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Abstract: A variety of microplastic sampling instrumentation is currently used for water pollution
studies. Plankton net-based approaches have been the most adopted techniques for water column
and surface sampling. When applied to microplastics (MP) in the lower µm size range these methods,
however, introduce non-negligible risks of sample contamination and loss due to instrument and
procedure design. Based on the first principles of systems engineering design we have developed
a mobile sampling platform for field application that fulfils the needs of producing usable MP
samples with a lower size limit of 10 µm using an encapsulated flow-through filtration concept. Here,
we explain the requirements, development, and construction of the device for others to replicate
and improve.
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1. Introduction

The sampling of microplastics (MP) from surface waters or in the water column is dominated
by towed net sampling techniques inherited from plankton research. These include, foremost,
Manta trawls [1] that skim a film of surface water of constant depth for floating matter and retain the
mesh-size-defined particulate filtrate in a cod-end [2–4]. Bongo nets, WP-2 nets, as well as special
constructions for layered profiling have been applied alike [5–8]. Single or staggered open sieve
constructions, as well as encapsulated flow-through filtration devices are approaches that have been
utilised by other studies [9–11]. Additionally, sampling of MP has been accomplished by means of
density separation in continuous flow centrifuges used in suspended matter analysis [12].

Common for all methods is the extraction of suspended particulate matter from the sampled
water compartment. An obtained sample has to be removed from the device and stored for transport in
a quantitatively complete manner, while procedural contamination with fibres or particles of synthetic
polymers has to be excluded. The assurance of these two conditions is the crux for standard plankton
net-based approaches. The equipment itself commonly consists of a variety of plastic polymers,
such as monofilament polyamide meshes, synthetic textiles, like ropes, seams, and reinforcing fabrics,
for instance, made of spun micro-fibrous polyethylene terephthalate (PET). Frames, connectors,
and cod-ends can include hard plastic parts where polyethylene (LDPE or HDPE), polypropylene
(PP), or polyvinylchloride (PVC) would be common suspects. Usage-related wear is bound to occur
under such setups, i.e., as parts are moving against each other or metals included in the construction.
Samples are often exposed to airborne contamination during handling and transfer time on board.
Together these drawbacks render plankton nets inadequate for small microplastics (S-MP) sampling,
while larger size fractions (L-MP) alone might still be investigated by these techniques with reasonable
accuracy. Most studies used mesh sizes between 300 and 390 µm [13], which seems a reasonable cut-off
to yield acceptable and meaningful samples under open net sampling conditions, whereas MP below
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this size would necessitate techniques that appropriately address these constructional vulnerabilities.
That it is, however, important to adequately cover the lower microplastic size ranges in surveys
that estimate current pollution levels, and has been highlighted by recent research articles and
reports [10,11,14], reviews [13], and legislative policy advice [15–17]. Typical sources of small MP size
fractions, such as tyre wear or intentionally added abrasive MP in products, are named as points of
concern by the latter.

The precision of net sampling relies on the volume counting usually done by mechanical flow
meters in front of, or inside, the net’s mouth. With pressure building up inside the net due to the tow
velocity, and depending on the mouth size and shape, as well as the net and mesh size, the apparent
volume passing through the net can vary from what is received by the mechanical counter [18,19].
Another factor, which applies to all mesh-based sampling approaches is the diminishing apparent
mesh size with an advancing fill level and clogging of pores [20], leading to increased hydraulic head
loss of the unit. Two resulting consequences are the diminished volume flow and a change of the
retained particle size spectrum towards smaller sizes.

2. Technical Development

Starting from formulating and narrowing down the problem a user would want to solve with the
system we commenced to develop a set of system requirements needed to fulfil the user’s demands.
Based on first principles of engineering design a range of component concepts was then evaluated
against the criteria set by the user and system requirements in light of achieving the wanted result
with the simplest design or lowest number of potential points of failure possible.

The overarching premise of the user in the present case is to be able to sample microplastics of
any kind suspended in the water column or on the surface where the lower size limit of 10 µm is the
single most influential factor dictating the subsequently determined requirements of contamination
prevention and quantitative sample retention. A closed filter design, the avoidance of plastic polymers
in the equipment parts that are in contact with the sample, as well as a filtration pump setup operated
in suction mode, are seen as the most important constructional features to overcome the problems
known from other available sampling equipment described above, which is predominantly used for
larger MP. An overview of the development process from user and system requirements, the selected
solution and testing results thereof are illustrated in the scheme below (Figure 1).
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The device is built in and around a movable aluminium storage container (K 424 XC, Zarges,
Weilheim, Germany) which acts as a transport vehicle, an operation platform, and as a container for
long-term storage in between sampling campaigns (Figure 2a). To avoid unnecessary exposure to
plastic polymers the sample is only in contact with the following materials: metals (i.e., stainless steel,
aluminium), silicone in O-rings, and polytetrafluoroethylene (PTFE). The latter is applied as a sealant
in ball valves and fittings, as well as an inner lining of the sampling hose (TuFlour Chem PTFE, 32 mm
inner diameter, TuDerTechnica Chemours Company, Saccolongo, Italy). The hydraulic setup can be
seen in Figure 3. Although PTFE belongs to the synthetic carbon-based thermoplastic polymers it
was chosen to facilitate the sample transport with minimised loss due to particles settling out of the
flowing liquid and sticking to the walls. For this reason PTFE is excluded from the results if found in
the spectroscopic analysis that all samples undergo. Based on the comparably low production volume
of PTFE [21], which is ~0.05% of the major commodity plastic types [22], and its high wear resistance
and chemical stability, very low, to no, particles are practically expected in environmental samples at
the targeted size range ≥10 µm. We argue for, and assume that, the above reasons for the exclusion of
PTFE does not introduce any non-negligible error in MP particle concentrations measured. It should
be noted that if smaller sizes are targeted this assumption should be critically evaluated as PTFE has
found applications as micrometre-sized particles in dry lubrication aerosol sprays (0.1–1 µm) [23] and
as nano-particles in surface coatings [24].
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Figure 2. Field assembled configuration of the sampling device: (a) overview of the system during
sampling; (b) the 10 µm cartridge modules in closed housing, opened and partly covered with sample;
(c) inlet options for water column sampling applied at a waste water treatment plant (WWTP) outlet;
and (d) water surface sample intake by aluminium funnel applied on board a boat.

The sampling which has a 32 mm inner diameter is built in two parts of ca. 7 m length each that can
be connected by a metal quick coupling (CamLock fittings according to EN14420-7, by Schwer Fittings
GmbH, Denkingen, Germany) to give flexibility for varying sampling site conditions. The ends of the
sampling hose are likewise equipped with quick connectors where one side mounts to a distributor for
four individual filtration lines, and the other one holding a mouthpiece of choice depending on the
sampled compartment (Figure 3).

Past the distributor the sample is retained as the flow traverses through stainless steel cartridge
filters at 10 µm mesh size (01WTGD, with 124 mm (4 7/8”) filters, Wolftechnik Filtersysteme GmbH and
Co. KG, Weil der Stadt, Germany). The individual filter elements consist of a perforated inner support
sheet metal and a top and bottom plate which confine and hold the mesh screen without any adhesive
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or cementing material. They are held in place tight inside the unit by a screw pole and a stainless
steel tightening cap which presses against PTFE ring seals on each side of the double open-end (DOE)
element (see also Figure 2b). The combined filter surface area amounts to 975 cm2. Larger filter
elements, such as cartridges of 5, 10 or 20 inches could be mounted together with their corresponding
housings. This way the total filter area and, hence, the sample volume capacity, can be increased,
however, at the cost of more demanding sample processing and larger equipment to be handled. At the
outlet after each filter housing a see-through observation chamber with a built-in flow rate meter gives
an indication of the degree of blocking of the respective filter. The four lines enter into a collector
opposite the distributor which passes the water on towards the pump. We applied a centrifugal jet
pump (type Jimg 12, Tellarini Pompe S.n.c., Lugo, Italy) which was chosen for its properties of high
capacity of nominal 3.6 m3 h−1 and wet self-priming functionality with up to 8 m elevation. It has
no dry self-priming capability, meaning that an initial fill is needed before a flow can be established.
An impeller pump could be used instead to overcome this necessity, however, at the cost of higher wear
during operation and reduced resistance to dry running break down. The addition of a four-way valve
with an double L-shaped bore (also referred to as the X port valve) between the two pump ports in one
axis, and the collector outlet and discharge port along the other, creates the possibility to promptly
reverse the direction of the flow through the system. This allows for an easy priming of the pump
and, at the same time, enables a reverse flushing of the filter parts after the cartridge units have been
assembled and closed for operation at a sampling site. The flushing procedure eliminates potential
airborne contamination which might have settled on the filters during mounting and is used to rinse
out the distributor and sampling hose to avoid site cross-contamination in consecutive activities on
a sampling campaign.
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Figure 3. Piping and instrumentation diagram (P&ID) for the microplastic water sampler. Black arrows
indicate main flow direction through the system during sampling. Grey arrows show operation in
reverse flushing mode.

3. Experimental Work and Validation Results

The volume that passed the system is accurately measured using a standard sanitary water meter
(8ZR100, Zenner International, Saarbrücken, Germany). These devices are calibrated according to
local legislation, i.e., for the EU, following Annex III of the Directive 2014/32/EU demanding volume
measurement errors of 2% or less [25]. Generally, the functioning of such water meters is based on
an impeller rotating as water passes by and driving a counter on the display side. Due to this design
it has to be assumed that water–air mixtures can lead to positive, as well as negative, misreading.
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The former may occur as air-enriched water will take up a larger volume compared to the same water
when degassed and, thus, move the counter further, while the latter can be a result of temporary
break-down of the flow inside the impeller chamber due to high air entrainment with the remaining
passing water volume being too small to adequately spin the rotor. Cases of water–air mixtures
could be expected during field sampling due to short-term accidental air intake or leaks in the system.
To quantify the error margin two setups were tested under laboratory conditions: a known water
volume was passed through the device where, in one case, a deliberate leak was introduced by a thin
silicone tubing inserted into the otherwise submerged sample intake, fixed with the open end above
the water surface, creating a minor air entraining situation. In the other case the mouth of the sample
intake itself was held only half submerged creating a repeatedly breaking down and recovering flow.
Readings after the small air entrainment differed from the real water volume by up to 5%, while the
larger air intake resulted in ca. 20% difference. The perpetual submersion and a proper check for
tightness of all connections are, therefore, a requirement for accurate volume readings. An addition of
an air separator prior to the volume meter could be a way to overcome this limitation.

In order to evaluate MP retention we ran the filter system by feeding tap water which had been
pre-filtered on 10 µm and inserted pre-counted batches of 1000 pieces per replicate (n = 3) of light red
polyamide particles (PA6, fine pre-production nurdles). The cylindrical granules had an average size
of 450 and 480 µm in length and diameter, respectively. After each run the filter set was removed and
handled in exactly the same way as environmental samples would have been processed. The recovered
particles were quantified under a stereomicroscope using a Bogorov counting chamber (custom build
at own scientific workshop facility). The achieved recovery rate for the three independent replicates
averaged 98.9% with a standard deviation of 0.89%.

From first applications in field studies we are able to draw some conclusions on the functioning
of the sampling system and provide a proof of principle. Most remarkably, however, not
surprisingly, the achievable sample volumes varied vastly depending on the suspended matter
loadings. While turbid river waters in agricultural areas during spring snow melt often allowed
ca. 200–300 L to be sampled on one set of filters (location and time data of field applications where
achievable sample volumes have been estimated from are provided in the supplementary material:
Table S1), clearer rivers were on the order of 200 to 700 L total sample volume. The premature clogging
in turbid river waters is attributed to the settling of fine sediment load in between the stainless steel
webbing of the filters.

Table 1. Summarising comparison of properties, advantages, and limitations of the presented method
and two alternative approaches. Costs are denoted as relative estimates ranging from “+” (lowest costs)
to “+++” highest costs as actual costs may vary depending on supplier and chosen design specifics.

Criterion Encapsulated Flow-through
Device (Present System) Plankton Nets Continuous Flow

Centrifuge

Compartment Surface and water column Surface and water column Surface and water column

Primary sampling zone
Rivers, wetland drainages,
WWTP outflows,
small lakes/ponds

Open ocean, coastal
waters/estuaries, large lakes

Rivers, wetland drainages,
WWTP outflows,
small lakes/ponds

Additional sampling zone,
suitable to limited extent

Coastal waters/estuaries,
open ocean, larger lakes Large rivers Coastal waters/estuaries,

open ocean, larger lakes

Recommendable size
range focus ≥10 µm ≥300 µm Any

Targeted MP types Any Any HD-MP *

One-time expenses ++ + +++

Running costs +
+++ if ship time is required
+ if applied from bridge
in streams

+
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Table 1. Cont.

Criterion Encapsulated Flow-through
Device (Present System) Plankton Nets Continuous Flow

Centrifuge

Major advantages
S-MP can reliably be sampled
with minimized
contamination risk

High volume capacity and
ease of use

Size independent sampling
(no filtration)

Major limitations

Lower sample volume
capacity e.g., 1 m3, might be
too low for L-MP
statistical analysis

Not practical for S-MP due to
open design and higher
contamination risk
Ship time required
(except for rivers)

LD-MP ** is not sampled
by design
Large equipment restricts
sampling site access and
handling requires
trained personnel

References of
method application [10,11], present study [2–8] [12]

* = high density polymers (i.e., denser than water); ** = low density polymers (i.e., lighter than water).

This effect could be counteracted by choosing a larger mesh size (if compatible with the respective
research question) or increasing the deployed filter surface area. Wastewater treatment plant (WWTP)
outflow water could be sampled with ca. 600 L to 1 m3, tested at two facilities. The latter was chosen
as the desired maximum volume per sample and was not caused by clogging of the filters. In coastal
marine waters during winter conditions up to 2 m3 have been sampled before the filter capacity
was exhausted.

The sampling time may vary due to water quality and terrain. Up to four sampling stations per
day are deemed realistic for a two- or three-person field work team.

4. Discussion and Conclusions

We have developed a water sampling system to be used for environmental surveys of microplastic
contamination in surface and sub-surface waters. The major problems addressed with this new
development are the difficulty of sampling small-sized MP from water and the contamination risk
associated. The benefits in the current stage of development can be summarised as:

• Minimised contact to plastic polymers: only PTFE and non-plastic materials;
• Closed design: minimised sample exposure time; and
• No handling on site required: samples are transported in the replaceable unit of the

cartridge filters.

The primary intended use-case is the sampling of S-MP (i.e., the size fraction below 300 µm)
in source areas, such as rivers, inland wet areas and drainages, WWTP outflows, and estuarine and
near-shore coastal waters. L-MP will, by design, also be sampled quantitatively, however, the nominal
sample volume of 1 m3 is too low to allow for statistically sound analysis as typical abundances
are often below one particle per m3 and methods of higher volume throughput are needed. On the
contrary, open ocean surface concentration data from studies which included S-MP were frequently on
the order of 100–200 m−3 [10,11], which implies that sample sizes of 1 m3 may produce meaningful
data under these conditions. In Table 1 we summarise the advantages and drawbacks of the current
and alternative methods.

On-going work will improve the system in terms of usability and achievable sample volumes.
In the current state we applied the four filtering channels in parallel for maximised sampling capacity.
If a lower sample volume is acceptable or if longer filter cartridges are used and operated separately,
the system seems suitable for streamlined sampling of replicates, e.g., in short time intervals or at
different positions at the same location. A recent study on MP monitoring underpinned the importance
of replicated sampling throughout a river cross-section [5]. This is just one possible modification to
adapt the system to specific sampling scenarios and we encourage others to contact us for requests or
comments and to replicate or improve upon the suggested design.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/10/8/1055/
s1, Table S1. Locations, dates and sample volumes from a first sampling campaign in the Warnow river system
(Mecklenburg-Vorpommern, Germany).
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