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Abstract

Although nanoplastics are a wide-spread pollutant, their characterization and
quantification in environmental samples remains challenging with no
standard approach currently available. Here, we describe a novel workflow
for nanoplastic analysis in environmental water samples, incorporating
asymmetrical flow field-flow fractionation with multi-angle light scattering
(AF4-MALS) and pyrolysis-gas chromatography-mass spectrometry (Py-
GC-MYS) in an offline combination. The techniques complement each other
as AF4-MALS enables sample cleanup and size separation down to about
1 nm, while Py-GC-MS identifies and quantifies polymers in each size
fraction. Such a setup may provide comprehensive information on
nanoplastic size distributions and polymer composition within a single
workflow. After careful validation using standard polymer particles, we
applied the method to wastewater samples. Our results show that the offline
AF4-MALS-Py-GC-MS combination can identify certain nanoplastics in a
complex environmental matrix. The mass quantification limits depend on the
polymer type and range from 0.64 ng for PS to 180 ng for polyolefins. With
our workflow, 8.84+1.8 ng/mL of polystyrene nanoplastics were quantified
and polyvinyl chloride was potentially identified in untreated wastewater.
Polyolefin and polyethylene terephthalate signals were below detection
limits. While still in its early stages, this novel approach provides a
promising foundation for particulate polymer analysis and highlights areas
for further refinement, with the low recovery and potential of matrix
interferences as drawbacks.
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3.1. Introduction

Plastic is an abundant environmental pollutant. Plastic waste undergoes

degradation, forming micro- and nanoplastics (MNPs) [1,2]. While there is

still no final consensus on the nanoplastics (NPs) definition, here we use this

term for plastic particles sized 1-1000 nm [3]. NPs differ from microplastics

(1 pm-5 mm) in their transport properties and bioavailability [4,5].

Detection, characterization and quantification of NPs remains extremely

challenging [6], with the following hurdles:

i) Small size, which hampers detection by techniques conventional for
microplastic research (e.g. FTIR or Raman spectroscopy do not have
enough resolution [7]);

ii) Complex environmental matrices may cause interference or hetero-
agglomeration, which may lead to NP removal during analysis;
iii) Low mass concentrations, requiring instrumentation with low

detection limits and high sensitivity.

Despite their expected ubiquity, research showing the actual presence of NPs
in the environment remains limited [8—15] with no routine method to
characterize NPs in environmental samples [16]. NP size distribution is a
key in understanding the extent of pollution and its environmental impact
[17]. Asymmetrical-flow field-flow fractionation coupled to multi-angle
light scattering (AF4-MALS) has been applied to investigate NP presence in
the environment [18-22]. AF4 provides mild, non-destructive size-based
separation, potentially useful for pre-treating environmental samples [14].
Particle size distributions must be combined with polymer type for
identification, which AF4 cannot provide. A common approach for chemical
analysis and mass quantification of MNPs is pyrolysis-gas chromatography-
mass spectrometry (Py-GC-MS) [7,23-26], providing polymer-related
information by thermally degrading polymers into identifiable fragments.
Combining the two techniques could result in comprehensive size and
polymer information on NPs. Until now, scarce work has focused on
practically combining AF4 and Py-GC-MS [21,27,28]. One reason for this
may be technical challenges when connecting both instruments, such as
sample dilution during AF4 separation and the incompatibility of common
AF4 eluents (non-volatile salts and surfactants) with Py-GC-MS.

In this work we present a novel approach for NP analysis in environmental
water samples. We explore the capabilities and limitations of an offline
workflow combining AF4-MALS (size-based separation and size
distribution measurements, sample cleanup) and Py-GC-MS (polymer
identification and quantification). To address low concentrations of NPs in
environmental samples, we developed a large-volume injection (LVI)
method for AF4, allowing injection of 10 mL of sample. We believe this
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work is a significant step toward improving analytical approaches urgently
needed in the NP field.

3.2. Materials and Methods

The experiments were conducted in three stages. First, AF4-MALS and Py-
GC-MS methods and the sample handling steps were developed and
validated. Next, the complete workflow was tested on standard polystyrene
particle suspensions to demonstrate its performance. Finally, the setup was
applied to wastewater, to evaluate its effectiveness and identify pitfalls for
NP analysis in a real complex matrix.

3.2.1. Chemicals

Carboxyl-functionalized polystyrene particles (diameters 50 nm,
PSC50, and 200 nm, PSC200) were purchased from Polysciences Inc.
(Warrington, PA, USA). For method development particle suspensions
were diluted in the carrier liquid (see below) to obtain working
suspensions (concentrations below). Other chemicals are listed in
Section S3.1.

3.2.2. Wastewater samples

Influent samples were obtained from the Dutch National Wastewater
Surveillance program. Sampling machines installed on each Sewage
Treatment Plant (STP) in the Netherlands collect influent samples
proportional to the total volume flowing through the STP in 24 h [29].
A half-liter bottle is filled from this thoroughly mixed sample and
transported to the laboratory in a cold chain complying with
international ISO 5667-10 [30] and national NEN-6600-1 standards for
wastewater sampling by contracted transporters. Around 200 mL were
collected from 5 random STPs in February 2024 and pooled into one
sample (approx. 1 L), stored at 4°C until analysis.

3.2.3. AF4-MALS measurements

AF4-UV-MALS measurements were performed using an AF4-UV-MALS
system (AF2000 MultiFlow FFF system, Postnova Analytics, Landsberg am
Lech, Germany) with an SPD-20A UV/Vis absorbance detector operated at
280 nm and 254 nm (PN3212; Shimadzu, Kyoto, Japan) and a 21-angle
MALS detector (PN3621). Data was acquired by the AF2000 control
software version 2.1.0.1 (Postnova Analytics). More details and the scheme
of the applied system can be found in Section S2 and Figure S3.1. A 10 kDa
PES membrane and 350 um spacer were employed. 0.25 mM ammonium
carbonate was selected as a carrier liquid compatible with Py-GC-MS
(volatility and clean thermal decomposition). A stability study (Section S3.3)
showed it does not enhance agglomeration in the AF4 (comparison with
other salts in Table S3.1).
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For the small volume injection (SVI, 1 pL), a PSC stock suspension
(323 pg/mL final concentration) in the carrier liquid was used. Injection was
performed for 3 mins wusing the autosampler (injection flow
Fin=0.2 mL/min). For LVI (10 mL), the stock suspension was diluted in
carrier liquid to a final concentration of 32.3 ng/mL so that after the injection
the analyte mass (323 ng) is the same as in SVI. The LVI injection was
performed manually for the time deemed optimal after the initial
experiments (see Results and Discussion). Recovery calculation and the flow
rate program are described in Section S3.4. The fraction collection started 1
min later than the elution. 8 fractions were collected for 7 mins each.
Experiments were performed in triplicate.

3.2.4. Py-GC-MS measurements

Py-GC-MS measurements were performed on a Shimadzu GCMS-QP2010
Plus system (Kyoto, Japan) with an Optic-4 programmed-temperature
vaporization (PTV) injector as the pyrolysis chamber (ATAS GL, Veldhoven,
The Netherlands) and a Focus XYZ autosampler (ATAS). More details
regarding the PTV are described in Section S3.5. Target polymers
(polystyrene, PS, polyvinyl chloride, PVC, polyethylene terephthalate, PET,
polyethylene, PE and polypropylene, PP) were chosen due to their large
production volume and the resulting expected abundance in the
environment.[31] 55 pL liquid sample was injected at the inlet temperature
of 50°C. Injection repeatability and absence of memory effects were
confirmed. Pyrolysis was performed at 550°C (Table). The GC oven
temperature was ramped from 50 to 320°C (Table S3.3). Target pyrolysis
products and the corresponding m/z and t. values were selected (Table S3.6).
The MS was operated (Table S3.4) in scan mode (m/z 60to 300). To establish
the indicative m/z for targeted polymers no quantification was required. To
obtain clear, high signals, manually cut minimal amounts of each solid
polymer were placed in glass inserts for injection and pyrolysis was
performed at a column flow 1.2 mL/min, split flow 200 mL/min at 550°C,
followed by the GC-MS measurement as described above.

For liquid injections, targeted polymers were dissolved (dissolution
conditions in Table S3.5). Stock solutions were diluted in THF. Calibration
curves were measured for each polymer individually (Figure S3.4). Limit of
detection (LOD) and limit of quantification (LOQ) values were determined
based on 26 THF blanks (methodology in Table S3.6) [24]. For PET, there
were no visible signals in blanks. LOD and LOQ were determined from the
calibration curves, as the lowest signal-yielding concentration and the lowest
concentration in the linear response range, respectively [26].
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3.2.5. Sample handling

The schematic representation of the proposed workflow is depicted in
Figure 1. Directly before analysis samples were sonicated (A) for 10 mins
three times in a RK510H bath (frequency 35 kHz, nominal power 160 W,
Bandelin, Berlin, Germany), with 10 mins breaks in between. Subsequently,
samples were filtered (B) over 1 um PES syringe filters into a glass
container. After AF4 measurements (C), fractions were collected into glass
tubes (D), which were then capped with Miracloth (rayon), frozen and
freeze-dried (E; Heto PowerDry LL1500 Freeze Dryer, Thermo Fisher
Scientific, Waltham, MA, USA). Filtration and freeze-drying validation
procedure is described in Section S3.6.

Next, samples were resuspended (F) in THF. One replicate was prepared by
adding 500 uL of THF to each dry fraction and vortexing the tubes for 10 s.
To increase resuspension efficiency, the other two replicates were prepared
by vortexing for 20 s and sonicating for 10 mins (no great difference in
signal intensities was observed in the results). THF was added slowly via the
tube walls. Directly afterwards, the suspension was transferred into glass
vials. Such samples were injected into the Py-GC-MS system (G).
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Figure 3.1. Schematic representation of the described workflow
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3.2.6. Contamination precautions and quality control

Cotton lab coats and nitrile gloves were worn. The work was performed in a
fume hood. At least three blanks were run at each step of the workflow.
Glassware was washed with ethanol and three times with ultrapure water
before use. Utensils and vials were covered with aluminum foil or paper
when not handled. Positive controls were included in method validation.

For AF4 analysis, three SVI injections of the PSC50 stock suspension were
performed after each membrane change to saturate the membrane [32].
Between the LVI injections, the injection loop was flushed with three loop
volumes of SDS-NaOH cleaning solution, four volumes of ultrapure water
and three volumes of the carrier liquid. In AF4, the PSC and wastewater
injections were separated by two blanks (filtered carrier liquid) to prevent
carryover.

In Py-GC-MS, a THF blank injection was performed between the samples. A
quality control mixture (QCmix, a mixture of 3 ppm of each target polymer)
was injected in triplicate in each batch as a positive control. To minimize
varying response of detector signals due to polymer interactions or the
gradual decrease in instrument accuracy with each measurement (which
could result in over- or underestimation of polymer masses), quantification
was performed including the measurements of respective QCmix response
for each batch. Each fraction was measured in duplicate, as we already had
triplicates of the fractions collected after the AF4-MALS measurements, this
results in 6 replicates per fraction.

3.3. Results and Discussion

3.3.1. LVI-AF4-UV-MALS method development

Three injection times (55, 90 and 120 mins) were investigated on PSC50, as
smaller particles are more prone to agglomeration. At the injection flow rate
used, the theoretical time needed to inject 10 mL is 50 mins. To prevent
sample residue losses in the loop, longer time is optimal, while prolonged
injection and focusing increase the risk of undesirable particle-particle and
particle-membrane interactions [32]. The PSC50 recoveries in LVI-AF4
were 35+4%, 46+£5% and 43+2%, respectively, at injection times of 55, 90
and 120 mins, which is lower than in SVI (65+5%) and lower than typical
values for conventional AF4 [33]. However, considering the challenges (long
relaxation time required, particle propensity to agglomerate and limited
choice of carrier liquids), this recovery was deemed acceptable for the proof-
of-concept study. The injection time of 90 mins was selected.

The separation potential of the developed LVI-AF4 method was
demonstrated using a PSC mixture (Figure S2). The resolution between the
two peaks was 1.95+0.10. The elution times were 103.5£0.4 min and
116.6+£0.6 min for PSC50 and PSC200, respectively. For LVI, the peaks
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eluted slightly earlier than for SVI. The nearly absent void peak for LVI
indicates proper focusing of most particles due to the long relaxation step
(nearly no particles elute before relaxation is finished). For SVI, a void peak
was observed, suggesting insufficient equilibration, likely caused by smaller
particles (PSC50). Both SVI and LVI showed a residual peak after 40 mins,
when the crossflow was zero. This peak was higher for LVI compared to
SVI. For LVI, peaks corresponding to PSC were smaller than for SVI. This
suggests that the lower recovery for LVI is partly caused by higher particle-
membrane or particle-particle interactions, visible in the residual peak,
though the direct measurement of the phenomena in the channel is
technically challenging. The radius of gyration (r,) values, as measured by
the MALS detector (Sphere model, r, calculation details in Section S2), align
with the ones provided by the manufacturer. The r, for PSC50 exhibited
higher noise levels compared to PSC200, possibly resulting from the lower
signal intensity related to the small particle size.

3.3.2. Py-GC-MS method development

Pyrolysis products typical for the targeted polymers and their m/z values
were found in the literature (Table S3.7) and confirmed by pyrolysis of solid
samples in our instrument (Table S3.6).

The styrene trimer was chosen as the identifier for PS, as styrene monomer
may be a product of other substances and styrene dimer was measured with
lower intensity than the trimer.

For PET, acetophenone was selected as the indicative pyrolysis product as it
does not require derivatization, unlike benzoic acid. Although a
derivatization agent might improve measurement quality for the polar
substances, its reaction mechanism is not yet fully understood. We thus
avoided its usage to minimize the risk of it reacting with other components
of the complex samples.

Distinguishing between PE and PP is challenging as these two polyolefins
have a similar structure and produce a similar mass chromatogram in form of
a “comb” with each peak corresponding to a different oligomer length.
Additionally, they yield pyrolysis products sharing the same m/z values.
Although literature suggests m/z 69 and 97 can be used to distinguish
between PP and PE (Table S3.7), we have observed both values in the
separate analyses of individual polymers. A chromatogram of the PE and PP
mixture proved these two cannot be certainly separated (see Figure S3.3 and
further discussion). We followed the literature in reporting m/z 69 as
belonging to PP and m/z 97 - to PE, however, only the polyolefin origin can
be ascertained (see Section S3.7).

Conventionally, Py-GC-MS methods use solid standards, bringing large
uncertainties to quantification [23]. Here we are using liquid injection.
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Liquid injections of the same polymers were performed to confirm the
presence of selected m/z and to observe the retention times (Table S3.6).
Calibration curves were measured (Figure S3.4). We selected 55 pL injection
volume for Py-GC-MS, which is at the upper end of our instrumental
possibilities without applying backflush. A detailed investigation on different
mixtures and polymer ratios was out of the scope of this study, however the
presence of one polymer may influence the pyrolysis efficiency of another
one [34]. We ascertained the accuracy of our measurements by running a
QCmix in each batch instead.

3.3.3. Sample handling throughout the workflow

Filtration recovery was 84+7% and 105+3% for PSC50 and PSC200,
respectively. No fractogram deformations were observed after filtration.
Calculated r; did not show significant difference between filtered and
unfiltered samples (p=0.91 and p=0.49 for PSC50 and PSC200,
respectively), proving that filtration does not affect the measurements. For
blanks (carrier liquid), the changes in the UV peak area of the void and
residual peaks before and after filtration were not statistically significant
(p=0.80 and p=0.76, respectively, see Figure S3.5). However, they visibly
differed from run to run and thus the contamination potential was further
studied by Py-GC-MS. The results of Py-GC-MS revealed that the difference
between filtered and unfiltered blanks was statistically significant only for
PVC (p=0.0002), where filtration increased PVC signal to a value balancing
just below the LOD (21.1 ng). A possible explanation for this is that while
we quantify PVC based on naphthalene intensity, this could also be a
pyrolysis product of PES (the filter material), suggesting contamination with
the filter residue during filtering. As the standard deviation of PVC content
in the filtered blanks is only 3.4%, we decided that blank correction is
enough to prevent biasing results due to the filtration.

Freeze-drying recovery was 80+1% and 83+4% for PSC50 and PSC200,
respectively. The recovery difference for the two particle sizes was not
statistically significant (p=0.37). The average recovery (82+4%) was further
used. Freeze-drying and resuspension did not increase the measured levels of
any targeted polymer above LOD, except for PS, for which, however, the
increase was not statistically significant (p=0.2). The results presented in the
further sections were blank-corrected based on the blank samples that had
been subjected to the whole workflow. The theoretical total recovery of the
sampling handling workflow obtained by multiplying the recoveries of
respective stages, is 73£18% but only 32+5% for PSC50 alone (Table 1). In
final experiments, an empirical recovery was used (see below).
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Table 3.1. Summary of the workflow validation

Stage of |Negative [Positive Validation
the controls |controls
workflow
Filtration |AF4 PSC50, R(PSC50) = 84+7%;
carrier PSC200 R(PSC200) = 105+3%
liquid Introduces statistically significant
increase of PVC (as measured by
Py-GC-MS)
LVI-AF4 |Filtered [PSC50, R =94+43% (PSC50 and PSC200
AF4 PSC200 and a |pooled)
carrier 1:1 mixture of R =46+5% (PSC50 only)
liquid these
Freeze-  |Empty PSC50, R = 82+4%
drying vials PSC200
Py-GC- |THF PS, PP, PE, Calibration curves were measured
MS PET and PVC
separately and
in a mixture
Total AF4 1:1 mixture of |Rucoretica=32+5% (PSC50 only)
carrier PSC50 and Rincoretica=73£18% (PSC50 and
liquid PSC200 PSC200 pooled)

3.3.4. LVI-AF4-UV-MALS-Py-GC-MS method demonstration

A 1:1 mixture of PSC50 and PSC200 was separated and analyzed using the
proposed workflow. The amounts of PS measured by Py-GC-MS were
compared with the corresponding AF4 fractogram (Figure 2). The measured
PS masses follow the PSC elution profile in AF4. The PS mass signal was
higher in the later fraction of the PSC peaks, likely due to a slight time shift
between the AF4 detection and fraction collection (the fraction collector is
located after the AF4 detectors). The small increase in PS signal in fractions
7 and 8 indicates that the residual peak contains some PSC, which may have
agglomerated during the extended focusing step [32]. Based on the
calculated theoretical recovery (Table 1), the total mass of PS should be
approximately 236 ng. However, the Py-GC-MS measurement only detected
23.2+14.9 ng, which is much lower. We hypothesize there are two potential
causes for this discrepancy. First, resuspension may have been incomplete,
resulting in some of the dried polymer material not being recovered for the
Py-GC-MS injection. Second, freeze-drying may alter the material’s
morphology to much larger particles, subsequently prevented from being
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aspired during the Py-GC-MS injection. Resuspension efficiency was not
directly measured due to practical constraints: the collected PS mass was too
low for gravimetric analysis, and the geometry of the glass tubes prevented
full-tube Py-GC-MS. Based on known recovery in previous steps (73%) and
the final Py-GC-MS signal (23.2 ng), we estimate a resuspension recovery of
~10%. We postulate resuspension and liquid injection in Py-GC-MS is the
only way to quantitatively transfer the analytes between AF4 and Py-GC-
MS. A future in-detail investigation on different resuspension protocols
could increase the recovery. The standard deviation was high for the
fractions expected to contain most PS, possibly due to larger influence on the
measured mass in case of loss of more/larger particles.

This experiment demonstrates that our workflow can indeed detect polymer
particles in the different size fractions collected by AF4, although
quantification remains challenging due to the large losses during the
resuspension step, leaving space for future optimization.

0.22+ T — psc 1175
0.204| Void peak — blank {459
Peak 2 2
< 0.181 125
= PSC200 Residual |, &
£ 0.16 K 1008
> Peak 1 pea 15 5
> 0.14 1 PSC50 ToE
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]: 5.0 5
0.124 l o
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010--{}1\ 2 3 4 5 6 7 8'0-0
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mim| 181815 22 | 29 | 36 | 43 | 50 | 57
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(ng) | 05|27 /1901 |82]02[1.2]09

Figure 3.2. PSC analysis by the described workflow. UV fractograms: PSC standard
mixture (orange trace) and blank (black trace). Blue bars: PS mass measured by Py-
GC-MS.

112



Chapter 3. Integrating AF4 and Py-GC-MS for analysis of nanoplastics with
application to wastewater

3.3.5. Wastewater analysis

The analysis results of an untreated wastewater sample processed using our
workflow is shown in Figure 3. Figure 3A shows the overlay of the AF4-
MALS fractograms (three LVI injections, conditions identical as for PSC
standards), where signals are high but irregular, displaying a broad tailing
peak approaching baseline in the second half of the elution window, and a
residual peak. This suggests a continuous particle size distribution in the
sample, as expected. Although the peak shapes are repeatable, size
measurements by MALS vary between injections. This variability is
probably related to the sample’s nature. Despite all efforts to homogenize the
influent samples differences between replicates may still occur e.g. in terms
of particulate matter. The measured radii differ from the PSC elution profile
(Figure S2) ranging from ~270 to 700 nm, and vary more than those in the
PSC mixture, possibly due to particle agglomeration in the organic matrix
[35] or different shapes of environmentally occurring NPs. In wastewater
NPs compose only a small fraction compared to other particulates and
organic matter, which might influence MALS results, with larger particles
masking the smaller ones. For radius calculations based on the MALS
measurements the errors generally increase with increasing analyte size [36].
The size distribution pattern measured by MALS is repeatable. The particle
sizes are highest in the first part of the fractogram, they later decrease and
subsequently increase again, which may indicate mixed normal and steric
elution, where the elution order is reversed [37], which complicates size
separation and data evaluation. Particle agglomeration could contribute to
such behavior. Agglomeration depends on the matrix properties, thus mixed-
mode/steric elution is probably sample-dependent.

The polymer composition and concentrations measured in the respective
fractions by Py-GC-MS (blank-corrected) are shown in Figure 3B. PET was
not detected in any fraction (LOD 27.5 ng). This is potentially due to PET
MPs occurring mostly as fibers,[38] which may be retained on the filter at
the beginning of the procedure. Future studies could consider the monomer
quantification approach based on depolymerization [39]. Polyolefins were
below LODs (m/z 69: 38.8 ng, m/z 97: 86.0 ng) in all fractions, despite
higher signal intensities than in the blanks.

PVC was detected in fractions 1, 2 and 7, the latter corresponding to the
residual peak, with measured levels between LOD (21.1 ng) and LOQ
(54.0 ng). Its detection early in the fractogram may suggest that i) PVC NPs
at the low nanometer range are present in the wastewater (lower t;) and some
of them interact with the membrane or aggregate forming the residual peak;
and/or ii) PVC NPs are present in the wastewater at the larger nanometer
range and elute in the steric mode at the beginning of the fractogram, which
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would be well correlated with the r, obtained; and/or iii) a compound other
than PVC, yielding naphthalene during pyrolysis, is present in the
wastewater in the corresponding size. In complex samples, confusion of
plastic signal with natural matter can hardly be certainly excluded, which is
an additional challenge in NP analysis. Presence of PVC NPs here is
probable as PVC microplastics in wastewater have been reported [40—42].
PS was quantified in fractions 1, 2, 4, 5 and 8. One of the three AF4
injections was excluded due to unrealistic variability in measured PS mass,
leaving four Py-GC-MS measurements per fraction included in the
calculations. Standard deviations are high. This might be a result of i) low
quantities of PS in the samples, making the quantification more challenging;
il) matrix interferences, hampering analysis. The total PS mass measured
across the fractions sums up to 6.4 ng, which, including the empirical
recovery, points at 8.8+1.8 ng/mL of PS NPs in the untreated wastewater.
Since the PS trimer is recommended as a unique PS indicator [23] and the
signals did reach the LOQ (0.64 ng), this confirms the ability of our
workflow to analyze NPs in aqueous samples.

The LODs and LOQs differ between polymers. The PS quantification and
PVC detection alone does not exclude the presence of other polymers, which
have higher LODs (from 27.5 to 86.0 ng, vs. 0.22-21.1 ng for PS and PVC).
Contrarily, literature suggests polyolefins as common MNPs in the aquatic
environment [24,41,43], though the polymer diversity increases as particle
size decreases [41]. Given the high uncertainties in quantification, we do not
aim at risk assessment at this stage but rather demonstrate possibilities and
limitations of our workflow.
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Figure 3.3. (A) AF4-MALS fractograms of three wastewater replicates; (B) Polymer
composition and concentrations detected in the untreated wastewater by Py-GC-MS
in the respective fractions. “- indicates signal <LOD, “+”-signal <LOQ.

3.4. Relevance and limitations of the study

3.4.1. Overall quality control

We applied the quality assessment framework for microplastic analysis in
freshwater [43]. The experiments described here score 10/12 with three
criteria deemed not applicable for a proof-of-concept study (“NA”) and
excluded (see Table 2). This is higher than the average score for wastewater
studies reported at the time of publication (7.3/18 for all criteria) [43]. We
argue that some of these guidelines should be adjusted for NP analysis. For
future studies, we suggest relevant modifications in Table 3.2.
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Table 3.2. QA/QC assessment of the study

Criterion| Definition by [Score Comments Suggestions for
[43] future nanoplastics
research
g Location, NA | Exemplary sample | As for microplastics
§ treatment, for proof-of-concept
‘é’ date,
&b sampling
=, method and
g materials used
N are reported
Atleast 1 L NA | Exemplary sample | Required volumes
Can be of 1 L, of which 30 |were justified by the
smaller if the mL were analyzed | microplastics’ low
targeted MPs for proof-of- number
sizes are concept; larger concentrations in
smaller volumes might water [43]. NPs are
decrease standard | smaller than
deviations but microplastics, the
further increase of | sample is thus
Q injected volume in | expected to be more
k7 AF4 would be homogenous
[ .
= challenging, as (though more prone
% higher injection to aggregation), thus
A volume requires lower volume might
longer focusing be acceptable.
time which We do not state a
decreases the numerical value of
recovery by the required volume.
enhancing particle- |It should be chosen
membrane so as to decrease the
interactions variability of results
and as feasible for
the instrumentation
L Storage/ 1 As for microplastics
=z transpQrt
% S conditions,
v £ |pre-cleaned
= | containers

116




Chapter 3. Integrating AF4 and Py-GC-MS for analysis of nanoplastics with

application to wastewater

Laboratory
preparation

Cotton lab
coats, rinsed
equipment

As for microplastics

Laminar flow

Fume hood with

As for microplastics

—
.i cabinet blanks run in
S parallel
@)

Triplicate Elements of the Further research
© blanks AF4 system are needed to check if
g made of (often less | signals in negative
§ common) polymers. |controls can be
o The Py-GC-MS linked to a specific
= system is made of | step of the protocol
o metal (the lower
= risk of

contamination)

Protocol There are fewer Positive controls
= tested on easily accessible should be as
£ known types of standards | environmentally
g particles for NPs than for relevant (polymer
ot microplastics types, shapes and
;E surfaces) as
8 practically possible
A (lack of reference

materials)
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Digestion of
sample

Sample treatment

NA

We focused on
minimizing sample
preparation, for
simplicity and to
reduce inherent
measurement
variability; AF4 has
precleaning
potential, which
could be enhanced
by using higher cut-
off membranes, e.g.
100 kDa

With no
standardized
analysis protocol for
NPs, o particular
sample treatment is
recommended but
the treatment
protocol must be
either validated on
relevant positive
controls or reported
elsewhere in
literature
specifically for NPs.
Treatment influence
on particle
characteristics
should be reported

Polymer
identification

Analysis

No particular
technique is
recommended but
polymeric nature
must be confirmed.
The analytical
window should be
clearly reported, all
features specific for
the instrumentation
used should be
considered,
including possibility
of biasing results.
This category could
be split in two: 1)
size analysis and 2)
chemical analysis

3.4.2. Alternative strategies for coupling AF4 to Py-GC-MS

Technical aspects of the AF4-Py-GC-MS combination remain challenging.
This study outlines solutions that can be further optimized. Firstly, fraction
volumes of the AF4 eluent could be fine-tuned per sample. Provided that size
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fractions remain separated and that enough material is collected to reach the
Py-GC-MS LODs, various fractionation strategies are possible [45]. If
certain regions of the fractogram are of particular interest, targeted collection
could be performed.

The most challenging part of this workflow is interfacing AF4 with Py-GC-
MS. Due to the incompatibility between the aqueous AF4 carrier liquid and
our Py-GC-MS method, which does not allow water, we used freeze-drying
for water removal, enabling the transfer. While microplastic analysis by Py-
GC-MS is often done by placing a solid sample directly in the pyrolysis cup,
bypassing resuspension, we found this approach impractical here due to the
minute amounts of dried material, difficult to transfer quantitatively. Instead,
in our workflow we resuspend dried samples in THF, assuming sufficient
dispersion of the dried material for aspiration by the injector syringe. For a
perfectly homogenous Py-GC-MS sample, complete dissolution would be
required. However, dissolving PE, PP and PET requires toxic solvents,
elevated temperatures and time, lowering the feasibility for several fractions,
especially when many samples are analyzed. This problem might be solved
by further optimizing the resuspension procedure. However, for this a set of
NP reference materials of different polymers is indispensable and such
standards do not exist yet.

Liquid Py-GC-MS injections with an aqueous solvent are also possible after
hardware modifications [44,45], which would eliminate the need for freeze-
drying after AF4. We did not pursue this approach because AF4 introduces
sample dilution [32]. Given the low NP concentrations in environmental
samples, we focused on fraction concentration rather than dilution.
Alternatively, larger AF4 channel dimensions could accommodate greater
sample volumes.

Finally, an online coupling is deemed desirable, leading to an automated
platform, as described for SEC-Py-GC-MS [44], AF4-ESI-MS [46], AF4-
ICP-MS [47], 2D-LC systems etc. Beyond technical challenges exceeding
those mentioned here, we claim the dilution in the AF4 is a sufficient reason
to postpone attempts at creating such a platform until a reliable and NP-
selective preconcentration method is accessible.

3.4.3. Limitations and perspectives

Our workflow was validated using carboxylated PS spherical standards
because of their sizes, commercial availability and usability. However, such
particles are not a realistic counterpart of environmental NPs [48],
considering their regular shape, smooth surface and well-defined density.
Workflow performance was validated for these particles only. With current
capabilities no far-reaching conclusions should be drawn, especially
regarding other polymers and irregularly shaped particles. When possible,
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experiments with different polymeric particles should be conducted to better
understand the applicability of our approach.

Though LVI-AF4 enables overcoming low NPs’ concentrations in the
environment, long injection times are troublesome. Upstream
preconcentration could be considered, however, it would not decrease the
overall workflow time nor labor, while it could decrease recovery of the
smallest particles [21]. LVI sample volume depends on the tailor-made loop
and should be adapted to the sample. It should be large enough to overcome
low analyte concentration but practical, considering reasonable injection
time and backpressure.

Wastewater is a complex matrix, bringing additional challenges besides
those already defined for the standard particles. Co-elution with natural
organic matter interferes with MALS and Py-GC-MS results. Sample
digestion could be performed to alleviate this, though it encompasses
additional risks (sample loss, particle degradation). Matrix complexity
prevents reliable Py-GC-MS analysis of the unfractionated sample. The
sample cleaning effect of LVI-AF4 should be studied on different sample
matrices in the future.

The current sample losses limit the applicability of the workflow for NP
quantification. The most urgent improvement needed is increasing the
recovery, particularly in the resuspension step (e.g. by optimizing the
suspending liquid composition or mechanical agitation) and, for smaller
particles, during AF4 separation (by fine-tuning the AF4 method, e.g. the
membrane or carrier liquid).

While focusing on adjusting the AF4 separation to the sample characteristics
and interfacing it with Py-GC-MS, further work on the latter is advisable. On
the future roadmap for methodological standardization, including more
polymer types in the analysis (e.g. polyurethanes, nylons) and conducting
studies on polymer-polymer and polymer-matrix interactions would enhance
the potential of the proposed workflow and might lead to broader
applicability and possible automation.

3.5. Conclusions

A novel approach for NP analysis is proposed, aiming at simultaneous
preconcentration, size estimation and polymer identification/quantification
for nanometer plastic particles. Technical capabilities, limitations and
possible solutions for the challenging LVI-AF4-MALSPy-GC-MS coupling
are widely discussed for the first time. Our offline workflow was tested on
standard particles and on wastewater, offering original insight into potential
for NP simultaneous size and mass analysis in complex matrices. PS NPs
were successfully quantified in the wastewater. Recovery remains the
greatest area for improvement, with urgent need to optimize resuspension.
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Possible directions in the platform development are suggested. Since AF4-
Py-GC-MS is sought-after in the NP research, we believe our work could be
used to broaden the knowledge on NP occurrence and fate.
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