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Abstract

Microplastic (0.001-5 mm) is a serious problem for the environment and is globally distributed. It has been detected in marine
and limnic waters as well as in organisms. Until now, microplastic (MP) particles in environmental samples are mainly identified
by Fourier transform infrared (FTIR) or Raman spectroscopy. Usually, for quantitative detection, time-consuming counting of
MP particles in the sample is described. Therefore, a great need for research in the field of size-independent quantitative analysis
of MP particles is evident. We present herein the application of quantitative 'H NMR spectroscopy (QNMR) as a new method for
the qualitative and quantitative analysis of MP in solution. Polyethylene (PE) granules with a size distribution of <300 pm,
polyethylene terephthalate (PET) fibers with a length of approx. 500 um, and polystyrene (PS) beads with a size distribution of
0.5—1 mm were qualitatively and quantitatively analyzed as prototypical MP particles in model samples using a calibration curve
method. As internal standard, the residual proton signal of the deuterated solvent was used. For all polymer types, linearity of the
method is > 0.994 R?, and the precision is in the range of 99.4-99.9%. The limit of detection (LOD) is in the range of 19-21 pg/
mL and the limit of the quantification (LOQ) is in the range of 74-85 mg/mL, so the LOD and LOQ are observed in an
environmentally relevant size. In this work, we therefore show that size-independent qualitative and quantitative determination

of microplastic particles in model samples using qNMR is possible.
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Introduction
Microplastic in the environment

Microplastic (MP) is a constantly growing environmental
problem as global plastic production continues to increase.
By 2015, a total of 6.3 billion ton of plastic waste was pro-
duced, of which 79% end up in landfills or in the environment
[1]. Therefore, it is not surprising that MP could be detect-
ed in significant amounts in marine and limnic systems as
it is transported by rain, wind, sewerages, and flow waters
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[2-8]. In some cases, plastic abundance exceeds that of
zooplankton in oceans [9—-11]. In Xiangxi River, between
80 and 864 items/m” were detected in sediment samples
and between 55,000 and 880,000 items/km? in surface wa-
ter [3]. These examples clearly show that MP particles are
abundant in the environment all around the world and will
remain there for many years due to the long lifetime of
plastic [12, 13].

Particles in a size range of 1 pm to 5 mm are defined as MP
particles, which can be subdivided into primary and secondary
microplastics [7, 14]. Primary microplastic (PMP) is directly
released into the environment such as from industry or private
households [14]. For example, PE beads are included in many
cosmetics such as scrubs [15, 16]. Each wash cycle can release
up to 94,000 MP particles into the environment [17]. On the
other hand, secondary microplastic (SMP) is produced by me-
chanical comminution or chemical, photochemical, and bio-
logical decomposition of larger plastic articles [14, 18, 19].
Abrasion of car tires is, according to the Norwegian
Environmental Agency, the largest source of SMP in world’s
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oceans [20]. Textile fibers, which are released into the envi-
ronment through washes (up to 700,000 fibers per wash), also
belong to SMP [2, 5, 21]. Mainly, these are PET, polyamide,
and polypropylene (PP) fibers [22].

The small size of MPs contributes significantly to the dan-
ger of being absorbed by microorganisms [13, 23, 24].
Through the food chain, MP is taken up by smaller fishes
and larger fishes and ultimately by humans [25-27]. The ef-
fect of MPs on organisms has not been sufficiently clarified
yet; nevertheless, it is known that the intestinal tract of micro-
organisms can be blocked by MP particles [28, 29]. In worst
case, this can lead to feelings of fullness and starvation occurs
[24, 28, 30]. In addition, SMP particles such as sharp frag-
ments can injure the intestinal tract [30, 31]. It is also known
that MP particles absorb persistent organic pollutants (POP)
and thus POPs are increasingly absorbed by microorganisms
[5, 32, 33]. This can lead to additional side effects [13].

Identification of MP—current methods

In order to be able to identify a correlation between MP
and the environmental consequences and to make correct
statements, a quantitative detection of MP in environmen-
tal samples should be possible [13, 29, 34]. In most studies
published on this topic, MP particles have been studied
mainly with optical methods such as FTIR or Raman,
which allow for a qualitative identification of the respec-
tive polymers but provide no quantitative evidence [35,
36]. The advantage of both methods is that they work
non-destructively and can detect MP particles with a size
down to 0.5 um (Raman) and 20 um (FTIR) [37-39]. But,
instrumentation is very expensive; both methods are very
time consuming and labor intensive because of the neces-
sary sample preparation [29, 35, 40]. Nevertheless, Raman
and FTIR, in contrast to optical microscopy, in which iden-
tification of particles by the human eye takes place are
already a great step forward [35, 41]. Studies comparing
FTIR or Raman and the optical method (identification with
the naked eye) have shown that error rates up to 85% can
occur for the optical method [41-43]. Due to the lack of
alternatives, these methods have almost exclusively been
used up to now [29, 43]. Therefore, the focus of published
studies has been on the presence of MP particles and their
composition. One severe drawback is that studies are not
comparable with each other, as inconsistent information on
the abundance of MP particles is given, such as the number
of particles or particle mass per cubic meter or kilogram of
sediment, dry matter, or water [2, 5, 13]. An indication in
milligram of MP particles per milligram of environmental
sample would be much more useful and would lead to an
enhanced comparability of the studies [5, 13, 44].
Therefore, a size-independent quantitative detection of
MP particles, which does not lead to “false positive
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determinations,” is very important for future research in
this area. One way to qualitatively and quantitatively detect
MP particles is thermoanalytical methods such as thermal
desorption gas chromatography-mass spectrometry (TDS-
GC-MS) [34, 45]. The advantage of the TDS-GC-MS
method is that in a qualitative determination, no sample
preparation is needed, it is a fast method, and it is very
robust [34]. However, the sample is destroyed, resulting
in a loss of particle size information [34, 35]. Diimichen
et al. describe the quantitative determination of PE
microplastic in environmental model samples using TDS-
GC-MS [45]. Another method is the pyrolysis GC-MS
method with which the polymer type and organic additives
can be determined simultaneously [46—48]. Fischer and
Scholz-Béttcher describe a simultaneous trace identifica-
tion and quantification of common types of microplastic
[47]. Particularly noteworthy are the good detection limits
in the lower microgram range. Nevertheless, this method
also has disadvantages as, e.g., the complex sample prep-
aration. For an external calibration curve, MP particles
must be weighed individually in an Al,O3 matrix and en-
vironmental samples require elaborate sample preparation
[47]. Another approach is followed by Hintersteiner et al.
They describe the quantitative detection of PE particles in
personal care products using high-temperature gel-perme-
ation chromatography [49]. These approaches, published
in the last 3 years, underline that just counting of MP par-
ticles in environmental samples is not satisfactory and thus
there is a great need for research in the field of qualitative
and quantitative analysis of MP in environmental samples.
Therefore, we describe here a new method to detect MP
particles.

Detection of MP particles by qNMR

We suggest herein the use of 'H NMR spectroscopy for quan-
titative detection of microplastic, by analyzing model samples
which exhibit a known content of MP and investigating the
question whether a quantitative approach via NMR spectros-
copy holds down to quantities as they are expected from en-
vironmental samples. To the best of our knowledge, this ana-
lytical approach has not yet been described [50-52].
Qualitative NMR spectroscopy is well known. By contrast,
quantitative NMR spectroscopy has only become increasingly
popular in the last 10 years and is widely used in fields of
metabolite research, drug toxicity, forensic science, and envi-
ronmental toxicity [50, 52-54]. Quantitative determination
by gNMR is based on the proportional relationship of in-
tegrated signal area and number of resonant nuclei [53,
55]. qNMR can be described as a precise quantification
method since with this method a high quantitative accuracy
of >98% can be achieved [50, 55]. In addition, it is a cost-
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effective, fast (about 1 min per measurement), non-destruc-
tive, size-independent, and simple method.

In principle, various determination methods are possible:
relative determination, absolute determination by use of inter-
nal or external standards, standard addition, and calibration
curve method. Bharti et al. described these methods in con-
nection with qNMR and explained their advantages and dis-
advantages [50]. For analysis of MP particles in environmen-
tal samples, the calibration curve method is best suited be-
cause the exact composition of analytes does not need to be
known which the case for most MP samples is. Nevertheless,
the calibration curve method has some advantages and disad-
vantages. The calibration curve method is suitable for high
sample throughputs, which is fine for routine operations. On
the other hand, matrix effects are not correctable and system-
atic errors are difficult to detect [56]. So in the case of envi-
ronmental samples, the biological sample matrix must be
completely removed from MP particles because signal over-
lays make quantification difficult [52, 57, 58]. Therefore, a
sample preparation step is needed which removes bio-
organic components present in the environmental sample.
Especially biological samples such as algae or aquatic organ-
isms prove to be challenging since it is very difficult to
completely remove the biological matrix [59-61].

A disadvantage of quantitative '"H NMR spectroscopy is
the dissolution of the analytes in a suitable deuterated solvent
leading to a loss of size information of the analytes (in this
case the MP particles). Our approach considers only NMR
spectroscopy in solution because we assume solid-state
NMR spectroscopy not being sensitive enough and not
allowing for quantitative results in sufficient accuracy.
Therefore, it is important to find suitable conditions for the
analysis of MP particles by means of qNMR in order to dis-
solve different types of polymers (PE, PP, PET, PS, PVC...).
This is difficult due to inherent chemical and physicochemical
properties of polymers compared with other organic sub-
stances [62]. In the literature, there are some conditions under
which various polymers dissolve, but these sometimes are not
suitable for quantitative determinations [62]. The solvents
used and their residual proton signals may fall within the sig-
nal range of the respective polymers or measurement temper-
atures are above the manageable range for quantitative analy-
sis. Sometimes very high temperatures (> 100 °C) are applied
which most probably would lead to strong peak broadening
which makes, in addition, a quantitative determination diffi-
cult [62—64]. Thus, a main task was to find solvents suitable
for quantitative analysis of MP particles and to validate the
calibration curve method for the quantitative analysis of MP
particles by qNMR.

In this work, we demonstrate that quantitative determina-
tion of microplastic particles using QqNMR is possible and also
provides a cost-effective, fast, and simple method suitable for
routine operation.

Experimental
MP particles

Low-density PE (LDPE) particles manufactured from
Versalis, Italy, and broken to granulate with a size distribution
of <300 pm by TER Plastics, Germany, were tested. LDPE is
used for large complex moldings, low thickness articles, and
artificial flowers. LDPE granules can be considered as SMP.
PET fibers with a fiber length of approx. 500 pm, produced by
Schwarzwilder-Textil-Werke, Germany, were also tested.
These are fibers which are used, for example, in plastics or
rubber production and can also be counted as SMP. As PS MP
particles, PS beads in a size range of 0.5-1.0 mm from
Kissenwelt, Germany, were tested. These PS beads are used
as fillers for pillows and bean bags and can be counted as
PMP. These three types of polymers make up a total of 23%
(14.7% LDPE, 5.5% PET, and 2.8% PS) of the plastic that was
processed and recycled in Germany in 2015 [65].

Sample preparation

For "H NMR analysis of PE particles, deuterated toluene from
EURISO-TOP, Chemtrade (99.5 atom %D), and Deutero
(99.5 atom %D) was used and was recovered by distillation
after the measurements. For PET particles, deuterated chloro-
form (99.8 atom %D, stab. with Ag) from ARMAR AG and
trifluoroacetic acid (>99.9%) from Carl ROTH were used.
For the PS particles, deuterated chloroform (99.8 atom %D,
stab. with Ag) from ARMAR AG was used. The calibration
solutions of different concentrations of MP particles were each
prepared from a stock solution (PE granulate in toluene-d® at
60 °C, PET fibers in CDCI;/TFA 4:1 at r.t., and PS beads in
CDCl; atr.t.). Three model samples of MP particles were used
for method validation. For the model sample, a defined
amount of PE, PET, or PS particles was transferred to a glass
vessel and dissolved in the appropriate solvent at the appro-
priate temperature. For "H NMR measurements, 700 L of the
sample solution or calibration solution was transferred to 5-
mm NMR tubes and measured. To avoid contamination of the
samples, all glassware was washed with water, acetone, and
distilled water and was dried at 60 °C for 24 h. In addition,
care was taken to close the lab coat (100% cotton) when
working with the samples in order to avoid contamination
with polymer fibers from clothes.

"H gNMR—quantitative analysis

A JEOL® Delta 500 spectrometer with a 500-MHz 5-mm TH
ATM Probe head was used for the 1D 'H NMR experiments
(probes marked with an asterisk were measured with a 5-mm
FG/RO Digital Auto Tune Probe). The following acquisition
parameters for PE samples have been set: receiver gain 56,
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pulse width 5.15 us, spectral width 8 ppm, number of scans 8,
acquired size 16,384, spectral size 52,430, and the acquisition
time 3.28 s. For PET and PS samples, the following acquisi-
tion parameters have been set: receiver gain 46, pulse width
5.15 ps, spectral width 10 ppm, number of scans 25, acquired
size 32,768, spectral size 52,430, and the acquisition time
5.25 s. The recorded spectra were loaded into the NMR pro-
gram MestReNova as an FID file. Phase correction was per-
formed manually whereas baseline correction of the recorded
spectra was performed manually or with the Whittaker
Smoother. For the different MP particles, the same ppm range
was manually integrated for all samples. The integral of the
signal regions is proportional to the H atoms and thus to the
concentration of the analyte in the solution [66]. For method
validation of quantitative analysis of MP particles by the cal-
ibration curve method, various parameters were checked: lin-
earity, determination and detection limit, accuracy, and preci-
sion. In a range of 30-930 pg/mL, a 5-point calibration curve
was determined for PE, PET, and PS particles. For this pur-
pose, the stock solution of MP particles was diluted and mea-
sured. The concentration was plotted against the normalized
area of integration. Linear regression was created with Excel
and the coefficient of determination was used for the evalua-
tion of linearity. Detection and quantification limits were de-
termined according to DIN32645 standard [67]. The correct-
ness and precision parameters were determined using three
model samples and each spectrum was integrated three times
(including phase correction and baseline correction). The con-
fidence interval of the content of the model samples was de-
termined according to DIN38402 standard [68]. The deviation
of'the calculated value from the true value indicates the degree
of correctness (bias in %) and the standard deviation/mean of
the calculated value the precision (RSD in %).

Results and discussion
Sample preparation

For quantitative analysis by "H NMR spectroscopy, it is es-
sential that the MP particles dissolve completely in a suitable
deuterated solvent. In the following, the most important re-
quirement criteria for the solvent are presented. The signal(s)
of the deuterated solvent should have a chemical shift that
significantly differs from signals of the MP particles so that
the residual proton signal(s) of the deuterated solvent can
function as an internal standard and a quantitative determina-
tion is possible. MP particles should completely dissolve at a
temperature 50 °C lower than the boiling point of the deuter-
ated solvent. Furthermore, care should be taken that MP par-
ticles are completely dissolved and not only swollen, as this
makes quantification impossible. In addition, a measuring
temperature of > 60 °C is not recommended for a quantitative
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determination since it is no longer possible to produce a highly
accurate calibration straight at higher temperatures. Moreover,
economic considerations should be taken into account, be-
cause high-priced deuterated solvents would make the estab-
lishment of the method for future routine measurements rather
unlikely. A selection of various solvents with the correspond-
ing values for boiling point, 'H signals in ppm, and prices is
summarized in the Electronic Supplementary Material (ESM).

Table 1 shows the most important types of MP polymers
(polyethylene PE, polyethylene terephthalate PET, and poly-
styrene PS) and the associated 'H signals in ppm in the corre-
sponding deuterated solvent (literature and tested). PE was
dissolved and measured according to the literature in a mix-
ture of deuterated dichlorobenzene and trichlorobenzene at
130 °C [62]. The high measurement temperature of 130 °C
poses a problem for quantitative analysis since handling of the
calibration solutions at such high temperature is problematic
and larger signal broadening is to be expected. For this reason,
an alternative solvent for PE was required. PE is soluble in
toluene at 60 °C and preparation of calibration solutions is
thus possible. Toluene-d® is suitable as a solvent for PE, as
there are no signal overlays. Another advantage is that tolu-
ene-d® at a price of 3.7 €/mL is much cheaper than dichloro-
benzene. For PET fibers, a solvent mixture consisting of
chloroform-D and trifluoroacetic acid (TFA) was chosen.
According to the literature, PET dissolves in CDCI;/TFA
8:1 at 25 °C [26, 64]. Trifluoroacetic acid has a signal at about
11 ppm. Chloroform-D has a signal at 7.26 ppm. A signal
overlay of solvent and PET is not to be expected since accord-
ing to the literature, signals of PET occur at 7.6 and 4.3 ppm
[64]. In addition, an advantage of this solvent mixture is that
PET dissolves at room temperature. This allows for easier
operation, such as the application of the calibration solution;
the "H spectra have lower signal broadening; and measure-
ments with an autosampler are possible. In addition,
chloroform-D is by far the cheapest deuterated solvent on
the market (0.3 €/mL). Chloroform-D is also suitable as a
solvent for PS. PS shows signals at chemical shift of 7.5,
7.0, 2.3, and 1.7 ppm. Since the residual proton signal of
chloroform-D is at 7.26 ppm, it was checked whether a signal
overlay of the signal of chloroform-D and the signals of the
aromatic ring of polystyrene at a measurement temperature of
25 °C occurs. Because this is not the case, quantification by
means of residual proton signals as an internal standard of PS
in chloroform-D as a solvent is possible.

Qualitative and quantitative analysis by '"H NMR

In contrast to routine qualitative NMR spectroscopy, particu-
larities in the measurement and evaluation of the spectra must
be considered in quantitative NMR spectroscopy [50, 52].
Nevertheless, it should be noted that special care and accuracy
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Table 1
(T) according to the literature and tested

Comparison of the tested MP polymer types. Indicated are the "H signals in ppm and the associated solvents and measurement temperatures

'H signals in ppm Tested solvent (7)

MP 'H signals in ppm (Lit.) Solvent (7) (Lit.)

LDPE 1.29; 0.89 [62] ODCB-d*TCB-d? 3:1 (130 °C) [53]
PET 7.6, 4.3 [64] CDCIy/TFA 8:1 (25 °C) [55]

PS 7.5,7.0;2.3; 1.7[62] CDCl; (50 °C) [53]

1.33;0.93
8.1;4.77; 4.62; 4.11
7.06; 6.56; 1.54; 1.51

Toluene-d® (60 °C)
CDCI4/TFA 4:1 (25 °C)
CDCl; (25 °C)

ODCB, 1,2-dichlorobenzene; TCB, trichlorobenzene

are required by applying phase correction, baseline correction,
and integration.

Figure 1 shows typical '"H NMR spectra of PE granules,
PET fibers, and PS beads. Each microplastic was dissolved in
the corresponding solvent and then measured. The PE gran-
ules can be assigned two signals. The signal at 1.33 ppm (H2)
corresponds to the protons of the CH, groups and the signals
at 0.93 ppm (H1) to the protons of the CH; groups, which are
present in considerable amount because LDPE is highly
branched. Due to the lack of baseline separation of both sig-
nals, signals in a range of 1.85-0.60 ppm were integrated
together for quantitative determinations. Furthermore, signals
at2.07 ppm can be assigned to the residual proton signal of the
CH; group of toluene-d®. A total of four signals could be
assigned to the PET fibers. The signal at 8.11 ppm represents
the four protons of the terephthalate ring. The other three
signals at 4.77 ppm, 4.62 ppm, and 4.11 ppm are due to the
protons of the oxyethylene units (ester or ether functional
groups) [64]. For quantitative determinations, the range of
8.20-8.00 ppm was integrated. The signal at 7.25 ppm is
caused by the CDClj residual proton signal which is also
present in the measurement of the PS beads. The signals of
the PS beads are in the range of 7.20—6.20 ppm and 2.20—
1.10 ppm. The first range belongs to the protons of the aro-
matic ring and the second range to the protons of the CH,—
and CH- groups. For quantitative determinations, the range of
7.20-6.20 ppm was integrated. A qualitative and quantitative
determination of the PE, PET, and PS particles is thus possible
because a superposition of the respective residual proton sig-
nal from the solvent does not occur.

For the quantitative evaluation, special care is required
when integrating the signals. In order to minimize possible
measurement errors and/or integration errors, the internal stan-
dard method was used for all quantitative determinations. An
internal standard is the residual proton signal of the deuterated
solvent [51, 52]. In order to use the residual proton signals as
an internal standard, it must be ensured that the measurements
are carried out with the same batch number to rule out possible
fluctuations in the residual proton signal [51]. Equation 1 de-
scribes the general formula of the normalized intensity calcu-
lation. 7;ormatizeq indicates the normalized intensity, /yp indi-
cates the integral of the microplastic particles in the sample
(absolute value), and /g indicates the intensity of the integral of

the internal standard (absolute value), in this case the residual
proton signal of the solvent of a chosen sample (in our case the
first point of the calibration curve). Iy, indicates the intensity
of the integral of the residual proton signal of the sample to be
normalized (absolute value).

Ivipls
1 normalized = I\;P | ( 1 )
50

Lhormalizea NOrmalized intensity

Ivp intensity of the microplastic in the sample

Is intensity of the internal standard

L1 intensity of the residual proton solvent in the
sample

Method validation

In order to verify the suitability of NMR spectroscopy for the
quantitative analysis of MP particles, various parameters such
as linearity, accuracy, precision, and determination and detec-
tion limits for the method validation were determined. The
calibration curve method was used for the quantitative deter-
mination. In Fig. 2, the respective calibration curve of MP
particles is indicated in each case for the normalized values
in a range of 30-930 ug/mL (Fig. 2a—) and 0.5-3.2 mg/mL
(Fig. 2d—f). Plotted is the concentration of MP particles in the
corresponding solvent in milligram per milliliter against the
normalized intensity (see Eq. 1). In addition, the upper and
lower confidence limits are given for each calibration line.
With a coefficient determination of > 0.99, the linearity of a
method can be considered as given [69]. For all three MP
particles, linearities for the normalized intensities are above
0.994. The linearity data of the normalized and non-
normalized values (in parentheses) are shown in Table 2.
The comparison of the coefficients of determination shows
that normalization of the values makes sense and leads to a
higher linearity of the calibration curve. The difference of the
coefficient of determination moves in a range of 0.002—
0.0001. From Fig. 2, it becomes clearly evident that the inten-
sity range of the three different types of MP particles is
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2.4 2220 1.8 16 1.4 1.2 1.0 0.8 0.6 0.4
f1 (ppm)

b) 0

H1

solvent

H2

8.5 80 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0
f1 (ppm)

C) H2

solvent H3 H3
l H5 | Hs
| |

X

/17.2 7.0 6.8 6.6 6.4 6.2
H3-H5

75 65 55 45 35 25 15
f1 (ppm)
Fig. 1 "H NMR spectra of MP particles and their structural formulas. a
PE granules measured in toluene-d® at 60 °C. b PET fibers measured in
CDCI3/TFA 4:1 at 25 °C. ¢ PS beads measured in CDCl; at 25 °C. In
addition, the enlarged range of 7.20-6.20 ppm is shown

H1,H2

different. The slope of the PE particles is in the range of 18.4—
4.8 (difference due to different NMR probe heads), the slope
of the PET fibers is in the range of 2.2-2.3, and the slope of
the PS beads in a range of 19.2-21.8. The big difference from
PET and PS might arise from different solvent compositions.
In the PET samples, TFA is added which has a very intense
signal at about 11 ppm, because the molar amount of TFA by
far exceeds the corresponding value of PET. Thus, the signal
intensity of the PET signals can be reduced in contrast to the
PS signal. In summary, for all three polymers in the lower and
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higher concentration ranges, a calibration curve with a coeffi-
cient of determination between 0.994 and 0.999 is absolutely
comparable compared to the CP pyrolysis GC-MS method,
with coefficients of determination for PE, PET, and PS parti-
cles between 0.90 and 0.99 [47].

Table 3 gives the data of quantitative QqNMR analyses of
the model samples for the respective MP polymer species.
In each case, theoretical values of the model sample, cal-
culated values, and the corresponding accuracy and preci-
sion are listed. For the calculated values, the confidence
interval (CI) is additionally given. The accuracy is stated
as bias in % and the precision as relative standard deriva-
tion in %, in each case for the normalized and non-
normalized values (in parentheses). The correctness, in
general, is in the range of 81.24-108.09% for PE particles,
in the range of 94.13-100.54% for PET particles, and in
the range of 97.41-106.43% for PS particles (normalized
values). The most accurate results can thus be achieved for
the PET particles. The slightly worse values for the PE
particles can be attributed to the sample preparation at
60 °C. Thus, the calibration curve in the range of 0.5—
3.2 mg/mL for the PE particles has the least coefficient of
determination (R”=0.9944) compared to the other two
types of polymers. Therefore, the confidence interval of
this calibration curve is also the largest (£0. 27 mg/mL).
Nevertheless, the results for the PE particles are usable for
a quantitative determination of MP-PE particles since the
determined values lie within the confidence range of the
calibration curve (see Fig. 2d). This applies to all calculat-
ed concentrations of the model samples. Thus, the quanti-
tative determination of PE, PET, and PS MP particles by
means of gNMR can be considered as given.

For the non-normalized values, the accuracy is between
—52.28 and 104.54%. The value of —52.28% (PS sample
3) clearly shows that normalization is crucial to minimize
such outliners. Thus, the correctness for the normalized
values is significantly higher. The precision for normalized
values is in a range of 99.38-99.99% and for non-
normalized values between 99.14 and 99.99%. This shows
that the quantitative analysis of MP particles using gNMR
yields very precise results. In summary, it can be stated that
the more accurate results are achieved using the internal
standard method and an additional advantages arises.
When using the same batch of deuterated solvent for cali-
bration solutions and the samples, only one calibration
curve needs to be recorded and the samples can be mea-
sured at different times. Consequently, for the quantitative
analysis of MP particles, a normalization of the intensities
according to Eq. 1 should be carried out.

The limits of detection and determination were carried out
according to the DIN32645 standard for the calibration curve
of normalized values in the range of 30-930 pg/mL. The
detection limits (LOD) and quantification limit (LOQ) for
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Fig. 2 Calibration curve for the _ 10 a) PE granules X _ 15 d) PE granules
MP particles (PE, PET, and PS) £ R2 = 0.9990 g £ R? = 0.9944 X
with the appropriate confidence 3 ; 2
interval (CI). Plotted is the i = i 10
concentration against the 2 E
normalized intensity (see Eq. 1). g £
For PE particles, the HI-H2 sig- 5 5
nals; for PET particles, the H1 i 8 5
signals; and for PS particles, the ‘_g 25 TE“ ’
H3-HS5 signals are integrated. S S *
Solvent toluene-d® at 60 °C for PE = ¥ =
particles, CDCI13/TFA 4:1 at 25 °C 0 0
for PET fibers, and CDCl; at 0 02 . 04 06 0 L ) 2 3
25 °C for PS beads. a—c¢ Concentration [mg/mL] Concentration [mg/mL]
Calibration curve in the range of 08 ] 36 ]
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PE particles are 19 pg/mL (74 ug/mL), for PET particles (77 pg/mL). The detection and quantification limits or the
21 pg/mL (81 pg/mL), and for PS particles 19 pg/mL  three different polymer types are all in a very narrow range.

Table2 Linearity data of MP particles for a concentration range of 30— points. Values marked with asterisk measured with a 5-mm FG/RO
930 pg/mL and 0.5-3.2 mg/mL for normalized and non-normalized Digital Auto Tune Probe head
values (in parentheses). Data were calculated from five measurement

Concentration range ~ MP particles ~ Slope + SD Intercept = SD R

30-930 pg/mL PE 18.3679 £0.3282* (18.5415+0.2824)*  +0.3940+0.0834* (+0.2660+0.0717)*  0.9990%* (0.9993)*
PET 2.2940 +0.0756 (2.2874 +0.0776) —0.0217+0.0246 (—0.0200 £ 0.0252) 0.9968 (0.9966)
PS 21.7786 +0.2099 (21.7804 +0.2871) 0.08149+0.1007 (0.16324+0.1377) 0.9997 (0.9994)

0.5-3.2 mg/mL PE 4.7875+0.2082 (4.8281 +0.2508) +0.8827+0.3536 (+0.9026 +0.4259) 0.9944 (0.9920)
PET 2.1666 +0.0209 (2.1365 +0.0332) —0.0671+0.0450 (0.0089 +0.0716) 0.9997 (0.9993)
PS 19.1821+0.1934 (18.9656 +0.1826) 0.7655+0.3845 (0.7010 +0.2994) 0.9997 (0.9998)
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Table3  Quantitative results of the model samples. Theoretical values +
weighing error and calculated values + confidence interval (CI) of the
respective MP samples in mg/mL as well as the correctness (bias in %)

and precision (RSD in %) for the normalized and non-normalized (in
parentheses) intensities are given

MP particle Concentration + Ax (mg/mL) Mean + CI (mg/mL) Correctness (bias in %) Precision (RSD in %)
PE sample 1 2.01 £0.01 1.82+0.27 (1.80+0.27) 81.24 (79.94) 99.38 (99.14)
PE sample 2 0.81 £ 0.01 0.89+0.28 (0.84 +0.28) 108.09 (103.16) 99.88 (99.90)
PE sample 3 1.37 £0.01 1.21+£0.27 (1.18 £0.27) 83.62 (80.58) 99.67 (99.67)
PET sample 1 1.24 £ 0.01 1.25+£0.07 (1.24+0.12) 100.54 (100.41) 99.99 (99.99)
PET sample 2 2.18 £0.01 2.12+0.06 (2.21+0.12) 94.13 (102.64) 99.97 (99.97)
PET sample 3 1.14 £ 0.01 1.09+£0.07 (1.01+£0.12) 94.56 (86.94) 99.80 (99.81)
PS sample 1 2.04 £0.01 2.10+0.07 (2.08 +0.07) 106.43 (106.43) 99.93 (99.93)
PS sample 2 1.12 £0.01 1.15+£0.07 (1.17£0.06) 103.03 (104.54) 99.63 (99.58)
PS sample 3 2.18 £0.01 2.15+0.07 (0.66 +0.07) 97.41 (—52.28) 99.97 (99.94)

The signal to noise ratio (SNR) can also be used to deter-
mine the LOD and LOQ. In our case, for the lowest mea-
sured concentration, the SNR could be determined for the
PE particles as 403:1, for the PET particles as 337.6:1, and
for the PS particles as 9.8:1. For example, Sun et al. de-
fined the LOD as a SNR of 3:1 and the LOQ as a SNR of
10:1 in the application of the gNMR method for the deter-
mination of orlistat in tablets [70]. It becomes clear that the
lower limit of the LOD has not yet been reached, especially
for the PE and PET particles. In comparison, the CP pyrol-
ysis GC-MS method based on the signal to noise ratio
showed detection limits of <4 ug for PE particles, <5 pg
for PET particles, and <1 pg for PS particles [47]. The
measurement limit for the pyrolysis GC-MS method is de-
termined by the properties of the balance used (readability
0.0001 mg) because the particles are individually weighed
for the calibration points and recorded and transmitted with
the aid of a microscope [47].

With regard to the use of the qQNMR method for the
quantitative determination of MP particles in environmen-
tal samples, it is essential that the detection and quantifi-
cation limits are at the lower end of the environmentally
relevant concentrations. As already described, up to now,
concentration data in the literature are mainly given in par-
ticle numbers in the environmental sample. Nevertheless, a
rough estimate can be drawn from the data for the concen-
tration in milligram of MP particles per kilogram of envi-
ronmental sample. If it is assumed that a MP particle
weight between 2 and 5 pg and 10-1000 particles are
counted per kilogram or liter of an environmental sample,
this results in a concentration range of 20ug—5 mg per
kilogram or liter of the environmental sample [29].
Occasionally, the mass concentration of MP particles has
been reported in previously published studies. In the
Danube, 4-363 mg/1000 m® particles could be detected
per environmental sample, and in the Los Angeles River,
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even up to 43 g/m> for particles in the range of 1.0—
4.75 mm [44, 71]. This clearly shows that a limit of quan-
tification for the MP particles in the range of 80 pg/mL (in
the NMR samples) is sufficient.

Summary and outlook

This study demonstrates that quantitative 'H NMR spectros-
copy provides a way to qualitatively and quantitatively deter-
mine LDPE granules, PET fibers, and PS beads. It could be
shown that the content of the tested MP particles in model
samples can be determined with high precision by means of
the calibration curve method. For MP particles, the LOD (19—
21 pg/mL) and the LOQ (74-85 g/mL) were calculated using
the calibration curve method, demonstrating that the method is
capable of quantification of MP particles in environmentally
relevant concentrations. The QNMR method is a cost-effec-
tive, fast, and simple method that offers a major advantage
compared to other detection methods such as pyrolysis GC-
MS, FTIR, or Raman spectroscopy: the “size-independent de-
tection limit.” There is no upper or lower limit to the size of
the particles since the MP particles are dissolved and can then
be determined qualitatively and quantitatively. Nevertheless,
application of the method for environmental samples needs
additional experiments in advance with the main issue to ad-
dress being the digestion of the biological matrix as well as the
separation of MP from additional constituents of the sample.
In our current research, we therefore test several methods of
digestion of biological material and have a look at the recov-
ery rates of a known content of MP particles in the sample.
Once we have found a straightforward and reliable method of
separating MP from biological and inorganic material, all
polymers that are to be quantified by gNMR have to be tested
under these conditions before we can start to have a look at
environmental samples which are expected to exhibit a
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complex mixture of different MP particles next to inorganic
and biological matter. In combination with non-destructive
spectroscopic methods, like FTIR or Raman, it is possible to
analyze the size distribution and after that the content of MP
particles with qNMR in one sample. In addition, other types of
polymers (as, e.g., PP or PVC), as well as particle shapes such
as fibers, granules, or powders, are tested concerning their
solubility in suitable deuterated solvents and will be analyzed
the same way.
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