2 h. These samples were then used for the
homogeneity tests.

Gravimetric Analysis of the Polymer Concentration: An aluminum open
sample pan (for DSC measurements) was weighed empty. It was heated
to 150 °C on a hot plate. After this, a 1 mL aliquot of the sample was
added dropwise to the sample pan while the pan was still heated. Care was
taken to ensure that no drop landed outside the sample pan. Finally, the
sample pan was heated for another 15min to remove any possible residual
liquid. The sample pan was weighed again and the difference determined.
Gravimetric concentration determination was performed three times. The
concentration of polymer in the dispersion was 41 ± 4 mg L−1.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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SUPPORTING INFORMATION

FIGURE 1 Photographs taken of the steps of the nano polypropylene preparation. a) Dispersing the PP in acetone with a Ultra-

Turrax disperser (18000 rotations min−1 for 10 min). The acetone is cooled with ice (0°C) to keep the acetone from evaporating.

b) After dispersion, the disperser tool is cleaned with 5 ml acetone. c) Micro and macroscopic residue is separated with a folded

filter (pore size of 12 to 15 micrometer). d) An amount of 90 % of the acetone was evaporated; the remaining 15 ml of dispersion

in acetone is indicated with the blue circle. e) The addition of 115 ml of water leads to an immediate turbidity of the dispersion.

f) After removing the remaining acetone, the dispersion was filtered again to remove possible aggregation products.
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FIGURE 2 Hydrodynamic diameter of a preliminary test sample at storage times of 0, 9, 43 and 245 days after preparation of

the sample. The mean value of the hydrodynamic diameter of this sample is 116 ± 10 nm (horizontal line).
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FIGURE 3 Intensity weighted distributions of the hydrodynamic diameter of nano polypropylene, displayed as probability

distribution functions (pdf) and cumulative distribution functions (cdf). The particles were prepared from polypropylene with

molar mass characteristics of 𝑀
𝑤
= 12000 g mol−1 and 𝑀

𝑛
= 7000 g mol−1 (yellow circles) and a molar mass characteristics

of 𝑀
𝑤
= 250000 g mol−1 and 𝑀

𝑛
= 67000 g mol−1 (blue crosses).

FIGURE 4 A4F results: Distribution of the equivalent diameters of nano polypropylene particles (black, solid line) and curve

fit with a Gaussian distribution (red, dashed line) with a maximum at 202 ± 1 nm and a width of 44 ± 1 nm.
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