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Abstract

:

The presence of microplastics in soil has become a significant global concern, posing a threat to environmental, agricultural, and human health. However, the use of various detection methods has led to significant discrepancies in the statistics reported for the abundance of soil microplastics across the available literature, resulting in poor comparability across the available literature. Studies have shown that plastic film residue is among the main primary sources of microplastics in farmland soils. Therefore, we manufactured and selected polyethylene microplastics (PE-MPs) from plastic film and combined them with soil samples after density separation treatment, forming a spiked test soil sample, which was subjected to density separation and extraction using a ZnCl2 solution. The experiment used visual inspection by stereo microscopy, micro-Fourier transform infrared spectroscopy, micro-Raman spectrometry, laser direct infrared imaging, and pyrolysis-gas chromatography–mass spectroscopy for the quantitative analysis of spiked soil. This study systematically assessed and compared these five common soil microplastic detection methods. The results revealed different quantitative detection accuracies across various particle size ranges. Micro-Fourier transform infrared spectroscopy showed a broader applicable particle size range (20–5000 μm) and higher detection rate (91%), while the detection range (>50 μm) and rate (70%) of visual inspection through stereo microscopy were lower. For the identification of microplastic morphology, laser direct infrared imaging performed better, whereas micro-Fourier transform infrared spectroscopy had the advantage in determining the types of polymers present over micro-Raman spectrometry. The advantages, disadvantages, and detection rates of the above five detection methods were clarified during the detection process. Considering these findings and similar studies, we suggest three combinations of the evaluated methods to optimize the detection of PE-MPs.
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1. Introduction


Microplastics are defined as plastic particles that have a diameter of <5000 μm, which can be categorized as small (<1000 μm) or large (1000–5000 μm) [1]. Furthermore, microplastics can be categorized according to the particle shape, which includes fibers, fragments, and granules [2,3]. Microplastics are a newly emerging group of persistent pollutants affecting all regions and environments worldwide, resulting in significant attention from the scientific community [4]. The persistence and permeability of microplastics not only threaten soil fertility and crop safety, but their enrichment in the food chain may also pose potential hazards to human health [5]. However, the types and forms of microplastics vary considerably, and their combination with humus and other organic substances in the soil through adsorption will significantly affect the analysis results of microplastics [6]. Therefore, the quantitative analysis of microplastic volume or particle quantity in different environments has been a central research focus [7,8]. However, the limit of detection (the minimum microplastic particle size or minimum limit that can be quantitatively detected) and application scope (applicable microplastic particle size range or specific scenarios) of different detection methods have not been explicit in the analysis and identification of soil microplastics, with this lack of method standardization impeding the quantitative comparison of microplastics data from previous studies on different soil types [9].



Plastic film mulching has been proven to provide significant agricultural advantages, increasing crop growth and yield [10]. However, with the increasing use of plastic films, residual film has gradually accumulated in farmland soils and the surrounding environment [11]. This has become an issue that requires more research attention [1,12]. Currently, the main type of mulch film used in farmland is low-density polyethylene [13,14]. Studies have found that microplastics in the soil of continuously mulched farmland mainly originated from the fragmentation of mulches [15,16]. Generally, the analysis of soil microplastics requires the initial separation and extraction of microplastic particles from the soil, followed by the detection and analysis of microplastics. At present, the main method used for microplastic extraction from soil is density separation, which employs the difference in density between soil and microplastics to achieve separation. The techniques commonly applied for the identification of microplastics can be classified as either particle-based or mass-based methods. Particle-based methods include direct observation, optical microscopy, and scanning electron microscopy [17], while mass-based methods include Fourier transform infrared spectroscopy, Raman spectroscopy, thermal gravimetric analysis-Fourier transform infrared spectroscopy, and gas chromatography–mass spectrometry [18,19].



Selecting a suitable identification method for the rapid and accurate quantitative analysis of microplastics in soil remains a challenging aspect of research on soil microplastics. Previous studies have employed various methods to quantitatively determine the microplastic content of soils in different regions. For example, Zhang and Liu [20] combined density separation and FTIR spectroscopy to quantify polyester microplastics ranging from 5 to 250 μm in soils from southwest China. The study has an emphasis on the detection and quantification of microplastics of smaller size fractions, and less attention is paid to larger microplastics exceeding the analytical scope. In another study, Zhou et al. [21] imaged the microplastic morphology in soils using microscopy and scanning electron microscopy and found film microplastics were predominant. The study utilized a analytical approach combining two detection techniques, which led to more comprehensive and informative analytical findings. Furthermore, Qian et al. [22] analyzed the abundance of microplastics in coastal beach soils from Shandong province (China), utilizing stereo microscopy, Fourier spectroscopy, and scanning electron microscopy to assess the morphology of collected microplastics. However, due to the differences in methods used in soil microplastics research for microplastic separation, sample treatment, and detection, with varying test parameters applied, it is difficult to directly compare data on the abundance of microplastics in different regions.



Based on the above research, to investigate the potential application scope and accuracy of quantitative methods for the identification and analysis of polyethylene microplastics (PE-MPs) in soil samples, five commonly applied methods were compared. The selected methods included visual inspection by stereo microscopy, micro-Fourier transform infrared spectroscopy, micro-Raman spectroscopy, laser direct infrared imaging, and pyrolysis–gas chromatography–mass spectroscopy.




2. Materials and Methods


2.1. Sample Preparation


2.1.1. Soil Collection and Pretreatment


The soil used in all experiments was obtained from irrigated farmland in the Seventh Regiment of Alar City (First Division of the Xinjiang Production and Construction Corps, Alar, China), and the soil parameters tested are presented in Table 1. To minimize background levels of PE-MPs in the sample soil, five sampling points were randomly selected at a depth of 70–90 cm below the soil surface of farmland that had not been exposed to plastic film mulching. At each sampling point, 500 g of soil was collected, for a total sampled amount of 2500 g. The soil from the five sampling points was thoroughly mixed to create a homogeneous composite sample for use in the experiments. Extraneous coarse particulate matter was removed manually, and the homogenized soil samples were stored in cloth bags and transported to the laboratory for further analysis. The soil samples were dried and crushed and then passed through a 2000 μm mesh sieve (Shaoxing Shangyu District Huafeng Hardware Instrument Co., Ltd., Shaoxing, China) to form a homogeneous sample.



To minimize background interference, the density separation method was employed for the removal of PE-MPs present in the homogenized sample soil. A 734.4 g sample of zinc chloride (ZnCl2, analytically pure, Sinopharm Chemical Reagent Co., Ltd., Beijing, China) was dissolved in 1 L deionized water, forming a ZnCl2 solution with a density of 1.53 g·cm−3. A 100 g sample of the standard soil was placed into a clean 250 mL beaker, to which the ZnCl2 solution was introduced and thoroughly stirred with a glass rod. The residual PE-MPs remaining on the glass rod were rinsed into the beaker using a 100 mL ZnCl2 solution. The beaker was placed in an opaque closed box and allowed to stand for 10 h at an average room temperature of 25 °C. After solid–liquid separation, the supernatant was collected and discarded. The soil sample in the beaker was dried for 12 h in a drying chamber at a constant temperature of 40 °C, and then 10 g of soil was measured using an electronic balance (JM-BL5003, Ningbo Jiming Weighing Equipment Co., Ltd., Ningbo, China) and placed into a clean 250 mL beaker. It should be noted that some zinc chloride may remain in the soil sample after density separation. Finally, three pretreated test soil samples with a mass of 10 g each were obtained after density separation. The 10 g soil sample size used is suitable for examining the recovery of spiked microplastics. The subsoil was selected for the study in order to minimize the interference of microplastic background values and more accurately simulate the detection of microplastics in the natural environment. In addition, the samples were treated by density separation, which could effectively avoid the interference of organic matter content between the subsoil and topsoil. It should also be noted that for environmental soil samples, it is necessary to collect a sufficiently large and representative sample, typically 50–100 g, to account for soil heterogeneity and ensure an accurate assessment of microplastic contamination levels [23].




2.1.2. Preparation of Polyethylene Microplastics


The sample of PE-MPs was prepared using commercially available mulch made of polyethylene (PE) plastic (Shengshida Film Factory Co., Ltd., Aksu, China) (Table 2) that was subsequently spiked into the pretreated test soil. During the test, PE-MPs were categorized based on their longest dimension, which is commonly used as the representative particle size for irregularly shaped PE-MPs. The mulch was thoroughly washed and left to dry in the shade. The drying temperature was 25 °C, and the drying time was 48 h. The dried mulch film was crushed using a small low-temperature crusher (SM-3C, Taiwan Xiangtai Co., Ltd., Taipei, China), and the crushed PE-MPs were preliminarily screened using a 5000 μm screen installed on a vibrating screen (SYS, Xinxiang Lingang Machinery Equipment Co., Ltd., Xinxiang, China). A stereo microscope (TD-2KHU, Shenzhen Sanqiang TEDA Optical Instrument Co., Ltd., Shenzhen, China) was utilized to categorize the shape of PE-MPs into three types, fiber (with an aspect ratio of >5 and filament shape), fragment (with an aspect ratio of <5 and obvious edges), and granules (with an approximate aspect ratio of 1 and round or oval shape), as illustrated in the representative stereomicrographs in Figure 1. The size of individual PE-MPs was determined by using the measurement function built into the software of the stereo microscope.



Eighty PE-MPs were counted for each group. A total of three groups of PE-MPs were obtained in this manner. Each group of PE-MPs was weighed with a precision balance (0.01 mg precision, QUINTIX35-1CN, Beijing Seidolis Scientific Instruments Co., Ltd., Beijing, China), showing that the masses of the three samples G1, G2, and G3 were 0.98 mg, 1.21 mg and 0.98 mg, respectively. The particle size and shape distribution for all three sample groups are shown in Figure 2. The proportion of PE-MPs with three different shapes in each group of samples is similar, with fibers accounting for 30–35%, granules accounting for 33–37%, and fragments accounting for 31–32%. The three particle size ranges are distributed between 100 and 5000 μm, and the detailed data are stored in Table S1 (Supplementary Material).




2.1.3. Test Sample Pretreatment


The PE-MPs were first mixed with 10 g of soil in a 250 mL beaker to prepare spiked samples. A 10 g sample of soil and about 1 mg of PE-MPs were selected to simulate a certain degree of the microplastic pollution level in agricultural field soils, conforming to the actual situation, and a 10 g soil sample was selected to facilitate subsequent experimental operations. The spiked sample was taken, the moisture content was controlled to be 20%, and it was incubated in an incubator with a constant temperature of 25 °C for 1 week, to simulate the interaction process between soil and microplastics in real agricultural field environments. Through incubation, microplastics come into full contact and combine with soil particles, forming aggregates that are closer to the natural state. These spiked samples were produced using a 200 mL ZnCl2 solution to dissociate PE-MPs from the soil matrix, and the extracted solution was filtered through a 1.3 μm 304 stainless steel filter (Shaoxing Shangyu Shengchao Instrument and Equipment Co., Ltd., Shaoxing, China) to collect PE-MPs. To remove organic impurities, the filtered samples underwent digestion in a 30% H2O2 solution (analytically pure, National Pharmaceutical Group Chemical Reagent Co., Ltd., Beijing, China) at 61 °C. Finally, the digested solution was transferred to a new beaker for standby. A detailed description of the experimental process is shown in Figure 3. Since the selected detection methods are based on different principles, the experiment adopted the recovery rate to horizontally compare the different detection methods. The recovery rate refers to the number (or mass) of PE-MPs identified by the method/the total number (or mass) of PE-MPs spiked into the sample. During the experiment, visual inspection by stereo microscopy, micro-Fourier transform infrared spectroscopy, micro-Raman spectrometry, and laser direct infrared imaging were used to detect the particle size and shape of PE-MPs. Micro-Fourier transform infrared spectroscopy, micro-Raman spectrometry, laser direct infrared imaging, and pyrolysis-gas chromatography–mass spectrometry were used to analyze the types of PE-MPs.





2.2. Detection Methods


2.2.1. Visual Inspection by Stereo Microscopy


Visual inspection by stereo microscopy (visual inspection) (TD-2 KHU, Shenzhen Sanqiang TEDA Optical Instrument Co., Ltd., Shenzhen, China) was used to detect PE-MPs in the extracted solution. The specific method was as follows. The observation background of the stereo microscope was set to black for easy observation, and the measurement software of the calibration microscope was used to measure the particle size of microplastics. The microplastic solution was transferred to a glass slide using a glass syringe, and then the number, shape, and particle size of microplastics were observed by visual inspection and recorded. After observation, distilled water was used to wash the solution from the glass slide into a clean beaker. After each sample solution had been observed, the inner surfaces of the glass syringe and sample beaker were rinsed with distilled water using the stereo microscope to detect PE-MPs in the rinse solution, and the results were recorded. This process was repeated 2–3 times until no microplastic residues could be detected in the rinse solution. Finally, all solutions harboring microplastics were harvested for subsequent density separation and micro-FTIR detection.




2.2.2. Micro-Fourier Transform Infrared Spectroscopy


Micro-Fourier transform infrared spectroscopy (micro-FTIR) integrates optical microscopy with infrared spectrum analysis. The infrared spectrum of a specimen is acquired utilizing an infrared spectrometer, while the microstructure is examined by optical microscopy [24,25]. The harvested solution was concentrated via vacuum filtration (VP-15S Qunan Experimental Instrument Co., Ltd., Huzhou, China) onto an MCE filter membrane (0.45 μm, National Pharmaceutical Group Chemical Reagent Co., Ltd., Shanghai, China). Subsequently, the filter was positioned directly on the sample stage for full area scanning. The microscopic Fourier transform infrared spectrometer (Nicolet iS50, Thermo Fisher Scientific, Waltham, MA, USA) was operated in ATR mode (50× objective, 0.7 numerical aperture) across a wavenumber range of 6400 cm−1 to 200 cm−1, with 32 scans and a spectral resolution of 0.09 cm−1. Publicly available Polymer Additives and Polymers ATR-FTIR spectral libraries were utilized for matching, including the Polymer Additives and Plasticizers library, the Aldrich FT-IR Collection Edition, and other analogous spectral databases. A spectral match exceeding a 65% hit score was employed as the benchmark for reliable identification of the plastic type.




2.2.3. Micro-Raman Spectrometry


Micro-Raman spectrometry (micro-Raman) combines Raman spectroscopy with microscopic techniques, providing Raman spectroscopy that is complementary to Fourier spectroscopy [26,27]. The MCE filter membrane containing the sample after micro-FTIR detection was transferred to the micro-Raman for subsequent analysis. Samples were identified individually using a confocal laser Raman spectrometer (Dxr2x, Thermo Fisher Scientific, United States). Laser excitation was set to 532 nm, with a spectral acquisition range of 200–3700 cm−1, the band was 532 nm, the integration time was 5 s, and the laser intensity was set at 15% to protect samples from damage. The overall scanning area was determined by the microscope stage range, which was approximately 100 mm × 100 mm for the instrument used. The window was fully scanned to cover the entire distribution area of microplastics. The lateral and vertical resolution was limited by the microscope objective and laser spot size. A 50× long working distance objective was used, limiting the particle size to >1 μm. The characteristic peak identification of the spectrum is mainly accomplished through matching with the known spectrum in the standard library and using the spectral library search function in Omnic 9.8. The unknown spectrum is determined to contain the matching standard component when their spectrum matching degree is >0.65.




2.2.4. Laser Direct Infrared Imaging


The Laser direct infrared imaging (LDIR) was equipped with an adjustable QCL quantum cascade laser, which is more rapid than traditional infrared imaging technologies and has a tenfold increase in spatial resolution, reaching 1 μm [28]. The detection range of the LDIR for the particle size of microplastics is 20–500 μm. For microplastics beyond the particle size range, a stereo microscope was used for auxiliary detection. The MCE filter membrane was immersed in an ethanol solution, sonicated for 10 min, removed, and rinsed thoroughly. The combined ethanol solutions were further concentrated by evaporation and then dripped onto a glass slide and measured by LDIR after drying. The automated LDIR imaging system (8700 LDIR, Agilent Technologies, Santa Clara, CA, USA) was operated in particle analysis mode using the automatic test method, with a matching degree of >0.65 and a size range of 20–500 μm.




2.2.5. Pyrolysis–Gas Chromatography–Mass Spectroscopy


The pyrolysis–gas chromatography–mass spectroscopy system (Py-GC/MS) simultaneously combines gas chromatography and mass spectrometry [29]. This process is destructive to the sample, gradually increasing the temperature of the polymer in order to release short-chain small oligomers monomers and then passing the product fragments to the GC/MS to determine their mass–charge ratio and ultimately infer the polymer type [30,31]. The slides after LDIR detection were placed in absolute ethanol, and the microplastics were extracted by sonication, with the original extraction vial rinsed with ethanol absolute to ensure complete transfer of the sample. The microplastic extract was concentrated on a 0.2 μm Anodisc filter (6809–7023, Whatman, Maidstone, UK), and 50 μL of 0.1 μg/μL anthracene internal standard solution was added to the filter sample. After freeze-drying, it was examined by gas chromatography–mass spectrometry (7890B-5977A, Agilent Technologies, Santa Clara, CA, USA). A single-shot pyrolyzer (Frontier PY-3030D, Frontier Laboratories Ltd., Koriyama, Japan) was used. The temperature of the pyrolyzer was set to 600 °C, with a pyrolysis time of 0.2 min and an interface temperature of 300 °C. The gas chromatograph was equipped with an HP-5MS chromatographic column with a column length of 30 m, an inner diameter of 250 μm, and a film thickness of 0.25 μm. The initial temperature was set to 70 °C and then increased to 300 °C at a heating rate of 20 °C·min−1 and maintained for 10 min. The main pyrolysis products and their corresponding retention indices (RI) include n-Eicosane (RI = 1985), 2,4-Dimethylhept-1-ene (RI = 829), Benzene (RI = 685), ε-Caprolactam (RI = 1221), and other compounds. The system was operated in full scan mode, and the NIST library database was used for mass spectra identification. Standard solutions of different microplastic types were prepared at five concentration levels of 0.01 μg/μL, 0.1 μg/μL, 1 μg/μL, 10 μg/μL, and 50 μg/μL, and 50 μL of each standard solution was concentrated on a filter membrane for py-GC/MS analysis to determine the standard curve. The limits of quantification (LOQ) for the polymers analyzed were as follows: polyethylene, 0.5 μg; polypropylene, 1.2 μg; polyamide, 0.6 μg; polyvinyl chloride, 1.5 μg.





2.3. Quality Control and Data Analysis


During the process of soil collection and analysis, contact between samples and plastic equipment or surfaces was prevented at all times, with glass and metal equipment used during treatment. Furthermore, all sample collection containers were washed with an ethanol solution prior to use. Two controls were designed in this experiment: an environmental blank control and a method blank control. The environmental blank control was a clean conical flask, which was placed around the samples throughout the experiment to detect possible PE-MP interference from the ambient environment. The method of blank control was treated the same as the experimental from soil sampling to sample processing, with the only difference being that no PE-MPs were added during mixing.



For this study, Excel 2016 and SPSS Statistics v. 26 software were used to calculate the mean recovery rate (number of PE-MPs detected/number of PE-MPs added × 100%) and standard deviations, with results expressed as mean values ± standard deviation (n = 3). Charts were prepared using Origin 2022. Since the stereo microscopy visual inspection method relies on the inspector and cannot identify the MP material type, visual inspection by stereo microscopy was not included in the analysis of the MP material type. In addition, py-GC/MS could not provide information on the particle size or shape of MP and was not included in the analysis of MP size and shape.





3. Results and Discussion


3.1. Particle Size Identification and Recovery of Polyethylene Microplastics in Soil


The results of visual inspection, micro-FTIR, and micro-Raman are shown in Figure 4. For microplastic PE-MPs with particle sizes of 100–5000 μm, visual inspection by stereo microscopy showed the lowest recovery rate among all tested methods, at only 65%, with the observed error significantly increasing for smaller particle sizes. Recent studies also suggest that visual inspection can only detect larger PE-MPs (>500 μm), while smaller particles are likely underestimated [8,32,33]. Overall, visual inspection is limited by the experience of the researchers and can be highly subjective. In contrast, the highest recovery rate was obtained using micro-FTIR, achieving a PE-MP recovery rate of 85 ± 4%, followed by 77 ± 5% using LDIR (100–500 μm) and 75 ± 6% using the micro-Raman technique. At the same time, the recovery rate of py-GC/MS was 86 ± 1% by mass determination (PE-MPs recovered/the mass of spiked PE-MPs). Based on the detection process of all five methods, the results showed that the accurate PE-MP detection range for visual inspection by stereo microscopy was particles > 50 μm, while for micro-FTIR, it was particle sizes > 20 μm; for micro-Raman, it was particle sizes of >1 μm and for LDIR, it was particle sizes ranging from 20–500 μm. The PE-MPs detection limit of py-GC/MS was 0.5 μg. Figure 5 shows the recommended optimal particle size range for PE-MPs for different test methods using the same spiked soil sample and pretreatment conditions.



The PE-MPs added during sample preparation ranged from 100 to 5000 μm. However, particles in the size range of 1–100 μm were also detected in the samples. Microplastics of small dimensions can be translocated below the plow layer through various mechanisms, including water flow from irrigation and bioturbation. The MPs ranging in size from 1 to 100 μm in samples can be attributed to incomplete removal during density separation in the sample preparation process, as well as the fragmentation of larger PE-MPs due to mechanical forces exerted during sample processing. The numbers of 1–100 μm particles detected by each method are shown in Table 3. LDIR achieved the highest detection rate for 20–100 μm PE-MPs, while micro-Raman produced the highest count for PE-MPs smaller than 20 μm.




3.2. Soil Polyethylene Microplastic Shape Recognition


Despite previous studies having shown that fiber particles are the most common form of PE-MPs, spherical PE-MP standards are generally used experimentally to determine the PE-MP recognition rate of a method [34]. The length of PE-MP fibers in the soil ranges from 2000 to 5000 μm, although the width of these fibers is typically between 5 and 30 μm [35]. This variation in the shape of PE-MPs will undoubtedly affect their separation and detection [36,37]. Furthermore, PE-MP particles that cannot be classified as either fiber, fragment, or granule shape are considered to have an irregular shape. The recognition performance of all four tested methods for the identification of different soil PE-MPs shape is shown in Figure 6.



Among the five detection methods involved in the test, GC/MS was not discussed further as it cannot provide information on the particle size or shape. In Figure 6, the recovery rate of different shapes on the left axis represents the number of microplastics of this shape that were actually detected divided by the number of microplastics of this shape added to the sample; the right axis represents the overall recovery rate for PE-MPs for each detection method. Results showed that the recovery rates of all other methods were low for fibers, ranging from 57% (visual inspection) to 84% (LDIR). In contrast, the recovery rate of fragment PE-MPs was slightly higher overall, ranging from 68% and 88%. Combining the recoveries of all methods, the results show that the recovery rate of LDIR is slightly higher for different shapes and can quickly distinguish different PE-MP shapes. Although there are some numerical differences in the rate of microplastic recovery, statistical analysis shows that these differences between detection methods and shape types are not significant (p > 0.05). During the process of PE-MP detection by LDIR, the detection software interface allows the length and width of PE-MPs to be rapidly determined, along with detailed spectral information. Using this approach, PE-MP contours can be accurately demarcated and shape identified, even when PE-MPs partially overlap (Figure 7).




3.3. Other Microplastics Detected during Analysis


During the quantitative analysis of microplastics, it is important to determine the microplastic material type. The organic compounds present in samples other than polyethylene were determined by different identification methods. The environmental blank was quantitatively analyzed by py-GC/MS, and the microplastics did not reach the detection limit; therefore, the contamination of the microplastics during the test was ruled out. As shown in Figure 8, the masses of different microplastic classes are used for uniform comparison of the detection methods used in the test, and for particle-based detection methods such as LDIR, the mass is calculated using the area of the particle [38].



In this study, the presence of other microplastic material types was considered to be due to background microplastics remaining in the soil after density separation and purification or impurities contained in the polyethylene mulching film sample. In order to compare the detection results of different detection methods, the detection results of other types of microplastics except polyethylene in the three samples are shown in Figure 9. The main types of microplastics detected in the samples were polyethylene, polyvinyl chloride, polyamide, and polypropylene, and the other types of microplastics besides these were below the LOQ and could not be accurately measured. Their possible routes into farmland are as follows. Polyvinyl chloride is widely used for the production of various packaging materials, irrigation pipes, and agricultural films, resulting in the common detection of polyvinyl chloride soil microplastics. Polyamide is used in the production of nylon, industrial cloth, knitwear, fertilizer, and agricultural production, resulting in it being one of the main sources of soil microplastics. Polypropylene is widely used for various forms of agricultural products, including agricultural tools, equipment, and packaging [39].



Using the results of py-GC/MS analysis as a reference, a comparison of all data allowed the following conclusions to be drawn. Among all the spectral methods tested, micro-Raman has the greatest difference between the reference results obtained. The detection results can be affected by organic compounds present in the soil. Raman spectrometry collects extraneous information, including electrical noise, sample background, and stray light [40], which is not useful for microplastic analysis. Complex soil conditions and variable test parameters can introduce interference peaks in Raman spectra, requiring adjustments based on the specific application. In contrast, the results showed that micro-FTIR achieved the closest results to the reference results in the determination of microplastic material types as compared with micro-Raman and LDIR analysis.




3.4. Comprehensive Comparison of Different Microplastic Detection Methods


The detection rate refers to the number (or mass) of PE-MPs identified by the method divided by the number (or mass) of PE-MPs obtained after density separation. The separation efficiency of the density separation method for soil pretreatment was determined to be 93 ± 2% through preliminary experiments in this study. This is consistent with previous studies [41,42] and was deemed adequate for accurately calculating the detection capabilities of various microplastic analytical methods used in this work. Since all methods detected microplastics in the same soil samples and particle size and shape distributions were relatively consistent across methods, the use of the same samples helps mitigate potential bias caused by inherent variations in the microplastics. Based on the experimental results and error transfer formula (    E   d   =    E   s   2   +   E   r   2     , where Ed means the error of detection rate, Er means the error of recovery rate, and Es means the error of density separation), the detection rates of stereo microscopy visual inspection, micro-FTIR, micro-Raman, LDIR, and Py-GC/MS analysis were 70 ± 6%, 91 ± 5%, 79 ± 7%, 79 ± 6% and 93 ± 3%, respectively, while the detection rates and trends of different detection methods are consistent with related studies [43,44]. Table 4 provides a comprehensive overview of the detection accuracy, advantages, and disadvantages of all five compared detection methods.



In recent studies, the combination of visual inspection and micro-FTIR has been commonly used for the detection and quantification of microplastics. The results achieved by these two methods can be compared with each other. However, combinations of other analytical methods have been gradually becoming more frequently used. For example, Krekelbergh et al. [26] used a combination of fluorescence microscopy and Raman spectroscopy to directly visualize 1–2 μm fluorescently labeled microplastics in soil. Furthermore, the study by Jia et al. [28] demonstrates the advantages of combining laser direct infrared imaging technology (LDIR) with FTIR. LDIR can quickly identify the physical morphology of microplastics, while FTIR provides accurate information about the composition of microplastics. The combination of the two not only improves the detection accuracy but also expands the detection capability, making the qualitative and quantitative analysis of microplastics more comprehensive. This study provides strong support for similar combination detection schemes proposed in this article. The work of Cheng et al. [48] validated the superiority of LDIR over FTIR in detection efficiency. LDIR can quickly complete imaging analysis of large-area samples, saving a lot of time. This feature makes LDIR more suitable for rapid initial screening and large-scale sample detection, which cannot be compared to FTIR. According to the characteristics of soil microplastics, the available literature, and the results of this analysis, three different detection methods can be proposed for the analysis of farmland soil microplastics under different scenarios.



(1) Visual inspection by stereo microscopy combined with micro-Fourier transform infrared spectroscopy: this approach allows the rapid and non-destructive detection of soil microplastics, providing a simple and economical method for the accurate detection of soil microplastics, which is suitable for the initial inspection of microplastics with particle sizes > 50 μm.



(2) Laser direct infrared imaging combined with micro-Fourier transform infrared spectroscopy: this approach can accurately establish the abundance, particle size, shape, and material type of soil microplastics, with applicability over a wide particle size range of >20 μm.



(3) Pyrolysis–gas chromatography combined with laser direct infrared imaging: this approach has the highest accuracy for the determination of soil microplastic abundance and composition. Thermal cracking can be used to accurately establish the molecular composition of microplastics, while laser direct infrared imaging clearly displays the size and shape of microplastics. This approach is applicable to the analysis of small microplastic particles (>10 μm) and provides high-accuracy data, although it has a high cost and requires complex operational procedures.





4. Conclusions


This study systematically evaluated and compared five common soil microplastic detection methods, including visual inspection by stereo microscopy, micro-Fourier transform infrared spectroscopy, micro-Raman spectrometry, laser direct infrared imaging, and pyrolysis–gas chromatography–mass spectrometry. The results showed that these methods differed in quantitative detection accuracy across various particle size ranges. Among them, micro-Fourier transform infrared spectroscopy demonstrated a wider applicable particle size range (20–5000 μm) and a higher detection rate (91%), while visual inspection by stereo microscopy had a narrower detection range (>50 μm) and a lower detection rate (70%). To identify microplastic shapes, laser direct infrared imaging performed better, and to determine polymer types, micro-Fourier transform infrared spectroscopy was superior to micro-Raman spectroscopy.



The innovation of the research is that based on the detection performance of each method, three combined detection schemes are proposed, which effectively overcome the shortcomings of a single method and can realize the quantitative analysis of soil microplastics in several different scenarios: rapid primary screening, morphological characterization, and accurate component analysis. Visual inspection was integrated with micro-FTIR for swift and cost-efficient detection, LDIR was conjoined with micro-FTIR for in-depth characterization, and py-GC/MS was amalgamated with LDIR for high-precision compositional analysis. The above three combinations can cover most of the common microplastic particle size ranges and complete the qualitative and quantitative analysis of microplastics in a comprehensive and efficient manner.



Although this study focused on polyethylene (PE) microplastics, the established detection techniques and analytical procedures share many commonalities with other plastic types in terms of sample preparation, detection process, microplastic morphological characteristics, and spectral features. Based on these commonalities, after appropriate optimization and adjustment, the detection methods evaluated in this study can be completely extended and applied to the identification and quantitative analysis of other microplastic types present in soil. More importantly, the research results have established a reference for standardized detection, which helps to explain and standardize microplastic data generated using different analytical techniques, improving the comparability of detection results.
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Figure 1. Selection of different shapes of PE-MPs under a stereo microscope: (a) fiber microplastics; (b) fragment microplastics; (c) particle microplastics. 
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Figure 2. Detailed distribution of particle sizes and shapes in spiked samples. 
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Figure 3. Schematic diagram illustrating the sample preparation and test process. 
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Figure 4. Comparative recovery rates of polyethylene microplastics across the 100–5000 μm size range by the visual inspection, micro-FTIR, and micro-Raman methods. 
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Figure 5. Advantageous particle size ranges of different microplastic detection methods. 
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Figure 6. Recovery rates of polyethylene microplastics by shape using the visual inspection, micro-FTIR, micro-Raman, and LDIR detection methods (the bar chart shows the recovery rate for different shapes, and the line chart shows the overall recovery rate for different methods). 






Figure 6. Recovery rates of polyethylene microplastics by shape using the visual inspection, micro-FTIR, micro-Raman, and LDIR detection methods (the bar chart shows the recovery rate for different shapes, and the line chart shows the overall recovery rate for different methods).



[image: Agriculture 14 00554 g006]







[image: Agriculture 14 00554 g007] 





Figure 7. LDIR recognition process of microplastic shape at the same location (example of connected microplastic particles (a,b) showcasing partially overlapping microplastics in the same region). 
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Figure 8. Polymer mass recovery for different types of microplastics (except for polyethylene) in G1, G2, G3 samples using micro-FTIR, micro-Raman, LDIR, and Py-GC-MS methods. 
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Figure 9. Polymer mass recovery of different types of microplastics using micro-FTIR, micro-Raman, LDIR, and Py-GC-MS with controlled Py-GC-MS analysis for unspiked samples. 
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Table 1. Details of soil parameters tested.
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Test Soil Details




	
Parameter

	
Value






	
Collect latitude and longitude

	
40°6663′ N, 80°6542′ E




	
Acquisition depth

	
700–900 mm




	
Soil density (true density)

	
2.5 mg·m−3




	
Soil type

	
Sandy loam




	
pH

	
7.89




	
SOM

	
2.70 g·kg−1




	
Type of irrigation water

	
lake fresh water











 





Table 2. Details of the parameters of the tested mulch film.
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Test Film Details




	
Parameter

	
Value






	
Manufacturer

	
Shengshida Film Factory




	
Coating time

	
April–October 2019




	
Buried latitude and longitude

	
40°5489′ N, 81°3059′ E




	
Burial time

	
November 2019–July 2022




	
Film density

	
0.94 g·cm−3




	
Film thickness

	
0.01 mm











 





Table 3. Detection results of different detection methods in the microplastic particle size range of 1–100 μm.






Table 3. Detection results of different detection methods in the microplastic particle size range of 1–100 μm.





	
Test Group

	
Detection Method

	
Particle Size Range

	
Total




	
1–20 μm

	
20–50 μm

	
50–100 μm






	
G1

	
Visual Inspection

	
0

	
0

	
10

	
10




	
Micro-FTIR

	
0

	
7

	
45

	
52




	
Micro-Raman

	
7

	
15

	
40

	
62




	
LDIR

	
0

	
16

	
47

	
63




	
G2

	
Visual Inspection

	
0

	
0

	
8

	
8




	
Micro-FTIR

	
0

	
9

	
49

	
58




	
Micro-Raman

	
5

	
17

	
44

	
66




	
LDIR

	
0

	
15

	
53

	
68




	
G3

	
Visual Inspection

	
0

	
0

	
7

	
7




	
Micro-FTIR

	
0

	
11

	
41

	
52




	
Micro-Raman

	
5

	
20

	
38

	
63




	
LDIR

	
0

	
15

	
49

	
64











 





Table 4. Minimum limit of quantitative detection and advantages and disadvantages of different detection methods for PE-MPs.
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Detection Category

	
Minimum Limit of Quantitative Detection

	
Advantage

	
Disadvantage

	
References






	
microscopic imaging method

	
Optical/stereo microscope

	
50 μm

	
1. Easy operation, low cost, and fast analysis

	
1. It is easy to misjudge and underestimate the abundance of microplastics

	
[18]




	
spectroscopy

	
Microscopic Fourier transform infrared spectrometry

	
20 μm

	
1. Wide application range and rich search database

2. No fluorescence interference

	
1. The detection process takes a long time

2. Low sensitivity and poor reproducibility

	
[45,46]




	
confocal Raman microscopy

	
1 μm

	
1. Complementary with FTIR technology, high detection accuracy;

2. Fast spectral imaging and high resolution

	
1. High requirements for the removal of impurities on the surface of the sample

2. Susceptible to environment and band selection interference;

3. The detection process is time-consuming and labor-intensive

	
[43,47]




	
Automated LDIR imaging

	
10 μm

	
1. Automatic analysis, high work efficiency;

2. Accurate identification of microplastics

	
1. There are certain requirements for the particle size range of microplastics

2. It is easy to misjudge the aging microplastics in the actual environment

3. Time-consuming and high economic cost

	
[48]




	
thermal analysis

	
Pyrolysis–gas chromatography–mass spectroscopy

	
0.5 μg

	
1. Accurate identification of microplastic composition and quality

	
1. Destructive to the sample

2. Unable to analyze the size, shape, and quantity of microplastics

	
[49]
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