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Abstract

:

Polyvinyl chloride (PVC), one of the most important polymer materials nowadays, has a large variety of formulations through the addition of various plasticizers to meet the property requirements of the different fields of applications. Routine analytical methods able to identify plasticizers and quantify their amount inside a PVC product with a high analysis throughput would promote an improved understanding of their impact on the macroscopic properties and the possible health and environmental risks associated with plasticizer leaching. In this context, a new approach to identify and quantify plasticizers employed in PVC commodities using low-field NMR spectroscopy and an appropriate non-deuterated solvent is introduced. The proposed method allows a low-cost, fast, and simple identification of the different plasticizers, even in the presence of a strong solvent signal. Plasticizer concentrations below 2 mg mL−1 in solution corresponding to 3 wt% in a PVC product can be quantified in just 1 min. The reliability of the proposed method is tested by comparison with results obtained under the same experimental conditions but using deuterated solvents. Additionally, the type and content of plasticizer in plasticized PVC samples were determined following an extraction procedure. Furthermore, possible ways to further decrease the quantification limit are discussed.
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1. Introduction


The amount of plastics produced worldwide has been increasing steadily in recent decades, with poly(vinyl chloride) (PVC) being the third most produced polymer after polyethylene and polypropylene [1]. PVC products are widely used in many fields of application including consumer products, construction, and packaging materials as well as medical devices. Concomitant with the growth of polymer production also comes a significant increase in the amount of used additives such as antioxidants [2], organic peroxides [3], and plasticizers. In particular, plasticizers account for about one third of the additives [4]. Forecasts predict a rise in the global demand for plasticizers to about 9.75 million tons in 2024 [5]. Plasticizers play an essential role in almost all formulations of polymer products, being especially important for PVC. The plasticizer content in PVC ranges from small amounts up to about 80 wt% for various industrial products [6,7]. Plasticizers are usually larger molecules with molar masses between 200 and 500 g/mol which have bulky or long side groups and serve the purpose to improve the flexibility of the PVC products by lowering the glass transition Tg of the pure polymer which is about 82 °C.



Due to economic and technical reasons, plasticizers are, in most cases, simply mixed with the polymer material [4]. In contrast to inner plasticizers, these external plasticizers are not chemically bound to the polymer chain and generally tend to migrate out of the product over time or in the presence of solvents. The detected leaching is strongly dependent on the experimental conditions and on the type and amount of plasticizer [8,9,10,11,12,13,14]. As a consequence, developing suitable mathematical models for predicting plasticizer leaching under various experimental conditions is a very challenging task, as also shown by the failure of accelerated tests to predict its long-term migration behavior [15,16]. The modeling is even more complicated for the plasticizer loss in the presence of solvents. This is due to a combined interplay between the migration of the plasticizer in the surrounding liquid and the ingress of the liquid itself into the PVC product at diffusivity rates which strongly depend on the concentration of the plasticizer inside the PVC and on the type of solvent [17].



However, a precise prediction of the behavior of a particular plasticizer under working conditions of a PVC product is of key importance for an improved understanding of the two major issues accompanying the plasticizer loss: 1) the deterioration of the original performance of the PVC products [18,19,20,21] and 2) possible environmental and health risks due to the toxicity of phthalate plasticizers [22,23,24,25]. Due to this, risk assessments and regulations have been introduced concerning the usage of plasticizers in products designed to be in contact with human skin or groceries [26,27,28]. This also led to the development of novel strategies to reduce the plasticizer loss and to design alternative and phthalate-free plasticizers [4,29,30,31].



Only very few studies exist today about the migration of these novel plasticizers and their health risks [14,32,33]. A reliable assessment of the above-mentioned risks requires identifying the type of plasticizer inside a PVC product and quantifying its release under particular experimental conditions. This in turn will help in designing plasticizers with improved properties. In addition, simple, cost-efficient, and reliable ways are needed for controlling, on a regular basis, how far the legal regulations are indeed respected.



Various analytical techniques are nowadays applied in the identification and/or quantification of plasticizers in PVC. They include Fourier-transform infrared (FT-IR) spectroscopy, mass spectrometry (MS), liquid and gas chromatography (LC and GC), thermogravimetric analysis, terahertz spectroscopy, and solid- and liquid-state nuclear magnetic resonance (NMR) spectroscopy [34,35,36,37,38,39,40,41]. Aside from FT-IR, LC, and GC-MS, a recent publication compared the analytical performance of liquid-state NMR spectroscopy conducted at a high magnetic field of 500 MHz and identified NMR as being a primer method able to precisely discriminate all investigated plasticizers [37]. This result is further supported by the identification of seven plasticizers in medical devices followed by quantification of their concentrations by adhering to a defined measuring procedure of the high-field NMR method in deuterated solvents [42]. Despite being, nowadays, an indispensable method for structural determination in chemistry, the applicability of high-field liquid-state NMR for the identification and eventual quantification of plasticizers in PVC was, up to now, restricted to a few dedicated studies largely from academia [38,42]. This is because the high-field NMR devices are expensive, need to be operated by skilled personnel in special facilities, and require the usage of deuterated solvents, which are more costly than the corresponding non-deuterated solvents. Hence, high-field NMR is usually not the method of choice for low-cost routine analysis in industry, in a medical environment, and even in academia.



However, the development of compact NMR instruments with open and closed geometries has opened new perspectives in many fields of activities [43,44,45,46,47,48,49,50,51]. Such NMR devices working at a low magnetic field, in the range of 40 to 60 MHz, are commercially available at low prices and can be operated by non-experts. Having a small size and being light, they can be placed in a synthesis laboratory on a bench or under a fume hood, near a production line, or in a corner in a hospital. Furthermore, a large variety of experimental NMR methods, including one-dimensional 1H and 13C spectroscopy, 2D spectroscopy, and relaxation, are readily implemented to work at low-field NMR. As a consequence, compact low-field NMR has become an excellent alternative to high-field NMR for a large variety of investigations. In particular, low-field NMR spectroscopy is well suited for the detailed structural characterization of small molecules and reaction monitoring [44,46]. The application of low-field NMR spectroscopy for the study of larger and more complex molecules has started more recently. This is because the analysis of the corresponding spectra is far more challenging than for smaller molecules due to a stronger overlap of the resonances than in the high field. Comparisons with the corresponding liquid spectra from high-field NMR and/or a combination with chemometrics or other analytical methods are useful and often the needed method for a reliable signal identification and assignment [45,52,53,54,55].



In this work, the applicability of low-field NMR spectroscopy for the identification and quantification of PVC plasticizers is, for the first time, investigated and demonstrated with the help of five different plasticizers (Figure 1). In addition, a novel experimental protocol is proposed for gaining the needed information in a fast way and without the need for deuterated solvents. Moreover, possible methodological and hardware improvements to further lower the quantification limit are discussed. These traits make the introduced approach particularly interesting as an alternative to high-field NMR and for routine quality control in various environments. Furthermore, it could be used for the identification and quantification of additives for other polymer materials.




2. Results and Discussions


2.1. 1H NMR Spectroscopy


1H NMR spectroscopy is an appropriate analytical method to analyze PVC plasticizers as it can differentiate between the signals given by various functional groups and their intensities are directly related to the amount of plasticizer inside the NMR tube. According to results acquired at high-magnetic fields in deuterated solvents [42,56], the 1H NMR spectra of various plasticizers contain peaks in the aromatic region around 7 ppm, between 3 and 4 ppm for the α-CH2 groups next to the ester bond, and at around 1 ppm for aliphatic CH2, while the CH3 chain ends appear at around 0.8 ppm. An exception to this is DINCH which has a cyclohexene dicarboxylic acid core instead of phthalic acid and consequently shows no peak in the aromatic region of the spectrum. These features show that various plasticizers can be well discriminated by using characteristic proton resonances.



One can thus anticipate that a discrimination of plasticizers would also be possible using low-field NMR spectroscopy even if the resonances would be less separated. Furthermore, given that the characteristic proton resonances are located in a spectral range above 2.5 ppm, one could argue that non-deuterated solvents, which give signals outside the range of interest, can be used to acquire the proton spectra instead of deuterated solvents. One example of such solvent is n-hexane which is reported to be a good solvent for plasticizers [57] and gives proton signals under 1.3 ppm, at positions largely independent of the presence of other solvents [58]. A methodology using non-deuterated solvents is especially attractive in the view of the strongly reduced costs as compared to the case when deuterated solvents are employed for routine analyses. It is also more appropriate for investigating plasticizer leaching under real conditions.



Typical proton low-field NMR spectra of various plasticizers dissolved in deuterated chloroform as well as in non-deuterated hexane are depicted in Figure 2a,b and in full scale in Figure S1. One can clearly observe from Figure 2a that the spectral region below 3 ppm is very crowded, and the signals are largely similar among the various plasticizers, except for DIBP. Nevertheless, this is not an impediment as the signals above 3 ppm are well separated and can be used for the purpose of identification and quantification. This observation is in agreement with the results previously reported [42,56]. Exactly these spectral features are also advantageous when a plasticizer is dissolved in a non-deuterated solvent. This is demonstrated in Figure 2b by the typical low-field 1H NMR spectra of the investigated plasticizers in non-deuterated n-hexane for a plasticizer concentration of 10 vol.% (94.4–103.9 mg mL−1) and in Figure S2 for varying concentrations down to 0.1 vol.% (0.97 mg mL−1). As expected, the solvent shows strong signals at lower ppm values. Obviously, the resonances below 2 ppm in Figure 2b are covered by the strong n-hexane peak and, thus, cannot be used for quantification. However, the spectra acquired in deuterated chloroform and non-deuterated n-hexane are highly similar, being above 3 ppm, except the residual chloroform peak and differences in chemical shift due to solvent effects. Thus, the aromatic and α-CH2 regions can be used to identify and quantify PVC plasticizers. Even at a plasticizer concentration as low as 1 vol.% and below, characteristic resonances of the various plasticizers can be identified in this spectral range in the presence of the non-deuterated solvent which poses no impediments by its strong signal in the low-ppm region (Figures S2 and S3). Moreover, the 1H low-field NMR spectra depicted in Figure 2 conveniently allow the identification of the various plasticizers with the help of the specific spectral features, despite the used magnetic field being a factor 10 lower than in [42].



The aromatic spectral region around 7 ppm indicates that one can easily differentiate DINCH from all the other plasticizer types by the lack of signals in this region. Furthermore, TOTM shows a completely different spectral pattern at this position compared to all the other investigated plasticizers. This specific signal can be used for its identification. The observed spectral pattern is because TOTM is a derivate of trimellitic acid instead of phthalic acid, which has three rather than two carboxylic acid side groups. This leads to the strong splitting of the aromatic peak. Additionally, as TOTM possesses one more substituent at the aromatic ring, less hydrogen atoms contribute to the aromatic signal. DINP, DIBP, and DEHP show similar peak shapes in this spectral region, which makes their identification impossible when using only this signal. However, due to the structural differences in their aliphatic side chains, the peaks between 3 and 4 ppm have different shapes and intensities compared to the signals around 7 ppm. The specific characteristics of the three plasticizers in this region can also be used for their identification. In particular, DIBP shows the most distinctive and intense signal. Its peak at 3.5 ppm has a doublet with a J-coupling constant of 6.5 Hz due the single proton bound to the tertiary carbon atom at the β-position of the isobutylic group. DEHP also shows a doublet, which is shifted towards the lower field by 0.19 ppm and shows a significantly lower J-coupling constant of 4.5 Hz when compared to the DIBP doublet.



DINCH and DINP are mixtures of plasticizers with several iso-nonyl chains, causing the signals in this spectral region to be relatively broad. Despite having a similar shape, the signal of DINCH is shifted to the higher field by 0.23 ppm, allowing further differentiating them.



From the above findings, it becomes clear that the analysis of the peak positions, their shapes, and their intensities in the aromatic and ester regions of the 1H spectrum delivers enough information to identify each of these five plasticizers. This type of identification, however, could be more complicated, especially at a low magnetic field, when investigating mixtures of various plasticizers due to the overlap of the resonances of interest. In this case, the use of 13C spectra may be needed (see Section 2.2).



Following the identification of the plasticizer type, quantifying its concentration is the next step. Proton NMR spectroscopy is generally well suited for this purpose as the integral of a signal is directly proportional to the number of protons contributing to it and, through that, is directly proportional to the concentration of the investigated sample. The procedure applied in [42] uses an internal reference compound in a coaxial tube inserted into the 5 mm NMR tube containing the plasticizer solution to be measured. The concentration of the used reference compound was a priori calibrated with a plasticizer solution of known concentration. This procedure is common in liquid-state NMR and can be also implemented at low fields but leads to a reduced signal intensity due to the decreased volume of the sample of interest and possibly to peak distortions as well.



To overcome these issues, we generated an external calibration curve by correlating the integral value of the signal of interest to the plasticizer’s concentration. This procedure was applied for all investigated plasticizers in the whole range of studied concentrations. Figure 3a shows, exemplarily for DINP, the dependence between the known plasticizer concentration and the corresponding integral of the two signals, which could, in principle, be used for chemical identification. The integral of the aromatic peak (around 7 ppm) shows a linear behavior with the plasticizer concentration. The ester peak at around 3.5 ppm, however, shows a slight offset from the ideal linear trend which becomes more pronounced on a logarithmic scale with decreasing concentrations. This can be explained by an additional signal given by the solvent’s 13C satellite peaks which, at a lower plasticizer concentration, start to overlap with this spectral region. 1H-13C decoupling techniques come standard with modern compact NMR spectrometer but were not available for the 40 MHz instrument used for this study. If a quantification with the aromatic region is not applicable—like in the case of DINCH—the utilization of a different suitable solvent such as benzene or chloroform would move the strong solvent peaks away from the region of 3.5 ppm, hence abolishing overlapping of solvent and ester peaks. Alternatively, spectral deconvolution techniques could be applied at this point to numerically decrease the error introduced by overlap. Although powerful, spectral deconvolution requires the operator to have the know-how and experience in that field. To keep the proposed quantification methodology simple, we determined the peak prominence in addition to the integral to serve as a compensation for overlapping peaks.



Figure 3b shows that the peak prominences follow a linear trend with the exception of the data point of the lowest concentration. This is below the determined limit of quantification for DINP measured with four scans and thus is strongly influenced by noise. Additionally, the data points for the peak prominence of the 80 and 100 vol.% solutions also do not follow the linear trend. This can be explained by the high, sirup-like viscosity of the pure plasticizer, which causes the Free Induction Decay (FID) to decay more rapidly, resulting in broader, instead of taller, peaks. This behavior is also reflected in the samples’ spin–spin relaxation times as exemplarily shown for TOTM and DIBP in Figure S4. Thus, for quantification purposes, the aromatic peak region around 7 ppm is preferable. If not applicable, like in the case of DINCH, the peak prominence around 3.5 ppm can be utilized as an alternative as it also shows a strongly linear correlation with the plasticizer concentration.



The determined limit of detection (LOD) and limit of quantification (LOQ) values of every plasticizer are highly influenced by the peak structure in the NMR spectrum. Hence, they vary for every individual plasticizer and the used ppm range for this purpose. Consequently, both limits are higher for TOTM in Table 1, caused by the molecular features discussed above. These features effectively lower the signal-to-noise ratio for this plasticizer in the aromatic spectral range, which was used for the determination of the LOD and LOQ. However, when analyzing the ester region of the spectrum, the signal intensity of TOTM would be higher compared to the other plasticizers as there are three, rather than two, ester groups in this molecule.




2.2. 13C NMR Spectroscopy


Nowadays, liquid-state 13C NMR spectroscopy at a high magnetic field is often the method of choice in the structural characterization of complex and larger molecules owing to its lack of homonuclear coupling and broader signal dispersion compared to 1H NMR. Liquid-state 13C spectra of various plasticizers recorded at a high magnetic field are reported in various sources but, to our knowledge, never in a systematic way towards comparison and quantification and never at a low magnetic field. Therefore, we investigated, for the first time, the applicability of low-field 13C NMR liquid-state spectroscopy for the identification of plasticizers and quantification of their concentration.



Due to the low natural abundance of 13C, the acquisition of the spectra for obtaining a reasonable signal-to-noise ratio lasts much longer than the corresponding 1H spectra. For investigating how far 13C spectroscopy at a low field strength is applicable to everyday practice, the acquisition time of recording the spectra was set to around 32 min. This was achieved by accumulating 128 scans with a repetition delay of 15 s. Figure 4a exemplarily depicts the 13C low-field NMR spectra of all studied plasticizers in n-hexane at a concentration of 60 vol.%. In addition, Figure S5 shows the acquired 13C spectra of DIBP, ranging from 10 to 100 vol.%.



While n-hexane shows three distinct signals at around 14, 23, and 32 ppm (marked with asterisks in Figure 4a and Figure S5), all the other signals belong to the plasticizers. They show a large dispersion over almost 180 ppm and all are well observable, even under the used experimental conditions. Furthermore, the signals of all plasticizers are outside the range where dissolved PVC would have its own signals (from about 44 to 49 ppm and from about 55 to about 58 ppm) [38]. This means that one could perform the measurements directly on the dissolved plasticized PVC sample without the need for removing the polymer or performing extraction studies.



Analyzing the spectral range of the carboxylic carbon atom between 160 and 175 ppm already allows identifying DINCH and TOTM. This is because the ring structure of these plasticizers differs from the phthalate-based ones. As a result, DINCH shows a peak at 171.54 ppm and TOTM shows three peaks at 163.49, 165.02, and 165.61 ppm, whereas the other plasticizers exhibit one peak at roughly 166 ppm. As these differences in the carboxylic peak region arise from differences in the aromatic core of these plasticizers, the same conclusion can be drawn when analyzing the aromatic part of the spectrum between 127 and 137 ppm. DINCH shows no signals in this region, whereas TOTM exhibits a more complex peak structure compared to the signals of the other three molecules.



DEHP, DIBP, and DINP all possess different aliphatic side chains. Therefore, these components can be identified by analyzing the signal of the carbon atom at the α-position of the side group between 60 and 71 ppm. Here, DIBP shows the highest chemical shift with 70.66 ppm. DEHP, on the other hand, has its peak at 66.87 ppm, followed by DINP which has the smallest chemical shift in this spectral region and shows two peaks at 64.72 and 65.05 ppm. In theory, DINCH and DINP should have an identical peak pattern here. However, as both chemicals are mixtures with different iso-nonyl side chains, this is not true. In this case, DINP only shows one signal for the α-position of the side chain and no signal around 38–43 ppm where an aliphatic tertiary carbon atom would appear. This fact suggests that the examined DINP contains more n-nonyl side chains, whereas for DINCH, the aliphatic groups are a mixture of several iso-nonyl groups.



As a conclusion, the investigated plasticizers can easily be distinguished from others even at a low magnetic field strength with a simple comparison of the 13C spectra. However, this will not be feasible during the half an hour measuring time when very low amounts are present. Furthermore, their quantification using 13C NMR is challenging. The relaxation times T1 of 13C nuclei usually have higher values compared to 1H. This circumstance and the low 13C natural abundance of 1.1% translate to longer measuring times. Moreover, 13C liquid-state spectra are, in most cases, recorded using shorter recycle delays than those dictated by the 13C longitudinal relaxation times T1. Thus, the recorded spectrum is not quantitative and the signal integral will be also affected by the nuclear Overhauser effect (NOE) enhancement. This means that the peaks’ integral does not necessarily correspond to the amount of contributing 13C nuclei from the molecule. The signal intensity of the observed carbon nucleus will be boosted depending on the amount of hydrogen nuclei close to it as these can transfer their nuclear polarization to the carbon. Therefore, the spectra shown in Figure 4 are not quantitative in the way 1H spectra are, meaning that, e.g., if one peak in the spectrum is double in integral compared to a second, it is not necessarily the case that this signal is produced by twice as many nuclei.



However, following the same procedure as applied for proton spectra and using the same series of samples, the correlation between the integrals of particular 13C signals and the known plasticizer concentrations can be investigated. A linear behavior between the plasticizer’s concentration and the peak integral is obtained for various signals as exemplarily depicted for DIBP (Figure 4b). These curves can then be employed for any further quantification of the plasticizer concentration. The use of only 128 scans enables identification of plasticizers at concentrations as low as 50 mg mL−1, but they are, however, not enough for a reliable quantification of concentrations under 100 mg mL−1 due to the high noise level. Both values could be further improved at the cost of longer measurement times.




2.3. Test of the Proposed Method


To test the reliability of the proposed method for the identification and quantification of plasticizers using 1H low-field spectroscopy in the presence of non-deuterated solvents and with the help of external calibration, plasticizer extraction experiments with five plasticized PVC samples with unknown histories using both deuterated and non-deuterated solvents were performed. Each extraction, as described and validated in the literature [57], was repeated three times using deuterated chloroform and non-deuterated n-hexane. Figure 5 shows the obtained 1H spectra.



Identification of the plasticizer in the samples is convenient, even at a low magnetic field strength, as the spectra of the pure components were available from the calibration step. Given the specific spectral features of each plasticizer, the results from Figure 5 indicate that all samples contain only one type of plasticizer. In particular, the samples 1 to 3 can be identified as samples containing DINCH, while the samples 4 and 5 can be identified as samples containing DINP. Integrating the spectrum in the same ppm region as employed for the calibration curve yields the plasticizer concentration in the sample solution in the tube. The obtained results are shown in Table 2.



Since DINCH does not contain aromatic structures, its signal around 3.5 ppm was used for analysis. This ppm range shows some overlap with the hexane peak as the concentration of the plasticizer in the extraction liquid is relatively low. In order to increase the accuracy of the DINCH quantification, we determined the peak prominence and full-width-half-maximum (FWHM) to compensate for the hexane overlap.



The results in Table 2 would indicate, at a first glance, a large standard deviation of the analytical measurement. Re-measuring the same samples yielded a highly similar spectrum and plasticizer content. The relative error of the integral between several measurements of the same sample tube with plasticizer concentrations between 5 and 30 mg mL−1 is about 0.5–0.7%, which is much lower than the errors in Table 2. The reason for the detected differences is due to a heterogeneous distribution of the plasticizer in the PVC sheets. The fact that samples taken in the middle of the sheet contained less plasticizer compared to the edges indicates that the plasticizer has already migrated to the outside of the polymer structure. A comparison of 1H-NMR spectra measured at the low field and at 400 MHz on the same sample tubes validated the fact that samples taken from the same PVC sheet indeed contained different amounts of plasticizer. This further indicates that the precision of the measurement is high, but the local plasticizer content in different areas of the PVC sheet varies.



Ascertaining the plasticizer content gravimetrically to cross-check the NMR results yielded a plasticizer content between 7.2 and 11 wt.% lower compared to the extraction method. This result suggests that either the plasticizer was not fully extracted, or the solvent could not completely be removed from the PVC sample after several days of vacuum drying. A second extraction step with just enough solvent to cover the sample, however, showed no plasticizer signal at all, even with a larger number of scans. Kastner et al. [14] reported complex interactions between the solvent and plasticized polymer, indicating that gravimetric analysis, though simple in preparation and execution, is not suitable for plasticizer quantification without further methodical modifications. Results of the gravimetric analysis are shown in Table S1 and S2.




2.4. How to Further Improve the Low-Field NMR Identification and Quantification


The most accessible method of identifying and quantifying plasticizers in PVC products, which offers reasonable precision with a lower consumption of time, costs, and workforce, was aimed for. Possibilities to improve this method are plentiful but they will add an additional step in the sample preparation, costs, or the time needed for an analysis. The easiest improvement would be the implementation of 13C-decoupling in the 1H spectra. This option comes standard in today’s benchtop NMR spectrometers with a carbon channel but was not available with the 40 MHz instrument used in this study as it is one of the first-generation devices. 13C-decoupling would have a noticeable effect especially on the n-hexane peak and would vastly enhance the spectral resolution at low plasticizer concentrations. Figures S2 and S3 exemplarily visualize this effect on various plasticizers. The 13C satellite peaks of hexane appear between 2 and 2.5 ppm as well as below 0 ppm. At low plasticizer concentrations, the satellite peaks have a similar intensity to the analyte and increase the width of the already pronounced n-hexane peak.



Another option to improve the analysis outcome in terms of identification followed by quantification would be to increase the signal-to-noise ratio (SNR). For the extraction method, we used plenty of solvent compared to the mass of PVC. Hence, the plasticizer concentration of the extract was low (1–3 wt.%). The easiest way to improve the SNR would be to decrease the amount of solvent used for extraction. However, in this case, one runs the risk of an incomplete extraction. Alternatively, one could let the solvent evaporate after the extraction time and re-solve the plasticizer with just enough solvent to fill the sensitive region of the NMR spectrometer. In this way, the concentration and therefore the signal strength of the examined sample can drastically be increased which facilitates the plasticizer identification. Having a relative vapor pressure of a maximum of 60 Pa (DINP) compared to 162 hPa for n-hexane (209 hPa for chloroform) at 20 °C makes it unlikely to lose a significant amount of plasticizer during solvent evaporation. A second alternative to increase the SNR for given experimental conditions in terms of the magnetic field strength and temperature is by increasing the number of scans. This in turn leads to an increase in the experimental time. Nevertheless, in this way, the LOD and LOQ can be further decreased.



Furthermore, benefits can be gained by eliminating the peak overlap. This can be achieved by using deuterated solvents such as d-chloroform, which we used in the solvent extraction method as an alternative to n-hexane. Most of these, however, are more costly and thus the choice of solvents is limited. Technical n-hexane is around 10–15 times less expensive than d-chloroform, which can be considered as one of the low-priced deuterated solvents. As the results of this work have shown, there is no drawback in terms of identification and quantification of plasticizer solutions if n-hexane is being utilized. However, deuterated solvents can be beneficial if, e.g., mixtures of multiple plasticizers are present, making their identification more challenging. As shown in Figure 6a, all three spectral regions of interest (aliphatic, ester, and aromatic) are analyzable and separated by the baseline when d-chloroform is being used as a solvent.



Alternatively, both the signal-to-noise ratio and peak overlap can be improved by increasing the magnetic field strength of the NMR device. In order to keep all the benefits benchtop NMR offers for routine analysis, we compared spectra acquired with the Spinsolve 40 Carbon, which was used in this study, with those acquired using a Spinsolve 60 ULTRA working at a magnetic field of 60 MHz, rather than 40 MHz. The effect of increasing the magnetic field strength is shown in Figure 6b where a sample containing a DIBP concentration of 16.67 mg mL−1 is measured on both devices with four scans and a 15 s repetition delay. The result indicates that the 60 MHz spectrometer delivers baseline separated peaks with the n-hexane solution, which is a great benefit compared to the 40 MHz spectrum. When extracting the plasticizer with deuterated chloroform, however, upgrading to the 60 MHz device hardly shows to be beneficial.



According to the regulation (EC) No 1907/2006 of the European Parliament and of the European Council [59], a relevant plasticizer present in a polymer by more than 0.1% per weight must undergo a chemical safety assessment. Such a plasticizer content in a PVC product leads to a concentration of 0.05 mg of plasticizer solved in 1 mL of n-hexane after the solvent extraction has been performed, as described in this work. As depicted in Table 1, this concentration is lower than the LOQ achieved with the 1 min measuring time by 1H NMR spectroscopy. In order to determine concentrations at this legal threshold with the low-field NMR method, the number of scans should theoretically be increased to around 400 in order to increase the SNR. Measuring a 0.05 mg mL−1 solution of DIBP with 256, 512, 1024, and 2048 scans with a 7 s repetition time led to the result that the LOQ could only be reached with 1024 scans in combination with an advanced baseline correction. Nevertheless, Figure S6 shows that distinct qualitative spectral features are still noticeable without implementing more sophisticated methods. Thus, slightly adjusting the straightforward low-field NMR method proposed in this work with further improvements discussed in this section can meet the criteria given by the European Union, even for less experienced users.




2.5. Low-Field NMR versus Conventional High-Field NMR


Given that low-field NMR hardware is, by far, more affordable compared to high-field NMR hardware and the costs for maintenance, extra personnel, and facilities are negligible, the results shown in the previous sections indicate that the proposed low-field NMR analysis is a low-cost alternative for the study of PVC plasticizers. The analysis costs at a low field can be further decreased with the use of non-deuterated solvents. However, limits of identification and quantification for plasticizers are higher when comparing our approach with the reported results in [42], which employed high-field NMR.



With the data provided in [42], a minimum plasticizer content in PVC was calculated, which can still be detected by high-field NMR after solvent extraction within 20 min of the measuring time, and we compared this value to the reported low-field NMR results. The minimum plasticizer content in PVC detected at the low field within 1 min, a measuring time which is 20 times lower than in the high field, is only higher by a factor 3 compared to the high-field value (0.336 and 0.96 wt%). This factor 3 relates primarily to the combination of two effects: the size of the sensitive volume and the amount of solvent used for the extraction step.



Advantageous for the low-field method is the larger sensitive volume (0.4 mL) compared to the high-field NMR magnet which results in higher absolute plasticizer contents at identical concentrations. More precisely, the high-field NMR magnet has a sensitive volume of 0.2 mL, which is further decreased to 0.167 mL due to the employed coaxial insert [42]. Furthermore, this work successfully lowered the detectable plasticizer content by reducing the amount of solvent in the extraction step to the lowest ratio reported in the literature. This leads to the phenomenon that the LOD of a plasticizer solution at the high field is lower by a factor of roughly 1000 (42 µg mL−1 at the high field versus 48 mg mL−1 at the low field for DINP), but the minimum detectable plasticizer content in PVC is only lower by a factor of 3.





3. Materials and Methods


3.1. Samples


All solvents and plasticizers investigated in this study were purchased from Sigma-Aldrich and used without further purification. Dilution series with plasticizer concentrations ranging from 0.1 to 100 vol.% (0.97–1039 mg mL−1) were prepared with deuterated chloroform and non-deuterated hexane using Eppendorf pipettes. A total volume of the plasticizer/solvent mixture of 0.5 mL was then filled into a standard 5 mm NMR tube. 1H-NMR spectroscopy measurements revealed that no detectable amount of additive from the pipette’s plastic tip was extracted during the time of filling the utilized solvents into the NMR tubes. The NMR tube was then tightly sealed to prevent solvent evaporation during measurements and storage. In addition, the tube’s filling level was marked after filling to serve as a control feature.



Plasticized PVC samples with unknown histories were used to test the proposed procedure and for identifying the plasticizer type and quantifying its amount with the help of solvent extraction procedures. For this, each available PVC sample was cut in small pieces and carefully weighted. Extraction was conducted at room temperature by using 130–300 mg PVC and 2.6–6 mL (roughly 20 times the amount of the PVC sample) of deuterated chloroform or non-deuterated hexane for 24 h according to [57]. Proton NMR spectra were recorded for the extracted solutions to obtain the plasticizer concentration csample. The total mass of extracted plasticizer, as defined by equation (2), can be calculated by transposing equation (1). This value is then required to determine the mass percentage of plasticizer in the PVC sheet. Following the extraction step, the sample sheets were dried under vacuum for 24 h and weighted again to additionally analyze the amount of plasticizer loss gravimetrically.


   c  sample   =    m  plasticizer      m  solvent   +  m  plasticizer      



(1)






   m  plasticizer   =    m  solvent   ∗  c  sample     1 −  c  sample      



(2)








3.2. NMR Experiments


The NMR experiments were performed on a Magritek Spinsolve 40 Carbon (Figure 7) working at a frequency of 43 MHz for protons and 11 MHz for 13C and at a constant magnet temperature of 28 °C. For selected samples, 1H spectra were measured also using a Magritek Spinsolve 60 ULTRA working at a frequency of 60 MHz for protons and at a constant temperature of 26.5 °C. Before each measurement, the magnetic field was shimmed to a linewidth of less than 0.5 Hz at half peak height using a 90/10 D2O/H2O sample for 40 MHz and a linewidth of less than 0.3 Hz at half peak height was achieved at 60 MHz using a 95/5 D2O/H2O sample as specified by the manufacturer. 1H and 13C spectra as well as 1H spin–lattice relaxation times T1 were measured for dilution series for every plasticizer. All 1H spectra were acquired using 4 scans and the device’s standard repetition time of 15 s, which is longer than the corresponding 5× T1, with T1 being between 1 and 2 s at most for all plasticizers. Thus, the total measuring time for a spectrum was 1 min. This number of scans was chosen to keep the experimental time short. This is especially of interest if a daily analysis routine with large sample quantities is planned.



All spectra were referenced to the distinct solvent peak present in the mixtures. T1 were acquired with the inversion recovery method, accumulating 4 scans at inversion times ranging from 1 ms to 5 s. Knowing the samples’ relaxation times permits the manual reduction in the repetition time without suffering a signal intensity loss. However, for the purpose of simplicity and the easy application of the method for non-NMR users, we decided to employ the standard repetition time of 15 s implemented in the Spinsolve software. All 13C spectra were measured using proton decoupling during acquisition by accumulating 128 scans also with a repetition time of 15 s.



Due to reproducibility concerns, all NMR measurements conducted for the calibration were performed 5 times for all plasticizers. Plasticizer signals in another spectrum region different to that of the solvent were integrated for quantifying the plasticizer content in a particular sample.



For determining the limit of detection (LOD) and the limit of quantification (LOQ) [60] of the low-field NMR method, phase and baseline corrections as well as a line broadening of 0.3 Hz were applied to the spectra. The peak integral of the aromatic peak region was plotted against the solution’s concentration and then a linear fit curve was used to determine the LOD and LOQ. Knowing the instrument’s sensitive volume allows calculating the corresponding weight percentages of a plasticizer in a PVC material in order to detect or quantify it by the solvent extraction method.





4. Conclusions


This work evaluates, for the first time, the applicability of 1H and 13C low-field NMR spectroscopy for the identification of various PVC plasticizers in solution and the quantification of their amount. While the standard way of conducting such studies is by dissolving the plasticizers in expensive deuterated solvents, our work demonstrates that the same information can be obtained with the help of suited non-deuterated solvents, given that they have their signals outside the range of interest. Furthermore, the same non-deuterated solvents can also be used for the extraction step of plasticizers from PVC products.



The identification of plasticizers was conducted with the help of specific 1H and 13C resonances, which are well separated even at the low field. These signals were then used for quantification purposes in conjunction with a priori established correlation curves. The correlation curves were established between the integral of the signals of interests in both the 1H and 13C and the known concentration of plasticizer in solution. 1H NMR spectroscopy showed to be the most promising tool in terms of the minimum plasticizer content to be identified and quantified in a short period of time due to the much higher SNR than 13C NMR. More precisely, low-field 1H spectroscopy enables the identification and the quantification of plasticizer concentrations as low as 2 mg mL−1 in solution, corresponding to ~3 wt% in a PVC product, within one minute of the measurement time. The suitability of the proposed method using non-deuterated solvents is demonstrated by comparisons with the spectra recorded on the same plasticizer dissolved in a suited deuterated solvent and by identifying the type of plasticizer extracted from the PVC of samples with unknown histories and quantifying its amount.



Analyzing the minimum plasticizer content in PVC products requested by the European Union is achievable, if the straightforward approach discussed in this work is refined with the methods discussed in Section 2.4. Thus, the combination of low-field NMR with non-deuterated solvents offers a very cost-effective, yet powerful method complementary to high-field NMR, LC, FTIR, or GC-MS, making it well suited for routine quality analysis of large numbers of plasticized PVC samples.








Supplementary Materials


The following are available online, Figure S1: 40 MHz 1H NMR spectra of the investigated plasticizers at concentrations of 10 vol.% in (a) deuterated chloroform and (b) non-deuterated n-hexane without zoom. Spectra have been referenced to the residual deuterated chloroform (signal marked with asterisk at 7.26 ppm) and n-hexane (0.8 ppm) peaks, respectively. Figure S2: 40 MHz 1H NMR spectra of DINP in non-deuterated hexane at varying concentrations. All spectra have been referenced to the signal of the n-hexane (0.8 ppm) peak. The specific resonances at around 7 ppm can be observed even at concentrations as low as 0.1 vol.% with only 4 scans. Figure S3: 40 MHz 1H NMR spectra of all investigated plasticizers in non-deuterated n-hexane at a concentration of 1 vol. %. All spectra have been referenced to the signal of the n-hexane (0.8 ppm) peak. Figure S4: 1H-NMR (a) T1 and (b) T2 relaxation times of TOTM and DIBP at all investigated concentrations measured at 40 MHz. For each concentration, the reported relaxation times are the average of three measurements. Figure S5: 13C spectra of DIBP at various concentrations recorded at 40 MHz. The asterisks correspond to the signals from n-hexane. Figure S6: 1H NMR spectra of a 0.05 mg mL−1 DIBP solution in non-deuterated n-hexane in a stacked plot. SNRs at 3.5 ppm are 5.6, 8.5, and 8.7 for 512, 1024, and 2048 scans, respectively. SNRs at 7 ppm are 6.1, 7.0, and 7.5 for 512, 1024, and 2048 scans, respectively. Table S1: Results of gravimetric analyses of unknown PVC samples used for solvent extraction discussed in Section 2.3. Table S2: Mean results from each sample displayed in Table S1 and individual results from CDCl3 and n-hexane extraction.





Author Contributions


Conceptualization, A.A.; investigation, A.D., A.A.; writing—original draft preparation, A.D.; writing—review and editing, A.A.; supervision, A.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Andrady, A.L.; Neal, M.A. Applications and societal benefits of plastics. Philos. Trans. R. Soc. B Biol. Sci. 2009, 364, 1977–1984. [Google Scholar] [CrossRef] [PubMed]

	



Plastic antioxidants market projected to reach US$2.11 billion by 2022. Addit. Polym. 2018. [CrossRef]

	



Organic peroxide market forecast to be worth US$1.20 billion by 2025. Addit. Polym. 2018. [CrossRef]

	



Rahman, M.; Brazel, C. The plasticizer market: An assessment of traditional plasticizers and research trends to meet new challenges. Prog. Polym. Sci. 2004, 29, 1223–1248. [Google Scholar] [CrossRef]

	



Global demand for plasticizers continues to rise. Addit. Polym. 2017, 10–11. [CrossRef]

	



Wilkes, C.E.; Summers, J.W.; Daniels, C.A.; Berard, M.T. PVC Handbook, Hanser, Munich, Cincinnati. In PVC Formulary; Wypych, G., Ed.; ChemTec Publishing: Scarborough, ON, Canada, 2005. [Google Scholar]

	



Wypych, G. PVC Formulary, 3rd ed.; ChemTec Publishing: Scarborough, ON, Canada, 2020. [Google Scholar]

	



Bernard, L.; Cueff, R.; Bourdeaux, D.; Breysse, C.; Sautou, V. Analysis of plasticizers in poly (vinyl chloride) medical devices for infusion and artificial nutrition: Comparison and optimization of the extraction procedures, a pre-migration test step. Anal. Bioanal. Chem. 2015, 407, 1651–1659. [Google Scholar] [CrossRef]

	



Messadi, D.; Vergnaud, J.M. Plasticizer transfer from plasticized PVC into ethanol–water mixtures. J. Appl. Polym. Sci. 1982, 27, 3945–3955. [Google Scholar] [CrossRef]

	



Messadi, D.; Taverdet, J.L.; Vergnaud, J.M. Plasticizer migration from plasticized poly (vinyl chloride) into liquids. Effect of several parameters on the transfer. Ind. Eng. Chem. Prod. Res. Dev. 1983, 22, 142–146. [Google Scholar] [CrossRef]

	



Demir, A.P.T.; Ulutan, S. Migration of phthalate and non-phthalate plasticizers out of plasticized PVC films into air. J. Appl. Polym. Sci. 2012. [Google Scholar] [CrossRef]

	



Kovačić, T.; Mrklić, Ž. The kinetic parameters for the evaporation of plasticizers from plasticized poly (vinyl chloride). Thermochim. Acta 2002, 381, 49–60. [Google Scholar] [CrossRef]

	



Reddy, N.N.; Mohan, Y.M.; Varaprasad, K.; Ravindra, S.; Vimala, K.; Raju, K.M. Surface treatment of plasticized poly (vinyl chloride) to prevent plasticizer migration. J. Appl. Polym. Sci. 2010, 115, 1589–1597. [Google Scholar] [CrossRef]

	



Kastner, J.; Cooper, D.G.; Marić, M.; Dodd, P.; Yargeau, V. Aqueous leaching of di-2-ethylhexyl phthalate and “green” plasticizers from poly (vinyl chloride). Sci. Total. Environ. 2012, 432, 357–364. [Google Scholar] [CrossRef] [PubMed]

	



Linde, E.; Gedde, U. Plasticizer migration from PVC cable insulation—The challenges of extrapolation methods. Polym. Degrad. Stab. 2014, 101, 24–31. [Google Scholar] [CrossRef]

	



Ekelund, M.; Azhdar, B.; Hedenqvist, M.; Gedde, U. Long-term performance of poly (vinyl chloride) cables, Part 2: Migration of plasticizer. Polym. Degrad. Stab. 2008, 93, 1704–1710. [Google Scholar] [CrossRef]

	



Taverdet, J.L.; Vergnaud, J.M. Modelization of matter transfers between plasticized PVC and liquids in case of a maximum for liquid-time curves. J. Appl. Polym. Sci. 1986, 31, 111–122. [Google Scholar] [CrossRef]

	



Audouin, L.; Dalle, B.; Metzger, G.; Verdu, J. Thermal Aging of Plasticized PVC. 11. Effect of Plasticizer Loss on Electrical and Mechanical Properties. J. Appl. Polym. Sci. 1992, 45, 2097–2103. [Google Scholar] [CrossRef]

	



Ekelund, M.; Edin, H.; Gedde, U. Long-term performance of poly(vinyl chloride) cables. Part 1: Mechanical and electrical performances. Polym. Degrad. Stab. 2007, 92, 617–629. [Google Scholar] [CrossRef]

	



Jakubowicz, I.; Yarahmadi, N.; Gevert, T. Effects of accelerated and natural ageing on plasticized PVC. Polym. Degrad. Stab. 1999, 66, 415–421. [Google Scholar] [CrossRef]

	



Yu, Q.; Selvadurai, A. Mechanical behaviour of a plasticized PVC subjected to ethanol exposure. Polym. Degrad. Stab. 2005, 89, 109–124. [Google Scholar] [CrossRef]

	



Latini, G.; Ferri, M.; Chiellini, F. Materials Degradation in PVC Medical Devices, DEHP Leaching and Neonatal Outcomes. Curr. Med. Chem. 2010, 17, 2979–2989. [Google Scholar] [CrossRef]

	



Mersiowsky, I. Long-term fate of PVC products and their additives in landfills. Prog. Polym. Sci. 2002, 27, 2227–2277. [Google Scholar] [CrossRef]

	



Abb, M.; Heinrich, T.; Sorkau, E.; Lorenz, W. Phthalates in house dust. Environ. Int. 2009, 35, 965–970. [Google Scholar] [CrossRef] [PubMed]

	



Yost, E.E.; Euling, S.Y.; Weaver, J.A.; Beverly, B.E.; Keshava, N.; Mudipalli, A.; Arzuaga, X.; Blessinger, T.; Dishaw, L.; Hotchkiss, A.; et al. Hazards of diisobutyl phthalate (DIBP) exposure: A systematic review of animal toxicology studies. Environ. Int. 2019, 125, 579–594. [Google Scholar] [CrossRef] [PubMed]

	



European Commission. Commission Implementing Decision (EU) 2017/1210 of 4 July 2017 on the Identification Of Bis(2-Ethylhexyl) Phthalate (DEHP), Dibutyl Phthalate (DBP), Benzyl Butyl Phthalate (BBP) and Diisobutyl Phthalate (DIBP) as Substances of very High Concern According to Article 57(F) of Regulation (EC) No 1907/2006 of the European Parliament and of the Council (Notified Under Document C(2017) 4462) (Text with EEA Relevance), OPOCE, Brussels EU/2017/4462; Publications Office of the European Union: Luxembourg, 2017. [Google Scholar]

	



Sazan, P.; Karin, A.; Orna, C.; Bert-Ove, L.; Ana, P.P.; Stefania, V. European Union Summary Risk Assessment Report-Bis (2-ethylhexyl) Phthalate (DEHP); European Chemicals Bureau: Ispra, Italy, 2008.

	



Allanou, R.; Munn, S.J.; Hansen, B.G. European Union Risk Assessment Report Dibutyl Phthalate; European Chemicals Bureau: Ispra, Italy, 2009.

	



Navarro, R.; Perrino, M.P.; Tardajos, M.G.; Reinecke, H. Phthalate Plasticizers Covalently Bound to PVC: Plasticization with Suppressed Migration. Macromolecules 2010, 43, 2377–2381. [Google Scholar] [CrossRef]

	



Greco, A.; Brunetti, D.; Renna, G.; Mele, G.; Maffezzoli, A. Plasticizer for poly(vinyl chloride) from cardanol as a renewable resource material. Polym. Degrad. Stab. 2010, 95, 2169–2174. [Google Scholar] [CrossRef]

	



Chiellini, F.; Ferri, M.; Morelli, A.; Dipaola, L.; Latini, G. Perspectives on alternatives to phthalate plasticized poly(vinyl chloride) in medical devices applications. Prog. Polym. Sci. 2013, 38, 1067–1108. [Google Scholar] [CrossRef]

	



Bui, T.T.; Giovanoulis, G.; Cousins, A.P.; Magnér, J.; Cousins, I.T.; de Wit, C.A. Human exposure, hazard and risk of alternative plasticizers to phthalate esters. Sci. Total. Environ. 2016, 541, 451–467. [Google Scholar] [CrossRef]

	



Weiss, J.M.; Gustafsson, Å.; Gerde, P.; Bergman, Å.; Lindh, C.H.; Krais, A.M. Daily intake of phthalates, MEHP, and DINCH by ingestion and inhalation. Chemosphere 2018, 208, 40–49. [Google Scholar] [CrossRef]

	



Wypych, G. (Ed.) 15 Specialized Analytical Methods in Plasticizer Testing. In Handbook of Plasticizers, 3rd ed.; ChemTec Publishing: Scarborough, ON, Canada, 2017; pp. 661–669. [Google Scholar]

	



Marcilla, A.; Garcia, S.; Garcia-Quesada, J. Migrability of PVC plasticizers. Polym. Test. 2008, 27, 221–233. [Google Scholar] [CrossRef]

	



Gimeno, P.; Thomas, S.; Bousquet, C.; Maggio, A.-F.; Civade, C.; Brenier, C.; Bonnet, P.-A. Identification and quantification of 14 phthalates and 5 non-phthalate plasticizers in PVC medical devices by GC–MS. J. Chromatogr. B 2014, 949–950, 99–108. [Google Scholar] [CrossRef]

	



Bernard, L.; Bourdeaux, D.; Pereira, B.; Azaroual, N.; Barthelemy, C.; Breysse, C.; Chennell, P.; Cueff, R.; Dine, T.; Eljezi, T.; et al. Analysis of plasticizers in PVC medical devices: Performance comparison of eight analytical methods. Talanta 2017, 162, 604–611. [Google Scholar] [CrossRef] [PubMed]

	



Barendswaard, W.; Litvinov, V.M.; Souren, F.; Scherrenberg, R.L.; Gondard, C.; Colemonts, C. Crystallinity and Microstructure of Plasticized Poly (vinyl chloride). A 13C and 1H Solid State NMR Study. Macromolecules 1999, 32, 167–180. [Google Scholar] [CrossRef]

	



Giachet, M.T.; Schilling, M.R.; McCormick, K.; Mazurek, J.; Richardson, E.; Khanjian, H.; Learner, T. Assessment of the composition and condition of animation cels made from cellulose acetate. Polym. Degrad. Stab. 2014, 107, 223–230. [Google Scholar] [CrossRef]

	



Adams, A.; Kwamen, R.; Woldt, B.; Grass, M. Nondestructive Quantification of Local Plasticizer Concentration in PVC by (1)H NMR Relaxometry. Macromol. Rapid Commun. 2015, 36, 2171–2175. [Google Scholar] [CrossRef]

	



Sommer, S.; Koch, M.; Adams, A. Terahertz Time-Domain Spectroscopy of Plasticized Poly (vinyl chloride). Anal. Chem. 2018, 90, 2409–2413. [Google Scholar] [CrossRef] [PubMed]

	



Genay, S.; Feutry, F.; Masse, M.; Barthelemy, C.; Sautou, V.; Odou, P.; Decaudin, B.; Azaroual, N. Armed Study Group. Identification and quantification by (1)H nuclear magnetic resonance spectroscopy of seven plasticizers in PVC medical devices. Anal. Bioanal. Chem. 2017, 409, 1271–1280. [Google Scholar] [CrossRef] [PubMed]

	



Mitchell, J.; Gladden, L.F.; Chandrasekera, T.C.; Fordham, E. Low-Field Permanent Magnets for Industrial Process and Quality Control. Prog. Nucl. Magn. Reson. Spectrosc. 2014, 76, 1–60. [Google Scholar] [CrossRef] [PubMed]

	



Blümich, B.; Singh, K. Desktop NMR and Its Applications from Materials Science to Organic Chemistry. Angew. Chem. Int. Ed. 2018, 57, 6996–7010. [Google Scholar] [CrossRef] [PubMed]

	



Parker, T.; Limer, E.; Watson, A.; Defernez, M.; Williamson, D.; Kemsley, E.K. 60MHz 1H NMR spectroscopy for the analysis of edible oils. TrAC Trends Anal. Chem. 2014, 57, 147–158. [Google Scholar] [CrossRef]

	



Dalitz, F.; Cudaj, M.; Maiwald, M.; Guthausen, G. Process and reaction monitoring by low-field NMR spectroscopy. Prog. Nucl. Magn. Reson. Spectrosc. 2012, 60, 52–70. [Google Scholar] [CrossRef]

	



Adams, A. Analysis of solid technical polymers by compact NMR. TrAC Trends Anal. Chem. 2016, 83, 107–119. [Google Scholar] [CrossRef]

	



Kwamen, R.; Blumich, B.; Adams, A. Estimation of Self-Diffusion Coefficients of Small Penetrants in Semicrystalline Polymers Using Single-Sided NMR. Macromol. Rapid Commun. 2012, 33, 943–947. [Google Scholar] [CrossRef]

	



Duffy, J.; Urbas, A.; Niemitz, M.; Lippa, K.; Marginean, I. Differentiation of fentanyl analogues by low-field NMR spectroscopy. Anal. Chim. Acta 2019, 1049, 161–169. [Google Scholar] [CrossRef] [PubMed]

	



Adams, A.; Piechatzek, A.; Schmitt, G.; Siegmund, G. Single-sided Nuclear Magnetic Resonance for condition monitoring of cross-linked polyethylene exposed to aggressive media. Anal. Chim. Acta 2015, 887, 163–171. [Google Scholar] [CrossRef]

	



Adams, A. Non-destructive analysis of polymers and polymer-based materials by compact NMR. Magn. Reson. Imaging 2019, 56, 119–125. [Google Scholar] [CrossRef]

	



Höpfner, J.; Ratzsch, K.-F.; Botha, C.; Wilhelm, M. Medium Resolution 1 H-NMR at 62 MHz as a New Chemically Sensitive Online Detector for Size-Exclusion Chromatography (SEC-NMR). Macromol. Rapid Commun. 2018, 39, e1700766. [Google Scholar] [CrossRef] [PubMed]

	



Singh, K.; Blümich, B. Compact low-field NMR spectroscopy and chemometrics: A tool box for quality control of raw rubber. Polymer 2018, 141, 154–165. [Google Scholar] [CrossRef]

	



Grootveld, M.; Percival, B.; Gibson, M.; Osman, Y.; Edgar, M.; Molinari, M.; Mather, M.L.; Casanova, F.; Wilson, P.B. Progress in low-field benchtop NMR spectroscopy in chemical and biochemical analysis. Anal. Chim. Acta 2019, 1067, 11–30. [Google Scholar] [CrossRef]

	



Chakrapani, S.B.; Minkler, M.J.; Beckingham, B.S. Low-field 1H-NMR spectroscopy for compositional analysis of multicomponent polymer systems. Anal. Chim. Acta 2019, 144, 1679–1686. [Google Scholar] [CrossRef]

	



Garg, B.; Bisht, T.; Ling, Y.-C. Sulfonated graphene as highly efficient and reusable acid carbocatalyst for the synthesis of ester plasticizers. RSC Adv. 2014, 4, 57297–57307. [Google Scholar] [CrossRef]

	



Bernard, L.; Décaudin, B.; Lecoeur, M.; Richard, D.; Bourdeaux, D.; Cueff, R.; Sautou, V. Analytical methods for the determination of DEHP plasticizer alternatives present in medical devices: A review. Talanta 2014, 129, 39–54. [Google Scholar] [CrossRef] [PubMed]

	



Gottlieb, H.E.; Kotlyar, V.; Nudelman, A. NMR chemical shifts of common laboratory solvents as trace impurities. J. Org. Chem. 1997, 62, 7512–7515. [Google Scholar] [CrossRef] [PubMed]

	



European Commission. REGULATION (EC) No 1907/2006 OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 18 December 2006 Concerning the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH), Establishing a European Chemicals Agency, Amending Directive 1999/45/EC and Repealing Council Regulation (EEC) No 793/93 and Commission Regulation (EC) No 1488/94 as well as Council Directive 76/769/EEC and Commission Directives 91/155/EEC, 93/67/EEC, 93/105/EC and 2000/21/EC, OPOCE; European Commission: Brussels, Belgium, 2006. [Google Scholar]

	



Bharti, S.K.; Roy, R. Quantitative 1H NMR spectroscopy. Trends Anal. Chem. 2012, 35, 5–26. [Google Scholar] [CrossRef]








[image: Molecules 26 01221 g001 550] 





Figure 1. Structure of the investigated plasticizers in the current study: (a) diethylhexyl phthalate (DEHP), (b) diisobutyl phthalate (DIBP), (c) diisononyl cyclohexane-1,2-dicarboxylate (DINCH), (d) diisononyl phthalate (DINP), (e) tris(2-ethylhexyl) trimellitate (TOTM). 
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Figure 2. 40 MHz 1H NMR spectra of the investigated plasticizers at concentrations of 10 vol.% in (a) deuterated chloroform and (b) non-deuterated n-hexane. Spectra have been referenced to the residual deuterated chloroform (signal marked with asterisk at 7.26 ppm) and n-hexane (0.8 ppm) peaks, respectively. The difference in the chemical shift of ~0.5 ppm in the signals in the two subfigures can be attributed to solvent effects. Most of the spectra are zoomed in on for a better view of the signals above 2 ppm. 
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Figure 3. (a) Integral and (b) peak prominence of the ester (3.5 ppm) and aromatic (7 ppm) peak regions of DINP solutions using non-deuterated n-hexane as a solvent. Concentrations range from 0.97 to 970 mg mL−1. The continuous lines are the fit results for the signal at 7 ppm showing the excellent linear correlation between the NMR integral (a) or the peak prominence (b) and the plasticizer concentration as demonstrated by the R2 value. The apparent curvature of the linear fit is due to the log–log scaling of the axes. 
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Figure 4. (a) 13C low-field NMR spectra recorded with a plasticizer concentration of 60 vol.% in non-deuterated n-hexane (signals marked with asterisks). The asterisks correspond to the signals from n-hexane. (b) Integral versus concentration plot showing excellent linear behavior as illustrated by the aromatic region of DIBP. 
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Figure 5. 1H spectra of the unknown PVC samples 1–5 after the extraction in (a) CDCl3 (residual non-deuterated solvent marked with asterisks) and (b) non-deuterated n-hexane. 
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Figure 6. 16.67 mg mL−1 DIBP solution in (a) CDCl3 and (b) n-hexane measured at 40 and 60 MHz. The left graphic shows a stacked plot as the differences between the spectra are hardly visible when displayed superimposed. 
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Figure 7. Photo of the utilized Spinsolve placed inside a fume hood in a chemistry laboratory. 
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Table 1. Detection and quantification limits of examined plasticizers dissolved in non-deuterated n-hexane and measured at 40 MHz within 1 min. Both limits are given in concentrations for the analyzed solution and in amounts a PVC material would need to contain to achieve these concentrations after a solvent extraction. The aromatic peaks’ integral was used to determine detection and quantification limits for all plasticizers except DINCH, where the ester peaks’ prominence at 3.5 ppm was selected.
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	DINP
	DIBP
	DEHP
	TOTM
	DINCH





	LOD [mg mL−1]
	0.48
	0.42
	0.57
	1.52
	0.63



	LOQ [mg mL−1]
	1.45
	1.25
	1.70
	4.58
	1.90



	LOD [wt% in PVC]
	0.96
	0.83
	1.13
	3.05
	1.27



	LOQ [wt% in PVC]
	2.89
	2.49
	3.39
	9.15
	3.80
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Table 2. Results of the extraction experiment. The determined concentration of the extraction solution has been converted to wt.% of plasticizer the PVC initially had, assuming all of the plasticizer had been extracted. Each extraction step was performed 3 times for each investigated PVC sheet by using samples from different positions in the sheet.
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Sample

	
Identified

Plasticizer Type

	
Determined Plasticizer Content [wt.%] from CDCl3 Extraction

	
Determined Plasticizer Content [wt.%] from n-hexane Extraction






	
1

	
DINCH

	
38.49

	
±1.93

	
42.69

	
±1.64




	
2

	
DINCH

	
31.68

	
±1.83

	
34.14

	
±1.19




	
3

	
DINCH

	
15.92

	
±3.63

	
17.97

	
±2.60




	
4

	
DINP

	
40.94

	
±0.10

	
43.26

	
±3.98




	
5

	
DINP

	
23.85

	
±0.95

	
22.64

	
±1.38
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