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A B S T R A C T   

Accurate identification and quantification are very challenging and extremely important in evaluating micro-
plastic (MP) pollution. Although pyrolysis-based MP measurement methods have attracted intensive interest due 
to their great potential for rapid qualitative and quantitative analysis, the influence of thermochemical in-
teractions during co-pyrolysis of different plastics has not been addressed. In the present study, five common MP 
materials, polyethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC), and polymethyl 
methacrylate (PMMA), were detected using pyrolysis gas chromatography mass spectrometry (Py-GC/MS). The 
existence of interactions was confirmed by comparing the experimental results of individual and mixed pyrolysis. 
Upon the specific analysis of the impact on the quantitative calculation, we found that some indicators selected in 
previous studies may lead to high uncertainty, exceeding 100%. On this basis, new indicators with better reli-
ability were proposed for the quantitative analysis of mixed MP samples, including 1- octadecene, pentane, and 
bibenzyl. Finally, the maximum quantification uncertainties of PE, PP, and PS were reduced from 91–25%, 
130–32%, and 93–24%, respectively. The present study can provide a reference for improving the accuracy of 
quantitative analysis of mixed MPs.   

1. Introduction 

Microplastics (MPs) are one type of plastic pollution in the envi-
ronment, but are smaller in size than conventional plastic waste. In 
2004, Thompson et al. [1] put forward the concept of MPs. In 2009, the 
National Oceanic and Atmospheric Administration (NOAA) defined the 
upper size limit of MPs as 5 mm [2]. Primary MPs that are mainly used 
for personal care products are produced in this size (<5 mm). While 
secondary MPs are results of bigger plastic products fragmentation. 

The confusing appearance of MPs makes them easy to be ingested by 
lower organisms, thus endangering their health [3–7]. Accumulated 
MPs in organisms could cause internal abrasions and blockages [8,9]. In 
addition, plastic additives and attached contaminants, such as heavy 
metals [10,11] and organic pollutants [12–14] may cause cancer and 
endocrine disruption. These hazards can be bioaccumulated and bio-
magnified through the food chain, and thus endanger human health 
[15]. MPs are currently one of the emerging pollutants. 

The composition and concentration of MPs are of great significance 
in assessing the level of environmental pollution and investigating the 

toxic effects of MPs. However, a standard evaluation system for MP 
pollution has not been established up to date. 

In the early years, the identification and enumeration of MPs were 
mainly based on visual observation [16,17], which can result in the 
misjudgment of ~32% of plastic particles and ~25% of plastic fibers 
[18]. This is due to: (1) the difficulty in distinguishing natural fibers 
from artificial fibers by morphological features, (2) the tendency to miss 
colorless plastic particles, and (3) the interference of contaminants in 
the environment [19,20]. 

At present, the mainstream methods for microplastics detection 
include vibrational spectroscopy and pyrolysis, which respectively 
correspond to particle number concentration detection and mass con-
centration detection. The most common particle number concentration 
detection is through the combination of vibrational spectroscopy (rep-
resented by Fourier transform infrared spectroscopy [21,22] and Raman 
spectroscopy [21–24]) and imaging techniques, which allows for par-
ticle counting while detecting MPs components. However, the original 
MPs may continue to age and disintegrate into smaller fragments [25], 
even in the detection process, resulting in the change of number 

* Corresponding author. 
E-mail address: hqx@zju.edu.cn (Q. Huang).  

Contents lists available at ScienceDirect 

Journal of Environmental Chemical Engineering 

journal homepage: www.elsevier.com/locate/jece 

https://doi.org/10.1016/j.jece.2022.108012 
Received 28 February 2022; Received in revised form 27 May 2022; Accepted 29 May 2022   

mailto:hqx@zju.edu.cn
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2022.108012
https://doi.org/10.1016/j.jece.2022.108012
https://doi.org/10.1016/j.jece.2022.108012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2022.108012&domain=pdf


Journal of Environmental Chemical Engineering 10 (2022) 108012

2

concentration. In addition, the number concentrations obtained from 
different studies are inappropriate for comparison since the minimum 
and maximum sizes considered by studies may be inconsistent. For 
example, both Imhof et al. [26] and Mani et al. [27] studied the content 
of MPs in sediments. However, the lower size limits in the two studies 
were 1 µm and 10 µm, respectively, due to differences in detection 
methods. In summary, the characterization of MP content in samples 
using particle number concentrations could not sufficiently accurate in 
some cases. 

Comparatively, the mass concentration reflects the contamination 
level of MPs more accurately and uniformly. Although the application of 
thermal methods in MPs detection is still in the initial stage, it is very 
suitable for the mass concentration detection. Ribeiro et al. [28] used 
pyrolysis gas chromatography mass spectrometry (Py-GC/MS) to detect 
the MP content in five types of Australian seafood. Liu et al. [29] 
explored the application of thermogravimetric analysis-Fourier trans-
form infrared-gas chromatography-mass spectrometry (TGA-F-
TIR-GC/MS) to identify MPs in mussel samples from China. Goedecke 
et al. [30] compared the suitability of four thermal analysis methods for 
MPs, including thermal extraction desorption-gas chromatography/-
mass spectrometry (TED-GC/MS), TGA-FTIR, TGA-MS, and microscale 
combustion calorimeter (MCC). Through combination spectroscopy, 
chromatography, and mass spectrometry, thermal analysis allows the 
simultaneous detection of MP composition and content. This has become 
a future trend in quantitative detection [31–34]. 

In the application of thermal analysis, interactions between different 
components may occur. With the current extraction technologies, MPs 
isolated from environmental samples (e.g., water, sediment, animal 
tissue) are often mixed. Ribeiro et al. [28] quantified four kinds of 
polymers, polyethylene (PE), polypropylene (PP), polystyrene (PS), and 
polyvinyl chloride (PVC), from a Portunus armatus tissue sample. In the 
research by Kirstein et al. [35] on MP pollution of drinking water, most 
of the extracted samples were mixtures of multiple plastics (2–6 kinds), 
including PE, PS, polyurethane (PU), PP, polyamide (PA), and PVC. 
Co-pyrolysis inevitably occurs during the testing of mixed MP samples 
[34,36]. Although previous studies have pointed out interactions in 
polymer co-pyrolysis [37–41], few existing MPs studies have investi-
gated this phenomenon, especially its impact on quantitative results. 

The present study explored the influence of co-pyrolysis interaction 
on quantitative accuracy in the detection process. Five common MP 
materials, PE, PP, PS, PVC, and PMMA were chosen and their analytical 
pure samples were detected using Py-GC/MS. Under the same condi-
tions, pyrolysis experiments of single and mixed components were car-
ried out respectively. We confirmed the existence of the co-pyrolysis 
interaction through the comparison of products distribution and eval-
uated its influence on MPs quantitative detection. Finally, we chose new 
quantitative indicators to reduce the impact of interaction. Compared 
with previous MPs studies, the method and novel indicators proposed in 
this work can remarkably reduce calculation uncertainty and improve 
quantitative accuracy. 

2. Materials and methods 

2.1. Standard plastics materials 

In the present study, five types of plastic samples commonly found in 
previous MP studies and currently in high yield were selected, including 
PE, PP, PS, PVC, and PMMA. These five kinds of polymer materials with 
analytical grade were purchased from Shanghai Yangli Electromechan-
ical Technology Co., Ltd. The specific information of the reagents is 
shown in Table S1. 

2.2. Py-GC/MS analysis 

The pyrolysis system (Frontier Rx-3050TR) and GCMS (Shimadzu 
QP2010 Ultra) equipped with a low-polarity column (SH-Rxi-5Sil-MS) 

were used in the present study. 
Rx-3050TR pyrolyzer is designed with two reactors, as shown in 

Fig. S1. The 1st reactor is a pyrolysis furnace, whose temperature was set 
at 650 ◦C, according to Ribeiro et al. [28]. While the 2nd section only 
serves as heat preservation (350 ◦C). We didn’t set a higher temperature 
in the second reactor to avoid providing conditions for the second re-
action. In addition, the residence time of pyrolysis gas in the tandem 
reaction chamber was calculated to be only 5E-07 s. Thus, we believed 
that there would be no decisive impact on the outcome. In our experi-
ments, the plastic samples were placed in an alumina crucible and 
manually placed into the pyrolysis system. After the reactors reach the 
set temperature, the micro-furnace is sent to the 1st reactor and pyrol-
ysis occurs. The reactor was maintained at 650 ◦C for 10 min to ensure 
complete pyrolysis of all samples. 

Pyrolysis products were analyzed by GC/MS at a split ratio of 80:1. 
Helium was used as the carrier gas during the detection, and the column 
flow rate was 0.78 mL/min. The gas chromatograph (GC) oven was 
programmed to heat from 40 ◦C (held for 2 min) to 320 ◦C (held for 20 
min) at a rate of 10 ◦C /min. Instrument parameters and detailed settings 
for analysis are shown in Table S2. 

2.3. Chromatographic integration method 

After identification of the products through mass spectra, their 
chromatographic peak areas were integrated for quantitative analysis. 
In Shimadzu GC/MS re-analysis software, there are three modes of peak 
integration, including automatic integration based on peak area, auto-
matic integration based on peak height, and integration method of 
setting detailed parameters. The selection of integration mode and the 
setting of integration parameters have an important effect on the sepa-
ration of different peaks, as well as the positions of the starting point and 
falling point of each peak, thus directly affecting the quantitative results 
of the peak area. Specific analysis is shown in Fig. S2 and S3. Finally, the 
integration parameters were set as follow: the slope limit is 10,000/min, 
the half-maximum width limit is 2 s, the parameter changing time is 0 
min, and the minimum peak area is 1,000,000. 

2.4. Selection of characteristic pyrolysis products 

To select the characteristic products suitable for the present study, 
analytical grade samples of five types of plastic samples were detected 
using the standard pyrolysis condition and GC/MS analysis method. The 
characteristic pyrolysis products corresponding to each polymer were 
selected based on the comprehensive consideration of specificity and 
yield, with reference to the existing studies (summarized in Table S3). 

2.5. Calibration of regression equations 

The complexity of the matrix in environmental samples makes it 
difficult to select the internal standard; therefore, the external standard 
method was chosen in the present study. To obtain the calibration 
curves, standard plastic samples were weighed using a Mettler Toledo 
balance (New Classic MF-MS105DU) and placed into miniature cruci-
bles for pyrolysis. In this pre-experiment, we extracted and weighed MPs 
from sewage sludge, and the mass range of the extracted samples was 
0.09–0.53 mg. Based on this, the calibrated mass range was determined. 

The calibration ranges of plastics varied depending on the pyrolysis 
characteristics. Taking PE as an example, the great variety of pyrolysis 
products results in a generally low intensity for each peak. At low 
masses, pyrolysis chromatographic peaks are easily deformed, and the 
three peaks in each peak group cannot be completely separated, which 
can introduce errors in the analysis process. Therefore, the lower mass 
limit of PE calibration was higher than that of the other plastics. For PS 
and PMMA, the peak intensity of the main product is maintained at a 
high level due to the limited kinds of pyrolysis products, and calibration 
can be achieved even under low quality. Correspondingly, the upper 
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mass limits of these two plastics should be relatively low, considering 
the signal detection limit of GC/MS. As for PVC, the intensity of benzene, 
the main product, is low due to cyclization during pyrolysis, making its 
upper limit higher than that of PS and PMMA. 

2.6. Comparison of individual and mixed pyrolysis 

Individual and mixed pyrolysis experiments were performed 
respectively. Their results were compared to evaluate co-pyrolysis 
interaction. In mixing experiments, five kinds of plastics were mixed 
pairwise to ten groups in a mass ratio of 1:1. The mass of each plastic 
sample in individual experiments was 0.40 mg to ensure a moderate 
intensity of the pyrolysis product peaks. In order to make the experi-
mental results comparable, the amount of two kinds of plastic samples 
used in the corresponding mixed experiment was also 0.40 mg respec-
tively. All samples were weighed by the balance and detected. 

2.7. Statistical method of pyrolysis products 

The pyrolysis products were classified based on two criteria. One is 
based on the functional groups of products, such as alkanes, alkenes, and 
aromatics. The other is based on the carbon number of the products, 
with three categories: C4 below, C5 to C12, C13 and above. The areas of 
all product peaks contained were summed to obtain the total for the 
corresponding class. The statistical results were presented as histograms. 
In the histogram of each plastic material, different colors are used to 
represent different classes, thus showing the distribution of products. 

The statistical data of the same class from the individual pyrolysis of 
two plastic types were added correspondingly, and the data obtained 
were called the calculation results. While the data obtained in pairwise 
mixing experiments were called the experimental results. Then, the two 
kinds of results were compared to evaluate the influence of interaction 
on products distribution. 

2.8. Calculation of quantitative uncertainties 

The influence of interaction on characteristic products selected in 
Section 2.4 and subsequent quantification was studied. In pairwise 
mixing experiments, the peak areas of the characteristic products were 
obtained by integrating the chromatograms. Then through the regres-
sion equations calibrated before, we could get the calculated values of 
corresponding plastic mass in the mixture. Since the actual plastic mass 
has been weighed by the balance, the quantification uncertainties 
caused by the interaction could be obtained. The calculation method of 
uncertainties is as follows. 

δ = (Mcal − M)/M × 100% 

Therein, δ is the quantification uncertainty, Mcal is the calculated 
mass using regression equations, andM is the actual mass. 

All the experimental runs performed repeatedly. The average and 
standard deviation of uncertainties were calculated and compared. The 
products with lower uncertainties were considered to be less affected by 
interaction. Thereby suitable quantitative analysis indicators for each 
plastic were determined. 

3. Results and discussion 

3.1. Characteristic pyrolysis products 

Characteristics products with relatively high yields were selected 
according to the pyrolysis law of plastics. Pyrolysis chromatograms of 
the five types of plastic samples and the corresponding peaks of the 
selected products are shown in Fig. 1. Their specific information is listed 
in Table S4 and their mass spectra are shown in Fig. S4 ~ 9. These 
products are alternative indicators for quantitative analysis. 

The chromatogram of PE has obvious regularity. In the C10–C22 

stage, three peaks of diene, monoene, and alkane with the same carbon 
number form a group, with the peak of olefin being the highest. Pyrol-
ysis products of high molecular mass remain in the chromatographic 
column, resulting in inaccurate experimental results in continuous runs. 
Therefore, we selected several products with relatively high yields and 
low molecular masses, including 2- butene, 1- pentene, 1- hexene, 1- 
decene, 1- undecene, 1- dodecene, 1- tridecane, 1- tetradecene, 1- pen-
tadecene, 1- hexadecene, 1- heptadecene, and 1- octadecene. 

The pyrolysis products of PP are mostly branched alkenes, among 
which 2,4- dimethyl − 1- heptene is the predominant product. Several 
substances with relatively high yields are also selected as alternatives, 
including 2- butene, pentane, 2- methyl − 1- pentene, and 7- methyl- 
undecene. 

Styrene and styrene dimers are the main pyrolysis products of PS. As 
an alternative, bibenzyl is selected as a possible quantitative analysis 
indicator. Although its abundance is much lower than the two products 
above, it also has strong characteristics. Styrene trimer was not selected 
since its yield is too low. 

For PVC, benzene is the most prominent peak in the pyrolysis 
chromatogram, and a small amount of toluene was also present. How-
ever, toluene can also be derived from the pyrolysis of PS and is not 
preferred. Given the limited products available, benzene was ultimately 
chosen, as in the M. Fischer and F. Ribeiro studies [28,31,33]. 

Methyl methacrylate (MMA) accounts for most of the pyrolysis 
products of PMMA, and the peak area proportion reaches almost 90%. At 
the same time, it has a strong characteristic, making it the best choice for 
identifying PMMA. In addition, 2- propenoic acid-methyl ester can be 
used as an alternative for quantitative analysis of PMMA. Although some 
other products, such as methyl isobutyrate, also have strong character-
istics, these are not selected since their yield is too low. 

To evaluate the influence of the interactions as comprehensively as 
possible and collect a range of quantitative analysis indicators, we 
selected some other peaks in PE and PP pyrolysis. These include 2- 
butene, 1- pentene, pentane, 1- hexene and 2- methyl − 1- pentene. 

3.2. Regression equations of selected products in individual pyrolysis 

Calibration experiments revealed that the products selected in the 
present study showed a linear relationship between the peak area and 
plastic mass. The regression equations and the regression coefficients 
obtained by calibration are listed in Table 1. 

For PE, the peak area ratio of each substance was relatively low 
owing to the large variety of pyrolysis products. 1- Hexene had the 
highest abundance and the worst linearity among the alternatives, with 
a regression coefficient of 0.86. Monoenes with carbon numbers ranging 
from 10 to 18 showed good linearity, especially 1- decene, 1- undecene, 
1- dodecene, 1- tridecane, and 1- octadecene, whose regression co-
efficients exceeded 0.99. 

Among the products of PP, 2,4-dimethyl-1-heptene had the largest 
yield with average peak area ratio more than 20%. Although 7-methyl- 
1-undecene shows the best linearity, its yield is too low to detect trace 
PP. 

Similar situations occur in the selection of the PS and PMMA in-
dicators. As the dominant pyrolysis products of the corresponding 
plastics, both styrene and MMA have relatively low R2. In contrast, 
bibenzyl for PS and 2-propenoic acid-methyl ester for PMMA show 
better performance in terms of linearity, but their low yields can lead to 
an increase in the quantitative detection limit. 

As the main pyrolysis product of PVC, benzene performs well in both 
yield and linearity. It is undoubtedly the best choice for PVC quantita-
tive analysis. 

3.3. Individual pyrolysis results 

The products distribution obtained by individual pyrolysis of 
0.40 mg samples of the five types of plastic samples is shown in Fig. 2, 
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Fig. 1. Selection of characteristic chromatographic peaks of five types of plastic samples (0–25 min).  
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where (a) and (b) are classified based on the functional group and car-
bon number, respectively. 

The pyrolysis products of PE and PP were mainly alkanes and al-
kenes. As polyolefin plastics, they have similar degradation mechanism, 
which includes random scission and end chain scission [42,43]. In 

addition, the pyrolysis products of PP also contain more cycloalkanes. 
For PS, the pyrolysis products are almost all AHs (aromatic hydro-

carbons). During the pyrolysis process, the self-scission radical acceler-
ates the mid-chain and end-chain β-scission by attacking the polymer 
chain with a phenyl radical, which leads to the formation of styrene and 

Table 1 
Calibration experimental results.  

Plastic No.* Pyrolysis 
Production 

Peak area 
ratio (%) 

Mass 
Range(mg） 

N R2 Slope Intercept 

PE  1 2-butene 5.90 ± 1.19 0.22–0.82 9 0.977 2.86E+07 3.77E+06  
2 1-pentene 4.75 ± 0.42 0.22–0.82 9 0.967 3.21E+07 -1.24E+05  
3 1-hexene 7.32 ± 2.69 0.22–0.82 9 0.855 3.89E+07 2.34E+06  
4 1-decene 4.57 ± 0.74 0.22–0.82 9 0.995 3.14E+07 2.65E+05  
5 1-undecene 3.60 ± 0.62 0.22–0.82 9 0.996 2.71E+07 -8.72E+05  
6 1-dodecene 2.80 ± 0.38 0.22–0.82 9 0.993 2.18E+07 -1.04E+06  
7 1-tridecene 1.81 ± 0.19 0.22–0.82 9 0.992 2.19E+07 -1.17E+06  
8 1-tetradecene 2.22 ± 0.23 0.22–0.82 9 0.989 2.69E+07 -1.47E+06  
9 1-pentadecene 2.07 ± 0.23 0.22–0.82 9 0.988 2.53E+07 -1.49E+06  

10 1-hexadecene 1.79 ± 0.20 0.22–0.82 9 0.984 2.37E+07 -1.96E+06  
11 1-heptadecene 1.66 ± 0.18 0.22–0.82 9 0.988 2.20E+07 -1.83E+06  
12 1-octadecene 1.80 ± 0.18 0.22–0.82 9 0.991 2.23E+07 -1.38E+06 

PP  1 2-butene 3.33 ± 0.46 0.12–0.84 12 0.956 2.48E+07 3.54E+06  
2 pentane 4.44 ± 0.91 0.12–0.84 12 0.932 5.53E+07 -2.96E+06  
3 2-methyl-1-pentene 3.56 ± 0.40 0.12–0.84 12 0.969 2.95E+07 2.84E+06  
4 2,4-dimethyl-1-heptene 22.66 ± 1.81 0.12–0.84 12 0.977 8.27E+07 1.67E+07  
5 7-methyl-1-undecene 1.77 ± 0.24 0.12–0.84 12 0.980 1.91E+07 7.84E+04 

PS  1 styrene 71.29 ± 11.55 0.11–0.64 10 0.972 3.59E+08 6.06E+07  
2 bibenzyl 3.18 ± 1.06 0.23–0.64 7 0.995 4.16E+07 -5.87E+06  
3 styrene dimer 15.36 ± 2.50 0.20–0.64 9 0.967 1.36E+08 -7.59E+06 

PVC  1 benzene 60.37 ± 5.89 0.18–0.83 9 0.997 4.87E+07 -3.64E+05 
PMMA  1 2-propenoic acid-methyl ester 3.30 ± 1.02 0.15–0.57 9 0.998 2.22E+07 -1.35E+06  

2 methyl methacrylate 87.34 ± 3.59 0.09–0.57 10 0.989 2.95E+08 5.33E+07 

Abbreviations: N = number of calibration points, R2= coefficient of determination. 
* The numbers (No.) correspond to Fig. 1. 

Fig. 2. Individual pyrolysis results.  
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end chain free radicals. The attack of free radicals on the secondary and 
tertiary carbons by β-scission immediately forms dimers and trimers of 
styrene [44]. 

Our experimental results show that benzene is the main pyrolysis 
product of PVC, which is consistent with previous studies [2]. Although 
HCl has also been indicated as the main pyrolysis product by several 
researches [2,45], it was not found in our experiment. This is because 
MS scanning range is m/z 40–650 while the relative molecular weight of 
HCl is 36.5. The pyrolysis of PVC can be divided into two stages. In the 
first stage, mainly HCl and benzene, and very few alkyl aromatic or 
condensed ring aromatic hydrocarbons were formed. Most double bonds 
in such aromatic compounds aggregate in the polymer to form a cross-
linked network of cyclic compounds in the aliphatic matrix. In the sec-
ond step, these cyclic compounds are aromatized by chain scission 

reactions to form aliphatic, olefinic, aromatic, and char [2,46]. 
The oxygenates account for almost all the PMMA pyrolysis products. 

The thermal degradation of PMMA can be divided into three or four 
stages. Kashiwagi et al. indicated that the pyrolysis of PMMA is first 
initiated by scissions of the head-to-head linkages (H-H), followed by 
unsaturated ends (resulting from termination by disproportionation) 
and random scissions within the polymer chain [47,48]. 

3.4. Co-pyrolysis products distribution 

Fig. 3 shows the calculation results and experimental results of co- 
pyrolysis products distribution. Comparing the two results for each 
group, we found that interactions were evident in the co-pyrolysis of 
different polymers when using Py-GC/MS detection. In addition, PP and 

Fig. 3. Comparison between the calculated results (cal.) and the experimental results (exp.) of co-pyrolysis.  
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PS often exhibit strong interactions during co-pyrolysis with other 
plastics. Both plastics are among the most common MP components in 
the environment, which means ignoring the potential effects of their 
interactions could severely reduce the accuracy of calculations and lead 
to distortion in the MP pollution assessment. Specific analysis of the co- 
pyrolysis is as follows. 

When PE was mixed with the other four plastic types, the total yields 
of experiments were basically consistent with the expectation. In these 
four groups, the mixture of PE/PS showed the most significant difference 

between the calculation and experimental results, mainly reflected in 
monoenes and AHs. Meanwhile, the specific analysis showed that both 
the species and yield of the AHs in co-pyrolysis increased, showing a 
strong promotion of interaction. R. K. Singh et al. pointed out that the 
reaction is followed by β-scission to produce styrene and chain end free 
radical during the degradation of PS. Early initiation of end chain and 
β-scission causes the degradation of PE at a lower temperature [37]. Wu 
et al. indicated through FTIR analysis that new unsaturated hydrocarbon 
groups are produced, and alkyne groups disappear during co-pyrolysis 

Fig. 4. Representative uncertainty data in mixture experiments (* the peak area of pentane is obtained by calculation rather than direct integration).  
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[41], but this is inconsistent with our experimental results, where al-
kynes were also found in the products of co-pyrolysis. 

The co-pyrolysis of PE/PP obviously reduced the yield of cyclo-
alkanes and showed a significant trend of lightweights according to the 
product distribution based on carbon number. It has been found in the 
previous research that the co-pyrolysis reaction rate curve did not show 
the separated PE and PP peaks but a single peak with a synergistic effect 
[37]. The authors speculated the existence of PE limited the degradation 
of PP at lower temperatures and delayed the degradation process. 

For PP, its blends with PS/PVC/PMMA all received the experimental 
results that were quite different from calculations. 

In the co-pyrolysis experiments of PP/PS, the yields of all products 
were much higher than expected. Through specific analysis, we found a 
significantly greater variety of products in the mixed pyrolysis. More 
than ten kinds of new AHs, such as 2- acryl-benzene, 3-butenyl-benzene, 
and 3-methyl-3-butenyl-benzene, were detected, presumably the result 
of the secondary reaction of the pyrolysis products in a high-temperature 
environment. This is basically consistent with previous research con-
clusions. In 2017, Sophonrat et al. found that PP/PS co-pyrolysis has 
interaction [49]. 

Strong interactions were also exhibited in the co-pyrolysis of PS/PVC 
and PS/PMMA, with a significant increase in yields. 

For PS/PVC mixture, more than ten new product species emerged, 
such as 1,1’-(1,3-propanediyl) bis-benzene. Several studies have indi-
cated that the dehydrochlorination of PVC is inhibited during the co- 
pyrolysis of PS/PVC [50,51], but this conclusion could not be vali-
dated because HCl could not be detected in this experiment. 

In the co-pyrolysis experiment of PS/PMMA, the AHs content was 
much higher than expected, which means that the interaction can pro-
mote the pyrolysis of PS. On the other hand, there is no obvious change 
in the yield of oxygenates as the pyrolysis product of PMMA and the 
specific types are completely consistent with those of single-component 
pyrolysis, indicating that PMMA is less affected. 

3.5. Quantification uncertainties of indicators in co-pyrolysis 

The plastic mass in the mixture was calculated using the regression 
equations described above. For each indicator, the deviations between 
the calculated results and the mass values weighed by the balance are 
summarized in Fig. 4. 

A total of 18 groups of histograms are shown. 1-decene, 1- undecene, 
1- dodecene, 1- tridecane, 1- tetradecene, 1- pentadecene, 1- hex-
adecene, 1- heptadecane, and 1- octadecene correspond to PE. Pentane, 
2,4- dimethyl − 1- heptene, and 7- methyl − 1- undecene correspond to 
PP. Styrene, styrene dimer, and bibenzyl correspond to PS. Benzene 
corresponds to PVC. Both MMA and 2-propenoic acid-methyl ester 
correspond to PMMA. 

Among the nine PE pyrolysis products evaluated, 1-decene was the 
least satisfactory, with the calculated result being nearly 90% higher 
than the actual value by when PE and PP are equally mixed. Similarly, 1- 
pentadecene and 1- hexadecene were not considered because of the 
increased uncertainty in the PE/PP mixing experiments. Several mon-
oenes with carbon numbers of 11–14 were present at the same level, 
with uncertainties of 20–40%. The final comprehensive comparison 
shows that 1- octadecene is the most suitable quantitative indicator for 
PE. Under the four mixing modes, PE/PP, PE/PS, PE/PVC, and PE/ 
PMMA, the average uncertainty values were − 10.12%, − 4.99%, 
20.44%, and 25.25%, respectively. Given that the PE, PP, and PS levels 
in the environment are much higher than those of other plastics, we are 
more concerned about the effects caused by the mixing of these three 
plastics, so the performance of 1- octadecene is considered acceptable. 

2,4- dimethyl − 1- heptene, as the main product of PP pyrolysis, was 
selected as a quantitative indicator in previous MP studies. However, our 
experimental results show that this calculation method may produce 
considerable uncertainties, reaching 130% when PP/PS is mixed. 
Simultaneously, in the PP/PE, PP/PVC, and PP/PMMA mixing 

experiments, the uncertainty reached 90.13%, 55.39%, and 94.85%, 
respectively. The performance of 7- methyl − 1- undecane is better than 
2,4-dimethyl − 1- heptene, especially in the PP/PVC mixture, when the 
uncertainty was controlled within 10%. However, with more than 95% 
uncertainty in the PP/PS mixtures, 7- methyl − 1- undecane was not 
selected as a quantitative indicator. Pentane was ultimately selected as a 
quantitative indicator of PP. In order to eliminate the influence of 
overlapping with the peak of 1- pentene due to the similar retention 
time, as shown in Fig. S10, specific calculation method was developed 
as: (i) using 1- octadecene to estimate the quality of PE, the peak area of 
1- pentene generated from PE pyrolysis was calculated from its regres-
sion equation; (ii) The calculated result was deduced from the integral 
area of overlapping peaks in the mixed pyrolysis to obtain the peak area 
of pentane generated from PP pyrolysis. Finally, the mass of PP was 
calculated using the pentane regression equation. 

In the mixing experiment of PS with the other four plastics, the yield 
of styrene significantly increased due to the interaction, resulting in a 
calculation uncertainty of more than 85%. The styrene dimer and 
bibenzyl were much less affected by the co-pyrolysis. In the PS/PE 
mixture, the calculation uncertainties of the two indicators were within 
± 10%. Comparatively, the quantitative accuracy of bibenzyl was bet-
ter. The average uncertainties in the four mixed modes were − 4.56%, 
24.25%, − 24.55%, and 13.82%, respectively. 

For PVC, benzene is the only quantitative indicator choice due to 
limited pyrolysis products. From the specific experimental results, PE 
and PP have a greater impact on the PVC quantification, with un-
certainties exceeding 30%. In the mixture with PS and PMMA, the un-
certainties were 11.70% and 12.41%, respectively, which were 
satisfactory. Overall, benzene showed good reliability in the mixing 
experiments. 

For PMMA, we compared the accuracy of MMA and 2-propenoic 
acid-methyl ester in quantitative calculations. The experimental re-
sults showed that although the calculation uncertainty of MMA was 
higher in the co-pyrolysis with PS and PVC, its reliability was much 
better than that of 2-propenoic acid-methyl ester in the mixing experi-
ment with PE and PP. Overall, MMA is less affected by interaction and is 
undoubtedly the best choice for quantitative analysis, considering its 
much higher yield. 

Finally, 1- octadecene, pentane, and bibenzyl were selected as new 
indicators for PE, PP, and PS, respectively. Fig. 5 shows the quantitative 
uncertainty ranges of the indicators selected in the present and previous 
researches [28,29,31–33,35,52]. Our method significantly improves 
quantitative accuracy. 

4. Conclusion 

The present study focused on improving the accuracy of quantitative 
detection of five common MPs components based on Py-GC/MS. It was 
found that some commonly used quantitative indicators were subject to 
high uncertainty due to co-pyrolysis interaction. They are thus not 
suitable for the detection of mixed MPs samples. Through comparison, 
1- octadecene, pentane, and bibenzyl were selected as new indicators for 
PE, PP, and PS, respectively. While some other existing indicators, 
including benzene and MMA, showed good accuracy in mixing experi-
ments. Therefore, we didn’t propose new indicators but maintained the 
original selections for PVC and PMMA. 

With the interaction fully considered, we improved the detection 
method and obtained significant results. The upper limit of quantifica-
tion uncertainty of PE was reduced from 91% to 25%, that of PP from 
130–32%, and that of PS from 93–24%. This research has far-reaching 
significance in the application of Py-GC/MS in the quantification of 
mixed MPs. 
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