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Abstract: Despite the high number of scientific publications on related topics, such as sustainability,
pollution control, etc., research on microplastic (MP) is still in its infancy. To advance the quality of
future MP investigations, scientists have recently called for harmonization regarding the definition
and categorization of MP, as well as for consensus in sampling and investigations methodologies. The
application of standardized and fully characterized MP particles, which are commercially available
on a large scale but rarely characterized by manufacturers, could add another piece to that mosaic.
This publication aims to introduce ten low-priced MP powders that can be used as reference particles
in future MP studies. The physical parameters shape, particle density and particle size distribution
were examined, and results compared to technical information reports and data sheets, available.
Particle densities were almost in line with the manufacturer’s information. However, significant
leaks could be revealed for particle size specifications, thus underlining the demand for an accurate
description of the particle size distribution, e.g., D50 or D90.

Keywords: microplastic powder; plastic pollution; reference particle; laboratory experiments

1. Introduction

Recently, plastic pollution has become a global environmental threat. Since the 1940s,
when mass production began, plastic-based products have become cheap, lightweight,
durable and persistent, leading to a numerous range of applications and extensive use
in all areas of our daily life [1]. Microplastics (MPs), a collective term for solid plastic
particles in the range of 1 to 1000 µm [2], may either be released as primary MPs, such as
specially produced microscale particles such as additives in cosmetics, toothpaste, facial
cleansers, deodorants, baby products, peelings, sunscreen, body washes, hair colors, nail
polish and bath gels, or other technical products, e.g., paintings. Alternatively, these
particles can arise from the degradation or decay of various-sized plastic debris over time in
terrestrial and marine environments (secondary MPs) [3,4]. These particles are destructed
continuously into smaller fragments by mechanical action, oxidation, hydrolysis, chemical
processes or photo- and biodegradation [5,6]. Environmental factors, such as temperature,
humidity or salinity, and polymer properties such as morphology, size, shape, density and
biogeographic conditions, may influence this fragmentation [4].

Due to their persistence and size, MPs are transported in water flows and through at-
mospheric fallouts, wind advection or stormwater runoffs over long distances [7] MPs have
the capability to access food chains when consumed by primary organisms [4] and pose
a potential health risk for all organisms, including humans. A recent study [8] predicted
median MP (1–5000 µm) intake rates of 553 particles/capita/day (184 ng/capita/day)
and 883 particles/capita/day (583 ng/capita/day) for children and adults, respectively,
pointing out the omnipresence of MPs in daily-consumed food and beverages. Besides
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physical damage, the release of polymer additives and hazardous compounds, such as
heavy metals, PAHs, pesticides and/or pathogens attached to the particle surface, poses
severe risks [5].

In recent decades, investigations on MPs have seen a large increase, thus founding a
novel field of research, ranging from the exploration of MP sources and pathways, establish-
ing methodologies, to the identification of global hotspots of microplastic accumulation to
effect assessments on ecosystems and potential impacts on habitats and species [9]. Among
the proposed challenges of environmental MP research, including sampling, extraction,
isolation/separation, identification and quantification [4,10,11], particular attention should
be paid to representative reference materials [12,13], e.g., particle simulations (e.g., injec-
tion via RRSB distribution), test method validation or laboratory case studies. Polymeric
materials arise from a multitude of sources, comprise different materials and additives and
reveal distinct physicochemical characteristics, which make the choice of reference particles
(RPs) complicated and costly [14].

In this publication, ten important, commercially available and low-cost MP bulk solids
were investigated by examining particle density, particle size distribution (PSD) and shape,
and the results were compared to publicly available manufacturer data sheets and/or
requested information for adjustment and direct comparison with other manufacturers.
The authors propose that the future application of standardized and fully characterized
RPs increases the comparability, and this may help to harmonize future MP research. The
introduction of the presented particles will set a first source in respect to this harmonization
process. Hopefully, many more will follow. The goal is to be able to better conquer pending
solid waste management problems and the development of economically competitive
separation processes.

2. Materials and Methods
2.1. Material Selection and Characterization

The following plastics or elastomers, listed with their respective trade names, were
investigated in this study: two high-density-polyethylene (HDPE) powders RP1 (Rowalit
N100-20) and RP2 (ET306010), one low-density-polyethylene (LDPE) powder RP3 (Rowalit
H70), one polyamide (PA) powder RP4 (Vestosint 2158), two polyethylene terephthalate
(PET) powders RP5 (ES306030) and RP6 (ES3060301), one polypropylene (PP) powder RP7
(Eltex P KS001PF), one polystyrol (PS) powder RP8 (PrimeCast 101), one polyurethane
(PUT) powder RP9 (Rowalit 500-9H) and one polyvinylchloride (PVC) powder RP10
(CV316010) were obtained from five different companies. Basic information on material,
color, density and particle size distribution was taken from technical information reports
and data sheets, provided by the manufacturers (Table 1).

2.2. Physical Particle Properties

Examined physical particles properties are shown in Table 2. Particle density was
measured with a gas pycnometer with constant volume Quantachrome Ultrapyc 1200e
(Quantachrome Instruments-Anton Paar QuantaTec Inc., Boynton Beach, FL, USA) in
medium cell size (58.2392 cm3), with helium gas (flow purge 1 min). To determine the
particle size distributions (cumulative sum, density distribution), laser diffraction measure-
ments were conducted in a Malvern Mastersizer 2000E (Malvern Panalytical Ltd., Malvern,
UK) with diffraction indexes of 1.54, 1.54, 1.52, 1.53, 1.52, 1.52, 1.49, 1.59, 1.55 and 1.54
for RP1 to RP10, respectively. To reveal the particle shape (Table 2), RPs were examined
under a Nikon Eclipse 50i microscope (Nikon, Tokyo, Japan), connected to a DS-Fi1c digital
camera (Nikon, Tokyo, Japan).
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Table 1. Overview of powders obtained and manufacturer-provided particle properties (10 Decem-
ber 2021).

Name Type Product Name Manufacturer Density
(kg/m3) Size (µm) Price Range

(USD/kg)
Order

Quantity (kg)

RP1 HDPE Rowalit N100-20 ROWAK AG 956 0–120 * 101–300 0.5

RP2 HDPE ET306010 GOODFELLOW
CORP. 940 150 ** 301–500 0.5

RP3 LDPE Rowalit H70 ROWAK AG 918 0–200 * 101–300 0.5

RP4 PA Vestosint 2158 EVONIK
INDUSTRIES AG 1016 21 ** 0–100 20

RP5 PET ES306030 GOODFELLOW
CORP. 1300–1400 <300 *** 301–500 0.5

RP6 PET ES306031 GOODFELLOW
CORP. 1300–1400 <300 *** 301–500 0.5

RP7 PP Eltex P KS001PF
INEOS OLEFINS &

POLYMERS
EUROPE

895 600 ** - 25

RP8 PS PrimeCast 101 EOS GMBH 700–850 80 ** 0–100 2
RP9 PUR Rowalit 500-9H ROWAK AG 1190 0–90 * 101–300 0.5

RP10 PVC CV316010 GOODFELLOW
CORP. 1400 <250 101–300 2

* Data available on request; ** Mean particle size distribution (D50); *** Provided on website (not available on data
sheet); USD: US-Dollar; RP: reference particles; HDPE: High Density Polyethylene; LDPE: Low Density Polyethy-
lene; PA: Polyamide; PET: Polyethylene Terephthalate; PP: Polypropylene; PS: Polystyrene; PUR: Polyurethane;
PVC: Polyvinyl Chloride.

Table 2. Physical parameters determined in this study for reference particle RP1 to RP10.

Name Type Density
(kg/m3)

Particle Size Distribution (µm)
Shape *

Dmin D10 D50 D90 Dmax

RP1 HDPE 951 9 61 104 167 241 Irregular particles
RP2 HDPE 950 40 70 118 196 320 Irregular particles
RP3 LDPE 916 62 117 203 343 520 Irregular particles
RP4 PA 1059 1 7 19.1 36 60 Irregular particles
RP5 PET 1402 10 73 155 288 450 Irregular particles
RP6 PET 1409 7 38 98 194 330 Irregular particles
RP7 PP 882 320 488 670 921 1450 Irregular particles
RP8 PS 1069 40 63 85 115 177 Spheres
RP9 PUT 1218 71 126 199 307 450 Irregular particles
RP10 PVC 1414 72 114 159 221 325 Irregular particles

* Parameters were obtained with a Nikon Eclipse 50i microscope, depicted in Figure 2; D: characteristic diameter
in particle size distribution.

Based on the cumulative PSD, standard distribution fitting (power distribution DIN
66143), logarithmic normal distribution (DIN 66144) and RRSB distribution (DIN 66145)
were evaluated. Nonlinear multivariable regression was used to describe the PSD as a
mathematical function. As a first step, data fitting was tested for RP3 by investigating the
regression coefficient (R2) and root mean square error (RMSE). As shown in the Supple-
mentary Materials, polynomial fit in Grade 5 was assumed as sufficient because R2 and
RMSE did not significantly change within Grade 6 (Table 3).
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Table 3. Polynomial data regression for reference particles RP3. Same procedure was conducted for
all reference particles (not shown).

Polynom * R2 RMSE

Q(d) = a1 · d + a2 0.9282 10.17
Q(d) = a1 · d2 + a2 · d + a3 0.9882 4.146

Q(d) = a1 · d3 + a2 · d2 + a3 · d + a4 0.9928 3.206
Q(d) = a1 · d4 + a2 · d3 + a3 · d2 + a4 · d + a5 0.9991 1.184

Q(d) = a1 · d5 + a2 · d4 + a3 · d3 + a4 · d2 + a5 · d + a6 1.000 0.220
Q(d) = a1 · d6 + a2 · d5 + a3 · d4 + a4 · d3 + a5 · d2 + a6 · d+ a7 1.000 0.184

* Values for the polynomial regression coefficients a1–a6 for the particle size distributions of RP1-RP10, including
R2 and RMSE, can be found in the Supplementary Materials.

3. Results and Discussion
3.1. Particle Density

The density ratio between the fluid and solid phases is a key parameter in the-
evaluation of liquid–solid separation processes. Since this type of separation involves
very low-density ratios, it is all the more important to have precise data for the evaluation
of the respective bulk material. Determined average particle densities (Table 4) were almost
in line with manufacturer reports. For PE particles, average densities of −0.52%, +1.03%
and −0.27% were measured for RP1 to RP3, respectively, when compared to data available
by manufacturers. PET particle densities varied between +0.11% (RP5) and +0.62% (RP6).
Slightly lower densities were detected for RP7 (−1.46%) and slightly higher densities for
RP10 (+0.99%). Particle densities for RP9, RP4 and RP8 were found underestimated by man-
ufacturers, revealing density changes of +2.39%, +4.18% and +25.7%, respectively. Particle
density was previously reported to be one of the most crucial parameters in MP research.
Accurate information on particle densities is required to convert particle abundance to
mass concentration and to predict or estimate routes of particles in aquatic systems and in
the atmosphere [10,15].

Table 4. Measurement data for particle density of reference particles RP1-RP10.

Name Average Particle
Density (kg/m3)

Number of
Measurements (−)

Standard
Deviation

(kg/m3)
Var. Coefficient (%)

RP1 951 7 0.1 0.0089
RP2 949.7 10 0.2 0.0209
RP3 915.5 9 0 0.0050
RP4 1058.5 12 0 0.0047
RP5 1401.6 10 0.3 0.0180
RP6 1408.7 10 0.5 0.0323
RP7 881.9 10 0.9 0.1025
RP8 1068.7 10 0.4 0.0407
RP9 1218.4 10 0.1 0.0099

RP10 1413.8 12 0.4 0.0303

3.2. Particle Size Distribution

Generally, in bulk solids, particle collectives of varying particle sizes occur. PSD
provides the basis for process design. PSD, determined by laser diffraction measurements,
revealed Gaussian distributions (Supplementary Materials), where Dmin, Dmax, D10, D50
and D90 could be extrapolated thereafter (Table 2, Figure 1). Reported particle size distribu-
tion was found neither stringent nor accurate. Four manufacturers presented mean particle
sizes (D50), and five reported maximal particle sizes (Dmax), exclusively (Table 1). One
manufacturer, INEOS, reported specifications on D60 (500–700 µm) and D90 (350–1000 µm)
(according to the data sheet). No D50 and Dmax results were found in line with manufacturer
reports. RP8 (+6.5%) and RP7 (+11.7%) were found to have increased, and RP2 (−21.3%)
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and RP4 (9.05%) decreased, respectively. For Dmax, even greater divergences could be
detected, ranging from +10% (RP6), +30% (RP10), +50% (RP5) up to +101% (RP1), +160%
(RP3) and 400% in RP9. These results underline the importance of literarily referring to
D values, which are all thoroughly presented in this publication (Table 2) but were rarely
found in the manufacturer information (Table 1). In principle, particle size and PSD, as well
as particle shape and electrokinetic potential, impact particle transport and retention time
in ecosystems along the food chain or even between tissues and cells of organisms [10,15].
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Figure 1. Particle size distribution (PSD; cumulative) of the microplastic particles for comparison.
The upper figure describes the distribution sum over the entire measuring range up to 1450 µm. The
lower figure shows a magnification for the particle size range up to 500 µm.

3.3. Particle Shape

The nomenclature following the stringent classification of [2], who proposed a def-
inition and a categorization framework to achieve consensus in MP research, was used.
Visual inspection (Figure 2) revealed irregular MP structures in all RPs, despite RP8, which
were found spherical. Images of all RPs are shown in Figure 2. As proposed before, particle
shape strongly influences the behavior of plastic particles in fluid media [16]. It can have
an effect on how particles are processed in the separation apparatus. The strong deviation
from the ideal sphere shapes makes it difficult in the correct dimensioning and in the
equipment design, as well as, for example, the correct determination of retention times.
To evaluate the particle shape of the MP fractions we used optical inspection to get exact
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nondestructive impressions of individual particles. Additionally, MP shape and color may
affect whether an animal ingests MPs or not [15].
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4. Conclusions

The results of this study will set a new source to future harmonize the application
of RPs in MP research to further develop economically competitive separation processes.
It was shown that the publicly available manufacturers and requested specifications lack
information on detailed particle sizes and size distributions, a crucial parameter to describe
particle transport and retention time. It can be shown that by expanding the publicly avail-
able and requested data, a systematic evaluation of relevant low-cost MP bulk solids can
be given, which creates added value for the design and selection of a process engineering
separation strategy. With these basic data, one is now able to selectively choose the relevant
material, as well as the physical properties needed, for the respective application and thus
develop existing separation processes or implement new process designs. Considering
the diversity and complexity of secondary MPs, full and representative characterization of
primary MPs should be encouraged in publications, particularly when used as reference
particles in MP research. More commercially available particles should be investigated in
depth to increase the portfolio of RPs, including standardized techniques, e.g., weathering,
swelling and aging of MPs, to provide insights close to the effects at environmental settings.
Shaping our methodical and analytical tools will facilitate the prediction and accurate
evaluation of the long-term impacts of MPs on the biosphere.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microplastics1010015/s1, Table S1: Values for polynomial regres-
sion coefficients a1–a6 for the particle size distributions of RP1–RP10 including R2 and RMSE. Figure
S1: Distribution density of RP1-RP10. Figure S2: Particle size distribution (PSD; cumulative) of the
microplastic particles.
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