[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Highlights
· PLA MPs adsorbed significantly more Cd than PE MPs
· Weathering led to the appearance of oxygen-containing functional groups in PE MPs
· Weathering increased abundance of oxygen-containing functional groups in PLA MPs
· Biofilms developed on MPs during weathering
· Increased adsorption of Cd after weathering was due to biofilms

Abstract: Biodegradable polylactic acid (PLA) mulch has been developed to replace conventional polyethylene (PE) mulch in agriculture to reduce plastic pollution and the accumulation of microplastics (MPs) in soil. Cadmium (Cd) is a significant soil contaminant, and can be adsorbed by MPs. It is increasingly recognised that in the natural environment biofilms can develop on MPs and that this can affect their adsorption properties. We exposed PLA and PE mulches outdoors for 16 months. MPs were then generated from pristine and weathered mulches. Biofilms developed on the weathered plastics. Oxygen-containing functional groups were detected on the weathered, but not the pristine PE, abundance of these groups increased for the weathered PLA. After removal of the biofilm the observed increases in oxygen-containing functional groups relative to the pristine plastics remained. In adsorption experiments pristine PLA MPs had a greater maximum adsorption capacity than pristine PE MPs (106 - 126 vs 23.2 mg / kg) despite having a lower specific surface area (0.325 m2 / g vs 1.82 m2 / g) suggesting that the greater levels of adsorption were due to MP chemistry. The weathered plastics adsorbed more Cd than the pristine plastics (e.g. maximum adsorption capacities of 153 - 185 and 152 mg / kg for the weathered PLA and PE respectively). However, after removal of the biofilm, adsorption of Cd to the weathered MPs was no greater than for the pristine plastics. This suggests that the increased adsorption of Cd due to weathering was caused primarily by adsorption onto the biofilm.
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Introduction
[bookmark: OLE_LINK327][bookmark: OLE_LINK329][bookmark: OLE_LINK330][bookmark: OLE_LINK231][bookmark: OLE_LINK232]Agricultural plastic mulches have been developed to increase yields and improve crop quality (Deng et al., 2006, Kasirajan et al., 2012). The most commonly used type is polyethylene (PE) (Khalid et al., 2023, Qiang et al., 2023). It is estimated that over 8300 million tonnes of plastics have been produced globally, with PE accounting for 36.3 % of that figure, in addition, by 2023 annual plastic production rates were over 400 million tonnes (Singh et al., 2024, Plastics Europe, 2023). Biodegradable plastic mulches have been developed to replace conventional PE mulch as a response to growing concerns about plastic pollution (Sintim and Flury, 2017). In 2028, global bioplastics production capacity is set to increase significantly to approximately 7.43 million tonnes (Plastics Europe, 2023). Polylactic acid (PLA) accounts for the largest share (24 %) of total global biodegradable plastics manufacturing (Haider et al., 2019) and it has wider application potential in the future (European Bioplastics, 2022). 

[bookmark: OLE_LINK13][bookmark: OLE_LINK339][bookmark: OLE_LINK340]Under some management practices, plastic mulches are ploughed into the soil at the end of their use which could generate plastic debris with a range of sizes including microplastics (MPs), i.e. plastic material less than 5 mm in size (Thompson et al., 2004). Microplastic mulch residues could also form when mulch degrades during exposure to ultraviolet (UV) radiation and weather (Huang et al., 2020, Luo et al., 2022). Once MPs enter the environment, they can interact with contaminants, such as metals (Alimi et al., 2018, Gao et al., 2021a; Ricardo et al., 2021, Liu et al., 2022a, Luo et al., 2022, Li and Wang, 2023), potentially reducing the availability of metals to soil organisms (Cao et al., 2021, Hodson et al., 2017, Khalid et al., 2021, Xiao et al., 2024). Cadmium (Cd) contamination of agricultural soils is an ongoing challenge around the world (Burau, 1981, Quezada-Hinojosa et al., 2009, Park et al., 2010, Zhao et al., 2015, Niño-Savala et al., 2019, Gray and Cavanagh, 2023) often due to the use of Cd-bearing phosphate fertilisers (Niño-Savala et al., 2019) with Cd concentrations in soils being reported up to 47.7 mg / kg (Huang et al., 2024a). It is already known that MPs can adsorb Cd (Alimi et al., 2018, Wen et al., 2018, Zhou et al., 2020). Fei et al., (2023) and Jiang et al., (2024) found that pristine biodegradable PLA MPs adsorbed more Cd than conventional polyvinyl chloride (PVC) and polypropylene (PP) MPs. Most (> 99 %) conventional MPs found in arable land are PE MPs (Liu et al., 2022b) and PE MPs have been found to adsorb Cd (Wang et al., 2019, Zhang et al., 2020). However, it is not known how adsorption of Cd compares between PE MPs and biodegradable PLA MPs.

[bookmark: _Hlk181011681]Weathering of plastic mulches may impact their adsorption of contaminants due to changes in their physical and chemical properties (Zhang et al., 2018, Duan et al., 2021; Ventura et al., 2024). The mechanisms of plastic ageing are complex and diverse and can be affected by environmental factors (Ding et al., 2020, Ge et al., 2023). The mechanisms include physical ageing (abrasion), chemical ageing (advanced oxidation and photo-oxidation) and biological ageing (microbial attachment and colonization) (He et al., 2023, Wang et al., 2023a). However, the majority of studies on ageing of MPs consider UV ageing and biological ageing has been neglected (Ge et al., 2023, Wang et al., 2023a). When exposed to the natural environment plastic mulches are readily colonised by microorganisms (Bhagwat et al., 2021). Microorganisms attach to the surface of plastics, reproduce and secrete polysaccharide substrates that encapsulate the bacterial colonies and lead to the formation of biofilms (Luo et al., 2022, Tu et al., 2020a, Wang et al., 2021, Moyal et al., 2023). These biofilms can increase the size, density and surface hydrophobicity of MPs, which may promote the transport and sedimentation of MPs in the environment (Ding et al., 2015, Chen et al., 2019). Furthermore, these biofilms can act as reservoirs for pathogenic microorganisms which can spread through the food chain (Keswani et al., 2016, Imran et al., 2019, Hirt and Body-Malapel, 2020). The biofilms may also modify the sorption behavior of the MPs. The adsorption capacity of conventional MPs (including PE, PS, PET, PA, PVC and PP) for divalent metals generally increases with artificial ageing (Chen et al., 2021, Gao et al., 2021b, Wang et al., 2023b) due to the roughening of the MPs surface, creating additional surface area, and the appearance of oxygen-containing groups on the surface of the MPs (Mao et al., 2020, Liu et al., 2022c). Huang et al., (2023, 2024b) found that biodegradable PLA had a greater adsorption capacity for divalent metal ions after artificial ageing, mainly due to an increase in oxygen-containing functional groups. However, the above studies (Chen et al., 2021, Gao et al., 2021b, Huang et al., 2023, Wang et al., 2023b, Huang et al., 2024b) only compared pristine with artificially aged (UV-aged and H2O2-aged) conventional and biodegradable MPs which may not be good representatives of naturally weathered MPs, particularly in terms of the development of biofilms (Hanun et al., 2021, Alimi et al., 2022, Lozano et al., 2023).

[bookmark: _Hlk181012033]Therefore, the aim of this study was to compare the adsorption of Cd on MPs of the most commonly used conventional and biodegradable mulching plastics, PE and PLA respectively, and also to investigate their adsorption capacity before and after natural weathering. Previous studies mainly focused on MPs after artificial weathering which may not fairly represent naturally weathered MPs. As far as the authors are aware, this is the first study to directly compare adsorption of Cd on pristine and naturally weathered PE and PLA MPs generated from plastic mulches. This study will provide a better understanding of the mobility and distribution of Cd in agricultural environments where plastic mulches are used.

Materials and methods
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Plastic mulch selection
[bookmark: _Hlk181031117][bookmark: OLE_LINK205][bookmark: OLE_LINK206]Two types of plastic mulches, non-biodegradable PE (sold as “YYOBK Mo garden PE weeding film vegetable mulch film, 5 hole mulch film for plant cultivation greenhouse agriculture”) and biodegradable PLA (sold as “GBNHGYP Mo agricultural ground cloth orchard grass cover cloth durable degradable breathable moisturizing mulch, biodegradable ecological PLA mulch”), were purchased from the BEIJUANDEOZXIAODIAN storefront on Amazon. Details of their characterisation are given in the Supplementary Information (Text S1-3, Figs. S1-S3, Tables S1-S5). They were confirmed to be PE and PLA using Fourier transform infrared (FTIR) spectroscopy (Text S1, Fig. S1, Table S1).

Mulch weathering and MP generation
[bookmark: OLE_LINK124][bookmark: OLE_LINK31][bookmark: _Hlk181031303][bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: _Hlk183616143][bookmark: OLE_LINK32][bookmark: _Hlk181031473]Large metre scale sheets of PE and PLA mulches were cut from the purchased mulching materials and hung outside to naturally age from 3rd April 2022 to 2nd August 2023 (Fig. S4); local mean monthly weather data for this period are shown in Fig. S4. Over this period the plastics will have been exposed to natural UV weathering, as well as changes in temperature and moisture level; also biofilms would be expected to form on the sheets. At the end of the exposure period, the weathered mulching sheets were rinsed with deionised water to clean dust from them, and air-dried. This cleaning process was necessary to prevent the presence of dust confounding our adsorption studies but may have impacted the biofilm. However, repeated exposure to rain during the weathering period did not result in removal of the biofilm and biofilm was still present after the cleaning process (see below) so we assume that the biofilm was robust and not substantially impacted by the cleaning process. Afterwards, both pristine and weathered mulches were cut into small pieces (2 cm2) using scissors, shredded using a Ninja blender and sieved to less than 2 mm. The PE formed planar particles whilst the PLA formed fibres. This generated the following sample types: pristine PE pieces (PPE), weathered PE pieces (WPE), pristine PLA fibre (PPLAF), and weathered PLA fibre (WPLAF). Because of the difference in the shapes of the PE and PLA, and in order to account for the possible impact of this on adsorption characteristics, pristine and weathered PLA mulches were also cut to produce similar shaped particles to the PE using scissors (generating pristine PLA pieces, PPLAP, and weathered PLA pieces, WPLAP). Finally subsamples of the weathered PE and PLA MPs were washed in absolute ethanol (vwrc20821.330) in an ultrasonic bath (Grant XUBA 3) for 15 mins to remove possible adhering biofilm (Tu et al., 2020b, Tarafdar et al., 2021) to generate: ethanol-washed weathered PE pieces (WWPE), ethanol-washed weathered PLA fibre (WWPLAF) and ethanol-washed weathered PLA pieces (WWPLAP).

[bookmark: OLE_LINK109][bookmark: OLE_LINK110]Images of the particles (Figs. 1-3) were taken using an Axio Zoom V16 Microscope equipped with an Axiocam 105 colour camera and Zen 2 (blue version) software and a scanning electron microscopy (SEM, HITACHI TM4000Plus Tabletop Microscope) operated at an electron accelerating voltage of 5 kV. Additionally, the size and shape of the particles (n = 50 for each particle type) were analysed using ImageJ 2.3.0 / 151 1.53r (Fig. S3 and Tables S2-S4).

[bookmark: OLE_LINK3]Ideally SSA would be measured using gas adsorption and application of the Brunauer-Emmett-Teller (BET) isotherm (Brunauer et al, 1938). We attempted to measure the BET surface area of our samples using a Micromeritics Porosimeters ASAP 2020 & Tristar with N2 as the adsorbate following over-night degassing at 60 C under a constant flow of N2 using a VacPrep 061 (the temperature was chosen to avoid any melting of the plastic). However, the BET measurement needs sufficient materials to make an accurate measurement. We were only able to add up to 0.0182 g for PE, 0.0760 g for PLAF and 0.0182 g for PLAP of materials to the sample holders before they were full and unfortunately this mass of material was insufficient for measuring the surface area to a meaningful level of accuracy or precision. Therefore, we calculated geometric SSAs, i.e. we assumed that the particles had regular geometries. Such calculations will be approximations as they assume smooth surfaced particles and do not account for the surface roughness which is visible on our MPs (Figs. 1-3), a fact that we return to in the discussion of our results. For the PE and PLAP a cuboidal geometry was assumed using average areas obtained from imageJ (Tables S2, S4). We measured the thickness of the sheets using calipers as 0.0012 and 0.005 mm for PE and PLA respectively and therefore assumed that the surface area of faces perpendicular to the sheeting was negligible (Text S3). In contrast, to calculate the SSA of the fibrous PLAF MPs a cylindrical particle shape was assumed and the mean particle length and diameter as determined using ImageJ was used in calculations (Table S3). Densities used in our calculations were determined using pycnometers (see Text S2). PE density was measured as 0.917 ± 0.0003 g cm-3 and PLA as 0.924 ± 0.0002 g cm-3, which were in the range for these plastic types reported previously (Li et al., 2018a, Borges-Ramírez et al., 2020, Meng et al., 2023). The calculated SSAs were 1.82, 0.217 and 0.433 m2 / g for the PE, PLAP and fibrous PLA respectively. The presence of biofilms on the weathered material and the increased surface roughness of the weathered and the weathered and washed particles should result in higher SSA than for the pristine materials but our geometric assumptions can not take this into account.

Triplicate samples of the different MPs were characterised by FTIR to determine whether weathering and ethanol washing resulted in changes in the presence or relative intensity of functional groups (Text S1, see Results section). The peak areas of the FTIR spectra in the ranges 1300 to 800 cm-1 and 3200 to 2600 cm-1 were calculated using OriginPro 2023b 10.0.5.157 (Table S5). These ranges covered the main oxygen containing functional group and the highest intensity peaks for non-polar groups (C-H) in the spectra.
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Fig. 1. Optical microscope images of the plastic mulch-derived MP particles used in the experiments: (a) pristine polyethylene (PPE), (b) weathered polyethylene (WPE) and (c) ethanol-washed weathered polyethylene (WWPE) particles. In the cases of a, b, c the scale bar represents 2 mm. Typical SEM images of the polyethylene (PE) pieces MPs used in the experiments: (d), (f) and (h) are the pristine, weathered and weathered and washed PE pieces at low magnificent (scale bar equal to 500 µm) whilst (e), (g) and (i) are the pristine, weathered and weathered and washed PE pieces at higher magnification (scale bar equal to 100 µm). The PPE samples show a smooth topography; particles interpreted to be biofilm are present on the WPE samples; these particles are not present on the WWPE samples which show a rougher topography than the PPE samples.

[image: ]
Fig. 2. Optical microscope images of the plastic mulch-derived MP particles used in the experiments: (a) pristine polylactic acid fibres (PPLAF), (b) weathered polylactic acid fibres (WPLAF) and (c) ethanol-washed weathered polylactic acid fibres (WWPLAF). In the cases of a, b, c the scale bar represents 2 mm. Typical SEM images of the polylactic acid fibres (PLAF) MPs used in the experiments: (d), (f) and (h) are the pristine, weathered and weathered and washed PLAF at low magnificent (scale bar equal to 500 µm) whilst(e), (g) and (i) are the pristine, weathered and weathered and washed PLAF at higher magnification (scale bar equal to 100 µm). The PPLAF samples show a smooth topography; particles interpreted to be biofilm are present on the WPLAF samples; these particles are not present on the WWPLAF samples which show a rougher topography than the PPLAF samples.

[image: ]
Fig. 3. Optical microscope images of the plastic mulch-derived MP particles used in the experiments: (a) pristine polylactic acid pieces (PPLAP), (b) weathered polylactic acid pieces (WPLAP) and (c) ethanol-washed weathered polylactic acid pieces (WWPLAP). In the cases of a, b, c the scale bar represents 1 mm. Typical SEM images of the polylactic acid pieces (PLAP) MPs used in the experiments: (d), (f) and (h) are the pristine, weathered and weathered and washed PLAP at low magnificent (scale bar equal to 500 µm) whilst (e), (g) and (i) are the pristine, weathered and weathered and washed PLAP at higher magnification (scale bar equal to 100 µm). The PPLAP samples show a smooth topography; particles interpreted to be biofilm are present on the WPLAP samples; these particles are not present on the WWPLAP samples which show a rougher topography than the PPLAP samples.

[bookmark: OLE_LINK466][bookmark: OLE_LINK467]Adsorption experiments
[bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK342][bookmark: OLE_LINK23][bookmark: OLE_LINK24]A series of batch adsorption experiments were conducted to investigate the potential for the different types of MPs to adsorb Cd. Approximately 0.2 g of MPs were accurately weighed and added to 30 mL of a Cd solution obtained by dissolving Cd(NO3)2·4H2O in a background electrolyte of 0.01 mol / L NaNO3 at a pH of 6.0 to give a constant ionic strength (Hodson et al., 2017). Initial Cd target concentrations were 0.1, 0.5, 1, 5, 10, 50 and 100 mg / L with triplicate control and MP treatments at each concentration. These concentrations were chosen due to the high levels of Cd found in contaminated soils (e.g. Huang et al., 2024a) and to provide a range in concentrations of several orders of magnitude to generate adsorption isotherms (Kettum et al., 2018, Shahrokhi-Shahraki et al., 2021, Qu et al., 2022). Samples were shaken in 50 mL centrifuge tubes at 220 rpm on a flatbed shaker in a 12 °C temperature controlled room for 24 h. A number of previous studies indicate that 24 h should be sufficient for adsorption to reach equilibrium (Hodson et al., 2017, Li et al., 2022, Khan and Hodson, 2024). After 24 h, suspensions were centrifuged at 4000 RPM for 15 minutes and filtered through Whatman no. 540 12.5 cm diameter filter paper. All filtered solutions were analysed for Cd using a Thermo Scientific iCAP 7000 inductively coupled plasma-optical emission spectrometer (ICP-OES). Accuracy, assessed via analysis of an in house 0.5 ppm standard was 100 %, precision, assessed by measurement of paired samples and expressed as the coefficient of variation (Gill and Ramsey, 1997) was 1.90 % and the detection limit, calculated from repeat measurements of the blank standard (Walsh, 1997) was 0.006 mg / L. Controls were used to measure actual concentrations of initial Cd solution. Cd adsorption by MPs was calculated by difference between the average Cd concentrations in the controls and MP treatments at the end of the adsorption period. Linear, Langmuir and Freundlich isotherms were used to fit the adsorption data. For fitting the linear isotherm the regression line was constrained to pass through the origin.

Determination of biofilm content adhered on MPs
[bookmark: OLE_LINK455][bookmark: OLE_LINK95][bookmark: OLE_LINK96][bookmark: OLE_LINK42][bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK74][bookmark: OLE_LINK45][bookmark: OLE_LINK46]The crystal violet staining method was used to determine the amount of biofilm present on the surface of the weathered MPs via a modification of the method of Bhagwat et al. (2021). Four pieces of microplastic were placed into a sterile Petri dish and carefully rinsed three times with 2 mL of deionised water. The particles were allowed to dry at room temperature for 45 min, and then 0.5 mL of 1 % (w / v) crystal violet solution was added to the Petri dish. After a further 45 min at room temperature the excess dye solution was carefully discarded. The microplastic samples were washed 3 times with 5 mL of deionised water, allowed to dry for 45 min at room temperature and then placed in a 2 mL centrifuge tube to which 1 mL of 95 % ethanol solution was added and left to stand for 10 min. The solution was transferred to a cuvette, and the absorbance was measured at 595 nm using a Shimadzu UV - 1800 UV / Visible Scanning Spectrophotometer to give a measure of the amount of biofilm present (OD595). MP-free treatments of the 95% ethanol solution served as a blank control to zero the spectrophotometer. The pristine microplastic pieces also served as a control group. All extractions were carried out on triplicate subsamples of MPs. After the extractions the MPs were thoroughly rinsed with deionised water to remove any residual chemicals, air-dried, and weighed with a 5 decimal place balance (Kern, ABT 100-5M, WB14G0048). The SSA of the particles were determined as described above (Table S6). The amount of biofilm detected was normalized to the mass of MP (g) and the MP surface area (m2).

[bookmark: OLE_LINK53][bookmark: OLE_LINK54]Data analysis
Statistical analysis was carried out using SigmaPlot version 15.0 software, SPSS version 28.0.1.1 (15) and Excel version 16.72. The variation of adsorption data (the Cd concentration adsorbed to MPs at equilibrium CMPs, mg / kg) was analysed using a non-parametric 3 way Scheirer Ray Hare test (Holmes et al., 2017) as it proved not possible to transform the adsorption data to obtain a normal distribution and equal variance. Initial target Cd concentration (0.1, 0.5, 1, 5, 10, 50, 100 mg / L), plastic type (PE, PLAF, PLAP) and plastic treatment (pristine, weathered, weathered-washed) were used as factors, Games-Howell post hoc tests were then carried out (Field, 2013). Variation in relative intensity of FTIR peaks and amount of biofilm (OD595, OD595 / mass and OD595 / surface area) was analysed with plastic type (PE, PLAF, PLAP) and plastic treatment (pristine, weathered, weathered-washed) as factors. Normality and equal variance were assessed using the Shapiro-Wilks and Brown-Forsythe tests respectively. The relative intensity of FTIR peaks data set did not have equal variance (P ≤ 0.05) and the OD595 / mass data set was not normally distributed (P ≤ 0.05). It was not possible to transform the relative intensity of FTIR peaks data set to both a normal distribution and equal variance so this data was analysed using the non-parametric 2 way Scheirer Ray Hare test (Holmes et al., 2017) followed by Games-Howell post hoc tests (Field, 2013). A log10 transformation was used to convert the OD595 / mass data set to obtain normal distributions and equal variance. Data sets were then analysed using a two way ANOVA analysis followed by Holm-sidak post doc tests (Underwood, 1997).

[bookmark: OLE_LINK111][bookmark: OLE_LINK112]Results
Adsorption of Cd on different types of MP
[bookmark: _Hlk181084250][bookmark: _Hlk181084281]Cadmium adsorption isotherms of pristine MPs, weathered MPs and weathered then washed MPs are shown in Fig. 4 with the fitting parameters listed in Table 1. In our adsorption experiments, the amount of Cd adsorbed on MPs ranged from 1.742 to 993.1 mg / kg (Fig. 4a). The adsorption data obtained at an initial Cd concentration of 100 mg / L appeared to deviate slightly from the trend of the other data. However, based on 95 % confidence intervals from fitted parameters of the isotherms, there were no significant differences between when the 100 mg / L data were included and excluded (Table 1 and S7). Thus, the Cd data at 100 mg / L were included in our analysis.

The results of the 3 way Scheirer Ray Hare Test showed that initial Cd concentration, plastic type and plastic treatment had a significant impact on adsorption (P ≤ 0.05); there were no significant interactions. Adsorption increased with initial Cd concentrations (from below detection to almost 1000 mg / kg; Fig. 4a). PLA adsorbed more Cd than PE (106 - 126 vs 23.2 mg / kg; Table 1). Adsorption onto the weathered MPs (maximum adsorption capacities of 153 - 185 and 152 mg / kg for the weathered PLA and PE respectively; Table 1) was significantly greater (P ≤ 0.05) than that onto either the pristine (maximum adsorption capacities of 106 - 126 and 23.2 mg / kg for the pristine PLA and PE respectively; Table 1) or weathered then washed MPs (maximum adsorption capacities of 108 - 153 and 108 mg / kg for the weathered then washed PLA and PE respectively; Table 1) but there were no significant differences (P ≥ 0.05) between adsorption to the pristine and weathered then washed MPs (3 way Scheirer Ray Hare Test followed by Games - Howell post hoc test). 

[bookmark: OLE_LINK82][bookmark: OLE_LINK77][bookmark: OLE_LINK84][bookmark: OLE_LINK100][bookmark: OLE_LINK85][bookmark: OLE_LINK83]The linear, Freundlich and Langmuir isotherms all described the data well though fits to the Langmuir and Freundlich isotherms were better than those to the linear isotherm (Table 1). Pristine PLA adsorbed more Cd than pristine PE, regardless of its shape (Fig. 4a). The maximum adsorption capacity (Cm) of the pristine PLA MPs was significantly greater than that of the pristine PE MPs when 95 % confidence intervals were considered (Table 1). Isotherm fit parameters (Kd, KF, and Cm) indicated no significant difference of adsorption capacity between the PLA fibres and PLA pieces given the over lapping 95 % confidence intervals (Table 1). Consistent with the results of the 3 way Scheirer Ray Hare Test both the weathered and the weathered then washed PE showed significantly greater adsorption of Cd relative to the pristine PE (Fig. 4a) but this was not the case for the pristine and weathered or weathered then washed PLA (Table 1).
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[bookmark: OLE_LINK19][bookmark: _Hlk181088276]Fig. 4. (a) Adsorption data for different types of MPs expressed per unit mass. (b) Freundlich isotherms for different types of MPs (per unit mass). (c) Langmuir isotherms for different types of MPs (per unit mass). White symbols are pristine MPs, red are weathered MPs and blue are weathered and washed MPs. Triangles are PE, stars are PLAF and squares are PLAP. Individual plots are presented in the SI (Figs. S6-S8).

[bookmark: OLE_LINK49][bookmark: OLE_LINK464][bookmark: OLE_LINK2][bookmark: OLE_LINK1][bookmark: OLE_LINK118]Table 1. Linear, Freundlich and Langmuir isotherm parameters for Cd adsorption to different types of MPs with concentrations adsorbed expressed on a per unit mass basis, 95 % confidence intervals are given in brackets. Initial Cd concentrations range from 0.1 to 100 mg / L. CMPs is concentration adsorbed to MPs at equilibrium, mg / kg, Caq is concentration in solution at equilibrium, mg / L. The linear adsorption model is expressed as CMPs = KdCaq where Kd is the adsorption coefficient, L / kg. The Freundlich model is expressed as CMPs = KFCaq1/n where KF is the distribution coefficient, (L / mg)1/n. The Langmuir model is expressed as CMPs = CmKLCaq / (1+KLCaq) where KL is the binding constant, mg / L and Cm is the maximum concentration adsorbed to MPs, mg / kg.
	[bookmark: RANGE!A1]　
	Linear
	Freundlich
	Langmuir

	MPs type
	Kd
	R2
	P
	LnKF
	1/n
	R2
	P
	KL
	Cm
	R2
	P

	pristine PE / PPE
	4.405
	0.82
	< 0.001
	2.115
	0.7785
	0.98
	< 0.001
	0.8357
	23.2
	0.92
	< 0.001

	
	(3.625-5.184)
	
	
	(1.771-2.460)
	(0.6485-0.9085)
	
	
	(0.6567-1.622)
	(9.115-42.72)
	
	

	pristine PLA fibre / PPLAF
	9.082
	0.81
	< 0.001
	4.041
	0.5172
	0.97
	< 0.001
	2.158
	126
	0.97
	< 0.001

	
	(7.550-10.62)
	
	
	(3.758-4.324)
	(0.4156-0.6187)
	
	
	(0.4991-3.324)
	(69.66-660.1)
	
	

	pristine PLA piece / PPLAP
	7.634
	0.8
	< 0.001
	3.332
	0.6507
	0.98
	< 0.001
	0.6238
	106.2
	0.99
	< 0.001

	
	(6.711-8.557)
	
	
	(3.074-3.591)
	(0.5541-0.7474)
	
	
	(0.1552-1.014)
	(59.87-469.7)
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	weathered PE / WPE
	9.841
	0.79
	< 0.001
	4.435
	0.4284
	0.93
	< 0.001
	5.032
	152.4
	0.98
	< 0.001

	
	(7.703-11.98)
	
	
	(4.075-4.796)
	(0.3068-0.5500)
	
	
	(1.912-7.279)
	(90.62-479.0)
	
	

	weathered PLA fibre / WPLAF
	10.45
	0.8
	< 0.001
	4.425
	0.4791
	0.97
	< 0.001
	3.767
	153.2
	0.96
	< 0.001

	
	(8.449-12.46)
	
	
	(4.166-4.683)
	(0.3898-0.5684)
	
	
	(0.2845-6.055)
	(78.98-2560)
	
	

	weathered PLA pieces / WPLAP
	10.9
	0.81
	< 0.001
	4.258
	0.5497
	0.98
	< 0.001
	1.399
	185.2
	0.99
	< 0.001

	
	(9.123-12.68)
	
	
	(4.024-4.492)
	(0.4656-0.6338)
	
	
	(0.1617-2.359)
	(97.52-1834)
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	washed, weathered PE / WWPE
	9.045
	0.81
	< 0.001
	3.386
	0.6684
	0.98
	< 0.001
	0.646
	107.7
	0.99
	< 0.001

	
	(7.627-10.46)
	
	
	(3.107-3.666)
	(0.5637-0.7731)
	
	
	(0.09841-1.090)
	(57.81-789.4)
	
	

	washed, weathered PLA fibre / WWPLAF
	7.902
	0.8
	< 0.001
	3.695
	0.5647
	0.96
	< 0.001
	1.278
	107.6
	0.98
	< 0.001

	
	(6.460-9.344)
	
	
	(3.386-4.005)
	(0.4509-0.6785)
	
	
	(0.2034-2.059)
	(57.67-804.2)
	
	

	washed, weathered PLA pieces / WWPLAP
	9.449
	0.81
	< 0.001
	4.156
	0.5452
	0.99
	< 0.001
	1.643
	153.9
	0.98
	< 0.001

	
	(7.854-11.04)
	
	
	(3.997-4.316)
	(0.4877-0.6028)
	
	
	(0.1599-2.725)
	(80.26-1876)
	
	



MP characteristics
[bookmark: _Hlk181083018][bookmark: OLE_LINK63][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK119]The 16 months of weathering outside had no obvious optically-visible changes in the appearance of the plastic mulch-derived MPs before and after weathering or washing in ethanol (Figs. 1-3). However, SEM images and FTIR spectra suggested that biofilms had formed on the surfaces of the weathered MPs and that the biofilms were removed by the ethanol-wash (Fig. 1-3). The surfaces of the weathered and the weathered then washed MPs were rougher and had creases (PE) or were more uneven (PLA) compared with those of the pristine MPs (Figs. 1-3). Furthermore, the FTIR spectra of both the weathered PE (WPE) and weathered PE after ethanol washing (WWPE) showed a new peak at around 1100 cm-1 compared to the pristine PE (PPE). This peak corresponds to the oxygen-containing hydroxyl functional group C-O-H (Fig. 5a). The intensity of this peak, relative to that of the C-H peak (around wave numbers 3200 - 2600 cm-1) decreased significantly after the WPE was washed with ethanol (Table S5; 2 way Scheirer Ray Hare Test followed by Games - Howell post hoc test). There was no obvious change in the peaks present in the FTIR spectra of the PLA across different treatments (Fig. 5b). However, the relative peak intensity of the C-O peak (1300 - 800 cm-1) to the C-H peak (3200 - 2600 cm-1) increased significantly in the order pristine PLA (PPLAF and PPLAP) < weathered then washed PLA (WWPLAF and WWPLAP) < weathered PLA (WPLAF and WPLAP) (P ≤ 0.001, 2 way Scheirer Ray Hare Test followed by Games - Howell post hoc test) (Table S5).
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[bookmark: OLE_LINK61]Fig. 5. FTIR spectra of different types of MPs: (a) pristine (PPE), weathered (WPE) and ethanol-washed weathered PE (WWPE) and (b) pristine (PPLAF, PPLAP), weathered (WPLAF, WPLAP) and ethanol-washed weathered PLA fibres and pieces (WWPLAF, WWPLAP). The grey vertical dotted line in (a) indicates the position of the new peak at 1100 cm-1 in the WPE and WWPE samples.

[bookmark: OLE_LINK196][bookmark: OLE_LINK197][bookmark: _Hlk181084955]The amount of biofilm on the MPs was determined using crystal violet staining and absorption at 595 nm (OD595, Fig. 6). There was no significant difference in the OD595 values between the different pristine MPs (P ≥ 0.05, two way ANOVA followed by Holm-Sidak post hoc test). After being weathered or weathered and then washed, PE and PLA showed significant differences in the amount of biofilm present; significantly less biofilm was associated with the PE (P ≤ 0.001, two way ANOVA followed by Holm-Sidak post hoc test and 2 way Scheirer Ray Hare Test followed by Games - Howell post hoc test) (Fig. 6). Biomass per unit mass was greater for the PE than the PLA (P ≤ 0.001, 2 way Scheirer Ray Hare Test followed by Games - Howell post hoc test) (Fig. 6b), whereas biomass per unit area was greater for the PLA (P ≤ 0.001, two way ANOVA followed by Holm-Sidak post hoc test) (Fig. 6c). Regardless of the normalisation of biofilm biomass (biomass: Fig. 6a; biomass per unit mass: Fig. 6b; biomass per surface area: Fig. 6c), the amount of biofilm decreased significantly in the order weathered MPs > weathered then washed MPs > pristine MPs for both PE and PLA (P ≤ 0.001, two way ANOVA followed by Holm-Sidak post hoc test and 2 way Scheirer Ray Hare Test followed by Games - Howell post hoc test) (Fig. 6). The pristine PLA fibres and particles did not have significantly different amounts of biofilm associated with them regardless of normalization to mass or surface area (P ≥ 0.05, two way ANOVA followed by Holm-Sidak post hoc test and 2 way Scheirer Ray Hare Test followed by Games - Howell post hoc test) (Fig. 6b, 6c). However, the weathered and weathered then washed mass normalised biofilm concentrations were greater for the PLAP than the PLAF (Fig. 6b), whereas the weathered and weathered then washed surface area normalised biofilm concentrations were greater for the PLAF than the PLAP (Fig. 6c) (P ≤ 0.001, two way ANOVA followed by Holm-Sidak post hoc test and 2 way Scheirer Ray Hare Test followed by Games - Howell post hoc test).
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[bookmark: OLE_LINK198][bookmark: OLE_LINK67][bookmark: OLE_LINK451][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK69]Fig. 6. Amount of biofilm on the PE, PLAF and PLAP samples expressed as (a) OD595, (b) OD595 / MP mass, and (c) OD595 / MPs surface area. Values are averages ± standard deviations (n = 3). For (a) and (c) different letters above the bars indicate a significant difference at P ≤ 0.001 (2 way ANOVA followed by Holm-Sidak post hoc test). For (b) different letters above the bars indicate a significant difference at P ≤ 0.001 (2 way Scheirer Ray Hare Test followed by Games - Howell post hoc test).
[bookmark: OLE_LINK364]
[bookmark: OLE_LINK43]Discussion
[bookmark: OLE_LINK79]Cd adsorbed to all the MPs tested and was better described by Freundlich and Langmuir than by linear isotherms (Table 1). Adsorption was greater for the biodegradable PLA than the conventional PE MPs and significantly greater for the weathered than either the weathered then washed or pristine MPs (Fig. 4, Table 1). The amount of biofilm extracted from the MPs decreased in the order weathered > weathered then washed > pristine (Fig. 6) as did the relative intensity of the oxygen-bearing functional groups present in the FTIR spectra. 

Impacts of MPs shape and chemistry on adsorption of Cd
[bookmark: _Hlk181085615][bookmark: _Hlk181026591][bookmark: OLE_LINK350][bookmark: OLE_LINK88][bookmark: OLE_LINK98][bookmark: OLE_LINK351][bookmark: OLE_LINK121][bookmark: OLE_LINK353][bookmark: OLE_LINK352]Adsorption is a surface phenomenon; as SSA increases more surface is available for sorption per mass of material (Wang et al., 2019, Zhang et al., 2020, Zhou et al., 2020, Li et al., 2022, Chang et al., 2024). The PE MPs used in our study were platy particles, while PLA MPs were either platy or fibrous particles (Figs. 1-3). Our calculations suggest that the mean SSAs of the platy PE MPs, platy PLA MPs and fibrous PLA MPs were 1.82, 0.217 and 0.433 m2 / g respectively. Although our SSA calculations do not take into account surface roughness and are therefore approximations, visual analysis of the MP surfaces by SEM suggests that the pristine PE and PLA show no significant difference in terms of their roughness (Figs. 1-3). Surface roughness is a scaling factor between BET and geometric SSA (Brantley and Mellott, 2000) and thus whilst the absolute values of SSA may vary from our calculations, our calculations do indicate that there was substantially more surface area present in the pristine PE adsorption experiments than in those that used the pristine PLA, whilst the platy and fibrous PLA had very similar SSA. Therefore, the lack of a significant difference in adsorption between the platy and the fibrous PLA (Table 1) was not unexpected; for a given mass of each shape of particle a similar amount of surface should have been available for adsorption. However, there would have been more PE than PLA surface area for a given mass of particles in our adsorption experiments. Despite this, the PLA MPs showed greater adsorption of Cd than the PE MPs (Fig. 4, Fig. S5, Table 1) suggesting that this was due to differences in the chemistry of the MPs rather than available surface area for adsorption (Gao et al., 2021a, Khalid et al., 2021). Similarly, previous studies also found that biodegradable MPs were able to adsorb more metal ions than conventional MPs (Li et al., 2018b, Huang et al., 2023, Shi et al., 2023, Huang et al., 2024b, Jiang et al., 2024), however, they did not take surface area into account. Therefore, they were unable to unambiguously attribute this to compositional differences between the plastics rather than their size and shape. The PLA contained polar, oxygen-containing ether functional groups whereas PE contained no polar functional groups (Fig. S1, Table S1 and S5). Adsorption between non-polar PE and metal ions is likely to be a non-specific interaction such as by weak van der waal forces (Gao et al., 2021a, Xu et al., 2021). In contrast, metal ions can adsorb by surface complexation with the polar functional groups of PLA (Fan et al., 2018, Wu et al., 2019) leading to an increase in adsorption (Brennecke et al., 2016).

Impacts of natural weathering on adsorption of Cd on MPs
[bookmark: OLE_LINK122][bookmark: OLE_LINK360][bookmark: OLE_LINK114][bookmark: OLE_LINK120][bookmark: _Hlk181026654]The adsorption of Cd on the weathered MPs was significantly higher than that on the pristine or weathered then washed MPs (Fig. 4 and Table 1). A biofilm was associated with the weathered MPs and was significantly reduced by the ethanol washing (Fig. 6). Previous studies have demonstrated an increase in adsorption by artificially aged MPs (Bhagat et al., 2022, Huang et al., 2023, Huang et al., 2024b) and the adsorption of metals by biofilms (Qi et al., 2021, Qiongjie et al., 2022). Ageing can alter the surface morphology (Liu et al., 2019, Mao et al., 2020, Gao et al., 2024) and physicochemical properties of MPs (Guo and Wang, 2019, Wei et al., 2021, Deng et al., 2023). We were not able to quantify the additional surface area generated by weathering of the MPs (either from the biofilm or changes in the roughness of the MP itself) but SEM observation suggests that the biofilm associated with the weathered MPs will have increased particle surface roughness and thus SSA to a greater extent than the physical affects of weathering but that the physical weathering of the MPs also increased the roughness of the particles, and thus SSA, relative to the pristine MPs (Figs. 1-3). Furthermore, the FTIR spectra of the weathered PE included a new peak at around 1100 cm-1 which corresponds to polar, oxygen-containing hydroxyl functional groups. Although their relative intensity decreased, the peaks remained present after the MPs were washed to remove the biofilm. In contrast to the PE, no new peaks were found in the PLA spectra after weathering. However, there was a significant increase in the relative intensity of peaks representing oxygen-containing ether and hydroxyl functional group (Fig. 5b, Table S5) on weathering of the PLA and a subsequent decrease after washing in ethanol. The relative intensities after washing were still greater than those for the pristine material. This suggests that some of the oxygen-containing functional groups were associated with the biofilm but that some were associated with alteration of the MP chemical structure. The new functional groups would provide new adsorption sites (Li et al. 2019a, Li et al. 2019b, Guan et al. 2020). However, once the biofilm was removed by washing in ethanol there was no significant difference in the adsorption of Cd between the weathered then washed compared to the pristine MPs. This suggests that the increased adsorption of Cd after weathering of the MPs was mainly due to adsorption by the biofilm rather than increased adsorption directly onto the surface of the MPs. However, we are unable to determine how much of the additional adsorption on the weathered MPs was due to the chemical groups in the biofilm as opposed to the additional surface area associated with the biofilm. In slight contrast to the statistical analysis of the adsorption data, the differences in modelled Kd and Cm perhaps suggest some increased adsorption due to chemical changes in response to weathering, at least for the PE where the introduction of new functional groups might be considered a more significant chemical change than a slight increase in their abundance as was the case for the PLA. The majority of studies that have demonstrated an increase in adsorption to MPs after ageing have used artificial ageing methods such as UV light (Han et al., 2021, Bhagat et al., 2022, Qiongjie et al., 2022, Huang et al., 2023, Huang et al., 2024b), the photo-Fenton reaction (Lang et al., 2020, Liu et al., 2020, Jiang et al., 2022), or heat activated potassium persulfate oxidation (Wu et al., 2020) or reducing agents NaBH4 (Xiao et al., 2023) which alter the physical (increased surface roughness, cracks and holes formation, decreased particle size) (Bhagat et al., 2022, Qiongjie et al., 2022, Huang et al., 2023) and chemical (changed functional groups on MPs and chain scission) (Han et al., 2021, Xiao et al., 2023, Huang et al., 2024b) properties of MPs rather than leading to the development of biofilms which potentially raises questions about the relevance of those studies to naturally weathering processes and environmental MPs. Our results confirm that natural weathering leads to the incorporation of oxygen-bearing functional groups into the weathered plastics, which could ultimately lead to increased adsorption of Cd. However, the above mentioned studies and this study also suggest that whilst natural and artificial ageing can both result in increased adsorption, at least in the short (16 month of natural weathering) term this is likely due to different mechanisms with the changes in adsorption by the naturally weathered MPs being more closely linked to biofilm formation than structural / compositional changes.

Differences in biofilm formation between biodegradable PLA and conventional PE
The PE particles had a higher SSA than that of the PLA and would therefore have a higher surface area for a given mass of particles. As biofilms form on surfaces, this is consistent with the amount of biofilm being greater in the PE than PLA particles when normalized to mass as that mass of material represents a greater amount of surface. However, when normalized to surface area the opposite is seen (Fig. 6). PLA is, by design, biodegradable (Kasirajan et al., 2012, Haider et al., 2019) and our results suggests that it is perhaps easier for biofilm to colonise PLA surfaces, most likely because the biodegradable PLA could act as a food source resulting in more biofilm being present on the particles per unit area.

Conclusions
[bookmark: _Hlk181027490][bookmark: OLE_LINK78][bookmark: _Hlk181027334][bookmark: _Hlk181027521][bookmark: _Hlk181027616][bookmark: _Hlk181027711]The ecological hazards of Cd depend on its mobility, which can be influenced by adsorption. We showed that polymer type, weathering and biofilms had a significant impact on adsorption of Cd by the MPs (P ≤ 0.05). Pristine PLA was significantly more sorptive to Cd than pristine PE (e.g. maximum adsorption capacities of 106 - 126 vs 23.2 mg / kg). Thus, initially, reductions in Cd bioavailability in Cd-bearing soils may occur if PE mulches are replaced by PLA mulches which could lead to increased accumulation of Cd in soils but a reduced risk of this Cd entering the food chain by biomagnification. Weathering of the plastics resulted in the appearance (PE) or increased abundance (PLA) of oxygen-containing functional groups in their chemical structure, together with the development of biofilms leading to an increase in adsorption of Cd (e.g. increases in maximum adsorption capacity to 153 - 185 and 152 mg / kg for the PLA and PE respectively) which could decrease Cd mobility further. Artificial weathering of MPs which does not result in biofilm formation may lead to differing results between studies of naturally and artificially weathered MPs or mean that conclusions drawn from artificial weathering studies are not applicable to short term (months long duration) natural weathering. Although PLA is designed to biodegrade it showed little signs of degradation after 16 months exposure to natural conditions. In the short term use of PLA could therefore lead to increased retention of Cd in soil but reduced Cd bioavailability. If Cd has been retained in soil by adsorption to biodegradable MPs this might ultimately lead to a larger pool of bioavailable Cd on degradation of the MPs.

Limitations and future research recommendations
Our study produced naturally weathered MPs by hanging up plastic mulch sheets to expose them to ambient weather conditions. However, when mulches are used in practice they are laid on the soil surface. Therefore only one side of the mulch would be exposed to sunlight, the other would be in contact with the soil which could result in different weathering mechanisms and / or different rates of weathering which could in turn result in different adsorption properties. Thus whilst we believe that using naturally weathered MPs is an advance on using artificially weathered MPs in terms of environmental realism, further consideration to the exposure scenarios of pristine plastics is warranted when generating weathered MPs.

Whilst we quantified the amount of biofilm present on our MPs, further research on how biofilms form on MPs and adsorb metals (and other contaminants) at a molecular level is warranted to better understand the potential risk that this poses in the environment. Furthermore, genetic characterization of the biofilms would support understanding of their origins and properties. The use of isotopically labelled MPs in experiments could be investigated to determine whether the micro-organisms present in biofilms are using the MPs as a carbon source and actively metabolizing them.
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