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Biodegradable plastics (BPs), promising eco-friendliness, raise environmental concerns as they
degrade into numerous microplastics (Bio-MPs). The impact of Bio-MPs on methane (CH,) and carbon
dioxide (CO,) emissions in soil ecosystems remains largely unexplored. Utilizing Fourier transform
infrared (FTIR) spectroscopy, we innovatively designed a circulating system, integrating a long optical-
path gas cell with a static chamber for continuous and convenient CH,/CO, monitoring in paddy soils
with the addition of Bio-MPs (PBAT). On the 7th day of incubation, we observed a significant increase
in CH,/CO, absorption peaks due to the addition of PBAT, with enhancements of 92-fold and 213-

fold, respectively. Built upon this system, we explored a quantitative method based on the main
absorption peak (3010 cm™) for CH,, and calculated cumulative emissions. Additionally, we analyzed
attenuated total reflection (ATR) spectra of soil with and without Bio-MPs based on FTIR spectrometer,
revealing the characteristic response in soil ATR spectra triggered by PBAT, and demonstrating ATR
spectroscopy’s potential for identifying soil contamination by Bio-MPs. This study aims to broaden
and improve the utilization of FTIR spectroscopy for the purpose of monitoring soil GHG emissions and
identifying soil contaminated by Bio-MPs, thereby offering significant insights into the influence of
Bio-MPs on climate change.

Farmland, a crucial part of the terrestrial ecosystem, is a significant source of greenhouse gas (GHG) emissions'.
The Intergovernmental Panel on Climate Change’s 2019 report indicates that agriculture, forestry, and other
land-use activities account for 23% of net anthropogenic GHGs?. Paddy fields are agricultural land specifically
used for rice cultivation, typically located in low-lying areas with the ability to retain moisture. The flooded
conditions required for rice cultivation significantly contribute to GHG emissions, particularly methane
(CH,), as the anaerobic environment enhances the activity of methanogens in the soil'. Plastic pollution,
particularly microplastics (MPs, <5 mm), has drawn significant attention due to its environmental impact and
potential hazards>*. As eco-friendly alternatives, biodegradable plastics (BPs) are being developed with better
environmental acceptability and mechanical properties®. The degradability of biodegradable MPs is typically
tested under conditions of high temperature and high humidity; hence their actual degradation ability in natural
environments requires further study. Existing research primarily focuses on laboratory conditions and lacks
long-term data on their behavior in the natural world®. However, soil GHG emissions are influenced by a variety
of factors, including moisture, temperature, irrigation conditions, etc, there is a research gap in understanding
the impact of these plastics, especially those that break down into Bio-MPs, on GHG emissions from farmland
ecosystems”8. This transition highlights the importance of investigating the influence of Bio-MPs on soil GHG
emissions, which has not been extensively explored.

Currently, gas chromatography (GC) is widely used for monitoring GHGs from farmland®-''. However, the
instrument is costly, operationally complex, and requires numerous auxiliary materials, including carrier gas
and standard samples'. Fourier transform infrared (FTIR) spectroscopy is recognized as an accurate and fast
technique for analyzing multiple gas components'®. In the past ten years, our team has conducted research
based on FTIR spectroscopy to identify volatile compounds during the food maturation and deterioration
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processes and detect soil nutrients, among other areas'*!>. However, this traditional method often requires
preparing multiple sets of samples or conducting multiple spectral collections on a single sample, involving
repeated operations such as ventilating and collecting background spectra, which are labor-intensive and time-
consuming'®. Recently, we've combined a static chamber, commonly used for in-situ gas sampling in fields, with
an FTIR spectrometer featuring a long optical-path gas cell, enabling cyclic gas measurement. We analyzed the
collected spectral data to identify the absorption peaks of the target gas and determined the emission rate of the
target gas based on the increment of absorbance per unit time. By simultaneously collecting gas samples for gas
chromatography testing and performing correlation analysis, we were able to validate the accuracy of the results.
This approach allows for continuous monitoring of soil CH, and carbon dioxide (CO,) emissions, avoiding the
operational complexities and inaccuracies of traditional extraction-based measurement methods.

Determining whether soil is contaminated with MPs can guide environmental protection efforts. While
thermal analysis and Raman spectroscopy are commonly used methods, they also have their shortcomings,
such as being destructive or having issues with fluorescence interference!”"!8. Attenuated total reflection (ATR)
spectroscopy is an infrared spectroscopic technique that requires no complex sample preparation and applies
to the analysis of solids, liquids, and viscous materials, particularly highlighting the identification of molecular
structures in the surface or near-surface areas'**’. We investigated the ATR-FTIR spectroscopy of soil samples
by fitting a spectrometer with an ATR accessory.

Herein, we aim to (1) employ long optical-path FTIR spectroscopy for continuous monitoring of CH,/CO,
emissions from typical paddy soils with the addition of Bio-MPs (PBAT); (2) develop and explore a quantitative
method for CH, monitoring based on FTIR spectroscopy; (3) analyze the ATR-FTIR spectra of soil after Bio-
MPs pollution. The outcomes of this study may refine the use of FTIR spectroscopy in monitoring soil GHG
emissions and detecting soil contamination caused by Bio-MPs, and thereby contribute to advancing the
understanding of impact of the Bio-MPs on the GHG dynamics in soil ecosystems.

Materials and methods
Materials
Paddy soil samples were collected from a rice field near Yanqing District, Beijing, China (40°27'28.93"N,
116°04'13.10"E) in December 2023 (Fig. 1a). According to information from local farmers, neither of the fields
had previously used plastic mulches, and no other sources of microplastics (MPs) were identified. The soil samples
had no significant microplastic contamination through the naked eye and microscope before the cultivation
experiment, minimizing the impact of native MPs on the incubation experiments. The paddy soil with overlying
water was collected from a depth of 0-20 cm, with around 10 sampling points randomly distributed across the
entire field. After briefly removing roots, residues, and stones, the soil was placed in stainless steel containers and
transported back to the laboratory at ambient temperature.

Presently, the most popular BPs in the market is Polybutylene adipate-co-terephthalate (PBAT), which
accounts for 29.9% of global BPs production capacity®!. Therefore, we have chosen it as a typical BPs. The PBAT
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Fig. 1. Schematic diagram of experimental setup. (a) Sampling locations and cultivation of paddy soils. (b)
Continuous monitoring of CH,/CO, using long optical-path FTIR spectroscopy. (c) Measuring Gas Samples
with GC. (d) Measuring the ATR spectra of Dried Soil Samples.
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was obtained in powder form from Shanghai Guanbu ET Co., Ltd. (Shanghai, China). The powders used for
the incubation experiments were homogenized in a mortar and sieved using a double-layer sieve to achieve a
consistent size range of 75-150 um, as previously described??. PBAT is a flexible, biodegradable polymer with
a melting point of 110-120 °C and a density of 1.23 g/cm®. It has moderate oil and solvent resistance, good
flexibility, thermal stability, and some chemical resistance, with mechanical strength generally lower than that of
conventional plastics, and it is fully degradable in the natural environment?..

Experimental design and sampling

Incubation experiments were conducted in a controlled environment chamber at a stable temperature of 25+1°C.
All the collected soil samples were thoroughly mixed, and roughly 1 kg of paddy soil was positioned in a custom-
designed glass cylinder (25 cm in diameter, 10 cm tall), topped with a 2 cm layer of water to ensure a flooded
state during the incubation, with daily checks conducted. The experimental group, denoted as P-PBAT, involved
blending PBAT into the paddy soil at a 1% (w/w) ratio, while a control group (without PBAT) was labeled as
P-CK. Gas measurements were taken on the 1st, 4th, 7th, 10th, 14th, and 25th days following the addition of
PBAT, with the monitoring and sampling following a fixed sequence.

The CH,/CO, measurements using FTIR spectroscopy

The schematic diagram of the experiment setup is shown in Fig. 1b. The FTIR spectrometer used was the Bruker
V70 (Bruker, Karlsruhe, Germany). For details on the spectrometer’s specifications, performance, and calibration
procedures, refer to our previous study'“. In this work, a long optical-path gas cell (20 m, Pike Technologies,
Fitchburg, United States) installed on the FTIR spectrometer was connected to a static chamber via the plastic
gas tube, with gas circulation driven by a mini gas pump.

At the 5th, 10th, and 15th minutes after placing the soil sample into the static chamber, the gas pump was
turned on to ensure full gas circulation and to measure spectra. Data acquisition was performed using the
spectrometer’s accompanying software. After each measurement, the air in the static chamber and gas cell was
refreshed to ensure a clean background, and three replicate experiments were conducted. Gas molecules exhibit
specific absorption in different infrared wavelengths, which can be used for both quantitative and qualitative
analysis. The identification of CH,/CO, absorption peaks in the FTIR spectra was based on measurements taken
on the first day and compared with the standard CH, absorption spectra in the National Institute of Standards
and Technology (NIST) database?®’.

Exploration of the CH, quantification method based on FTIR spectroscopy

The Beer-Lambert Law forms the foundation of FTIR spectroscopy theory?!, as shown in Eq. (1).
A=c¢e-l-c ey

Where A represents absorbance, £ (cm?mol™!) is the molar absorption coefficient, 1 (cm) is the optical path
length, and ¢ (mol-cm™) is the concentration. ¢, an intrinsic property of the gas indicating the absorption
capacity per unit concentration, is obtained by multiplying the single molecule absorption coefficient, Ka
(cm®molecule™!), by Avogadro’s number (6.023x10?* moleculess-mol™!). Ka corresponding to different
wavenumbers at experimental temperatures can be sourced from the High-Resolution Transmission Molecular
Absorption Database (HITRAN)?. Based on this information, we can convert the absorbance measured at the
main absorbance peak into concentration values expressed in mol-cm™. Considering the system’s volume (fully
accounting for the geometric volumes of the gas cell, static chamber, gas tubing, and the samples) and molar
mass, we further determine target gas mass in the circulation system. Lastly, the flux is calculated based on the
change in its mass over time, expressed in mg-m?h~1.

We validated the results by collecting gas and performing GC analysis (Fig. 1¢). Briefly, the glass cylinder was
tightly sealed with a preservative film for 5 min to equilibrate the headspace. Then, 30 mL of headspace gas was
withdrawn using a gas-tight syringe and transferred into a 12 mL evacuated glass vial, marked as vial-1. After
another 5 min, the process was repeated to fill a second vial, vial-2. The CH, concentrations in these samples
were determined with a GC system (Agilent 7890-0468, California, USA) equipped with a flame ionization
detector and electron capture detector. The GC was calibrated with standard gas after every twelve samples.
Finally, the measured concentration data were converted into fluxes over time.

The soil sample analysis using ATR-FTIR spectroscopy

After the incubation experiments concluded, we destructively sampled and dried the soil samples. We used an
ATR accessory, the GladiATR Illuminate model (Pike Technologies, Fitchburg, United States), fitted onto the
FTIR spectrometer. For specific ATR measurement methods, please refer to our prior work!>. In this study, we
conducted three measurements each on the dried P-CK, P-PBAT samples, and BPs-PBAT (Fig. 1d).

Statistical analysis

Spectral data collection, preprocessing, peak identification, and area calculation were all conducted in OPUS 6.5
software (Bruker, Karlsruhe, Germany). The correlation analysis of the acquired data and the creation of graphs
were performed using Origin 2023b (OriginLab Corporation, Northampton, United States).

Results and discussion

Identification of CH, and CO, absorption peaks

The infrared absorption spectra otz gases emitted from P-CK are depicted in Fig. 2. Among them, CH, standards
from the NIST database, measured at 4 cm™! resolution, were used for comparison23. Our experiments, conducted
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Fig. 2. The FTIR spectra of the volatiles released from P-CK. In the 3020 to 3000 cm™! range, the infrared
spectra obtained at resolutions of 4 cm™ (a) and 0.5 cm™! (b) are compared with CH, spectra from the NIST
database. The spectra ranging from 2315 to 2250 cm™ are compared with CO, spectra from the NIST database,
as shown in (¢) and (d).

at the same resolution, yielded spectra nearly identical in absorbance, indicating accurate measurement of soil-
volatilized CH,, (Fig. 1a). The 3020 to 3000 cm™ band represents the typical CH, absorption peaks®®. However,
the lower resolution failed to discern specific absorption peaks, so we switched to a resolution of 0.5 cm™,
successfully identifying four peaks (Fig. 1b). The 3010 cm™ peak, frequently used by researchers for CH,
identification and quantification, demonstrated an absorbance gradient over measurement time?’~%.

For CO,, the 2315 to 2260 cm™" range includes a subordinate peak of the infrared absorption (Fig. 2c and d).
Although the main peak at 2349 cm™! was saturated and unusable in our experiments, this spectral range still
reflected CO, concentration changes. Researchers can study CO, using the absorption peak around 2300 cm™
frequentl 0% "These results show the success of our method in measuring temporal changes in soil-volatilized
CH,/CO,.

Soil CH, /CO, emissions
The CH,/CO, emissions from paddy soil were significantly influenced by the introduction of PBAT. Figure 3
compared to the infrared spectral data of P-CK and P-PBAT on the 1st day. Within 5 min, the absorbance at
3010 cm™! for P-PBAT was about 3% higher than that of P-CK, and at 2300 cm™, it was approximately 3.1 times
that of P-CK.

Throughout the incubation period, CH, and CO, showed a pronounced response to PBAT. Based on CH,, peaks
at 3010 cm™" and CO, peaks at 2300 cm™’, we analyzed the absorbance increment within 5 to 10 min to study the
emission patterns of CH, and CO, (Fig. 4). The emission rates of CH, and CO, from the soil both showed a trend
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Fig. 3. The impact of PBAT on soil FTIR spectra. (a) Infrared absorption peaks within the 3020 to 3000 cm™
(a) and the 2315 to 2250 cm™! (b).

of increasing initially and then decreasing. Throughout the experimental period, the CH, emissions from the
P-PBAT were consistently higher than those from the P-CK, with the peak emissions occurring on the seventh
day. The absorbance increments for P-CK and P-PBAT were 0.005 and 0.46, respectively, a difference of 92 times
(Fig. 4a and b), indicating that PBAT significantly promoted methane emissions from the soil. The same effect
is also reflected in the CO, emission analysis results, where the peak CO, emission absorbance increments for
P-CK and P-PBAT were 0.0023 and 0.49, respectively (Fig. 4c and d). This significant increase suggests complex
interactions between Bio-MPs and the soil microbial community, enhancing soil GHG release, consistent with
previous studies®>*. It is worth noting that the temperature during the experiment was about 10°C, which
could also affect microbial activity and gas emission. Because temperature directly affects microbial activity and
decomposition rates, warmer temperatures generally increase microbial metabolism, leading to higher emissions
of CH, and CO,, especially in environments like wetlands where anaerobic conditions prevail*. Further analysis
of the relationship between absorbance increment at the two wavelengths revealed a Pearson’s r of 0.48 (Fig. 4e),
indicating a moderate correlation between soil-emitted CH,/CO,,.

In general, the impacts of PBAT can be attributed to its metabolic pathways, degradation dynamics, and
specific interactions with soil microbes®. The impact may stem from the degradation process itself, as well as
from the increased activity of soil microorganisms promoted by the degradation process®*~%, highlighting the
need for in-depth research on the complex effects and mechanisms of Bio-MPs on soil GHG emissions.

Exploration of CH, quantitative method based on FTIR spectroscopy
In our study, the absorbance at 3010 cm™! was utilized for quantifying CH, concentrations. However, the
2300 cm™ peak, not being a common peak for quantifying CO, concentratlons, might be influenced by other
gases and was only suitable for qualitative analysis of CO, concentratlon changes?”*. Therefore, we compared
the measurement results based on FTIR spectroscopy and GC. We converted the absorbance data at 3010 cm”~
into CH, concentration data based on infrared spectroscopy theory and calculated the flux and cumulative
emissions (Fig. 5). The quantification results exhibited trends similar to those observed in gas chromatography
analysis. The Pearson correlation coefficient between the two datasets was 0.98, and the mean squared error
was 1.67, indicating no significant statistical difference between them. However, the numerical discrepancy
between the datasets may be attributed to factors such as system errors, cross-interference from water vapor,
and environmental influences on the parameters used for quantitative calculations**’. In conclusion, while the
numerical deviation between the two datasets is explainable, the trends demonstrate a high degree of consistency.
The CH, emission flux from P-CK on the 7th day was 5.4 mg-m®h™! (Fig. 5a), aligning closely with previous
findings*!. For P-PBAT, the flux dramatically increased to 587 mg-m%h~! (Fig. 5b), with cumulative emissions
during the experimental period being 42 times that of P-CK (Fig. 5¢). This significant enhancement is consistent
with earlier research®. Emission fluxes are influenced by a combination of soil properties and environmental
factors, and the observed results represent the overall performance after a dynamic balance of multiple
influencing factors. Future efforts will focus on refining FTIR quantitative analysis by minimizing interferences,
building on these initial but significant findings.

ATR spectrum of soil

The ATR spectra of three samples (P-CK, P-PBAT, Bio-MPs-PBAT) are shown in Fig. 6a. In the wavenumber
ranges of 3530-3525 cm™! and 3266-3218 cm™!, the ATR spectra of P-CK exhibit noticeable differences from
P-PBAT and Bio-MPs-PBAT. The Principal component analysis (PCA) of the ATR spectra for P-CK and
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Fig. 5. Quantitative results of CH, Flux Based on FTIR Spectroscopy. CH, emission fluxes of P-CK (a) and
P-PBAT (b) and the cumulative CH, emissions over the incubation period (c). Orange dots indicate results
measured by GC.
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Fig. 6. ATR-FTIR analysis of soil samples. (a) ATR spectra of P-CK, P-PBAT, and Bio-MPs-PBAT. (b) PCA
analysis of ATR spectral data.

P-PBAT shows that the two spectral data sets can be distinctly separated (Fig. 6b). This indicates that ATR
spectroscopy, a straightforward method for identifying solid surface structures*, has the potential to determine
soil contamination by PBAT.

Conclusion

Our findings highlight the potential of using FTIR spectroscopy to continuously monitor soil CH,/CO,.
Additionally, we have elucidated the relationship between Bio-MPs-PBAT and soil GHG emissions. BPs can
reduce the accumulation of plastic waste in the environment. However, their degradation process may generate
GHGs or indirectly intensify the greenhouse effect by promoting microbial activity. Despite these concerns,
compared to traditional plastics, BPs can reduce plastic pollution and are relatively more environmentally
friendly. These studies contribute to facilitating the establishment of more accurate models and effective strategies
to mitigate the potential impact of Bio-MPs on soil ecosystems. Nevertheless, our study has certain limitations,
including constraints associated with laboratory-scale monitoring and the need for further investigation into the
underlying mechanisms. Although we validated the feasibility of the FTIR system in monitoring greenhouse gas
emissions through gas chromatography analysis with synchronized sampling, additional online measurement
techniques, such as TDLAS, are required to further verify the system’s reliability. Moreover, exploratory CH,
quantitative methods require further research. Future work should address these limitations and focus on
developing compact FTIR monitoring systems for real-time field measurements. Additionally, the broader
application of FTIR spectroscopy in the field of soil greenhouse gas emissions should be explored.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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