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Substantial efforts have been undertaken to isolate and characterize plastic
contaminants in different sample matrices in the last years as the ubiquitous presence
of particulate plastic in the environment has become evident. In comparison, plastic
particles <1 µm (nanoplastic) in the environment remain mostly unexplored. Adequate
techniques for the enrichment, as well as the detection of nanoplastic, are lacking but
are urgently needed to assess the full scope of (potential) nanoplastic pollution. Use of
Pd-doped nanoplastic particles constitutes a powerful tool to develop new analytical
approaches, as they can be traced accurately and with ease in a variety of complex
matrices by highly sensitive, time-efficient and robust ICP-MS(/MS) techniques. In this
lab-scale study, for the first time, the capability of continuous flow centrifugation to
retain nanoplastic particles (∼160 nm) from ultrapure water, as well as from filtered and
unfiltered water from the German Elbe River was evaluated. Depending on the pump
rate, the retention efficiency for the nanoplastic particles in ultrapure water ranged from
92% ± 8% (1 L h−1) to 53% ± 5% (5 L h−1) [uc (n = 3)] and from 75% ± 5% to
65% ± 6% (uc) (2.5 L h−1) in river water. Recirculating the water through the system
two and three times at the highest tested flow rate led to retention efficiencies >90%.
In a proof-of-principle setup, it was demonstrated that operating two continuous flow
centrifuges sequentially at different rotational speeds bears the potential to enable
size- and density-selective sampling of the colloidal fraction. A significant fraction of
the spiked nanoplastic particles [76% ± 5% (uc)] could be separated from a model
mixture of natural particles with a well-defined mean size of approximately 3 µm. While
the certified reference plankton material used here was quantitatively retained in the
first centrifuge rotor together with 23.0% ± 2.2% of the effective dose of the spiked
nanoplastic, the remaining fraction of the nanoplastic could be recovered in the second
rotor (53% ± 5%) and the effluent [24.4% ± 2.4% (uc)]. Based on the good retention
efficiencies and the demonstrated separation potential, continuous flow centrifugation
has proven to be a very promising technique for nanoplastic sampling and enrichment
from natural water samples.

Keywords: metal-doped nanoplastic, nanoplastic sampling, nanoplastic separation, nanoplastic enrichment,
submicrometer plastic, plastic contaminants, particulate plastic
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INTRODUCTION

Particulate plastic has gained high importance as an emerging
environmental contaminant for researchers, authorities and
society as a whole (Stöven et al., 2015; Gago et al., 2016;
Rochman et al., 2016; Peng et al., 2017; Burns and Boxall,
2018; Science Advice for Policy by European Academies, 2019).
Notwithstanding research on other engineered nanoparticles
(e.g., inorganic nanoparticles) (Hüffer et al., 2017), evidence on
nanoplastic particles [NPPs, defined as 1 nm to 1000 nm in
size for this article (Gigault et al., 2018)] and even on particles
smaller than 10 µm in natural systems is very scarce (Ter
Halle et al., 2017; Meyns et al., 2019). NPPs are contained in
many consumer products and can additionally be released as
secondary NPPs from macro- and microplastic (MP, 1 µm –
5 mm) due to UV-induced and mechanical degradation processes
(Lambert and Wagner, 2016; Lehner et al., 2019; Mitrano et al.,
2019). Furthermore, NPPs are expected to exhibit different
properties than particles >1 µm (Mattsson et al., 2015) as easier
translocation and uptake into cells are also probable. Nanoplastic
beads were shown to enhance toxicity of persistent organic
pollutants toward Rotifers (Jeong et al., 2018), hinder algal
photosynthesis (Bhattacharya et al., 2010) and exhibit different
adverse effects on human lung epithelial cells (Xu et al., 2019).

Due to analytical challenges related with sampling and
analysis, there is no definite proof of NPPs being present in
the environment so far. Currently, there are also no validated
standard operation procedures to analyze particulate plastic
(Löder and Gerdts, 2015; Besley, 2017), despite some activities
aiming at methodological standardization from institutions such
as the International Organization for Standardization (ISO/TC
61/SC 14) and JPI Oceans. Furthermore, no certified reference
materials exist which could enable a valid comparison of
the performance of different sampling, sample processing and
characterization approaches (Frias et al., 2019).

The quantification of NPPs is highly challenging. Well-
established techniques for MP particle analysis, such as FTIR
and Raman microspectroscopy, have size detection limits of
approximately 10 µm and 1 µm, respectively (Käppler et al., 2016;
Ivleva et al., 2017; Primpke et al., 2017). Method optimization
can slightly decrease these limits (to a few micrometer for FTIR
and several hundred nanometers for Raman microscopy), but
analyzing submicron plastic particles still requires combination
of FTIR spectroscopy with atomic force microscopy (AFM), or
SEM-EDX in order to achieve the necessary lateral resolution
and chemical information (Shim et al., 2017; Meyns et al.,
2019). However, these kinds of analysis are very time-consuming
and inefficient in terms of spatial coverage (Koelmans, 2019).
Methods which determine mass concentrations of particulate
plastic based on separation of characteristic combustion products
by gas chromatography hyphenated to mass spectrometry
require extensive sample purification and high preconcentration
of colloidal plastic to meet the current quantification limits
(Dümichen et al., 2017; Fischer and Scholz-Böttcher, 2017).

Some techniques which are technically capable of measuring
particles in the nanometer range are inadequate for assessing
NPP concentration or sizes in complex matrices. For example,

Dynamic light scattering (DLS) and asymmetric flow field-flow
fractionation (AF4) coupled with multi-angle light scattering
(MALS) provide size-related information, but no information
on the polymer type and potential aggregation. Quantitative
plastic-specific isolation from the matrix and in addition a priori
knowledge of the refractive index would be required (Correia and
Loeschner, 2018; Ekvall et al., 2019).

Chemically labeled particles have previously been used
to circumvent these analytical limitations to mechanistically
understand NPP fate, transport and biological interactions
(Cole et al., 2013; Lusher et al., 2017). Fluorescence-labeled
particles, for instance, can easily be identified in tissues and
complex structures using fluorescence microscopes. However, in
biological exposure experiments, it was reported that these dyes
can leach out and lead to fluorescence in examined organisms
without particle uptake (Schür et al., 2019). A second problem
related with fluorescence-labeled particles is photobleaching
(Sullivan and Gugliada, 2018).

Using metal-doped particles is a promising new approach.
Even with a trace metal content embedded in the polymer of
<0.5% w/w, the sensitivity of ICP-MS enables particle detection
at lower concentrations in a variety of complex matrices (Keller
et al., 2019; Mitrano et al., 2019; Schmiedgruber et al., 2019) after
total microwave-assisted acid digestion (MWAD) of the bulk
sample. While only a model, metal-doped particles can also be
a valuable tool when it comes to the investigation of potential
techniques for environmental NPP extraction and enrichment.

Though a high percentage of NPPs occur as heteroaggregates
in the environment with either natural organic or inorganic
materials (Hüffer et al., 2017; Oriekhova and Stoll, 2018),
sampling techniques for the colloidal fraction still need to
be developed with NPPs in mind. Suitable sampling and
concentration techniques are understudied but crucial aspects of
the analytical method development workflow (Koelmans et al.,
2015; Schwaferts et al., 2019; Zhou et al., 2019). Schwaferts
et al. (2019) presume that the mass of NPPs in the aquatic
environment is likely very low (Schwaferts et al., 2019). Thus, for
NPP analysis considerable pre-concentration may be necessary
in order to have enough material to analyze and characterize as
well as to meet the LODs/LOQs of the currently used analytical
techniques. Using conventional nanofiltration is technically not
feasible due to the low volume flows (Hernandez et al., 2017;
Mintenig et al., 2018) (i.e., small sample sizes are not likely to
capture the NPPs). Even in the range of 10 µm – 20 µm, filtration
is quite problematic when high contents of suspended particulate
matter (SPM) are present and large volumes need to be processed
to obtain representative samples (Enders et al., 2015; Lenz and
Labrenz, 2018; Bannick et al., 2019).

Alternatives to filtration-based approaches are needed which
enable nanometer-size-selective and time-efficient sampling. The
application of continuous flow centrifugation (CFC) for efficient
sampling of the fine particulate fraction (1 µm – 25 µm) in natural
water at high flow rates of several hundred liters per hour has
already been shown (Douglas et al., 1993; Ran et al., 2000; Conn
et al., 2016). Recently, CFC proved to be a suitable technique to
quantitatively enrich small MP (model MP ranged from 1 µm
to 1 mm) of a variety of polymer types with densities ranging
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from 0.94 g mL−1 to 1.63 g mL−1 (Hildebrandt et al., 2019). In
a second step, it was applied to sample small MP particles from
the German Elbe estuary. After the sampling, the content of the
centrifuge had to be subjected to a purification protocol including
oxidative-chemical treatment and density separation for matrix
reduction prior to final spectroscopic analysis.

From a physical perspective, CFC is also capable of retaining
particles in the submicron range when the flow rate is further
reduced (see section “Data processing and calculations”). It poses
a promising option whenever particles with a sedimentation
coefficient >50 Svedberg must be separated from volumes >2 L
(Dorin and Cummings, 2015). If the density of the particles,
the viscosity and density of the medium and the geometry of
the CFC rotor are known, the optimal flow rate for maximum
particle removal can be estimated (see section “Data processing
and calculations”).

The good performance of CFC for MP sampling (Hildebrandt
et al., 2019) and its wide application in the biomedical sector to
pellet subcellular components (Goodenough, 1974; Kahane et al.,
1976; Cacace et al., 1977; Turk et al., 1988) and viruses (Shibley
et al., 1980; Wheeler et al., 1986; Anderson et al., 1991) were
a motivation to test the enrichment of NPPs by CFC as well.
In this study, Pd-doped NPPs were spiked into ultrapure water
to assess the efficiency of CFC in retaining NPPs and evaluate
the effect of different pump rates (1) and recirculation (2), into
natural water to test NPP retention under realistic environmental
conditions (3) and into a model matrix suspension with a high
concentration of micrometer-sized SPM to evaluate the potential
of a serial CFC approach for nanometer-size-selective sampling
(separation) (4). Through this procedure, we could assess which
conditions are most applicable to concentrate NPPs under
laboratory conditions, and propose a workflow for enriching
NPPs from environmental water samples.

MATERIALS AND METHODS

Nanoplastic Particles
Pd-doped nanoplastic particles were previously developed and
characterized, as described by Mitrano et al. (2019), with
additional characterization of the particles used in this study
as detailed below. Briefly, the particles had a core/shell
structure featuring a polyacrylonitrile core doped with Pd and
a polystyrene shell. The hydrodynamic diameter of the particles
was 175 nm ± 1.3 nm, with a low polydispersity (PDI: 0.02) as
measured by dynamic light scattering. A slightly smaller diameter
(approximately 160 nm) was measured by transmission electron
microscopy. A 1:10 dilution of the original stock suspension was
performed to a final volume of 50 mL, to which 2 drops of Triton
X-100 (VWR Life Science, Darmstadt, Germany) were added to
ensure particle stability through storage. This dilution served as a
working stock suspension for all experiments. To confirm that
the Pd was completely incorporated into the polymer matrix
and there was not free Pd remaining from particle synthesis,
100 µL of the suspension was filled up to 10 mL with Milli-Q
water (MQW) and centrifuged at 10000 rpm for 7 h (Centrifuge
5804 R, Eppendorf AG, Hamburg, Germany). Measurement of

the supernatant showed that at maximum 0.767% ± 0.017% [1
SD (n = 3)] of the Pd was not associated with the particles.
The solid content in the NPP suspension was determined
gravimetrically after freeze-drying (Gamma 1–16 LSC plus
Christ, Osterode, Germany). The stock suspension used for all
spiking experiments contained 0.848% ± 0.021% (w/w) [1 SD
(n = 3)] NPPs. The Pd content of the working stock suspension
was 22.8 mg L−1

± 1.3 mg L−1 [uc (n = 12)]. Consequently, the
Pd mass fraction of the NPPs was approximately 0.27% (w/w).

Reagents and Standards
Preparatory laboratory work was performed in a class 10,000
clean room inside a class 100 clean bench. Type I reagent-grade
water (18.2 M� cm) was obtained from a Milli-Q Integral water
purification system (Merck-Millipore, Darmstadt, Germany),
equipped with a Q-Pod Element. Suprapur R© nitric acid [65%
(w/w), Merck-Millipore] and suprapur R© hydrochloric acid [30%
(w/w), Merck-Millipore] were further purified by double sub-
boiling in PFA stills (Savillex, Eden Prairie, United States)
operated under clean room conditions. Polyethylene and
polypropylene flasks, tubes and pipette tips (VWR International,
Radnor, United States), as well as perfluoroalkoxy (PFA) screw
cap vials (Savillex, Eden Prairie, United States) were pre-cleaned
in a two-stage washing procedure using nitric acid [10% (w/w)
and 1% (w/w), respectively]. A single-element standard of Pd
(C = 1 g L−1) obtained from Agilent Technologies (Santa Clara,
CA, United States) was used for external calibration.

River Water Sampling and Nanoplastic
Spiking
Elbe river water was sampled from a dock in the Elbe river located
in Geesthacht, Germany (53◦ 24.6′ N, 10◦ 25.6′ E, 12/17/2019)
with a cleaned 25 L HDPE bottle (Kautex Textron, Bonn,
Germany). As we aimed to specifically only quantify nanoplastics
with the Pd-doping, any potential plastic contamination during
the sampling procedure was inconsequential. An aliquot of
the water was directly filled into 5 L glass bottles with PFA
screw caps (Schott AG, Mainz, Germany). A second aliquot
was filtered over bottle-top SCFA filters (0.2 µm; Nalgene,
Rochester, NY, United States) directly into 5 L glass bottles.
The SPM concentration was determined gravimetrically prior to
(2.60 mg L−1

± 0.23 mg L−1) and after [6.5 mg L−1
± 0.7 mg L−1

(1 SD; n = 3)] the incubation, by filtration of 1 L over glass fiber
membrane filters (0.7 µm, Merck, Darmstadt, Germany). A Multi
3430© sensor system (WTW GmbH, Weilheim, Germany) was
employed to determine physical water parameters, such as
temperature, conductivity, oxygen content and pH (T = 4.3◦C,
EC = 1084 mS cm−1, CO2 = 12.33 mg L−1, pH = 8.165). 1 mL
of the working stock Pd-doped NPP suspension was spiked into
replicates of 5 L of the filtered and unfiltered river water and
stirred for 31 days (magnetic stirrer at 500 rpm, Tmean = 20◦C)
prior to being pumped through the CFC system. The number of
added NPPs was chosen based on achieving a sufficient mass of
Pd for straightforward tracing in different scenarios.
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Microwave-Assisted Acid Digestion of
Nanoplastic and Suspended Particulate
Matter
MWAD was utilized to determine the concentration of the
certified elements in BCR-414 (As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Se,
V, and Zn) and ERM R©-EC680m (As, Cd, Cr, Hg, Pb, Sb, Sn, and
Zn) (both Joint Research Centre (JRC), European Commission)
and the Pd concentration for all fractions that could not be
introduced directly into the ICP-MS/MS due to the presence of
SPM in the micrometer size range. After freeze-drying (Gamma
1–16 LSC plus Christ), residues were digested with 4 mL HNO3
and 1 mL HCl in pre-cleaned 35 mL Quartz vials (Discover-SP-D
35; CEM Corp., Kamp Lintfort, Germany) at 230◦C (20 min ramp
and 5 min hold time). After digestion, the clear solutions were
transferred quantitatively to 50 mL pre-cleaned DigiTubes R© (SCP
Science) and diluted to 50 mL with MQW. The plastic certified
reference material (CRM) ERM R©-EC680m (JRC, Geel, Belgium)
was utilized to validate the MWAD protocol in terms of complete
dissolution of the polymeric matrix and quantitative elemental
recoveries. BCR-414 was used to as a model for interfering
matrix particles and traced by its Ni content using ICP-MS/MS
(see section “Dependence of Retention Efficiency in MQW on
Number of Cycles”).

Metal Analysis in Nanoplastic and CRMs
Metal content determination of all samples was performed using
an inductively coupled plasma tandem mass spectrometry (ICP-
MS/MS) instrument (Agilent 8800, Agilent Technologies, Tokyo,
Japan) coupled to an ESI SC-4 DX FAST autosampler (Elemental
Scientific, Omaha, United States). The instrument was tuned in
a daily routine using a tune solution containing Li, Co, Y, Ce
and Tl. Quantification was conducted by an external calibration,
covering a concentration range from 0.1 µg L−1 to 100 µg
L−1 for all analytes. Solutions were prepared volumetrically on
a daily basis from a combination of multi-element standards
(Inorganic Ventures, Christiansburg, United States) made in-
house. Wash blanks were measured after each sample triplicate to
minimize carry over effects. ICP-MS/MS operating parameters,
cell gas modes used and a list of measured isotopes and their
detection modes for all analytes can be found in Supplementary
Tables S2, S3. Selection of the optimal isotope and measurement
mode for Pd quantification was based on analysis of all six
stable isotopes in all gas modes (including mass-shift) in a
multielement solution (CPd = 500 µg L−1) containing 51 other
metals (C = 25 – 250 µg L−1) (Supplementary Table S1). Multi-
elemental data were processed using Mass Hunter version 4.2
(Agilent Technologies) and a custom written Excel© spreadsheet.

Continuous Flow Centrifugation
Two continuous flow centrifuges (Contifuge Stratos, Thermo
Scientific, Waltham, United States) in conjunction with two
titanium rotors with a sedimentation capacity of 300 mL
(Continuous Flow Rotor 3049, Thermo Scientific) were available
for all experiments.

In the first three variants of the experiment (see section
“Experimental Setups Using One Centrifuge”), the setup
comprised only of one centrifuge, whereas for the fourth objective

two centrifuges were sequentially connected. For all experiments,
peristaltic pumps (Masterflex L/S, Cole-Parmer, Vernon Hills,
United States) were applied to pump 5.22 L ± 0.22 L (1 SD,
n = 18) of NPP-spiked ultrapure or natural water from a 5 L bottle
through the rotating centrifuge rotor. The final spiked water
contained 1 mL of working stock suspension. The temperature of
the centrifuge was kept constant at 20◦C. Before the sample was
pumped through the rotor, it was filled with MQW at 4000 rpm
and accelerated to the final rotational speed (17000 rpm). To
avoid air bubbles entering the centrifuge, the experiments were
stopped at a residual volume of 0.29 L ± 0.06 L (1 SD, n = 14)
remaining in the glass sample bottle.

Experimental Setups Using One Centrifuge
The first experiments focusing on the retention of nanoplastic
from MQW and river water in a linear setup as well as
from MQW in a circular setup were based on usage of one
centrifuge (Figure 1). A setup based on a single CFC system
leads to enrichment of all retained particulate material ranging
from the micrometer to the nanometer size in the system’s
rotor. Therefore, no separation of only NPPs is achieved with
this configuration.

Linear setup: influence of the pump rate
The water was pumped from the suspension bottle by a peristaltic
pump through the CFC rotor into an effluent beaker (Figure 1A).
The peristaltic pump was placed between the suspension bottle
and the centrifuge. After the procedure, the three fractions of
the original spiked water were separated into “residual water
in suspension bottle,” “rotor content,” and “effluent”. Using this
linear setup, the influence of the pump rate (1 L h−1, 2.5 L h−1,
and 5 L h−1) was investigated, as its importance for the degree
of retention has previously been explored (Berman, 1966; Brown,
1989). These experiments were run with MQW which allowed
direct introduction of the resulting fractions into the ICP-
MS/MS, as there was no organic matter and it was tested that
the plasma could fully decompose/atomize the NPPs without
prior digestion. For all experimental runs, the rotational speed
was set to the maximum of 17000 rpm (∼24200 g-forces). After
centrifugation, ∼ 5 µL of the detergent Triton X-100 were added
(for stabilization) to each of the fractions prior to ultrasonication
for 15 min to avoid adhesion to the vessels. Replicates of
50 mL of the fractions suspension bottle (n = 3), rotor content
(n = 6) and effluent (n = 6) were taken with a glass pipette
and transferred to DigiTubes R© (SCP Science, Quebec, Canada).
Thorough shaking of the tubes prior to the measurement ensured
homogeneous mixing.

Linear setup: recovery of nanoplastic from river water
The NPP-spiked filtered and unfiltered river water was pumped
through the centrifuge at a rate of 2.5 L h−1 and a rotational
speed of 17000 rpm. The same pumping procedure as used for
the MQW samples was used. However, due to the presence of
SPM in the fractions, the content of the suspension bottle and
the rotor body were subjected to MWAD prior to ICP-MS/MS
measurement to avoid blockages of the nebulizer and other
unwanted matrix-based effects. Therefore, replicates (nbottle = 3,
nrotor = 6) of 20 mL were transferred to pre-cleaned 35 mL Quartz
vials (CEM Corp., Kamp Lintfort, Germany) and freeze-dried.
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FIGURE 1 | Schematic drawing of the experimental setup for CFC. (A): Linear setup (1: Suspension bottle containing the NPPs on a magnetic stirrer. 2: Peristaltic
pump. 3: Flow Centrifuge. 4: Inflow. 5: Outflow. 6: Collected effluent fraction). (B) Circular setup (Heraeus Instruments GmbH, 1998, modified) © Thermo Scientific.

The effluent was sampled and analyzed without need for MWAD,
as it was highly clarified through the centrifugation process.

Circular setup: influence of additional pumping cycles
The water was pumped from the suspension bottle by a peristaltic
pump through the CFC rotor (17000 rpm) and then back into
the suspension bottle (Figure 1B). In this instance, the impact of
one and two additional pumping cycles (i.e., by recycling water
2-times and 3-times through the centrifuge) on the retention
efficiency was evaluated at 5 L h−1. The peristaltic pump was
placed at the same position as in the linear approach.

For the circular approach, only samples from the rotor
content and the suspension bottle were obtained and sampled
analogously (n = 6). This experimental variant was also run with
MQW enabling direct introduction of the resulting fractions into
the ICP-MS/MS without MWAD.

Experimental Setup Using Two Centrifuges
The use of a sequence of two CFC systems is our concept for size-
and density-selective nanoplastic sampling from water. The goal
was to evaluate to what extent separation of nanoparticles from
microparticles can be achieved by using a sequence of the two
CFC systems operated at different rotational speeds.

Separation of Nanoplastic From Micrometer-Sized
Suspended Particulate Matter
In the sequential CFC setup, the sample suspension was pumped
from the bottle through the first CFC system and subsequently
through a second CFC (Figure 2). The clarified liquid that passed
both centrifuges was collected in the effluent beaker. Hereby,
a peristatic pump with a dual-channel pump head, which was
placed between the bottle and the first centrifuge as well as
between both centrifuges, was utilized.

In order to mimic natural particles which may aggregate
with nanoplastic in environmental samples, BCR-414 [Plankton
(trace elements)] was added into the solution which passed
through the sequential CFC system. BCR-414 is a powder
[dmean = 2.894 µm ± 0.003 µm (1 SD)] of milled organisms
such as cladocera and Si-, Ca, CaP-rich, organic and clay particles
with a Corg-content of 30% ± 5% [1 SD (n = 6)]. Certified

mass fractions for the elements As, Cd, Cr, Hg, Mn, Ni, Pb,
Se, V and Zn were provided by the supplier. 5 L MQW were
spiked with 500 mg of the CRM. The suspension was stirred for
15 min before spiking 1 mL of NPP suspension and conducting
sequential CFC at a pump rate of 2.5 L h−1 (Figure 2). The two
centrifuges were operated at different rotational speeds (CFC 1
at 4000 rpm and CFC 2 at 17000 rpm). Subsamples of 20 mL
(n = 6) of the fractions suspension bottle and rotor content 1
were transferred to 35 mL Quartz vials (CEM Corp.) and freeze-
dried (for MWAD). Subsamples of 50 mL (n = 6) of the clarified
fractions rotor content 2 and effluent were sampled and analyzed
by ICP-MS/MS directly without MWAD.

Data Processing and Calculations
The calculation of retention efficiencies (RE) (Eq. 1) is based
on the effective dose of particles (using the Pd mass fraction)
that entered the centrifuge and that could be recovered in the
rotor content and effluent. The recoveries in all fractions and
cumulative recoveries can be found in Supplementary Table S5.

RE =
mRotor content

Pd

mEffluent
Pd + mRotor content

Pd

Equation 1: Formula for the calculation of the retention
efficiency (RE) based on the effective NPP dose.

Eq. 2 was used to estimate the optimal flow rate for maximum
particle retention. Knowledge and/or estimates of the rotor
geometry, the medium’s density and viscosity as well as of the
NPPs’ diameter and density were required for the calculations.

F = π
ρp − ρm

18 η
D2 h ω2

r2
max −

(
rt−rb

ln
(

rt
rb

)
)2

ln

 rmax(
rt−rb

ln
( rt

rb

)
)


Equation 2: Formula for the calculation of the optimal flow rate
F [m3 s−1] for CFC with ρp: density of the particles [kg m−3],
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FIGURE 2 | Schematic drawing of the experimental setup for sequential CFC. In our experimental design, the first centrifuge was operated at 4000 rpm and the
second one at 17000 rpm (modified, © Thermo Scientific).

ρm: density of the medium [kg m−3], η: viscosity of the medium
[kg m−1 s−1], D: diameter of the particles [m], h: height of the
rotor core [m], ω: angular velocity [s−1], rmax: maximum radius
of the core [m], rt : radius at top of core [m], rb: radius at bottom
of core [m] (Svedberg and Pedersen, 1940; Berman, 1966; Dorin
and Cummings, 2015).

Combined uncertainties (uc) (calculated according to the
“Guide to the expression of uncertainty in measurement” [GUM
(JCGM 100:2008)] comprise instrument replicates (measurement
precision), sample replicates (repeatability), experiment
replicates using different centrifuge systems (reproducibility) (uc:
square root of sums of squared errors), and their propagation
in the calculation of the retention efficiencies. If certified values
in conjunction with expanded uncertainties are provided, these
uncertainties are also considered (Ellison and Williams, 2012).

RESULTS AND DISCUSSION

Four CFC experiments were conducted which focused on the
influence of the pump rate on the retention efficiency (1) under
simplified conditions and (2) under realistic environmental
conditions, (3) the influence of recirculation and (4) the potential
of CFC to enable nanometer-size-selective sampling. Except for
experiment 4, for which a sequence of two CFC systems was used,
all experiments were based on application of one CFC system.

Stock Nanoplastic Analysis and
Digestion Methods
The MWAD protocol proved suitable for complete polymer
digestion. The obtained digests were completely clear and the
recoveries for the certified metals (As, Cd, Cr, Hg, Pb, Sn, and
Zn) ranged from 97.4% ± 1.5% to 103% ± 4% (Supplementary

Table S4). Only Sb posed a slight outlier with a recovery of
115.9%± 1.5% [1 SD (n = 3)].

Measuring 105Pd in helium mode was determined to be
optimal in terms of trueness and precision of Pd concentration.
Recovery for the ICP-MS standard solution was 100.0% ± 1.2%
[n = 4 (1 SD)]. The determined Pd concentration in the
working stock NPP suspension (1:10 dilution of the suspension as
synthesized) was 22.8 mg L−1

± 1.3 mg L−1 [uc (n = 12)]. Direct
measurements of diluted NPP suspension based on instrument
calibration using the Pd standard solution was possible.

The optimized protocol including surfactant and
ultrasonication led to good agreement between the calibration
and the corresponding dilution series of the NPP suspension
(Supplementary Figure S1). Near perfect linearity in the working
range was achieved, with R2

≥ 99.98%. The instrumental LOD
was 0.0017 µg L−1 (3 × SD of the Blank) which equated to
approximately 3.3× 108 particles L−1.

Dependence of Retentions Efficiency in
MQW on Pump Rate
Except for the flow rate, all other relevant parameters influencing
the retention behavior of particles during CFC depend on either
the medium and particles of interest, the angular velocity or the
geometry of the used CFC rotor. Thus, the flow rate is the decisive
parameter to vary size- and density-selectivity of the applied
setup (Eq. 2). The lower the flow is set, the more time the medium
needs to pass the centrifugal field and the higher the achievable
retention of small particles in the rotor is. Correct adjustment and
optimization of the pump rate will ultimately lead to maximum
particle removal.

The pump rate was assessed using the known geometry of
the rotor, the angular velocity, the density and viscosity of the
liquid, and estimating the density of the plastics (details in
Supplementary Material). Using assumption of a NPP density
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between 1.14 g mL−1 and 1.18 g mL−1 and a particle diameter of
160 nm led to ideal estimated pump rates between 2.6 L h−1 and
3.4 L h−1 (Figure 3).

In order to evaluate the fitness of the calculated flow rates
according to Equation 2, three different pump rates were tested.
The retention efficiency for the NPPs in MQW in the linear setup
was 92%± 8% for 1 L h−1, 67%± 6% for 2.5 L h−1 and 53%± 5%
for 5 L h−1 [uc (n = 3)] (Table 1). The results show that, despite
the calculations, a pump rate of 2.5 L h−1 was not sufficient
for quantitative retention, whereas 1 L h−1 led to efficient NPP
removal. Nevertheless, as the flow rate of the CFC systems used in
these experiments can be adjusted between a few mL h−1 and 66 L
h−1, the calculations gave a good estimate which could be further
refined experimentally. The gap between the estimations and
the experimental findings refers either to a counterflow induced
by diffusional drift, which is described by Brownian dynamics
(which is applicable to particles <1 µm in diameter) (Meireles
et al., 2010; Minoura et al., 2010; de la Torre et al., 2018), or slight
deviations of particle density and/or size. The retention efficiency
values describe the partitioning of the effective NPP dose between
the rotor content and the effluent fraction. Thus, for a pump rate
of 5 L h−1, approximately half of the NPPs were retained in the
rotor and half passed through. It is important not to confuse
the retention efficiency with the overall recovery. For the linear
setup, the spiked NPPs could be quantitatively recovered in the
three fractions: (1) suspension bottle, (2) rotor content and (3)
effluent {85% ± 5% – 98% ± 4% [uc (n = 3)]; Table 1}. This is

encouraging, since such high recoveries are not always achieved
when working with (sub)micron particles (Imhof et al., 2012;
Nguyen et al., 2019).

Dependence of Retention Efficiency in
MQW on Number of Cycles
In the circular setup (Figure 1B), the retention efficiency rose
to 91% ± 10% for two cycles and 95% ± 8% for three
cycles [uc (n = 2)] (Table 1). This is an >40% gain from the
linear setup. On the other hand, the overall recoveries were
significantly lower in this setup, 60% ± 5% and 68% ± 4%
for two and three cycles, respectively. We hypothesize that in
this configuration a considerable fraction of the NPPs adhered
to the walls of the suspension bottle and/or the tubing, which
was only evident when the NPPs spent extended times in the
system. Nevertheless, by increasing the number of pumping
cycles the retention efficiency of NPPs in the CFC system can be
significantly enhanced.

Retentions Efficiency in Filtered and
Unfiltered River Water
Heteroaggregation of NPPs with inorganic and organic natural
matter was observed in various environmental circumstances
(Koelmans et al., 2015; Gigault et al., 2018; Oriekhova and Stoll,
2018; Li et al., 2019). Therefore, the influence of suspending
the NPPs in water from the German Elbe River (∼1 month

FIGURE 3 | Parabolic relationship (based on Eq. 2) between the flow rates required for quantitative retention and the particle diameter for operation of the CFC Rotor
at 17000 rpm with water as medium (for the density range of polyacrylonitrile).
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TABLE 1 | Retention efficiencies and recoveries for the Pd-doped NPPs in the different fractions in the different setup using one CFC system (17000 rpm).

Setup Pump rate [L h−1] Medium (V ∼ 5 L) Retention Efficiency [%] Total Recovery [%]

Linear (Figure 1A) 1 MQW 92 ± 8 85 ± 5

2.5 MQW 67 ± 6 98 ± 4

5 MQW 53 ± 5 90 ± 4

2.5 filtered river water 65 ± 6 74 ± 3

2.5 unfiltered river water 75 ± 5 77.8 ± 2.9

Circular (Figure 1B) 5 MQW (2 cycles) 91 ± 10 60 ± 5

5 MQW (3 cycles) 95 ± 8 68 ± 4

Errors correspond to combined uncertainties (uc with n = 2; 3).

incubation time) on the retention efficiency of the CFC system
run at 2.5 L h−1 was investigated. Two reasons led to selecting
this flow rate instead of 1 L h−1, which had a higher retention in
the linear system with one rotor:

1. It poses a tradeoff between the possibility to process larger
volumes (necessary for sufficient preconcentration under
environmental conditions) and a high retention.

2. It enabled identification of an increase in the retention
efficiency due to the formation of larger particles by
heteroaggregation (in contrast to a flow rate that already
leads to quantitative retention in MQW).

An equal percentage of NPPs were retained for filtrated
river water (65% ± 6%) and MQW at 2.5 L h−1 [67% ± 6%
(n = 3)] in the linear setup. This indicates that no influence
of the natural colloids (i.e., particles <0.2 µm) and humic
substances led to formation of larger heteroaggregates. Moreover,
the mean retention efficiency was higher for the unfiltered water
(75%± 5%) than for NPPs spiked into the filtered river water.

Longer incubation times and higher concentrations of SPM
and dissolved organic substances, whose interactions with
different nanoparticles have previously been shown (Grillo et al.,
2015; Milne et al., 2017; Wu et al., 2019), could be an explanation
for the increase in the retention efficiencies. Future experiments
can give further insights into the aggregation kinetics of NPPs
with SPM in real-world scenarios. In this way, CFC may be an
additional way to assess NPP attachment to larger particles, as
particles which are attached to SPM would be efficiently removed
in the centrifuge and those which remain unattached would pass
it to a higher extent.

Separation of Nanoplastic From
Micrometer-Sized Suspended Particulate
Matter
The dependence between the flow rates and retention efficiency
was demonstrated for NPPs with the same density. However, in
an environmental situation, density differences can be used for
separation of particles of different materials and sizes. It was
calculated, that at 4000 rpm, particles with a diameter of 3 µm
and a density >1.01 g mL−1 can be quantitatively retained at
flow rates of approximately 4 L h−1 (Supplementary Figure S2).
Thus, we hypothesize that in a sequence of two CFC systems,
plankton particles (d ≈ 3 µm) should be retained in the first
centrifuge at the operative pump rate of 2.5 L h−1. Moreover, the

calculations indicate quantitative retention of∼ 200 nm particles
with a density >1.1 g mL−1 at a flow rate of ∼ 3 L h−1 at
17000 rpm in centrifuge 2. Therefore, the separation of the NPPs
from the natural particles appeared feasible.

Separation efficiency of the NPPs from natural particles in the
micrometer-range was evaluated by using a sequence of two CFC
systems with differential rotation speeds between rotors and a
pump rate of 2.5 L h−1. A plankton CRM (BCR-414), that is
certified for a variety of metals, was used as a model for undesired
interfering matrix constituents (high load of organic carbon and
minerals). The micron-sized plankton particles were retained in
the first rotor as it can be seen in Figure 4 (left panel). Results of
this experiment are shown in Table 2.

According to calculations, the entire free NPPs should have
passed the first rotor, as very low flow rates of 0.15 L h−1

to 0.19 L h−1 are theoretically required for NPP retention at
4000 rpm (Supplementary Figure S2). However, only 77%± 5%
of the effective NPP dose passed rotor 1 (23.0%± 2.2% retention
efficiency). The NPPs retained in rotor 1 were likely bound to the
SPM in the short amount of time between spiking and passing
through the sequential CFF system. The entire contact time
between SPM and NPPs was 120 min throughout the whole CFC
procedure. 53%± 5% of NPPs was retained in the second rotor.

In order to estimate the amount of plankton CRM retained
by centrifugation, an element which was associated by the CRM
was chosen to be measured as a proxy according to the following
criteria: (1) no detectable background concentration in the Pd-
doped NPPs, (2) negligible background value (contamination)
stemming from the CFC setup and MWAD and (3) quantitative
cumulative recovery. Based on these requirements, Ni was
chosen to track the plankton CRM through the separation
process. Accordingly, 89% ± 9% (n = 12) of BCR-414 were
retained in rotor 1, whereas 3% ± 4% and 2% ± 4% (probably
dissolved Ni) were recovered in rotor 2 and the effluent
(Recoverytotal = 113% ± 12%). The ratio of the Ni mass fractions
detected in Rotor 1 and Rotor 2 was >30.

Extended Utility of CFC for Field
Sampling and Concentration of
Nanoplastics in Environmental Media
The lab-scale study emphasizes the potential of a sequence of CFC
systems for separation of the micron fraction from the colloidal
fraction (Figure 5). The results show CFC’s potential for the
preconcentration of colloidal plastic particles, which is of high
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FIGURE 4 | Left: Rotor 1 (4000 rpm) containing most of the plankton particles. Right: Rotor 2 (17000 rpm) containing primarily NPPs.

TABLE 2 | Retention efficiencies and recoveries for the Pd-doped NPPs and the
plankton CRM BCR-414 for a sequential setup of two centrifuges operated at
4000 rpm and 17000 rpm.

Analyte
(tracer)

Retention
Efficiency 1st

rotor [%]

Retention
Efficiency 2nd

rotor [%]

Effluent [%] Total
Recovery [%]

NPPs (Pd) 23.0 ± 2.2 53 ± 5 24.4 ± 2.4 88.4 ± 2.9

BCR-414 (Ni) 89 ± 9 3 ± 4 2 ± 4 113 ± 12

Errors correspond to combined uncertainties (uc).

importance for the future detection of NPPs in environmental
aquatic systems. For mechanistic experiments, the Pd-labeled
particles served as a valuable model to accurately show the
high NPP retention rates under optimal conditions. However, in
practice, polymer-specific techniques such as Py-GC-MS or TED-
GC-MS (Dümichen et al., 2017; Fischer and Scholz-Böttcher,
2017) would be additionally needed to quantify the enriched
colloidal plastic particle sample.

This study focused on the development of a feasible
separation and preconcentration method for NPPs, further
optimization of NPP quantification was beyond the scope of
this study. Nevertheless, some additional sample preparation
steps can be recommended. As the CFC enrichment technique
would lead to pre-concentration of both NPPs and natural
organic colloids contained in environmental waters, purification
(i.e., organic matrix digestion) protocols will be required to
better isolate NPPs from this heterogeneous mixture (Hurley
et al., 2018). The experiments have shown a tendency that
heteroaggregation can occur quickly. If only one rotor is used,
natural micro- and nanoparticles, MP, free colloidal plastic
particles and NPPs included in micron-sized heteroaggregates
will be sampled as a mixture.

The sequential CFC setup opens up the possibility to
fractionate different sizes of plastic particles and natural colloids.
Figure 5 visually expands on this concept. To sample particles
in the desired size range from natural waters, the rotational
speeds of both centrifuges have to be coordinated. For example,

at a flow rate of 2.5 L h−1, adjusting CFC 1 to 2000 rpm
would quantitatively remove particles of ≥3 µm with a density
>1.02 g mL− and particles ≥1 µm with a density >1.24 g mL−1.
One striking advantage would be the additional removal of all
particles ≥500 nm with a density ≥2 g mL−1 (online density
separation), which includes all minerals but no polymers of
interest (Schön, 2011). As SPM contains a high weight fraction
of small sediment particles (Imhof et al., 2012; Vidmar et al.,
2017), which cannot be removed by oxidative treatments, samples
obtained by filtration approaches usually have to be subjected to
density separation before their analysis.

Results indicate a linear CFC setup may be preferable
over the circular CFC approach for environmental samples.
The natural water can be pumped through the CFC directly
on-site without any storage in a container where particle
sedimentation and adhesion to walls may occur. A second
important argument for omitting an intermediary container
is minimizing contamination, which is a tremendous issue
for research on particulate plastic (Löder and Gerdts, 2015;
Wesch et al., 2017; Hermsen et al., 2018). Furthermore,
using a rotor of titanium in conjunction with perfluorinated
sealing and tubing keeps the potential contamination
to a minimum.

The centrifuge can be run in the continuous operation
mode for multiple days with ease. In contrast to filtration
approaches, no permanent observation is necessary. Operation
of the centrifuge for 5 days at a pump rate of 5 L h−1 would
enable time-integrated sampling of 600 L of source water.
Thus, the larger volumes which can be processed compared
to ultracentrifugation (10 mL – 100 mL) and the avoidance
of membrane blockages compared to ultrafiltration are the
main advantages of CFC compared to other centrifugation
techniques (De Bruijn et al., 2005; Schwaferts et al., 2019;
Enfrin et al., 2020).

The application in the field has already been tested for MP
sampling (Hildebrandt et al., 2019). Due to the system’s weight
(>100 kg), operation on a stationary basis is beneficial. In order
to enrich NPPs from water, which presumably contains very low
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FIGURE 5 | Schematic explanation of the extended utility of the sequential CFC setup as a tool for size- and density selective MP and nanoplastic sampling
(modified, © Thermo Scientific).

amounts of NPPs, it may be necessary to implement a high-
performance CFC with ∼100,000 g (compared to ∼24,000 g)
to enable higher sampling flow rates (e.g., CF-32-Ti, Beckman
Coulter, Brea, United States).

As the proof-of-principle has been made, CFC can be tested in
even more demanding scenarios. Though application to natural
waters is still hypothetical due to challenges arising from other
stages of the analytical workflow (e.g., chemical identification of

the polymers), the authors would suggest the sequential use of
two CFC systems. MP and micron-sized matrix particles would
be retained in the first centrifuge, as well as mineral particles
down to a few hundred nanometers. In the second rotor, colloidal
particles with a density <2 g mL−1 could further be enriched.
Waters which contain a high concentration of particulate matter,
such as water from wastewater treatment plants or street run-
off, should be subjected to CFC sampling first. Subsequently,
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evaluation of the degree of preconcentration necessary to meet
the LOD of e.g., TED-GC-MS, to which the freeze-dried sample
could be subjected directly, has to be conducted. This requires
further method development with respect to both nanoplastic-
specific sample preparation and thermoanalytical detection.

CONCLUSION AND OUTLOOK

There is high public, political and scientific interest in
environmental plastic pollution, but the smaller the polymer
pieces are, the greater the analytical challenges become. This
leaves severe data gaps in understanding the occurrence,
concentration and identity of nanoplastics and finally their
impact on the environment.

In exposure studies, the colloidal plastic fraction was shown
to potentially be the most hazardous (Koelmans et al., 2015;
Burns and Boxall, 2018). However, a meaningful ecological
risk assessment also requires knowledge of relevant exposure
levels. As of yet, crossflow ultrafiltration was considered the
only technique suitable for nanometer-size-selective sampling of
representative volumes. Our results prove that continuous flow
centrifugation (CFC) is a valuable alternative for nanoplastic
sampling and enrichment, as it does not use a polymer
membrane, features a high retention of NPPs and can be
used for time-integrated sampling of several hundred liters of
source water (Hildebrandt et al., 2019). The proof-of-principle-
experiments presented here, in conjunction with expanded
theoretical calculations underpin the techniques’ potential for
size- and density-selective preconcentration of colloidal plastic
particles. >90% retention of model NPPs (d ≈ 160 nm) at
a relatively low flow rate in MQW (1 L h−1) and good
retention efficiencies (>75%) in river water at higher flow rates
(2.5 L h−1) can be achieved. High-performance CFC systems
(>100,000 g) (Dorin and Cummings, 2015) may enable higher
water throughput with considerably greater flow rates. The
scientific community already knows a lot about macro and
microplastic pollution (Lorenz et al., 2019), but to successfully

answer the question “Where is all the plastic?” (Thompson
et al., 2004) it is crucial to also understand the distribution
and fate of NPPs.
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