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Abstract

High production rates and wide areas of application of water-soluble polymers indicate their potential occurrence in
wastewater. Poly(N-vinylcaprolactam) (PNVCL) is such a water-soluble and poorly biodegradable polymer with non-
ionic, non-sticky, non-toxic and thermosensitive properties. Its field of applications covers being a constituent in aerosol
sprays, pump sprays, and lotions as well as its usage as flocculant in wastewater treatment plants. However, although
discharged into sewage treatment plants at high amounts, analytical methods for determining water soluble polymers,
in particular PNVCL, in environmental samples are still missing. Therefore, this study aims at developing an efficient
analytical method for detecting trace levels of poly(N-vinylcaprolactam) in wastewaters by applying continuous-flow
off-line Py-GC/MS for the first time. The approach was based on the identification of specific off-line pyrolysis products
(e-caprolactam, N-vinylcaprolactam) that haven been used in the following for a calibration process that allowed a
quantitative determination. An evaluation including specificity, linearity, sensitivity and reproducibility characterized
this approach as very suitable for detection of this polymer in complex environmental matrices such as wastewaters.
Finally, the transferability has been checked by analyzing a real wastewater from a sewage treatment plant effluent. Here
limitations especially due to matrix effects are lowering the sensitivity of the pyrolysis-based method. Nevertheless, a
contamination with approx. 70 pg/L of poly(N-vinylcaprolactam) was determined pointing to a huge emission of PNVCL
into the aquatic environment and a general high environmental relevance of this synthetic polymer. Noteworthy, this is
the first report on the occurrence of poly(N-vinylcaprolactam) in environmental samples.

Keywords Off-line pyrolysis GC/MS - Water-soluble polymers - Wastewater - Environmental pollution - Poly(N-
vinylcaprolactam) - N-vinylcaprolactam - e-caprolactam

1 Introduction

Since the first development of synthetic polymers in the early twentieth century, their production and application areas have
increased significantly [1, 2]. Most of them are plastics being insoluble in water. However, significant amounts of water-soluble
polymers are also produced and used, either as solids, films, or water-based solutions. Water-soluble synthetic polymers are
often biocompatible and non-toxic. They contain hydrophilic functional groups, such as ether, hydroxyl, amide, and pyrro-
lidone. The most commonly used water-soluble polymers are polyethylene glycol, polyvinyl alcohol, polyacrylamide, poly
(N-vinylpyrrolidone), and poly (N-isopropylacrylamide). Traditional applications cover thickening and antifoaming agents,
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binders, lubricants, electrolyte solvents, dispersants, stabilizers, surfactants, and laxatives in various industries, including
food, pharmaceuticals, paints, textiles, paper, adhesives, and coatings production, as well as water treatment [3]. Some water-
soluble polymers are less significant in the environment due to their biodegradability, such as polyethylene glycol (PEG).
Although PEG is used in a wide range of applications, it has not been detected significantly in the aquatic environment so
far as it is easily degraded under aerobic and anaerobic conditions [4, 5]. In contrast to PEG, its oligomers, which represent
decomposition products, were detected in river water at elevated concentrations [6]. Noteworthy, other water-soluble poly-
mers, showing a much lower degradation potential than PEG, such as the herein studied poly (N-vinylcaprolactam) (PNVCL),
are also discharged to sewage treatment plants. Here, as well high production rates and broad fields of application point to a
relevant occurrence in wastewater and corresponding surface water systems. Therefore, there is an urgent need to establish
an analytical method for determining such water-soluble polymers in order to follow their envirommental fate from entering
the environment via sewage treatment plant effluents towards possible accumulation points in the aquatic environment [7].

Poly (N-vinylcaprolactam) is a non-ionic, water-soluble, non-sticky, non-toxic, thermosensitive, biocompatible, and poorly
biodegradable polymer [8, 91. It has a hydrophilic lactam structure as a side group and a hydrophobic carbon chain as the
backbone. Therefore, poly (N-vinylcaprolactam) has good solubility in both polar and non-polar solvents. Poly (N-vinylcapro-
lactam) dissolves in water, but only in the temperature range from 0 to about 33 °C and in organic solvents such as alcohols
or aromatic hydrocarbons [10, 11]. At temperatures above approximately 33 °C, the polymer precipitates from an aqueous
solution, while it can be redissolved by cooling. The dissolution and precipitation in water make this polymer applicable in
biochemistry and medicine [8]. Poly(N-vinylcaprolactam) is suitable for applications such as aerosol sprays, pump sprays,
and lotions. Furthermore, poly(N-vinylcaprolactam) is a biocompatible polymer due to its stability against hydrolysis and
is suitable as an environmental friendly flocculant. Noteworthy, the field of application of poly(N-vinylcaprolactam) covers
also binding of toxic substances such as phenols in wastewater treatment plants [8]. And its ability to bind water is used to
dewatering sewage sludge for more convenient disposal [12, 13]. Other areas of application are related to the metal industry,
paper, pulp production, oil industry or as constituent in drug delivery systems [14-16].

Pyrolysis—gas chromatography/mass spectrometry (Py-GC/MS) is a common technique used in polymer science to
analyze the chemical composition of polymers. In recent works, Py-GC/MS has been also applied to environmental sam-
ples and used to analyze microplastic particles in the environment [17-19]. However, the identification and quantifica-
tion of water-soluble polymers has been rarely reported [20]. A pyrolysis-based method that allows the quantification
of water-soluble polymers used as drilling fluids in oil exploration and production was presented, but no environmental
concentrations have been measured [21]. The only study presenting environmental data on a water-soluble polymer,
poly(vinylpyrrolidone) (PVP), in an aqueous medium was performed by Antic et al. [22]. In this report, the advantages
of off-line pyrolysis over on-line pyrolysis-GC/MS are clearly stated comprising in particular an enhanced sample size on
gram level, possibility to use surrogate or inetrnal standards and improved purification of raw pyrolyzates. These analyti-
cal features enhancing sensitivity and accuracy are not applicable in conventional on-line pyrolysis systems.

Poly (N-vinylcaprolactam) has been analysed in various studies, mainly focusing on specific application areas arising
from its thermo-sensitive properties [10, 23, 24]. In pyrolysis studies the monomer, N-vinylcaprolactam (NVCL), has been
described as one of the main pyrolytic products [25]. Thermogravimetric analysis of poly (N-vinylcaprolactam) showed
that above 380 °C the weight decreased sharply and reached zero percent, indicating a depolymerization mechanism,
with the maximum weight loss rate temperature of about 430 °C [16]. However, the polymer’s general thermal degrada-
tion pathway was not investigated in depth and, in particular, the pyrolysis-based detection of poly(N-vinylcaprolactam)
in environmental samples has not been performed so far.

Consequently, this study aimed at developing an efficient analytical method for detecting trace levels of poly(N-
vinylcaprolactam) in wastewaters by applying continuous-flow off-line Py-GC/MS.

2 Material and methods
2.1 Sample material
Poly(N-vinylcaprolactam) (PNVCL, Mw =5000, purity 98%) was purchased from BASF AG under the commercial name

Luviskol” Plus. Tetramethylammonium hydroxide (TMAH; 0.1 M in methanol; CS Chromatographie Service GmbH, Langer-
wehe, GER) was used for in situ derivatization during PNVCL pyrolysis.
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One wastewater sample was taken from the effluent wastewater treatment plant (WWTP) in Aachen, Germany, in May
2014. Until the water sample was processed in the laboratory, it was stored frozen at — 16 °C in precleaned aluminum
bottles.

2.2 Wastewater sample treatment

The wastewater sample was analysed in duplicate. The sample was preextracted five times, three times with 50 mL of
hexane and twice with 50 mL of diethyl ether. Thereafter, the preextracted water sample was evaporated to dryness using
a rotary evaporator. The jellylike residue was redissolved in 50 mL of methanol by ultrasonic assistance. This methanolic
solution was separated from undissolved residues and evaporated to a final volume of 400 pL and was completely sub-
jected to the off-line pyrolysis.

2.3 On-line pyrolysis GC/MS

On-line pyrolysis was performed using a Curie-Point-Pyrolizer 1040 PSC (Fischer GSG, Bruchsal, Germany) directly cou-
pled to a gas chromatograph GC 8000 series (Fisons Instruments, Glasgow, UK) and a Finnigan Trace MS. The capillary GC
column was a Zebron ZB-1 (30 m x0.35 mm ID X 0.25 pm film). Helium was used as a carrier gas (purity: 5.0) with a flow
of ca. 1.5 mL/min. The injector temperature was set to 270 °C and a splitless time was 60 s. Different sample amounts
(50 ug-1.96 mg) were weighed into a metal tube and pyrolyzed at temperatures between 458 and 764 °C with 10 s
pyrolysis time. On-line Py-GC/MS method was used as a rapid method for the identification of specific pyrolysis products
of PNVCL.

2.4 Continuous flow off-line pyrolysis

Continuous-flow off-line pyrolysis was carried out with a Carbolite tube furnace, model MTF 10/15/130 equipped with
a glass tube (length of 150 mm and 15 mm diameter). The following pyrolysis conditions were applied: a heating rate
of 100 °C/min up to 550 °C. The final temperature was held for 30 min. Pyrolysis was performed under an inert gas
atmosphere with nitrogen flow of 15 mL/min. Dissolved sample material with volumes of 10-100 pL were situated in a
porcelain vessel which was filled with a small amount of sea sand and the vessel was transferred into the furnace in the
middle of the glass tube. This glass tube was put into the furnace and connected to a nitrogen supply on one end and
a recipient trap on the other end. The pyrolysate was collected in a solvent trap filled with 4 mL of acetone cooled with
mixture of ethanol and dry ice.

After pyrolysis, the glass tube and the glass adapters were rinsed with acetone and the organic solutions (rinsing solu-
tion and pyrolysate) were combined and evaporated to a volume 0.5 mL. This raw pyrolysate was dried over anhydrous
sodium sulfate and finally evaporated to a volume of ca. 0.5 mL. Thereafter, 50 mL of a surrogate standard (SS) containing
fluoracetophenone (5.8 ng/pL), d,,-benzophenone (6.3 ng/plL), d;,-hexadecane (6.0 ng/pL) was added. Directly prior to
GC/MS analyses the pyrolysates were reduced to a final volume of approx. 20 pL.

The described pyrolysis procedure was applied to solutions of pure polymer and pretreated wastewater sam-
ples. A blank procedure was applied comprising all steps of pyrolysate treatment to check for interfering laboratory
contamination.

2.5 Gas chromatography-mass spectrometry (GC/MS)

Qualitative and quantitative GC/MS analysis of all pyrolysates was performed on a Finnigan Trace MS single quadru-
pole mass spectrometer (ThermoElectron, Egelsbach, Germany) connected to a HRGC 5160 gas chromatograph (Carlo
Erba, Milano, Italy), equipped with a ZB-5 (Phenomenex, Aschaffenburg, Germany) capillary column (30 mm x 0.25 mm
ID % 0.25 um film). Chromatographic conditions were: 1 pL splitless injection (injector temperature 270 °C) at 80 °C, iso-
thermal time 3 min and heating up to 310 °C with a ramp of 4 °C/min. Helium carrier gas flow was set to 1.5 mL/min. The
mass spectrometer operated in electron impact ionization mode (El+, 70 eV) with a source temperature of 200 °C, an
interface temperature of 270 °C and scanned from 35 to 500 m/z in full scan mode with 0.67 scans per second.
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2.6 ldentification and quantification

Detection of pyrolytic products was based on comparison of mass spectra and retention time with those of refer-
ence material and with assistance of mass spectral data bases (NIST 14 and Wiley 7th Ed) as well as by comparison
with published data. Quantification was performed by integration of specific ion chromatograms for each individual
specific pyrolysis product.

3 Results and discussion

The main focus of this study was to develope and to evaluate an analytical pyrolysis-based approach for identifica-
tion and quantification of poly(vinylcaprolactam) in sewage water and polluted river water. This approach consisted:
(i) of identification of specific pyrolysis products allowing an unambigueous identification of the original synthetic
polymer, (ii) of a quantification based on GC/MS analysis of the pyrolysis products at low concetrations reflecting the
expected natural pollution levels and, finally, (iii) of testing the applicability by analysing real waste water samples.

3.1 Specific pyrolytic products

The main clue of the approach consists of the identification of specific pyrolysis products that exhibit molecular
properties closely linked to the polymer structure. This does not allow only an unambiguous identification but also
quantification of the original polymer amount based on the analysis of the pyrolysis products.

The GC/MS analysis of pyrolysates obtained after both on-line and off-line pyrolysis revealed two characteristic
pyrolytic products of poly (N-vinylcaprolactam), namely e-caprolactam (CL) and N-vinylcaprolactam (NVCL) (Fig. 1).

The unambiguous identification was based on comparison of mass spectra and retention times with those of
reference material. The pyrolytic formation of both pyrolysis products can be explained by an elimination mecha-
nism of the cyclic side group [26]. The preservation of the specific caprolactam ring allows a clear attribution of the
pyrolysis products to the original polymer. However, to avoid misinterpretation a simultaneous detection of both
products is mandatory. Noteworthy, both types of pyrolysis (on-line and off-line) generated the same products with
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Fig. 1 On-line pyrolysis of PNVCL. a Main degradation products of poly(N-vinylcaprolactam). b Total ion chromatogram (TIC) of the main
pyrolytic products and their mass spectra: | e-caprolactam (molecular ion (M+) with m/z=113 for identification) and Il N-vinylcaprolactam
(M+ with m/z=139 for identification)
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Fig.2 Continuous flow off-line pyrolysis of PNVCL. Total ion and characteristic ion chromatograms for the pyrolysis products of poly(N-vinyl-
caprolactam). I e-caprolactam (m/z=285); Il N-vinylcaprolactam (m/z=96); lll total ion current

a highly similar relative composition. Further on, procedural blank analyses indicated no noticeable impurities and,
consequently, no cross contamination was evident.

Asillustrated in Fig. 2, the two products exhibit different gas chromatographic characteristics and differ in particu-
lar in peak shape. e-Caprolactam tend to produce an intensively fronting peak compared to N-vinylcaprolactam. This
fronting may be induced by the interaction of the unsubstituted amide nitrogen prevents a satisfactory quantitation
due to a resulting low quality in peak integration. Unfortunately, the better integrable peak of N-vinylcaprolactam
exhibit a smaller peak area leading to lower sensitivity in quantitation.

An attempt to improve the gas chromatographic properties of e-caprolactam by derivatization with a methylat-
ing substance failed. The addition of tetramethylammonium hydroxide (TMAH) or tetramethylaniline hydroxide as
in-situ methylation agent during the pyrolysis, an already reported approach in analytical pyrolysis [21, 27], did not
produce a N-methylated derivative. Also a systematic pyrolysis optimization approach by evaluating the duration of
pyrolysis, heating rate, different nitrogen flow and different pyrolysis temperatures revelaed no significantly affect on
the content of e-caprolactam but just increased the formation of N-vinylcaprolactam. Hence, all attempts to improve
the relative pyrolysis yields as well as to optimize chromatographic properties failed.

3.2 Quality assessment of quantitation

However, these specific pyrolysis products have been used for quantitation of poly (N-vinylcaprolactam). The quan-
titation is based on an external calibration using a linear correlation between the initial amount of polymer and the
detected peak areas of the product obtained after pyrolysis. For evaluating this analytical approach, the linearity,
sensitivity and reproducibility have been investigated as described in the following.

3.2.1 Linearity and calibration

Reference material of poly (N-vinylcaprolactam) was pyrolyzed at different concentration levels (5-500 pg) for genera-
tion of calibration curves. Triplicates were carried out for each concentration level. Representative GC chromatograms
of pyrolysis products for different initial amounts of poly (N-vinylcaprolactam) are shown in Fig. 3, while the calibration
curve is presented in Fig. 4. Notably, for correction of inaccuracies in particular of volumes (e.g., injection volume or
pyrolsate solvent volume) and to enhance the precision, the external calibration was normalized to a surrogate standard.

For all different initial amounts of poly(N-vinylcaprolactam) a good reproducibility was achieved with relative standard
deviations (RSD) varying from 13 to 68% for e-caprolactam and from 54 to 68% for N-vinylcaprolactam (Table 1) pointing
to a moderate but constant deviation. The generally higher RSD values for N-vinylcaprolactam can be explained by the
lower peak areas of this second pyrolysis product (see Fig. 3). A more extensive replication was applied for the lowest

@ Springer



Research Discover Water (2022) 233 | https://doi.org/10.1007/543832-022-00010-0

Fig.3 Continuous flow off-
line pyrolysis of PNVCL. lon
chromatograms at different
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Table 1 The values of relative 5 nt of PNVCL (ug) RSD for e-CL (%) RSD for
standard deviations during NVCL (%)
pyrolysis of different initial
amounts of PNVClas a 5 68 54
parameter for reproducibility 10 13 58

50 32 57

100 39 62

500 59 68

Values of 10, 50 and 100 pg based on triplicates, values of 5 and 500 pg based on five replications

and highest amounts to evaluate better the reproducibility of the pyolysis approach. Considering the pyrolysis process
as a complex process as well as the very low amounts or corresponding concentrations in water samples, these values
of reproducibility are acceptable for environmental analyses.

Notably, the peak shape of e-caprolactam changed systematically from a fronting to a tailing with decreasing amounts.

With respect to the four-point calibration curves, the corresponding linear correlation between the amount of PNVCL
and the response levels of e-caprolactam and N-vinylcaprolactam exhibited very high correlation coefficients (R?=0.9983
for e-caprolactam and R? =0.9942 for N-vinylcaprolactam) This high accuracy of the linear correlation pointing to a high
potential for performing a reliable quantification based on this calibration approach (Fig. 4).

3.2.2 Limit of detection and limit of quantification

The calculations of the limits of detection (LOD) and quantification (LOQ) were based on the lowest calibration point
(5 ng) and the measured signal-to-noise ratios (S/N). The LOQ was determined by extrapolation of these values to a
concentration at which the signal-to-noise ratios would reach approx. 10:1. LOQ values vary for both pyrolysis products
used for quantitation but are in the range of 0.5 and 5 g absolute amount of PNVCL subjected to pyrolysis, respectively.
Lower LOQ were obtained by using e-caprolactame as the result of higher peak areas as discussed in Sect. 3.1 (Table 2).
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Fig.5 a Calibration curve for e-caprolactam quantitation. b Amount of generated e-caprolactam as a function of the amount of pyrolyzed
PNVCL pointing to stable pyrolysis yields for varying intial amounts of polymer

3.2.3 Pyrolysis yield

To determine the relative pyrolysis yield of e-caprolactam, an external calibration based on the reference compound
g-caprolactam (concentrations varied from 5 to 25 ng) corrected by the surrogate standard was used. The calibration
exhibited a very high correlation coefficient (R*=0.976) and was used to directly quantify the yield of e-caprolactam
produced by pyrolysis (Fig. 5a). The results are presented in Table 3.
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Table3 Pyrolysis yield values a0\ e of PNVCL (ug) e-caprolactam produced by pyrolysis (ug) Pyrolysis yield for
for e-caprolactam e-caprolactam (%)

500 8.7 2.1
100 1.5 1.8
50 0.59 1.5
10 0.19 23
5 0.073 1.8

Pyrolysis yield values for e-caprolactam varied between 1.5 and 2.3%. For calculating a correct yield, pyrolysis yield
of e-caprolactamwas multiplied by a correction factor of 1.23 which represents (=139/113, the molar mass ratio of
g-caprolactam to N-vinylcaprolactam). However, this overall yield is lower as reported for poly(vinylpyrrolidone) by Antic
et al. [19]. However, the pyrolysis yield remains constant by decreasing amounts of pyrolyzed poly(N-vinycaprolactam).
This is also reflected by a very high correlation between initial amount of pyrolyzed poly(N-vinycaprolactam) and the
pyrolysis product e-caprolactam (Fig. 5b). These results revealed a very high stability of pyrolysis yields independent from
amounts and is a base for accurate pyrolysis-based quantitation.

3.2.4 Reproducibility of the pyrolysis procedure

Reproducibility as basic parameter for quantification procedures has been determined by multiple measurements includ-
ing all analytical steps. Five replications (pyrolysis) were performed with a minimum and maximum amount of polymers
of 5 ug and 500 pg. The relative standard deviation (RSD) was determined for individual specific pyrolysis products, as
summarized in Table 4. The values of RSD varied between 50 and 70% pointing to a moderate but constant deviation.
Considering the pyrolysis process as a complex process as well as the very low amounts or corresponding concentrations
in water samples, these values of reproducibility are acceptable for environmental analyses.

3.3 Real samples
Finally, the analytical approach has been tested by quantifying poly(N-vinylcaprolactam) in real wastewater samples

from Aachen, Germany. The analyses have been performed in duplicate. As illustrated in Fig. 6, the specific pyrolytic
products have been clearly identified in the waste water sample. Quantitation based on the described approach revealed

Table 4 Reproducibility of

. No Specific product m/z Amount of poly (N-vinylcaprolac-  RSD (%)
poly (N-vinylcaprolactam) tam)PNVCL (ug)
pyrolysisPNVCL analysis
. e-Caprolactam 85 5 68
500 59
1. N-vinylcaprolactam 96 5 54
500 68
Fig.6 Continuous flow off- *

line pyrolysis of wastewater

sample. lon chromatograms of

e-caprolactam (m/z=85) and

N-vinylcaprolactam (m/z=96)

as detected in the waste- *
water sample from Aachen,

Germany

caprolactam (m/z 85)

N-vinylcaprolactam (m/z 96)

retention time
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a concentration of around 70 pg/L. In more detail, for both samples the ion chromatograms of both pyrolysis products
have been used for quantitation revealing in total four different values, 87 and 92 pg/L for N-vinylcaprolactam as well
as 53 and 51 pg/L for e-caprolactam. This slight difference based on the different calibration curves for both pyrolysis
products. Nevertheless, the relatively good correspondence for both specific products provides clear evidence for the
presence of poly(N-vinylcaprolactam) in the waste water.

4 Conclusion

In summary, this work provided a methodological approach for the quantitative determination of poly (N-vinylcapro-
lactam) in wastewater samples by continuous-flow off-line pyrolysis-GC/MS for the first time. The analytical method
was proved for analytical quality by investigating the specificity of the pyrolysis products, the linearity, sensitivity and
reproducibility. This evaluation characterized this approach as very suitable for detection of this polymer in complex
environmental matrices such as wastewaters. Finally, the transferability has been checked by analyzing a real waste
water from a sewage treatment plant effluent.

Noteworthy, this is the first report on the occurrence of poly(N-vinylcaprolactam) in environmental samples. The
relatively high concentration of approx. 70 ug/L in the wastewater treatment plant effluent point to a general high
environmental relevance of this synthetic polymer for the aquatic environment.
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