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Abstract The extraction of plastic microparticles, so-
called microplastics, from sludge is a challenging task due
to the complex, highly organic material often interspersed
with other benign microparticles. The current procedures
for microplastic extraction from sludge are time consuming
and require expensive reagents for density separation as
well as large volumes of oxidizing agents for organic
removal, often resulting in tiny sample sizes and thus a
disproportional risk of sample bias. In this work, we pre-
sent an improved extraction method tested on return acti-
vated sludge (RAS). The treatment of 100 ml of RAS
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requires only 6% hydrogen peroxide (H,O,) for bleaching
at 70 °C, followed by density separation with sodium
nitrate/sodium thiosulfate (SNT) solution, and is completed
within 24 h. Extracted particles of all sizes were chemi-
cally analyzed with confocal Raman microscopy. An
extraction efficiency of 78 & 8% for plastic particle sizes
20 um and up was confirmed in a recovery experiment.
However, glass shards with a diameter of less than 20 um
remained in the sample despite the density of glass
exceeding the density of the separating SNT solution by
1.1 g/cm®. This indicates that density separation may be
unreliable for particle sizes in the lower micrometer range.

In recent years, microplastics have been found in virtually
all types of aquatic environments worldwide. Microplastics
were discovered in abundance on shorelines (Browne et al.
2011), in fresh water systems (Corcoran et al. 2015;
Eerkes-Medrano et al. 2015; Klein et al. 2015; Yonkos
et al. 2014; Zhang et al. 2015), in the marine environment
(Barboza and Gimenez 2015), and even embedded in arctic
sea ice (Obbard et al. 2014). Thus, the quantification of
microplastics in different environmental matrices has
become a crucial task. Moreover, wastewater treatment
plants (WWTP) are suspected to disseminate microplastics
into marine and fresh water systems (McCormick et al.
2014; Browne et al. 2011; Dubaish and Liebezeit 2013). In
addition, land application of sewage sludge is a common
practice in many countries (Singh and Agrawal 2008).
Sewage sludge contains organic and inorganic plant
nutrients. Its application in agriculture substitutes for
chemical fertilizers but may introduce undesirable sub-
stances, for example, heavy metals and microplastics.
Therefore, assessment of the microplastic content of sludge
has become highly relevant. Methods for quantifying
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microplastics, originally implemented for marine samples,
are increasingly adapted to be used on wastewater and even
sludge samples.

The quantification of microplastics requires first the
extraction of the microparticles from the environmental
matrix followed by the identification of the microplastics
among the extracted particles. The most common method
for extraction is by density separation as initially proposed
for seawater by Thompson et al. (2004); i.e., the density of
a given sample is raised by adding saturated salt solution to
the sample so that lighter particles, including most plastics,
float to the top to be removed by draining the supernatant.
Several modifications for adapting the method for marine
sediments were proposed, for example, elutriation of the
sample (Claessens et al. 2013), organic matter oxidization
with H,O, (Imhof et al. 2012; Nuelle et al. 2014), hot acid
digestion with HNO; (Claessens et al. 2013; Dubaish and
Liebezeit 2013), and enzymatic digestion (Cole et al.
2014). For extracting high-density particles, different salts
were used, including sodium poly-tungstate (SPT; 1.4 g/ml)
(Corcoran et al. 2009), zinc chloride (ZC; 1.5-1.7 g/ml)
(Imhof et al. 2012; Dubaish and Liebezeit 2013), and
sodium iodite (Nal; 1.8 g/ml) (Nuelle et al. 2014). How-
ever, the amount of salts and acids required for sample
treatment is a prohibitive factor in these modifications,
even more so when treating samples with very high organic
content, such as activated sludge.

Studies on extracting microplastics from environmental
matrices used either sieving or density separation (Van
Echelpoel et al. 2014) for extraction, while relying mostly
on visual inspection with optical microscopy for
microplastics identification (Carr et al. 2016). However,
visual inspection alone cannot provide reliable information
about the type of particles and is even unreliable with
respect to separating plastics from nonplastics at particle
sizes <500 um (Loder and Gerdts 2015). Therefore,
chemical characterization of extracted particles is crucial to
identify microplastics reliably and thus assessing the effi-
cacy of the extraction process.

Raman spectroscopy is a standard method for the
detailed analysis of polymers, including but not limited to
characterization (Sato et al. 2002), polymerization kinetics
(Parnell et al. 2003; Brun et al. 2013), and degradation
processes (Lippert et al. 1999; Oldak et al. 2005). In
addition, in the form of confocal Raman microscopy, it is
increasingly used for in vivo and in situ studies of complex
biological materials, such as aquatic biofilms with
embedded microparticles (Kniggendorf and Meinhardt-
Wollweber 2011) and even protic function (Kniggendorf
et al. 2014), allowing to examine not only extracted
microparticles but also those still embedded in the envi-
ronmental matrix (Kniggendorf and Meinhardt-Wollweber
2011). However, removing organic contaminants from the
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extracted particles significantly reduces the time needed for
analyzing a given sample. Previously reported purification
techniques using mineral acids, such as HNO;, have proven
to be effective. However, the required volume of the
chemicals may damage several widely used polymers (e.g.,
polyamide (PA), polyoxymethylene (POM), polycarbonate
(PC)) and thus may lead to significantly biased results
(Loder and Gerdts 2015).

In this work, we present an improved method for the
extraction of microplastics from return activated sludge
(RAS). The heat bleach method reduces the H,O, volume
needed for organic removal to approximately 6% of the
sample volume. An elevated temperature of 70 °C increa-
ses the degradation of organic matter, reducing the time for
purification to 24 h or less. A subsequent density separa-
tion using saturated sodium nitrate/sodium thiosulfate
(SNT) solution extracted the microplastics from the
remainder. SNT solution with a density of 1.46 g/ml is
sufficient for extracting the most common types of syn-
thetic polymers, including polycarbonate (PC; 1.20 g/cm3),
polyurethane (PUR; 1.25 g/cm?), and even polyethylene
terepththalate (PET; 1.38 g/cm®). The extraction efficiency
of 78 £ 8% for particles of 20 pm and larger was deter-
mined in a subsequent recovery experiment, using pig-
mented polyethylene (PE) particles extracted from a
commercially available personal care product. Compared
with previously reported methods for the extraction of
microplastics from sediment (Claessens et al. 2013; Imhof
et al. 2012; Nuelle et al. 2014), the reduced volume of
chemicals results in an estimated cost reduction of 75% or
more for treating 100-ml samples.

To the best of our knowledge, this is the first time that
SNT solution was used for the extraction of microplastics
from sludge.

Materials and Methods

Only laboratory-grade chemicals and equipment were used
in this work. The following standard operation procedures
were adopted to avoid background contamination with
microplastics: distilled deionized water (DDW) was used
for the SNT solution and the PE particle suspension in the
recovery experiment. No plastic vessels were used
throughout the experiments. Glassware was cleaned in a
laboratory dishwasher (Miele Professional G8793, Miele
GmbH, Germany) using microplastics free laboratory
glassware detergent (neodisher® LaboClean A 8, Carl Roth
GmbH, Germany), subsequently rinsed with pressurized
DDW, and inspected for adhering particles before use. Spot
checks of surfaces were done microscopically. Vacuum
filters were washed with DDW before and after use to
eliminate wall-adhering particles. Sample solutions were
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always kept in glass containers and covered with glass
plates or aluminum foil.

Return Activated Sludge

The sludge was procured from the Herrenhausen municipal
wastewater treatment plant (Klidrwerk Herrenhausen,
Seelze, Germany) with a treatment capacity of 50,000
population equivalents and an average flow of
65,000 m*/day. The sludge had a total of 4503 g/ml sus-
pended solids, a chemical oxygen demand of 5,260 mg/l,
and contained 0.243 mg/l of NH,"-N, 5.44 mg/l of NO5 -
N, and 0.032 mg/l of NO, -N.

Sodium Nitrate/Sodium Thiosulfate Solution

The SNT solution was prepared as reported in (Semensatto
and Dias-Brito 2007) by dissolving 212.0 g of sodium
nitrate (NaNOj) and 361.7 g of sodium thiosulfate (Na,
05S,.5H,0) in 300 ml of distilled water. A warm water
bath was used to accelerate the dissolution of the sodium
thiosulfate. After dissolution, the final volume of the
solution was adjusted to 500 ml and screened microscop-
ically to ensure that no microparticles were present. The
density of the SNT solution as used in the subsequent
experiments was 1.46 g/ml.

Microparticle Extraction

Microparticles were extracted from RAS in a three-step
process, beginning with purification of 100 ml RAS, fol-
lowed by density separation and filtration. The experiment
was performed on two identical sample volumes.
Purification of the samples was achieved by adding 30%
H,0, solution until H>O, forms 3% of the sample volume,
and heating the sample to 70 °C. The samples were kept at
70 °C for 5 h after completion of the reaction. 70 °C is
below the continuous operating temperatures (COT) of the
polymers reported in microplastics worldwide [PC:
120 °C; PET: 120 °C; polypropylene (PP): 100 °C, PE:
80 °C; PA: 85 °C, polystyrene (PS): 80 °C] except for
polymethylmethacrylate (PMMA) with a COT of 70 °C
and a reported melting temperature of 102 °C (Elias 2003).
This step was repeated with the samples being kept over-
night at 70 °C until they were visibly clear. The clear
samples were cooled to room temperature and subjected to
density separation using 150 ml of SNT solution prepared
as described above on each sample volume. The final
density of the sample/SNT solution was 1.35 g/ml, due to
dilution of the SNT solution by the sample. The samples
were rested until a clear supernatant was observed after
approximately 24 h. The supernatant was collected and
vacuum filtered through cellulose acetate membrane filters

with a pore size of 0.45 pm (Sartorius AG, Géttingen,
Germany). The filter paper was dried and stored until fur-
ther analysis with confocal Raman microscopy.

Sample Preparation for Confocal Raman
Microscopy

To reduce the total examination time and to avoid com-
bustion of the cellulose acetate paper in the laser focus in
case biological material is trapped within its fabric, the
contents of the filter paper were backwashed into distilled
water. For this, each filter was placed in a 100-ml beaker
with 20 ml of distilled deionized water. The resulting
particle suspension was subjected to an ultrasonic bath for
15 min to homogenize particle distribution. An uncoated
1.2-mm deep indentation glass slide was filled with the
homogenized particle suspension, sealed with a 0.17-mm
coverslip to avoid evaporation during the measurement,
and subjected to confocal Raman microscopy as described
below.

Confocal Raman Microscopy

Raman microscopy was performed with a confocal Raman
microscope (CRM 200 by WITec GmbH, Ulm, Germany),
equipped with a standard objective (Nikon CFI LU Plan,
50x, NA 0.55). A frequency-stabilized, frequency-doubled
continuous-wave Nd:YAG laser at 531.9 nm was used for
excitation. A multimode fiber connected the Raman
microscope and the spectrometer (UHTS 300 by WITec),
resulting in an effective spectrometer pinhole of 50 pm.
Laser intensity was set to 36 mW. The loss within the
optics prior sample contact was 30%. The grating used in
the spectrometer had 600 I/mm. Raman spectra were
recorded with an electron multiplying charge-coupled
device (emCCD) camera (Andor DU970 N-BV-353),
electrically cooled to —69 °C. The system had a spatial
resolution of 0.48 pum as confirmed in (Kniggendorf et al.
2016) and a spectral accuracy of 2 cm™'. The recorded
Raman spectra covered the spectral range between —120
and 3500 rel. cm ™' with a spectral resolution of 5 cm™".
Standard integration time used was 0.5 s, in case spectral
intensity was not sufficient for identification, the integra-
tion time was increased to 2 s. Particles were searched in a
regular search pattern of equidistant rows and lines along
the bottom of the indentation (for sinking particles) and
along the underside of the coverslip (for floating particles).
The distance between neighboring lines was 100 pum,
equivalent to the height of the field of view so that the
whole surface was covered. Every particle spotted was
micrographed and a Raman spectrum was recorded from its
center. Total measurement time per sample was approxi-
mately 4 h. In addition, a Raman chemical image with a
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resolution of 1 spectrum per pum was recorded for one
randomly chosen fiber in each sample.

Microplastics among the microparticles were confirmed
by comparing their Raman spectra to a set of reference
Raman spectra recorded with the same system from labo-
ratory grade polymer granules (PA, PC, PE, PET, PMMA,
PP, PS) purchased from Sigma Aldrich GmbH, Germany.
Mineral microparticles were identified using the RRUFF
database for spectroscopic data on minerals (Lafuente et al.
2015).

Extraction Efficiency
PE Particle Preparation

Pigmented PE microparticles, extracted by density sep-
aration from a commercial personal care product (Gar-
nier skin naturals Pure Active 3-in-1 face cleanser), were
used to determine the extraction efficiency. The density
separation was repeated until the particles were visibly
free of any other chemicals from the cosmetic, and the
separated particles were analyzed with confocal Raman
microscopy as described above to confirm their material
as PE and the absence of other substances than blue
pigmentation in their chemical composition. Particle
sizes observed with the stereo microscope (Stemi-2000-C
by Zeiss, Germany) ranged between 20 and 600 pm,
with even smaller particles being spotted during the
chemical analysis with the confocal Raman microscope
(50x objective, CRM 200 by WITec GmbH, Germany).
Nanoparticles smaller than the detection limit of the
confocal Raman microscope of 0.48 um may have been
present. No microparticles other than PE microplastics
were found in the suspension.

Recovery Experiment

One milliliter of PE particle suspension was added to
100 ml of distilled deionized water (preformed in dupli-
cate) and filtered directly onto cellulose acetate filter paper.
The initial particle concentration (c;) was determined by
counting the blue PE particles using a stereo-microscope
(Stemi-2000-C by Zeiss), equipped with an objective with
a magnification of 4 (Zeiss ACHROPLAN 4x (No.
440020)).

Subsequently, 1 ml of homogenized PE particle sus-
pension was added to 100 ml of RAS (performed in trip-
licate). The spiked RAS samples were subjected to the
extraction process as described in “Microparticle extrac-
tion”. Blue particles on the filter paper were counted
visually as described above to determine the final particle
concentration (cy). The extraction efficiency () was cal-
culated as 1§ = ¢/ ¢; * 100%.
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Results and Discussion
Time and Cost Efficiency

The use of 6% H,0O, with an elevated temperature of 70 °C
resulted in a considerable reduction in organic material
within 24 h. This is a significant improvement to the
method proposed by (Nuelle et al. 2014), requiring 7 days
for treatment of sediment samples with 35% H,O, at room
temperature, and even less than the 15% H,O, (Van
Echelpoel et al. 2014) used for purifying sludge. In addi-
tion, the elevated temperature reduced the overall water
content of the sample, and thus the required volume of
SNT separation solution, by 50% through evaporation,
achieving the same sample volume reduction as used by
(Claessens et al. 2013; Imhof et al. 2012; Nuelle et al.
2014) with less effort than the combination of fluidization,
sand bath, or passing air jets, respectively. The costs of
treating 100-ml samples are reduced by 75% compared
with previously reported methods used on sediment
(Claessens et al. 2013; Imhof et al. 2012; Nuelle et al.
2014).

At 1.46 g/ml, the achievable separation density with
SNT solution is within the range of other separation den-
sities reported for different salt solutions, such as sodium
poly-tungstate (1.4 g/ml) (Corcoran et al. 2009), zinc
chloride (1.5-1.7 g/ml) (Imhof et al. 2012; Dubaish and
Liebezeit 2013), and sodium iodite (1.8 g/ml) (Nuelle et al.
2014). This is sufficient to separate most of the lighter
polymers, such as PE, PET, PS, PP, and PMMA, but like
the other methods excludes the heavier polymers, such
as PVC-C (1.64 g/cm®), which is only within the range of
the most expensive sodium iodite solution, and PTFE
(2.16 g/cm3), which to the best of our knowledge is not
within the range of any reported density separation proto-
col to date.

Extraction Efficiency

The extraction efficiency was determined to be 78 £ 8%
for PE particles of the same size and shape spectrum as
found in the analyzed RAS samples (see “RAS analysis
and environmental impact of detected microplastic con-
centrations” section). This is up to par or even better than
previously reported results obtained with single-step den-
sity separation using salt solutions for particles of the same
size spectrum, albeit lower than reported density separation
preceded by elutriation of the sample. For example, Imhof
et al. (2012) recovered only 39.8% of microplastics when
relying solely on density separation with saturated NaCl
solution for treating sediment samples while recovering
95.5% with elutriation, and Claessens et al. (2013)
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recovered up to 99% when using a combination of elutri-
ation and saturated Nal solution on sediments. However,
both treatments are more time and cost intensive than
density separation with SNT solution. In addition, sludge is
a more challenging type of sample than sediment, because
it is comprised of a cohesive matrix of organic material,
microorganisms, and inorganic particles held together by
biopolymers with a high affinity for most polymer surfaces
(Hori and Matsumoto 2010; Garrett et al. 2008).

RAS Analysis and Environmental Impact
of Detected Microplastic Concentrations

On average, a sample of 100 ml of RAS contained 223
microparticles or 495 particles per g dry weight of RAS.
Particle sizes were highly variant; sizes ranged from the
lower detection limit (0.48 pum) to 500 pwm with most of the
particles having sizes between 20 and 100 pum for the lar-
gest diameter. Particle shapes also were highly variant,
including irregular fragments, spheres, thin films, and fil-
aments (fibers). A selection of white light micrographs of
small microparticles characterized with confocal Raman
microscopy is given in Fig. 1. All fibers found in the
analyzed sample volume had an average thickness of
10 pm and consisted of several PET filaments without any
detectable additives or attached contaminants (see Fig. 2

—

Fig. 2 White light micrograph of a PET fiber. Inset Raman chemical
image of the fiber, for the corresponding Raman spectrum, see Fig. 3
(spectrum 2)

for a white light micrograph of a typical PET fiber and the
corresponding Raman chemical image). The corresponding
Raman spectra are given in Fig. 3. In addition, the Raman
spectra belonging to identified microplastics were com-
pared to laboratory grade plastic samples to confirm that
the extraction procedure did not affect the chemical com-
position of the respective plastics. An example of a Raman

Fig. 1 White light micrographs of randomly chosen microparticles in one of the samples. We dare our readers to identify the microplastics
among them without referring to the respective Raman spectra given in Fig. 3. The white bar measures 20 pm
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Fig. 3 Raman spectra of the microparticles presented in previous
figures. Spectrum 1: polyacetylated cellulose (particles b, g); spec-
trum 2: polyethylene terephthalate (fiber); spectrum 3: TiO, in rutile
conformation (particle 1); spectrum 4: polypropylene (particles c, i, j);

spectra comparison for PET (sample fiber 4; poly(ethylene
terephthalate) pellets, PCode 1002025386 Lot #
MKBV4092 V, Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) is shown in Fig. 4.

Of the characterized microparticles, 46% discounting
fibers were strongly fluorescent and could not be photo-
bleached without destroying the respective particle.
Because synthetic polymers are known to withstand the
laser wavelength and intensity applied, these particles are
unlikely to have been microplastics. Another 8% of the
particles yielded good quality Raman spectra that could not
be positively matched yet and thus are listed as “un-
known.” Of the remaining particles, the majority (36%)
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Fig. 4 Comparison of the Raman spectrum recorded from the fourth
fiber (2) found in the sample with laboratory grade polyethylene
terephthalate (PET) (spectrum 1). All Raman lines of PET are present
at expected positions and relative intensities. Small additional lines in
the fingerprint region (500-1500 cm™") of the fiber spectrum (2)
correspond to well-known Raman lines seen in most biological
materials and indicate small biological contaminants left on the
sample after extraction
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spectrum 5: polyamide (particle h); spectrum 6: carotenoid-containing
biomatter (particle d); spectrum 7: unidentified substance (particle f);
spectrum 8: glass (particles e, k)

were beads of approximately 30 pm in diameter, identified
by their Raman spectrum as semisynthetic polymers orig-
inating from acetylated cellulose (Zhang et al. 2011), fol-
lowed by irregular shaped polypropylene (23%) and glass
shards [RRUFF ID: R110082] (22%), as well as fully
bleached microalgae cells containing carotenoids (De
Gelder et al. 2007) as the most specific markers (14%) and
TiO, in rutile phase [RRUFF ID: R040049] (5%). No
microplastics smaller than 20 um in diameter were found.
All particles smaller than 20 pm in diameter were identi-
fied as nonpolymers, most often glass (diameters > 5 pum)
and TiO, (>0.5 pm).

Particle size is an important parameter to consider in
density separation. Extraction efficiencies have been con-
sistently reported lower for small particles with diameters
<1 mm (Nuelle et al. 2014; Imhof et al. 2012), mostly due
to increased particle adhesion to surfaces, and most
microplastics found in the environment are <1 mm in size
(Browne et al. 2011). Moreover, the glass particles found in
the sample had sizes between 5 and 15 um and thus were
considerably smaller than the detected microplastics
(Fig. le, k). We believe that the glass remained in the
sample despite its density (2.5 g/cm’) exceeding that of the
SNT separation solution due to the higher surface-to-vol-
ume ratio of these small particles, indicating that density
separation techniques may have limited effectiveness for
separating plastics from nonplastics in the range of smaller
microparticles with diameters <20 pm. This is especially
worrisome with respect to the fact that these very small
microplastics are considered the most dangerous to wildlife
as these particles are mistaken for cells and are ingested
instead of planktonic food (Sanchez et al. 2014; Taylor
et al. 2016) and thus need to be monitored closely.

As stated, the microplastic concentration found in RAS
from Kliarwerk Herrenhausen, Lower Saxony, Germany,
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was 495 particles per g dry weight. Given the agricultural
application of sludge as fertilizer, this means that with an
estimated sludge application rate of 1.6 tons per hectare per
year in Lower Saxony, 80,000 microplastic particles per m>
end up in the soil each year, giving rise to the concern that
not only the already reported aquatic organisms are affec-
ted. Given the low biodegradability of plastics under
environmental conditions (Mohee and Unmar 2007), an
accumulation of microplastics in the soil and subsequent
leach into surface waters and even ground waters are
highly likely, calling for more work on effective methods
for assessing microplastic content of sludge and soil sam-
ples and decisive measures for preventing microplastics to
enter the environment in the first place.

Conclusions

We developed an optimized method for the extraction of
microplastics from sludge with a density of up to 1.34 g/cm3,
achieving an extraction efficiency of 78 £ 8% for particles
>20 um. The Heat-Bleach method was tested on return
activated sludge sampled from a wastewater treatment plant
in Lower Saxony, Germany, revealing that sludge flocs are a
sink of microplastics. The common practice of land appli-
cation of sewage sludge as fertilizer may further spread
microplastics into the environment, contaminating the soil in
Lower Saxony with additional 80,000 microplastic particles
per m* per year. The Heat-Bleach method requires a treat-
ment time of less than 24 h, reduces the amount of density
separation solution by 50%, and cuts the costs of treating
100 ml samples by 75% compared with previously reported
methods used on sediment.
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