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Suspended particulate matter was collected from subsurface (6 m) water along an E-W transect through the
tropical Indian Ocean using a specialized inert (plastic free) fractionated filtration system. The samples were
subjected to a new microwave-assisted “one-pot” matrix removal (efficiency: 94.3% =+ 0.3% (1 SD, n = 3)) and
microplastic extraction protocol (recovery: 95% + 4%). The protocol enables a contamination-minimized
digestion and requires only four filtration steps. In comparison, classical sample processing approaches
involve up to eight filtration steps until the final analysis. Microplastics were identified and physically charac-
terized by means of a novel quantum cascade laser-based imaging routine.

LDIR imaging facilitates the analysis of up to 1000 particles/fibers (<300 pm) within approximately 1-2 h. In
comparison to FTIR and Raman imaging, it can help to circumvent uncertainties, e. g. from subsampling stra-
tegies due to long analysis and post-processing times of large datasets. Over 97% of all particles were correctly
identified by the automated routine - without spectral reassignments. Moreover, 100% agreement was obtained
between ATR-FTIR and LDIR-based analysis regarding particles and fibers >300 pm.

The mean microplastic concentration of the analyzed samples was 50 = 30 particles/fibers m > (1 SD, n = 21).
Number concentrations ranged from 8 to 132 particles/fibers m > (20-300 pm). The most abundant polymer
clusters were acrylates/polyurethane/varnish (49%), polyethylene terephthalate (26%), polypropylene (8%),
polyethylene (4%) and ethylene-vinyl acetate (4%). 96% of the microplastic particles had a diameter <100 pm.
Though inter-study comparison is difficult, the investigated area exhibits a high contamination with particulate
plastics compared to other open ocean regions. A distinct spatial trend was observed with an increasing share of
the size class 20-50 pm from east to west.

1. Introduction

Microplastic (MP) particles (1 pm - 5 mm (Frias and Nash, 2019)) can
be considered an omnipresent (emerging) contaminant. Synthetic
polymeric particles were detected in a plethora of terrestrial (Mai et al.,
2018; Scheurer and Bigalke, 2018), marine (Bergmann et al., 2017;
Lorenz et al., 2019), riverine (Mani et al., 2015; Scherer et al., 2020),
atmospheric (Brahney et al., 2021; Dris et al., 2016) or biological sam-
ples (Fischer and Scholz-Bottcher, 2017; Thiele et al., 2021). Over 10%
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of the plastic debris in the ocean surface layer are assigned to ingestible
and potentially harmful MPs. Besides primary MPs, so-called secondary
MPs are formed by UV-induced, mechanical or biological degradation of
larger debris (Song et al., 2017). In the last years, advanced analytical
methods focusing on particulate plastics were developed and validated
(Bannick et al., 2019; Becker et al., 2020; Duemichen et al., 2019; Hil-
debrandt et al., 2020b; Hildebrandt et al., 2019; Kirstein et al., 2021;
Loder et al., 2017; Mitrano et al., 2019; Primpke et al., 2017).

From a regulatory perspective, the US state California has a vanguard
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role regarding the planned regulation of MPs in drinking water (Senate
Bill No. 1422). Nevertheless, there are also topical endeavours to fight
(micro)plastic pollution on a global scale, e.g. by the UN Sustainable
Development Goals (Walker, 2021) or the EU Marine Strategy Frame-
work Directive. In a prominent perspective article, Mitrano and Wohl-
leben (2020) stated that “the recent MP definitions proposed by
European Chemical Agency for a potential restriction of solid primary
MPs via the REACH regulation (EU law for Registration Evaluation,
Authorization and Restriction of Chemicals) goes far beyond the original
scope of banning the microbead campaigns”. However, for monitoring
of environmental compartments and compliance with restrictions as
proposed by the ECHA (European Chemical Agency, 2019),
time-efficient, automatable and validated chemical-analytical and data
processing workflows are indispensable.

From the perspective of routine laboratories, established sample
preparation methods, as well as the microspectroscopic detection of MPs
are still too labor-intensive, time-consuming, and dependent on the
skills of the operator (Hiiffer et al., 2017; Huppertsberg and Knepper,
2018; Miiller et al., 2020; Primpke et al., 2020a; Stock et al., 2020).

Recently, external cavity quantum cascade laser (QCL) imaging
proved its high potential for MP analysis, in terms of both time-
efficiency and reliability (Hildebrandt et al., 2020a; Li et al., 2021b;
Primpke et al., 2020b; Scircle et al., 2020). QCLs are rapidly and broadly
tunable semiconductor lasers emitting in the mid-infrared region of the
electromagnetic spectrum (Doulamis et al., 2021; Kuepper et al., 2018).
As Fourier transformation is omitted, the acquisition of IR spectra is
tremendously faster compared to state-of-the-art FTIR microscopes (up
to 150-times faster at an equivalent signal-to-noise ratio) (Ogunleke
et al., 2017). Additionally, the higher peak signals of such QCL systems
compared to broadband sources has a positive effect on the sensitivity
(Childs et al., 2015; Primpke et al., 2020b).

Environmental filtration and bulk samples, such as sediment, sewage
sludge or biological tissue, usually contain large amounts of a complex
mixture of biogenic, mineral and/or organic material. Therefore, vali-
dated and time efficient sample preparation protocols are needed when
applying spectroscopic methods for MP detection. Various protocols
comprise a sequence of chemical (HNOs, NaOH, KOH, NaOCl, H20,
sodium dodecyl sulfate (SDS)) and/or enzymatic (protease, cellulose,
lipase, chitinase) treatments in order to remove natural (polymeric)
matrix components (Cutroneo et al., 2020; Loder et al., 2017; Lorenz
etal., 2019; Miller et al., 2017; Thiele et al., 2019). Digestion at different
temperatures (Munno et al., 2018) and usage of in-house-built devices
(Coppock et al., 2017; Loder et al., 2017) are also common practice.
However, many approaches suffer from poor recoveries, detrimental
effects on MP integrity and procedural contamination problems (Koel-
mans et al., 2019; Prata et al., 2021; Wang et al., 2018). This can lead to
biased or false positive results. Accordingly, inter-study comparability is
hampered. Furthermore, many studies lack method validation.
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Currently, no certified reference materials (CRMs) for MP analysis are
available to evaluate the performance of the different sample prepara-
tion protocols in a comparable and traceable way.

The aim of this study was the development and application of two
innovative analytical tools for the determination of MPs in the Indian
Ocean. In this context, we developed a new, time efficient enzymatic-
oxidative microwave-assisted “one pot” matrix removal protocol. The
matrix removal was followed by analysis of the MPs by powerful state-
of-the-art laser direct infrared (LDIR) imaging. The developed protocol
was applied to 21 subsurface samples from the tropical Indian Ocean.
This study deals with a large marine area for which, on the one hand,
there is a very poor data situation. On the other hand, the investigated
area is expected to be highly contaminated as the transect followed low
salinity water masses of Indonesian Throughflow Water fed by large
rivers in Asia.

2. Materials and methods
2.1. Geesthacht Inert Microplastic Fractionator

The Geesthacht Inert Microplastic Fractionator is a sampling system
for online-size-fractionation of particles from a liquid medium. It con-
sists of two channels with two 19 % inch stainless-steel cartridge filters
each (300 pm and 10 pm mesh size, Wolftechnik Filtersysteme, Weil der
Stadt, Germany). The entire unit is made of stainless-steel (pipe system:
AISI 316 L steel, Swagelok, Ohio, USA). All sealings are perfluoroalkoxy
alkane-sheathed to avoid contamination with relevant plastics. On the
backside, a calibrated flow meter (RS Components GmbH, Frankfurt am
Main, Germany), as well as a fifth cartridge filter (2 pm mesh size,
Wolftechnik Filtersysteme) is mounted. This filter can be used for back-
flushing the entire system with filtered freshwater after each sampling.
Detailed pictures of the Geesthacht Inert Microplastic Fractionator can
be found in SI Fig. 1.

2.2. Sampling

The Geesthacht Inert Microplastic Fractionator was applied on board
of the German research vessel Sonne (SO270 cruise, MASCARA) to
conduct volume-reduced MP sampling (Vijean = 1.34 m3; 0.74-5.71 m®)
along a transect in the Indian Ocean from Hong Kong to Port Louis. In
total, 2 x 21 samples (d > 300 pm and 10 pm < d < 300 pm, respec-
tively) were taken at 21 locations between 98°E to 64°E and 7°S to 13°S.
GPS coordinates of all sampling locations are listed in SI Table 1.

The Geesthacht Inert Microplastic Fractionator enabled the filtration
of high amounts of suspended particulate matter (SPM) (dspy > 10 pm)
by being fed with water from the ship’s moon pool at 6 m below sea
level. The water was pumped by a submersed pump (stainless steel, d =
5 inch, F < 5 m® h™!, Lowara model SC207C, Xylem Deutschland,

Fig. 1. Left: SEM images of (a): virgin HDPE
particles with 300 x magnification, scale bar
= 30 pm; (b): treated HDPE particles with
300x magnification, scale bar = 30 pm; (c):
single virgin HDPE particle with 5000x
magnification, scale bar = 2 pm; (d): single
treated HDPE particle with 5000x magnifi-
cation, scale bar = 2 pm. Right: SEM images
of (a): virgin PET particles with 300x
magnification, scale bar = 30 pm; (b):
treated PET particles with 300x magnifica-
tion, scale bar = 30 pm; (c): single virgin
PET particle with 2000x magnification,
scale bar = 4 pm; (d): single treated PET
particle with 2000x magnification, scale
bar = 4 pm.
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Table 1
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Mass reduction results for particulate reference matrices (Plankton CRM and German Elbe River SPM). Mass values are given for plankton CRM (BCR-414; 200 mg) and
Elbe River SPM (125 mg). The entire matrix removal protocol includes all digestion steps in the “one-pot approach” and the subsequent density separation with ZnCl,

solution (1 SD, n = 3 for all results).

mass [mg] reagents vol. [mL] temp. [°C] pH time [h] mass
reduction [%]

200 Proteinase K (1.5 mg) dissolved in 2 mL Tris - HCI buffer solution + 1 mL SDS solution (1.5% (w/w)) 3 37 85 2 44+ 4

200 6 mL Hy0, 15% (v/v) + FeSO, (c = 6.6 mg mL™", 0.2 mL) 6.2 50 - 0.5 45.6 + 0.5

200 4 mL Chitinase + 6 mL Acetic acid/sodium acetate buffer solution 10 40 5.0 24 50.3 +£ 0.5

125 entire matrix removal protocol (digestion + density separation) 19.2 - - 216 94.3 + 0.3

Langenhagen, Germany) via a polytetrafluoroethylene (PTFE)-lined
hose (DIEFLEX Chemieschlauch PTFE-SD white, DIEFLEX technische
produkte, Barsbiittel, Germany). Seawater was pumped through the
filtration unit for about half an hour at an average ship speed of 10 knots
along straight routes.

Afterwards, the individual filter cartridge, as well as the water inside
the housing was transferred quantitatively into a glass beaker. 2 mL of
pre-filtered SDS solution (10% (w/w), Fisher Scientific) were added to
the seawater remaining in the housings. The filters were ultrasonicated
for max. 30 s in the respective seawater (approx. 2 L). The resulting
suspension was filtered over PTFE membranes (d = 47 mm, 5 pm pore
size, Sartorius AG, Goettingen, Germany) using borosilicate glass vac-
uum filtration units (Merck KGaA, Darmstadt, Germany).

The membranes were stored in wide neck bottles (amber glass) under
cold and dark conditions in 100 mL filtered Milli-Q water (MQW). 1 mL
of pre-filtered 30% (w/w) HCI (practical grade, Carl Roth GmbH + Co.
KG, Karlsruhe, Germany) was added for conservation (cyc; = 0.3% (v/
v)). A procedural blank was conducted on board of the research vessel by
filtering approx. 1 m® of ship’s distilled water.

2.3. Contamination mitigation

A strict protocol was followed in order to prevent contamination
from the sampling equipment, laboratory equipment, reagents, clothing
and airborne sources. This included the rigorous use of laminar flow
benches class II (inside the laboratory and on board of the research
vessel), filtration of all reagents, the use of cleaned metal or glass lab-
oratory equipment and the conduction of method blanks. A more
detailed description of the conducted contamination mitigation pro-
cedures can be found in SI chapter 1.2.

2.4. Microwave-assisted enzymatic-oxidative matrix digestion and density
separation

In the laboratory, samples were quantitatively transferred into 400
mL glass beakers and ultrasonicated for 30 s. The entire sample sus-
pension was subsequently transferred onto a 5 pm PTFE filter via vac-
uum filtration (Merck KGaA, Darmstadt, Germany). Membranes were
transferred into 35 mL microwave quartz pressure vessels (CEM GmbH,
Kamp-Lintfort, Germany). 1.5 mg Proteinase K powder (from Tritir-
achium album, 3.0 U mg’1 -15U mg’l, Merck KGaA, Darmstadt, Ger-
many, ¢ = 500 pg mL™!) dissolved in 2 mlL tris-(hydroxymethyl)-
aminomethane-HCI buffer solution (¢ = 0.2 mol L’l, pH=8.5)and 1 mL
SDS solution (1.5% (w/w)) were added (after pre-filtration).

Samples were incubated for 2 h at 37 °C on a hotplate (EasyDigest
monobloc, Analab, Hoenheim, France). Afterwards, samples were
incubated for 0.5 h in 6 mL of Hy0, (15% (v/v)) (by addition of 3 mL of
30% (v/v) Ho03) at 50 °C in a laboratory microwave system (Discover
SP-D 35, CEM GmbH, Kamp-Lintfort, Germany). 0.2 mL of Fe2t catalyst
solution FeSO, (c = 6.6 mg mL 1) was added to degrade the remaining
H,03 by forming free hydroxyl and hydroperoxyl radicals. This mech-
anism is commonly known as Fenton reaction. 4 mL of Chitinase (from
Trichoderma hargianum, > 150 U mg !, ASA Spezialenzyme GmbH,
Wolfenbiittel, Germany) and 6 mL of an acetic-acid/sodium acetate

(both Merck KGaA, Darmstadt, Germany) buffer solution (¢ = 1 mol L_l,
pH = 5.6) was added to the vessel. The second enzymatic treatment was
carried out on a hotplate for 24 h at 37 °C. A second filtration step was
conducted to subsequently rinse lithogenic material and MPs into a
separator funnel containing pre-filtered ZnCly solution (p = 1.7 g mL~},
Merck KGaA, Darmstadt, Germany). After two to seven days, the upper
phase (including MPs), was passed through 5 pm PTFE membranes via
vacuum-filtration. The glass funnel was rinsed with both MQW and HCl
(4% (v/v)), in order to remove small precipitates of ZnCly. Used ZnCly
solution was recycled three times by filtration through 1 pm glass fiber
filter membranes (Sartorius AG, Gottingen, Germany). Purified samples
(particle size fraction <300 pm) were re-suspended with approx. 5 mL
ethanol (50% (v/v)) in a cleaned glass Petri dish (d = 50 mm). Finally,
the entire samples were deposited on MirrIR (low-e microscope) slides
(Kevley Technologies, Chesterland, USA) using a 1 mL glass pipette.

2.4.1. Determination of the digestion efficiency
Digestion efficiency was gravimetrically determined for each tested
agent by vacuum filtration of digested plankton CRM (BCR-414, Joint
Research Centre, Geel, Belgium) onto pre-weighted polycarbonate (PC)
filter membranes (0.4 pm). All mass calculations refer to the dry weight
(DW). Therefore, the filter membranes were dried at 30 °C for 24 h.
Digestion efficiencies were calculated using the following equation:

m; —x
P

Digestion efficiency (%) = (
m; —y

)*IOO%

m; = DW of CRM on filter membrane after filtration (mg)
my = mass of CRM used for filtration (mg)

y = DW of CRM found in filtrate (mg)

X reagent mass effect (mg)

Calculation of reagent mass effect x:

X=ms3 — My

mg3 = DW of filter membrane after reagent filtration (mg)
my = DW of filter membrane before reagent filtration (mg)

Reagent mass effects were calculated from triplicate filtration (1 SD,
n = 3): For Proteinase K: 0.04 mg + 0.01 mg, for Fenton reagent (com-
bination of Hy0, and Fe?"): 3.63 mg + 0.12 mg, for Chitinase: 0.30 mg
+ 0.02 mg.

2.4.2. Determination of recovery rates

Recovery rates of the optimized workflow were determined by using
in-house reference MPs (high-density polyethylene (HDPE) (p = 0.94 g
mL™Y) and polyethylene terephthalate (PET) (p = 1.3 gmL™! - 1.4 g
mL™Y), (d = 20 pm-63 pm)). The polymer particles were received as
plastic powders (Goodfellow GmbH, Hamburg, Germany) and sieved
using a stainless-steel sieving cascade (AS300, Retsch GmbH, Haan,
Germany). Recovery rates were determined in triplicates on a gravi-
metric basis. 200 mg of the MP powders were vacuum-filtrated onto pre-
weighed PTFE membranes with MQW. The PTFE membranes containing
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the reference MPs were subjected to the optimized digestion and density
separation protocol.

Afterwards, the particles were enriched onto pre-weighed PTFE
membranes and dried at 30 °C for 24 h. ATR-FTIR and LDIR spectra of
the polymer powders were recorded before and after digestion and
density separation. Furthermore, scanning electron microscopy (SEM,
Gemini, Carl Zeiss Microscopy Deutschland GmbH, Jena, Germany) was
applied to discover potential changes of the surface structure. Recovery
rates were calculated using the following equation:

Recovery (%) = ™5 +100%
me

ms = DW of MP powder after digestion (mg)
mg = DW of MP powder before digestion (mg)

2.5. Sample preparation and analysis of microplastics >300 ym

2.5.1. Sample preparation

Visual inspection and sorting was applied to the larger size fraction,
according to a protocol adapted from Lorenz et al. (2019). Before their
transfer into a Bogorov counting chamber (poly(methyl methacrylate)
(PMMA); 70 mL capacity, HydroBios, Kiel, Germany), samples were
ultrasonicated for 30 s. PTFE filters and glass bottles were rinsed three
times with MQW and Ethanol (50% (v/v)) into the counting chamber.
Suspensions and PTFE filters were visually inspected under a stereomi-
croscope (Olympus SZ61, Olympus Europa SE & Co. KG, Hamburg,
Germany) at 1.2- to 4.5-fold magnification. Potential MPs were sorted
with metal tweezers and stored in a Gollasch counting chamber (PMMA,
30 fields capacity, HydroBios, Kiel, Germany). All particles with a bright
or transparent color and without cellular structures were isolated and
photographed (Altra 20 Soft Imaging System, Olympus Soft Imaging
Solutions GmbH, Miinster, Germany). Particles were measured at their
longest and shortest dimension using the camera-specific imaging soft-
ware (AnalySIS, Olympus Soft Imaging Solutions GmbH, Miinster,
Germany).

2.5.2. Sample analysis

Potential large MP particles and fibers were analyzed by ATR-FTIR
spectroscopy (Alpha I, Bruker Optics, Ettlingen, Germany) (on a dia-
mond or germanium crystal). Measurements were performed three times
with 32 scans and a resolution of 4 cm™! (wavenumber range: 4000
cm ! - 400 cm™Y). The respective spectra were compared to the siMPle
database developed by Primpke et al. (2020a) (https://simple-plastics.
eu). Assignments with hit quality values > 700/1000 were automati-
cally accepted. Assignments between 700/1000 and 550/1000 were
re-evaluated based on expert knowledge. For comparison purposes,
detected large MP particles were additionally analyzed using an Agilent
8700 LDIR Chemical Imaging system (Agilent Technologies, Santa Clara,
USA) using both transflection mode and p-ATR analysis. One represen-
tative blue fiber was also analyzed by p-Raman spectroscopy (Senterra,
Bruker Optik GmbH, Ettlingen, Germany). Raman spectra were
compared to the Pigments-Checker database.

2.6. Sample preparation and analysis of microplastics <300 ym

2.6.1. Sample preparation

The samples were subjected to the newly developed microwave-
assisted “one-pot” enzymatic-oxidative digestion protocol using Pro-
teinase K and SDS, H,0, and Fe?* catalyst, and Chitinase (for details see
chapter 2.4.).

2.6.2. Sample analysis

The sample fraction <300 pm was analyzed using the Agilent 8700
LDIR Chemical Imaging system (Agilent Technologies) in transflection
mode. The instrument’s functional principles are described in more
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detail in previous publications (da Costa Filho et al., 2020; Dong et al.,
2022; Hildebrandt et al., 2020a; Scircle et al., 2020). The particle
analysis workflow of the Agilent Clarity software (version 1.1.2) was
used for the automated analysis of the entire sample set. Hereby, the
sensitivity was set to the maximum (6/6).

Spectra were acquired with a spectral resolution of 8 cm™!. The
particle size range of the LDIR imaging system was generally set to 20
pm-5000 pm according to the presets of the software. The automatic
workflow of the LDIR technically enables MP detection down to 10 pm.
However, the practically achievable size detection limit highly depends
on the analyzed matrix and the level of cleanliness of the sample.

The used spectral library (Microplastic starter 1.0, Agilent Technol-
ogies) was expanded by spectra of relevant environmental particles
(confirmed with the p-ATR-unit of the system) obtained from natural
matrices (plankton CRM BCR-414, as well as SPM from the German Elbe
River and North Sea). Natural matrices contributed a variety of spectra
relevant for the analysis of MPs in the presented sample set. Addition-
ally, the spectra of in-house reference MPs (expanded polystyrene (EPS),
polyethylene (PE), polyethylene terephthalate (PET), polypropylene
(PP), polystyrene (PS) and polyvinylidene chloride (PVDC)) and
different polymeric materials used in the laboratory were integrated into
the library.

The automated workflow of the Clarity software acquired IR spectra
for all particles. The hit quality thresholds for a positive assignment were
adapted according to the preset values. MP identifications were either
accepted, manually assigned to another polymer class, or not accepted.
Only spectra in conjunction with high hit quality values related to
reference spectra (>0.80) were considered for the final statistics without
further manual confirmation. In order to prevent any overestimation of
the MP concentrations, all analyses were thoroughly re-evaluated
manually in transflection mode and, if necessary, also by the LDIR’s
p-ATR function. If unambiguous confirmation of the assignment was not
possible, the respective particles were assigned to natural material
classes or marked as “unknown”. Particles with hit qualities <0.60 were
automatically classified as “unknown”.

3. Results and discussion
3.1. Enzymatic-oxidative sample preparation protocol

3.1.1. Matrix digestion

In the method development phase, the digestion efficiencies of
different digestion steps using Proteinase K, Chitinase, as well as Fenton
reagent were determined (see Table 1). Validation was based on treat-
ment of typical marine SPM. A matrix-matched CRM was utilized (BCR-
414, PLANKTON (trace elements)). The mass of plankton CRM was
adjusted to 200 mg corresponding to average SPM concentrations in
surface waters of the tropical Indian Ocean (Cspy; = 0.25 g m3).

The highest isolated matrix reduction was observed for the Chitinase
treatment. During this step, the sample mass was reduced by 50.3% +
0.5% (1 SD, n = 3). Proteinase K in conjunction with SDS showed a mass
reduction of 44% + 4%. Experiments demonstrated that Fenton reagent
leads to an increased mass reduction of 45.6% =+ 0.5% by degrading
organic material more rapidly than 15% H3O2 (v/v) alone. The overall
digestion protocol achieves a nearly quantitative matrix reduction of
94.3% + 0.3%. This is comparable to established protocols based on the
use of alkalines or acids. KOH digestion at temperatures between 25 °C
and 40 °C may even achieve efficiencies between 97% and 98% (Karami
et al., 2017).

The presented digestion can be carried out in less than 9 days. This is
still a high time demand but significantly faster than other basic enzy-
matic purification protocols, e.g. developed by Loder et al. (2017),
which takes around 16 days and 8 filtration steps to accomplish. The
developed protocol only applies four filtration steps in total. This re-
duces the workload and minimizes the risks of contamination, e.g. by
airborne particles, or sample loss. The usage of controlled
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Table 2
Results of the recovery experiments. All recovery rates are referred to the mass of
model MP particles (1 SD, n = 3).

reference particles mass treatment recovery
(d = 20-63 pm) [mg] [%]

model HDPE particles 200 none/MQW suspension 98.0 +1.1
model PET particles 200 none/MQW suspension 99.0 + 0.3
model HDPE particles 200 entire matrix removal protocol 95 + 4
model PET particles 200 entire matrix removal protocol ~ 98.3 + 0.3

microwave-assisted heating allows fast energy transfer and more
reproducible conditions. The temperature inside the closed reaction
vessels is continuously monitored during the digestion procedure. This
will be helpful in particular to develop harmonized, traceable and more
reproducible sample preparation protocols in the near future.

3.1.2. Microplastic recoveries and surface morphology

The digestion protocol was also validated in terms of recoveries -
analogously to Hildebrandt et al. (2021). Table 2 shows the results of the
recovery experiments: Model MP particles after suspension in MQW and
running through the matrix removal protocol.

In total, 98.0% + 1.1% of HDPE and 99.0% =+ 0.3% of PET particles
were recovered after vacuum filtration onto 5 pm PTFE filter mem-
branes. 95% + 4% of HDPE particles were recovered after the entire
matrix removal protocol, including all four filtration steps. PET particles
exhibited a corresponding recovery rate of 98.3% =+ 0.3%.

Although model MPs used in this study exhibit different buoyancies
in water (PE: 0.89-0.98 g cm’g; PET:1.38-1.41¢g cm’3), recovery rates
for HDPE and PET do not differ significantly. Prevention of particle loss
is more difficult regarding HDPE due to its higher hydrophobicity
compared to PET. This may explain the slightly higher variation of HDPE
recoveries. Additionally, it was assured that the entire protocol does not
have any detrimental effects on MPs. The treated and untreated particles
were investigated by means of SEM (see Fig. 1) indicating no significant
difference in surface morphology and particle integrity. ATR-FTIR and
LDIR analysis of the particles before and after the treatment did not
reveal any changes in the IR spectra. Burns and Boxall state that “there
is, however, a mismatch between the particle types, size ranges, and
concentrations of microplastics used in laboratory tests and those
measured in the environment” (Burns and Boxall, 2018).

Indeed, recoveries rates are either determined by weighing MPs
<100 pm (Bordos et al., 2021; Moller et al., 2022) or counting MPs
>100 pm (Dimante-Deimantovica et al., 2022; Funck et al., 2020;
Lopez-Rosales et al., 2022). That reproducible spiking of low numbers of
MPs <100 pm is highly challenging explains this trade-off.

3.1.3. Remaining natural matrix constituents in real samples

After matrix digestion, 97.7% of all detected particles were natural
(polymeric) materials present in the seawater SPM matrix (cellulosic,
silicate, coal, chitin and natural polyamide). Only 2.3% of all particles
were MPs. Fig. 2 provides an overview of some of the remaining natural
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components in the samples after matrix reduction.

As some planktonic species such as diatoms and radiolaria build their
shells out of silica, they are not fully decomposed by enzymatic digestion
steps. They were partly removed by means of density separation, but
their removal was not quantitative.

3.1.4. Blanks

No MPs were found in the procedural blanks (n = 4). These were run
simultaneously to the treatment of the size fraction 10 pm < d < 300 pm.
Nonetheless, non-plastic fibers were found (n = 9), which probably stem
from non-synthetic clothing worn during the laboratory work. There-
fore, no quantitative correction was made to the MP numbers. Fibers of
similar appearance were also found in various samples and classified as
non-plastic.

Strict work in laminar flow clean benches (on board of the research
vessel and in the laboratory) and usage of HEPA air filters inside the lab
explains the lower share of synthetic microfibers compared to other
studies. Wesch et al. (2017) have experimentally shown that pollution
by microfibers has been overestimated in the past as many researchers
did not use laminar flow clean benches. Moreover, no carryover effects
were observed. Vials used for sample digestion were randomly used for
subsequent procedural blanks (after the cleaning procedure).

3.2. Microplastic distribution in the tropical Indian Ocean

Even though a high level of contamination and possible effects on the
environment are likely (Li et al., 2021a; Patti et al., 2020; van der Mheen
et al., 2020), there is only poor data on MP contamination of the Indian
Ocean compared to the other ocean regions. Schmidt et al. (2017)
assumed that eight of the ten rivers responsible for 90% of the plastic
discharges into the oceans are located in Asia. Thus, the Indian Ocean’s
MP levels are considered as highly influenced by inputs from rivers with
the prevailing westward transport by relatively fresh surface waters of
the Indonesian Throughflow. Additionally, China, India, Bangladesh
and Vietnam account for ~50% of the global textile and apparel pro-
duction (Agarwal et al., 2017). As environmental microfiber release also
occurs during the production process (Henry et al., 2019), high levels of
fiber contamination are expectable for Asian rivers and marine waters.

3.2.1. Microplastics >300 um in the tropical Indian Ocean

The collected SPM fraction >300 pm referring to a total volume of
27.97 m® was visually inspected. Only three particles were confirmed to
be MPs (1 PP and 2 PET). One particle was classified as mesoplastic. The
resulting mean MP concentration for the fraction >300 pm is 0.1 + 0.4
MP m ™2 and herewith in the range of other reports. Doyle et al. (2011)
reported similar amounts of larger MPs (>500 pm) in subsurface waters
of the Northeast Pacific Ocean (0.19 MP m’3). Furthermore, MP con-
centrations in the large MP fraction are comparable to findings by Lor-
enz et al. (2019) for coastal surface waters of the North Sea (0.05-4.42
MP m ™2 for MPs >500 pm). Numerical model calculations with respect
to concentrations of larger MP particles within marine environments
(>500 pm) by Kooi et al. (2016) demonstrated a rapid decrease below

Fig. 2. High magnification images of planktonic species remaining on the MirrIR slide after digestion and density separation, recorded with the microscope objective
of the LDIR: (a) triangular shaped diatom (scale bar = 100 pm); (b) pennate diatom (scale bar = 150 pm); (c) centric diatom (scale bar = 250 pm) and (d) radiolaria

(scale bar = 100 pm).
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1.5 m water depth. Thus, MP concentrations at the water surface may be
significantly higher than in subsurface waters (6 m sampling depth in
this study).

Our results are well in line with other studies which have demon-
strated that representative sampling of MPs >300 pum requires filtration
of large volumes (Bannick et al., 2019; Karlsson et al., 2020; Tamminga
et al., 2019).

Significantly higher amounts of blue anthropogenic fibers (3.2 + 1.7
fibers m~>) were detected compared to large MP particles (0.1 + 0.4 MP
m~?). Raman analysis revealed the presence of Indigo blue. Indigo blue
is frequently used to dye textile fibers, e.g. made of cotton. The ubiq-
uitous presence of such anthropogenic fibers (synthetic and cellulosic
ones) in marine environments is attributed to their release from gar-
ments during washing (Cole, 2016). Fibers can finally reach the marine
environment through rivers or as airborne inputs (Suaria et al., 2020).
The higher production volumes of synthetic fibers compared to natural
fibers is at odds with the higher occurrence of natural textile fibers in the
water column of the tropical Indian Ocean. Of > 100 million tons of
fibers produced in 2017, 60% were synthetic, 30% cotton and 10% other
fibers (Reineccius et al., 2020). Nonetheless, our results are in accor-
dance with other studies which indicate that synthetic polymers only
account for a small portion of the total amount of fibers in marine en-
vironments (Suaria et al., 2020). Density differences (PET is comparably
heavy, > 1.38 g cm ™), different sizes, but also the fact that synthetic
fibers have not been used for very long time are possible explanations.

3.2.2. Microplastics <300 ym in the tropical Indian Ocean
MP concentrations in the size range 20-300 pm span from 8 to 132
particles/fibers m > (average: 50 + 30 MPs m > (1 SD, n = 21)). Fig. 3
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shows the spatial distribution of measured number concentrations.
Furthermore, detailed results of the LDIR imaging analysis are listed in
SI Table 2. The minimum of particles required for concentration com-
parisons according to Karlsson et al. (2020) (assuming Poisson distri-
bution) was exceeded at 18 out of 21 stations.

The highest concentrations were measured at station 4 (132 parti-
cles/fibers m~>) and station 11 (124 particles/fibers m~>). Three sta-
tions (1, 2 and 7) exhibited concentrations ranging between 5 and 20
particles/fibers m >,

Before putting these number into the context of other studies, we
stress that MP number concentrations reported in different articles are
depended on the entire analytical workflow, including the sampling size
cut-off, sampling depth, filters used during sample processing, contam-
ination prevention measures, the chemicals used for matrix removal and
the imaging and data evaluation processes. In a study by Kooi et al.
(2016), marine MP concentrations were on average nine times lower in a
depth between 0 and 5 m compared to the corresponding surface waters.
In the East Indian Ocean, low mean MP concentrations of 1.3 &= 0.6 MPs
m~2 (1 SD) were reported for surface waters, 1.3 + 1.0 MPs m~2 for
intermediate waters and 1.3 + 0.4 MPs m~° for halocline waters (Li
et al., 2020). This can be explained by the comparably high size cut-off
(62 pm) applied by Li et al. (2020). This excludes >75% of the MPs
found in our study.

The patterns of MP abundances along the E-W transect and vari-
ability in MP types encountered are not consistent with an exclusive
origin from large river sources of MP in Asia and advection with low-
salinity surface water of the Indonesian Throughflow. Instead, the
abundance and polymer patterns suggest a predominantly regional or
even local origin. The data do not reflect postulated very high MP

mPA
uPC
=PS
EEVA
uPET

® Rubber

=PVC
PE
PP

u Acrylates/PU/Varnish
13 14 15 16 17 18 19 20 21

Station number

Fig. 3. MP number concentrations and polymer compositions for the different stations in the tropical Indian Ocean. Most abundant polymer clusters are displayed.
PE-Cl, PMMA, acrylonitrile butadiene and silicone quantities are not displayed (<3 particles/fibers m~3).
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concentrations for the southern Indian Ocean gyre that is estimated to
carry the highest debris concentrations among all Ocean regions of the
southern hemisphere (Eriksen et al., 2014).

Observed MP concentrations of 8-132 particles/fibers m™2 (size
range: 20 pm-300 pm) for the tropical Indian Ocean are in good
accordance with offshore MP number concentrations of 0-300 MP par-
ticles/fibers m~3 in the Atlantic Ocean as reported by Enders et al.
(2015). In their study, MPs were analyzed by Raman spectroscopy (>10
pm) and sampled by fractionated filtration (>10/50 pm) at 3 m below
sea-level. Lorenz et al. (2019) took samples (>100 pm) from the
southern North Sea and detected 27 + 53 MPs m™> by means of
FPA-based FTIR microspectroscopy. For a meaningful comparison, one
should take into account the size detection limit of 11 pm (pixel size),
and that MP particles with a size around 11 pm had a share >40%)
(Lorenz et al., 2019) (size limit in our study: 20 pm).

Consequently, the tropical Indian Ocean might have significantly
higher MP pollution levels than the coastal North Sea, although the
latter is more likelyaffected by coastal MP pollution by river run off, ship
traffic, tides, and proximity to urban MP sources. MP number concen-
trations determined for the tropical Indian Ocean are lower than those in
subsurface water of northeastern Pacific Ocean including the North
Pacific gyre (279 + 178 MP m > for particles >62 pm) (Desforges et al.,
2014).

3.2.3. Polymer composition

In total, > 56,000 particles were analyzed by means of the automated
LDIR workflow. Hereby, 1287 synthetic particles were identified. MPs
were grouped in 14 different polymer clusters: acrylates/polyurethane
(PU)/varnish (49%), PET (26%), PP (8%), ethylene-vinyl acetate (EVA)
(4%), PE (4%), PS (2%), polyvinyl chloride (PVC) (2%), PC (2%), rubber
(2%), polyamide (PA) (1%), chlorinated polyethylene (PE-Cl) (<1%),
PMMA (<1%), acrylonitrile butadiene (<1%) and silicone (<1%).
Manual re-evaluation of MP assignments yielded a false positive rate of

10°N

EQ
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15°S

20°S
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<3%, which is similar to the optimized analysis via FTIR micro-
spectroscopy, as published by Primpke et al. (2017) (false positive rate
3.1%). Fig. 3 illustrates the spatial distribution of the polymer compo-
sition, combined with a detailed overview of the absolute MP numbers
assigned to each polymer type (particles/fibers m~3) for the small MP
fraction (20 pm < d < 300 pm). PET was the most abundant polymer
type at 5 of 8 stations in the eastern Indian Ocean (stations 1-8),
whereas acrylates/PU/varnish was the most abundant polymer cluster
at 10 of 13 stations in the western Indian Ocean (stations 9-21). In
contrast, PA, PE-Cl PVC, rubber, acrylonitrile butadiene and silicone
were found only at station 5 and 14 in the central area of the transect. Up
to 11 different MP clusters were detected at station 14. Fig. 3 illustrates
the polymeric variabilities of the 21 stations.

Polymer compositions of MPs within the water column are highly
affected by density and the state of biofouling. Therefore, sampling of
subsurface waters at different water depths may result in selective
sampling of plastics by density (Lusher et al., 2014). Additionally,
research vessel movement, as well as strong winds and currents may
lead to redistribution and mixing of MPs.

In this study, acrylates/PU/varnish account for 15%-83% of all
detected MPs and occurred at all stations of the open ocean. Acrylates/
PU/varnish abundances are higher at stations located in the western
area of the transect (station 13-21) and on average account for 53% of
the respective MPs, compared to lower average abundances (37%) for
the remaining stations 1-13. Although we have no direct evidence,
marine ship traffic (abrasion of particles from ship hull coatings) is likely
to be a relevant input source of acrylates/PU/varnish. This group of
polymer particles is presumably primarily emitted at sea with a lower
contribution by rivers and coastal areas (Haave et al., 2019). PET was
detected in all samples with a share ranging from 11% (station 4) to 68%
(station 2). The high abundance of PET particles/fibers at some stations
may be related to its higher density (p = 1.38 g cm™>- 1.41 g cm™>)
compared to seawater (p = 1.025 g em™3). Due to their negative
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Fig. 4. MP particle size distributions for each station along the tropical Indian Ocean sample transect. Shares <7% are not illustrated.
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buoyancy, PET particle concentrations are expected to be high in sub-
surface waters analyzed in this study.

Despite global high production volumes, PP as well as PE were
significantly less abundant than PET in the sample set. However, PP
dominated the polymeric compositions of station 3 (40%) and 9 (45%).
PP(p=0.85gcm™ 2-0.92gcem ) and PE (p = 0.89 g cm™>- 0.98 g
cm™3) are positively buoyant in seawater and thus expected to float on
the sea surface. PP and PE particles/fibers detected in this study were
presumably biofilm coated and/or were included into aggregates (ma-
rine snow or fecal pellets) that increased particle density.

3.2.4. Particle size distribution

75% of all detected MP particles (3 MP; = 1287) exhibited particle
sizes between 20 pm and 50 pm, followed by 21% in the size range of 50
pm-100 pm, three percent in the size range of 100 pm-200 pm and one
percent in the size range of 200 pm-500 pm. A detailed map of the MP
size distribution for all samples is presented in Fig. 4. Thus, 96% of all

Environmental Pollution 307 (2022) 119547

MPs were <100 pm, which is in accordance with other studies. Lorenz
et al. (2019) reported that 86% of the MPs were <100 pm. In the study
by Haave et al. (2019), over 95% of the detected MP particles were
<100 pm. Enders et al. (2015) described an exponential increase in MP
quantities with decreasing particle size down to 10 pm. The generally
small sizes of MPs underline the necessity to apply appropriate sampling
(size cut-off), sample preparation (filter pore sizes, prevention of
contamination and particle loss) and analysis methods (advanced
chemical microspectroscopy or thermoanalytical methods) to obtain
meaningful concentration and size distribution data.

Due to an advanced degree of biofouling, MPs between station 5 and
14 are expected to float for a longer period at sea leading to an advanced
degree of MP fragmentation. Along the transect, a distinct trend was
observed regarding the particle size distribution. The share of MP par-
ticles in the range 50 pm-100 pm decreased and the share of MPs in the
range 20 pm-50 pm increased from east to west. This indicates frag-
mentation taking place along the transect.
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The chemical composition of the detected MP particles of the four
different size classes (20 pm-50 pm, 50 pm-100 pm, 100 pm-200 pm
and 200 pm-500 pm) is shown in SI Fig. 2. Acrylates/PU/varnish
dominated the size fraction between 20 pm-50 pm with a share of 51%
(over 450 particles) decreasing to 40% (110 particles) with increasing
particle size (50 pm-100 pm fraction). This trend continues among the
size class 100 pm-200 pm (20%) and the size class 200 pm-500 pm
(8%). As already discussed, most particles of the dominating polymer
cluster acrylates/PU/varnish presumably originate from marine traffic
(Lorenz et al., 2019).

Despite low absolute numbers, PS showed the lowest shares in the
size class 20 pm-50 pm (2% and 15 particles), increasing to a share of
4% in the size class 50 pm-100 pm (11 particles). The proportion of PS
rises in the size class 100 pm-200 pm to a share of 7% and reaches its
maximum share in the size class 200 pm-500 pm with 18%. PP and
rubber exhibited higher shares in the size fraction 200 pm-500 pm
compared to smaller size fractions. The data indicate that the PS, rubber
and PP particles were subjected to the process of biofouling and
weathering of larger plastic litter, whose influence might be greater for
subsurface locations in the open ocean. PET particles were dominant in
the size fraction 100 pm—-200 pm with a share of 42%.

3.3. Microbeads

Currently, the accurate differentiation between natural PA and syn-
thetic PA in environmental samples remains challenging. In contrast to
the most relevant synthetic polymer types, the covered wavenumber
range of the LDIR (1800 cm™! — 975 cm™1) hampered clear assignments
to artificial PA. Thus, all synthetic PA particles detected in this study (12
in total) were visually confirmed with the high-magnification-
microscope objective of the LDIR system. All PA particles included in
this study were microbeads. Other microbeads of different polymeric
origin were also identified (PE and EVA), some of them are illustrated in
Fig. 5. EVA was almost solely detected in particle size class between 20
pm-50 pm (48 particles). Radial diatoms remaining in the sample and
colorless microbeads often had a similar appearance providing good
examples why visual identification without chemical imaging is defi-
nitely not sufficient for MP analysis.

4. Conclusion

This study provides the first dataset on the occurrence, distribution,
polymer types and particle sizes of MPs in the tropical Indian Ocean. To
gain a better understanding, further MP studies in the Indian Ocean are
certainly needed. Currently, no field-studies are available on MP oc-
currences in the Indian Ocean Gyre, which is presumably an accumu-
lation hotspot for MPs. Even though inter-study comparison is
problematic due to the application of different methods (sampling and
detection), the reported concentrations (8-132 MPs m~3) are well in line
with other studies, based on either FTIR or Raman microspectroscopy.
These results demonstrate once more how particulate plastics have
pervaded the aquatic environment. Particle concentrations strongly in-
crease with decreasing particle sizes with >95% of MPs being smaller
than 100 pm. Considering that this trend obeys a power law with an
exponent between 2 and 3 (Cabernard et al., 2018; Kooi et al., 2021),
reported environmental MP concentrations will strongly increase if
particles <10 pm or 20 pm (size limit set in this study) can be quantified
in a reliable manner.

From the perspective of a routine analysis laboratory, established
sample preparation and detection methods are still too labor-intensive,
time-consuming and dependent on the operator skills. Therefore, time-
efficient, automatable and validated chemical-analytical and data pro-
cessing workflows are indispensable. Microwave-assisted sample prep-
aration may help to significantly reduce and simplify sample
preparation. Advantages over a conventional hot blocks are fast and
homogeneous energy supply, accurate temperature control by an IR
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sensor, fast cooling (if required), usage of an autosampler and auto-
mated stirring. Procedural contamination and sample loss were mini-
mized by a temporary “one-pot” matrix digestion approach (only 4
filtration steps).

The results stress the high future potential of LDIR imaging for time-
efficient and automated MP analysis. For the MP fraction >300 pm, very
good agreement was achieved between ATR-FTIR analysis and LDIR
imaging. Despite a low share of false positive assignments (<3%) for
MPs <300 pm, extension of the database by typical matrix spectra and
further improvements of the instrument’s software (more accurate and
smoother image collection) will help to further increase the accuracy of
the automated MP workflow. The opportunity to apply the automated
MP workflow to filter membranes, e.g., of Au-coated PC, would also be
highly beneficial as transferring entire samples onto MirrlR slides is
prone to particle loss, while subsampling can cause significant bias
(Lopez-Rosales et al., 2022). Scientists have already applied LDIR im-
aging to determine very high MP concentrations (20-3368 pm, 520 and
430 MP g~ 1) in two sediment samples from Lake Michigan (Cheng et al.,
2021). To our knowledge, the presented work contains the most
comprehensive application and validation of LDIR imaging for envi-
ronmental MP analysis so far.
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