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Water Impact Statement (Collins et al., Emerging Investigator Series: Microplastic-based Leachate 
Formation under UV Irradiation: The Extent, Characteristics, and Mechanisms)

Microplastic pollution of the aquatic system has multifaceted and cascading public health implications. 
This study aimed at unraveling the leachate dissolution mechanisms from microplastics. The work 
indicated that there is a clear pattern of dissolved organic matter release from microplastics into water 
depending on the microplastic type, UV intensity, water temperature, and stirring regime. 
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Abstract

Microplastics in the aquatic system are among the many inevitable consequences of plastic 

pollution, which has cascading environmental and public health impacts. Our study aimed at 

analyzing surface interactions and leachate production of six microplastics under ultraviolet (UV) 

irradiation. Leachate production was analyzed for the dissolved organic content (DOC), UV254, 

and fluorescence through excitation emission (EEM) to determine the kinetics and mechanisms 

involved in the removal or organic matter post irradiation. The results suggested there was a clear 

trend of organic matter being released from the surface of the six microplastics caused by UV 

irradiation based on DOC, UV254 absorbance, and EEM intensity increasing with time. Polystyrene 

had the greatest and fastest increase in DOC concentrations, followed by the resin coated 

polystyrene. Experiments conducted at different temperatures indicated the endothermic nature of 

these leaching mechanisms. The differences in leachate formation for different polymers were 

attributed to their chemical makeup and their potency to interact with UV. The aged microplastic 

samples were analyzed for Fourier-transform infrared spectroscopy (FT-IR), Raman, and X-ray 

photoelectron spectroscopy (XPS), to determine the surface changes with respect to leachate 

formation. Results indicated that all microplastics had increasing carbonyl indices when aged by 

UV with polystyrene being the greatest. These findings affirm that the leachate formation is an 

interfacial interaction and could be a significant source of organic compound influx to natural 

waters due to the extremely abundant occurrence of microplastics and their large surface areas. 

Keywords: Microplastics, Organic Matter, Polymers, Ultraviolet, Water Quality, 
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1. Introduction

Plastic production rate has increased from 2 to 380 Mt per year over the past 70-80 years 

due to their inexpensive production and broad use.1 This had led to approximately five trillion 

pieces of plastics in the world’s oceans.2 The increasing mass of plastic debris in aquatic systems 

causes the formation of smaller plastic particles, which is attributed to the physicochemical and 

biological weathering of plastics in the natural environment via ultraviolet (UV) irradiation, 

hydrolysis, biodegradation, physical abrasion, and thermal degradation.3-4 These smaller plastic 

particles (i.e., microplastics, MPs) form a new anthropogenic domain dubbed “the 

microplastisphere”.5-6  Due to the excessively large surface area of the microplastisphere it is 

essential to understand the physicochemical processes that occur at the interface of microplastics 

in aquatic environments.7-8 The UV driven degradation of microplastics causes their surface 

oxidation and formation of organic leachate in water, a mixture of dissolved organic matter 

(DOM).9 Leachate formation may have implications on water quality because conventional water 

treatment plants are not purposefully designed to remove microplastic leachate. In addition, DOM 

released from the microplastisphere may have direct ecological and health implications or indirect 

impacts such as disinfection byproduct formation.10 

There are a handful of studies investigating how MPs break down in the environment by 

using UV irradiation as simulated sunlight and by concurrently monitoring the changes in surface 

characteristics and leachate formation for various polymer types.11-12 Polystyrene (PS) is the most 

common polymer chosen in these studies, followed by polypropylene (PP), polyvinyl chloride 

(PVC), and polyethylene (PE).7 Numerous studies have shown the importance of UV irradiation 

as a direct factor in the breakdown of polymers in the aquatic environment where either idealized 

or realistic MP samples are aged with a varying amount of UV intensity and exposure time. UV 
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irradiation time has ranged from a few hours to months to understand the varying effects of high-

intensity, short-term irradiation as well as low-intensity, long-term irradiation on MPs.13-15 

Varying wavelengths within the UV spectrum have been chosen from UV-A (315-400 nm), UV-

B (280-315 nm), and UV-C (100-280 nm). UV-A is used for simulated sunlight most frequently 

because 95% of UV light from the Sun is comprised of UV-A wavelengths, where ozone absorbs 

the majority of UV-B and UV-C.16 In most environments where oxygen is present, surface of the 

polymer will oxidize via photooxidation where UV light or UV-based oxidants interact with the 

chemical bonds of polymers.17-20 Photooxidation of MP surfaces could alter the fate of MPs and 

their overall interactions with the environment in natural waters. 

A study by Wang et al. (2020) investigated the surface oxidation of PVC using Fourier-

transform infrared spectroscopy (FT-IR), and Fourier-transform infrared imaging spectroscopy 

imaging (FT-IRIS) for surface degradation after 2 d of 40 mW cm-2 UV-A irradiance and 

demonstrated the importance of particle size.21 Studies by Lee et al. (2020a, b)9,23 showed an 

analysis of PS, PVC, PE and PP-based leachate concentrations and surface degradation from 14 d 

of aging and compared against dark conditions. Xenon lamps at UV-A range were used in an 

artificial freshwater environment applying 4 mW cm-2 of solar irradiance.23 The study found that 

PP leached 42.1 mg L-1 (42.1 mg DOC g MP-1) and PE leached 22.8 mg L-1 (22.8 mg DOC g MP-1) 

after the 14 d of aging period in 125 mL cylindrical quartz tubes with 50 mg MP and 50 mL water. 

Release of DOC was significantly higher under irradiation conditions than in the dark conditions.23 

Similarly, PS leached 15.2 mg L-1 and PVC leached 2.24 mg L-1 after the 14 d aging period in 

quartz containers; however, the irradiation power and MP content of the test was not noted.9 Other 

studies using UV-A have looked at adsorption potential for aged MPs, and degradation in different 

aquatic environments, but these studies did not combine DOC leaching and surface analysis.18-22 
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Despite these recent studies, there is still a clear need to advance the fundamental understanding 

of DOM formation and surface oxidation under UV irradiation via side-by-side analysis of 

common polymers. 

This study experimentally tested interaction of six polymer types side-by-side under UV-

A irradiation. Specifically, three modes of liquid and three modes of solid phase analysis were 

conducted to present additional evidence of the direct link between the mechanisms creating the 

oxidation of polymer’s surface releasing organic matter into the surrounding environment. The 

four specific objectives of this study are to: (1) determine the effect of polymer types and UV aging 

conditions on DOM formation; (2) conduct surface characterization using FT-IR, Raman 

spectroscopy (RAMAN), and X-ray photoelectron spectroscopy (XPS) to understand the changes 

in MP surface; (3) relate the changes in surface characteristics and the amount of DOM leached 

and; (4) reveal the physiochemical mechanisms leading to DOM production for each polymer type. 

2. Materials and Methods

2.1 Microplastic Samples

Sources: Five types of non-biodegradable microplastic samples with sizes ranging 

between 3-4 mm were purchased from: TOTAL, Flint Hills Resources, and Verbatim: PE (Polyfil 

antistatic additive resin),  (black plastic pellets) PErec (recycled re-grinded shreds), PP PScol

(plastic resin pellets natural injected), and PS (natural injected plastic pellets. One biodegradable 

microplastic was purchased from Verbatim: 3D printing material polylactic acid (PLA). The PLA 

was shipped in non-hollow filament form and was ground to ~5 mm using a Hamilton Beach 

coffee grinder. Liquid nitrogen was added to prevent overheating during grinding processes. No 
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visible changes in the microplastic morphology were noted due to liquid nitrogen addition prior 

to grinding. 

Pre-washing process: All microplastics were washed for 2 minutes under running tap 

water and rinsed with distilled and deionized (DDI) water (18.2 MΩxcm) for 30 s to ensure no 

residual impurity was left on their surfaces. All DDI water used for cleaning and analysis was 

stored in glass containers to prevent plastic contamination. The amount of each polymer was left 

out in the open air for approximately 24 h to ensure the polymers were completely dry before 

experimentation. Washed and dried microplastic were placed in sealed glass containers and stored 

in a dark space. Photographs of each microplastic type and their respective sizes are shown in 

Figure S1. The average diameter of ten beads for each polymer type with one standard deviation 

is shown with the chemical formula and structure in Table 1. 

Table 1. Bulk surface characteristics of six polymer microplastics

Microplastic
Polymer

Abbreviations Chemical
Formula

Molecular 
Structure

Avg. Diameter 

(mm)  Std ±
Dev.

Specific 
Surface Area 
(m2g-1)

Polyethylene PE (𝐶2𝐻4)𝑛       3.45 ± 0.33 7.07 x 10-3

Polyethylene 
Recycled

           PErec (𝐶2𝐻4)𝑛      3.85 ± 0.63 4.71 x 10-3

Polystyrene PS (𝐶8𝐻8)𝑛
      3.00 ± 0.00 9.64 x 10-3

Polystyrene 
Colored

  PScol (𝐶8𝐻8)𝑛       3.60 ± 0.15 3.23 x 10-3
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Polypropylene PP (𝐶3𝐻6)𝑛       3.35 ± 0.25 1.06 x 10-2

Polylactic Acid  PLA (𝐶3𝐻4𝑂2)𝑛       3.45 ± 0.92 8.61 x 10-3

2.2 Characterization of Microplastic Surfaces

A WITec alpha 300 R confocal Raman spectrometer was used for Raman spectroscopy. 

The spectrometer uses a 532 nm laser with grating at 600 g mm-1 and accusation time of 3 s. Raman 

spectroscopy was used to determine Raman intensity shifts with bond changes for both pristine 

and post UV aged microplastics. FT-IR was performed using a Bruker IFS66V/S FT-IR system 

equipped with a mercury cadmium telluride standard detector and a KBr beam splitter with a 

diamond attenuated total reflectance module using a 500 nm laser. Carbonyl indices were 

calculated for each polymer type using the ratio of absorbance intensity of the carbonyl peak to 

reference peak for each polymer type. The calculation for the carbonyl indices is shown in Sec. 

3.3.1 A standard unpaired t-test was performed between pristine and aged carbonyl indices to 

determine if the variability was considered statistically significant (i.e., p-value<0.05). XPS was 

conducted using a VG 220i-XL equipped with a monochromated Al K-alpha X-ray source. The 

data analysis on the carbon and oxygen content was done using the CasaXPS software. The carbon 

to oxygen (C/O) ratio was calculated between pristine and post UV aged polymers to determine if 

the polymers were oxidizing. Surface analysis was conducted in triplicates for each method of 

analysis for all polymers.

The three methods of solid phase analysis provided insight into evidence of surface 

oxidation for each polymer type. FT-IR provided data for changing carbonyl index, RAMAN gave 

insight into bending and stretching of bonds due to oxidation, and XPS gave direct data on 
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changing carbon and oxygen percentages on each polymer surface. Together, the solid phase 

analysis would give sufficient insights to provide the link to DOM release based on oxidizing 

polymers.

2.3 Microplastic Aging Experiments

UV irradiation experiments were completed for each of the six polymer types under 

identical conditions to determine DOM formation during UV aging. A photochemical aging 

chamber (Rayonet RPR 100) was used with 16 lamps (RPR-3500Å) arranged in a circular pattern 

emitting light at 350 nm UV-A light. UV-A light was chosen as it incorporates the most of UV ~

spectrum from natural sunlight.16-17 The monochromatic intensity was calculated using the formula 

presented in eq. 1:

      (eq. 1)I =  
P
A

Power was determined using the ferrioxalate actinometry method.24 The area formulated 

was the area the polymers took up inside the quartz beaker. The bulbs produced 12.2 mW cm-2 at 

a distance of 12.5 cm from the center of the quartz beaker in the chamber. Over 24 h, the beads 

received 0.293 kWh m-2 of simulated solar UV irradiance. The total solar irradiance off the ~ 

coast of the southeastern United States receives 4.87 kWh m-2 per day. Between 5-10% of this ~

is UV-A, making the solar UV irradiance between 0.244-0.487 kWh m-2 of simulated solar UV 

irradiance showing the microplastics received a similar solar UV irradiance to that in the natural 

environment off the coast off the southeastern United States.25

The experiments were conducted using 50 g of each polymer type weighed and placed in 

in 250 mL quartz beaker with 150 mL of DDI water. 50 g was chosen as it provided a uniform 

dispersion of microplastic beads in the beaker allowing their access to UV light and enabled a 
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notable organic matter release within the 24 h of UV aging time. A magnetic stir rod was added, 

and the beaker was placed on a stir plate inside the aging chamber. The chamber was turned on 

and the UV irradiation experiment was carried out for 24 h. To analyze the kinetics, 4 mL samples 

were taken after 1, 3, and 6 h of UV irradiation. Triplicate samples were analyzed after the 

completion of 24 h aging to ensure consistency of analysis techniques. PS and PE tests were run 

in triplicates to determine if there was statistical consistency in kinetic results for DOM formation 

after the 24 h. Experiments were conducted at room temperature, but due to the enclosed 

environment and the heat released from the UV bulbs the DDI water approximately 26.7 C during °

the leaching experiments. The leftover solutions were poured over a Good Cook 6 inch stainless 

steel strainer with pore size of 0.25 mm into an amber bottle to remove aged microplastic beads 

from the solution. The polymers were left out to dry for 4 h and stored in a sealed glass container 

in the fridge after drying. A FLIR EX-Series thermal camera was used to take a thermal images at 

the same time intervals as the 4 mL samples were taken to ensure all bulbs were functional and 

emitting light uniformly for each polymer type and throughout the full 24 h. Photographs of the 

aging chamber and an example thermal image are shown in Figure S2. 

Collected water samples for each polymer were analyzed via UV absorbance, dissolved 

organic carbon (DOC), and fluorescence through excitation emission (EEM). The analytical tools 

to characterize the leachate is discussed in the following section. Each polymer test was repeated 

with UV light off in the same chamber for 1 h stirring conditions with identical microplastic masses 

and DDI water volumes and compared against 1 h UV irradiation. The control experiment was 

conducted to capture the impact of stirring alone on leachate formation. In addition, a 1 h dark 

turbulent shaking experiment was set up with identical microplastic mass and DDI water volumes. 

In brief, 50 g of each polymer type were placed in a 250 mL amber bottle with 150 mL of DDI 
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water. The amber bottles were secured in a sealed box and placed on a shaker and shaken at 180 

rpm for 1 h. Shaking was done in a horizontal side-to-side motion. This was used to show the 

importance of mechanical abrasion and hydrolysis has on DOM formation for polymers in the 

natural environment. For dark turbulent shaking experiment, triplicates were created for each of 

the six polymer types. The microplastic aging experimental set-up for these dark and light 

conditions are summarized in Figure S3.

In addition, PS was tested at two other temperatures to determine how the kinetics of DOM 

formation might changes with increasing or decreasing temperatures. Two other temperatures of 

 and  were chosen for analysis. Temperatures were maintained using a New ~18.3 °𝐶 ~35.0 °𝐶

Brunswick Scientific C25KC Incubator Shaker Classic Series. The UV aging chamber was run 

inside the incubator during experimentation where thermometer readings were taken throughout 

experimentation to ensure consistent thermal conditions. The experiments were done in triplicates 

for each temperatures and samples were taken again at 1, 3, 6, and 24 h. DOC was analyzed at 

each time interval, where EEM was conducted after 1 and 24 h. Finally, PS DOM leachates were 

compared against natural organic matter (NOM) isolated from Suwannee and Mississippi Rivers 

obtained from International Humic Substances Society.

2.3.2 Characterization Tools for Microplastic Leachate 

To characterize the leachate formation from microplastic aging experiments, a Cary Bio 

100 UV-Visible spectrophotometer was used for UV absorbance measurements, using a 1 cm 

quartz cuvette, measuring absorbance at wavelengths from 200-800 nm. A total absorbance scan 

was used to monitor the amount of DOM being released during the different conditions. A 

Shimadzu TOCVCPN TOC analyzer with a Shimadzu ASI-V autosampler was used for DOC 
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analysis. Each of the 4 mL samples were first filtered using GVS North American 0.45 µm disk 

membrane filters and DOC analysis was performed using the NPOC method on the TOCVCPN. 

This process involved the samples being injected onto a standard TOC catalyst bed (platinum 

coated alumina balls) and sparged at 680 C using ultra-pure carrier grade air. The carbon gets °

broken down into CO2 and measured using a non-dispersive infrared detector (NDIR). Sample 

data was compared from a five-point calibration curve created using a stock solution of potassium 

hydrogen phthalate (KHP) purchased from Aldrich Chemical Company. 

A Hitachi F-4500 fluorescence spectrophotometer was used for fluorescence analysis using 

emission wavelengths from 300-500 nm and excitation wavelengths from 240-400 nm. Data was 

processed using MATLAB R2020a using PARAFAC analysis techniques through drEEM toolbox 

to smooth the data and remove 1st and 2nd order Rayleigh and Raman scatter by using emission 

and excitation spectra.25 

3.0 Results and Discussion

   3.1 DOM Release

The UV aging released notable amounts of soluble organic matter from all six types of 

microplastics tested. Figure 1 shows the UV spectroscopy after 1 h and 24 h UV aging and 

compares the data against the dark turbulent conditions and stirring control at a spectral range from 

200-400 nm.

Page 12 of 35Environmental Science: Water Research & Technology



Figure 1. UV absorbance of leachate solutions for six types of microplastics aged by 24 h and 1 h 

UV irradiation and associated 1 h dark controls (i.e., stirring, and turbulent shaking). Absorbance 

values of 1 h and 24 h UV aging are arithmetic mean of triplicate experiments for PS and PE and 

arithmetic means of triplicate measurements of other polymers. Dark conditions and stirring 

control are mean of triplicate experiments for all polymers. 

All tested polymer leachate showed an increase in UV absorbance spectra from 1 h to 24 

h UV irradiation time indicating increasing DOM formation with continued UV irradiation time. 

The corresponding 1 h stirring (i.e., identical stirring with UV lamp off) showed no significant 

increase in UV absorbance of the leachate, resulting in liquid phase analysis results being attributed 

to the polymer interactions with the photons and not the stirring actions itself. The 1 h dark 

turbulent conditions did show relatively high absorbance, where PE, PP and PLA, 1 h dark 

turbulent shaking resulted in even greater DOM release when compared to 1 h UV irradiation. 
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This indicates that UV aging is not the only factor generating leachate where mechanical abrasion 

and hydrolysis are important in polymer degradation in the aquatic environment. 27 

To understand the leachate formation kinetics, UV254 and DOC concentrations for each 

polymer type were analyzed at 1, 3, 6, and 24 h (Figure 2). Further comparison of DOC 

concentrations of each polymer is in Figure S4.

UV Irradiation Time (h)

Figure 2. UV254 absorbance (right) and DOC concentration in mg L-1 (left), for UV irradiated 

samples taken at 1, 3, 6, and 24 h. Error bars represent standard deviation of triplicate experiments 

for PE and PS, and triplicate measurements for the other polymer types. A comparison figure of 

UV254 and DOC results for each polymer after 24 h is presented in the supplementary information 

(Figure S5). Lines are drawn to guide the eye.

Consistent with UV spectral analysis, all six polymers had increasing DOC concentrations 

during 24 h of UV aging. The aromatic hydrocarbons, PS and PScol leached the largest DOC 

concentrations up to 31.7 mg L-1 and 18.5 mg L-1
, respectively. The olefins leached the least, PP 

and PE, leaching up to 6.97 mg L-1 and 7.89 mg L-1 after 24 h irradiation. The marked differences 
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in DOM concentration between polymer types can also be reported by normalization of mass (in 

mg) of DOC release per mass (in grams) of microplastic. One gram of microplastic in the UV 

aging chamber released the following amounts of DOC (in mg) over 24 h: PS (0.10) > PScol (0.06) 

> PErec (0.05) > PLA (0.04) > PP (0.03) > PE (0.02). These values are minute (<0.01 wt.%) in 

comparison to the total mass of microplastic in the aging chamber over the 24 h indicating the 

potential for long term DOC release during their retention in the environment. Similarly, the DOM 

concentration can be normalized against the surface area of each polymer type, where 1 m2 of MP 

leached the following masses of DOC (in mg) over 24 h: PS (9.9), PScol (17), PErec (9.6), PLA 

(4.7), PP (2.5), PE (3.4). The order of DOC release is similar between surface area and mass 

normalization between polymer types, but PScol had the highest potential of release per m2. It 

should be noted that the release takes place from the surface of MPs and the larger surface area is, 

the more mass they can release under UV irradiation.21

   3.2.2 Characterization of Dissolved Organic Matter by Fluorescence Spectroscopy

To characterize the DOM from these polymers, fluorescence was measured using 

excitation (240-400 nm) and emission (300-460 nm) to characterize the leachate based on the 

sector that fluoresces (Figure 3).28 Fluorescence is measured in intensity, a unitless value measured 

in arbitrary units (a.u.) that is directly proportional to concentration with increasing intensity, 

coinciding with increasing DOM concentration. A comparison of the matrix of each polymer type 

after 1 h and 24 h UV irradiation is shown in Figure 3.
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Figure 3. Fluorescence analysis using excitation (240-400 nm) and emission (300-450 nm) after 

1 h UV irradiation and 24 h UV irradiation. 24 h intensity values are arithmetic mean of triplicate 

experiments for PS and PE and arithmetic means of triplicate measurements of other polymers.

Intensity is represented by intensity peaks, the highest value of the matrix resembling a 

mountain peak. The intensity peaks of EEM increased in all six polymers from 1 to 24 h UV aging, 

which aligns with the UV absorbance and DOC results. PS showed the largest intensity peak 

increase (143->237 a.u.) followed by PScol (100->182 a.u.). The sector the organic matter that is 

fluorescing for the PS polymers is within the aromatic sector, showing the organic matter being 

released from the surface is not just aromatic impurities, but organic matter from the polymer itself 

may be released. PErec also had a larger increase in peak intensity (248->329 a.u.) and fluoresced 

within the aromatic sector. This most likely is attributed to the introduction of polycyclic aromatic 

hydrocarbons (PAHs) during the production process. Phenanthrene is a common compound 
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introduced and can be easily adsorbed to the microplastic surfaces during remolding.29 The 

aliphatic polymers, PP (9.69->24.7 a.u.) and PE (25.9->34.8 a.u.) showed very small peak intensity 

increases in the fulvic and humic acid sectors which makes it hard to determine whether organic 

matter was coming off these polymer surfaces. The lower DOC concentrations for PE and PP 

combined with the EEM intensities shows that the organic material may be impurities released 

from the polymer chain and not directly organic material. The highest intensity increases for an 

aliphatic for PLA (55.2->97.0 a.u.) coincided well with the larger DOC concentration after 24 h 

(13.5 mgL-1), which may be explained by its greater biodegradability. There was consistency 

between each mode of liquid phase analysis where it was clear that PS was leaching off a 

significant increase of DOM compared to PP and PE. 

   3.2.3 Photooxidation Pathways

During UV irradiation, all polymers undergo three major processes: initiation, propagation, 

and termination. Initiation is the creation of free radical carbons (R ) due to photons being ∙

absorbed by chemical bonds. Most polymers are photo-inert to wavelengths >290 nm, meaning 

initiation from UV-A light must stem from impurities attached to the polymer chain. The ability 

of a polymer to generate free radical carbons can vary greatly depending on the chemical structure, 

impurities bonded to the polymer chain, and surface area exposed to photons. Also, the 

mechanisms of generating free radical carbons are similar and the variation between an aromatic 

and aliphatic polymer likely lead to the significant differences in DOM formation over 24 h. PS 

has a phenyl ring with delocalized  bonds along the outside making free radical generation rapid 𝜋

compared to a straight chain polymer such as PE and PP.30 Free radical generation can be 
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represented as a spherical ball on a hill. Once it gets started it will autonomously react, so with PS 

generating free radical carbons faster it increased the rate of DOM formation.

The second step of photooxidation is propagation. As free radicals are generated, they 

begin to combine with oxygen where hydrogen abstraction occurs. A hydrogen atom gets removed 

from the polymer chain, creating hydroperoxide (ROOH). These are intermediates, which can 

absorb UV irradiation 300-500x greater than a pure polymer.3 Alkoxyl and hydroxyl radicals form 

and the polymer chain begins to propagate. Cross-linking occurs where the polymer chains bond 

together, which significantly weakens a polymer surface and makes it susceptible to fragmentation 

and surface cracking. Ketones can be introduced during oxidation where a Norrish II reaction 

occurs and C-C bonds can break, causing the chain scission of the polymer backbone.31-33 Initiation 

and propagation steps are shown in eq’s (2-4).

 (eq. 2)Polymer →R ∙

(eq. 3)R ∗ + O2→ROO ∙

(eq. 4)ROO ∙ +H→ROOH +  R ∙

In our analysis PE leached higher DOM concentration than PP, but longer-term studies 

have shown PP to leach larger DOM concentrations versus PE due to these alkyl groups on the PP 

polymer chain are more likely to cause chain scission over time.23,33 PErec leached 15 mg L-1 

compared to the pristine PE of 8 mg L-1 after 24 h. This is most likely attributed to the introduction 

of the PAHs as seen during EEM analysis. The introduction of PAHs helps to generate free radical 

carbons at faster rates due to similar processes of that seen for PS allowing for higher DOM 

formation. The rapid formation of hydroperoxides and hydroxyl radicals for PS for longer term 
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studies have been shown to inhibit further aging due to the rapid production of these 

intermediates.13

The thermal images allowed for insurance that each polymer was receiving similar amounts 

of photons over the course of the 24 h UV irradiation. As a result, the chemical structure is essential 

in the kinetic rate and mass of DOM formation. A polymer that can rapidly generate free radical 

carbons will increase the rate of DOM leaching from the polymer surface. Evidence of this 

variation is seen throughout each mode of liquid phase analysis, where PS showed greater EEM 

intensity, DOC concentration, and UV absorbance over the 24 h compared to the other polymers. 

   3.2.4 Effect of Temperature on DOM Formation

All MP types were shown to be leaching organic matter and how temperature affects 

leachate formation was further explored to reveal some mechanistic insights on leachate formation. 

PS was chosen for temperature comparison as it showed highest UV absorption, DOC 

concentration and fluorescence intensity peak increase. Initial experiments with PS were 

conducted at  . To create a temperature comparison, two more environmentally relevant ~26.7 °𝐶

temperatures were chosen at  and . Experiments were carried out in triplicates with 18.3 °𝐶 35.0 °𝐶

4 mL samples were taken at 1, 3, 6, and 24 h. The resulting DOC concentrations are presented in 

Figure 4.
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Figure 4. DOC formation kinetics comparison of PS at 35.0, 26.7 and 18.3 C after 24 h °

irradiation. Error bars represent one standard deviation of triplicate experiments for each 

temperature.

The results show that leachate formation depends on the ambient temperature. Decreasing 

the temperature to  reduced the DOC concentration from 32 to 20 mg L-1. Increasing the 18.3 °𝐶

temperature to  resulted in DOC concentrations increasing from 32 to 37 mg L-1. This 35.0 °𝐶

indicates that microplastics in warmer environments will degrade faster.3 The temperature 

comparison of PS shows the importance of the initiation step during photooxidation where 

increasing temperatures can help to initiate photooxidation. To analyze the kinetics further, the 

kinetic leachate formation constants (kT) were calculated fitting the formation data to zero order 

reactions for each temperature used as: k18.3
 = 0.84 mg L-1 h-1, k26.7

 = 1.06 mg L-1 h-1, and k35.0 = 

1.26 mg L-1 h-1. The rate constants were plotted against 1/T using the Arrhenius Equation (eq. 5).

(eq. 5)k =  A
―EA

RT
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and the resulting slope was the minimum activation energy over the real gas constant ( ). The 
𝐸𝐴

𝑅

minimum energy required for the formation of PS leachate to occur was +18.3 kJ mol-1 aligning 

well with the previous reports.34 To further show the impact of temperature, the EEM results 

complemented the DOC results as shown in Figure 5. Peak intensities diminished at the lower 

temperatures after 24 h (237 94.1 a.u.) and increased at the higher temperatures (237 387 

a.u.). MPs such as PS would degrade at different rates depending on the temperature; however, 

other MP types may need to be evaluated to make a conclusive statement about the overall leachate 

formation.

Figure 5. EEM comparison of PS at 35.0, 26.7 and 18.3 C after 1 h (top) and 24 h (bottom) °

irradiation. It should be noted that different temperature graphs have different intensity ranges to 

pronounce the changes in EEM. Intensity is arithmetic mean of triplicates for each temperature 

and at each time interval.
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3.3. Characterization of Pristine and Aged Microplastic Surfaces

   3.3.1 Raman and Fourier Transform Spectroscopy

Raman spectroscopy (Figure S5) and FT-IR (Figure 6) were performed on all six polymers 

to compare the pristine and post 24 h UV aged surface characteristics. Raman spectroscopy shows 

relative frequencies to distinguish between molecular bond changes, FT-IR shows absolute 

frequencies of radiation absorbance to determine functional group vibrations and polar bonds. 

Each can analyze surface oxidation by the formation of hydroxyl, carboxyl, and carbonyl groups.20 

Raman spectroscopy was performed on all six polymers using a 532 nm laser. Two dyed polymers 

did not have clear signals during Raman spectroscopy analysis.35 However, the four white 

polymers (PE, PS, PLA, and PP) presented clear Raman spectral data (Figure S5).

The characteristic peaks with decreasing intensity between 1 and 24 h are present for each 

polymer, PS at 1000 cm-1, PP at 695 cm-1, and PE at 1059 cm-1, presenting evidence for UV 

aging.36 On the other hand, PLA was tested thrice, and the Raman results remained scattered. The 

scattering may be attributed to the molecular stability of the PLA.36 The methyl, methylene and 

methine peaks at wavenumber of 2800-3000 cm-1 for all four microplastics becomes attenuated 

with aging, signaled through CH2 and CH stretching. The CH2 bending from 1400-1450 cm-1 for 

PS and peak from 1680-1800 cm-1 for PLA signifies that PS and PLA formed aldehydes from the 

formation of a carbonyl group post UV aging.37 This occurs due to free radicals causing the chain 

scission of the C-H bonds of PLA and PS. The symmetry at 1600 cm-1 signifies that PP and PE 

followed similar hydroperoxide formation, however, resulted in alkene formation post UV aging.38 

For each polymer, the Raman results presented evidence of surface oxidation. 

FT-IR was performed to determine carbonyl indices for each polymer type from pristine to 

post UV aged. FT-IR spectrums and corresponding carbonyl indices for all microplastics are 
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presented in Figure 6. The carbonyl index was calculated from FT-IR by dividing the carbonyl 

peak absorbance to reference peak absorbance for each polymer. Each carbonyl and reference peak 

was determined based on literature i.e., PE  , PS , PLA  and PP (
1716 cm ―1 
1375 cm ―1) (

1720 cm ―1 
1450 cm ―1) (

1748 cm ―1 
1451 cm ―1) (

.39-411712 cm ―1 
1456 cm ―1)

Figure 6. FT-IR absorbance from 4000-1000 cm-1 (Left). Calculated carbonyl indices with one 

standard deviation error bars (Right). Spectrums are arithmetic mean values of triplicates for each 

polymer type.

Carbonyl index increased in all polymers, but PP. PS was the only statistically significant 

increase (p-value < 0.05) after the 24 h UV aging. The increasing carbonyl index of PS (0.26-0.42) 

and PScol  (0.91-1.07) is due to these polymers being favorable to aging seen through DOM 
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formation analysis, FT-IR and Raman results.42-43 There were also characteristic peaks at 1470 cm-

1 and 720 cm-1 for each polymer associated with the C-H bending of CH2 bonds showing UV 

aging.44 Increasing number of peaks also can signify formation of functional groups, where for all 

six polymers, there were an increasing number of peaks from 1780-1684 cm-1 showing the 

formation of oxygen containing functional groups such as a carbonyl group, ester formation, or 

lactones.45 γ ―

   3.3.2 X-ray Photoelectron Spectroscopy

In all microplastics, there were clear evidence regarding the oxidation of surfaces. Some 

microplastics with aromatic monomers, e.g., PS and PScol, were oxidizing more than the aliphatic 

ones e.g., PP. To further quantify the surface oxidation of each polymer pre- and post-aging, XPS 

wide scanning was also conducted, and carbon and oxygen content was quantified. It is a surface 

sensitive method to analyze elemental percentage on the surface of each microplastics as shown 

in Table 2. 

Table 2. Carbon and oxygen content with carbon to oxygen ratio

Sample C (%) O (%) C/O

PE Fresh 98.4 1.63 60.4

PE Aged 78.0 2.78 28.1

PP Fresh 99.0 0.99 99.0

PP Aged 51.4 4.61 11.1

PLA Fresh 46.1 32.6 1.41

PLA Aged 41.6 48.0 0.867

PS Fresh 94.6 5.41 17.5

PS Aged 92.9 7.10 13.1
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Recycled PE Fresh 74.5 23.5 3.17

Recycled PE Aged 45.2 16.2 2.79

Colored PS Fresh 62.7 10.4 6.03

Colored PS Aged 59.5 14.4 4.13

Two important trends to highlight the oxidation of a polymer during UV aging processes 

through XPS, is increasing oxygen percent and decreasing C/O ratio as surface oxidation occurs. 

For all six polymers there was increasing oxygen content through surface oxidation and decreasing 

C/O ratio. XPS results differed from FT-IR as PP showed the largest decrease in C/O ratio showing 

(80%) followed by PE (54%) and PScol (32%). The two largest reductions in C/O ratio were from 

aliphatic hydrocarbons. The remaining percentages of composition can be attributed to fluorine 

and neon. Many plastics are fluorinated with fluorine gas to create a surface barrier.46 The 

introduced neon could best be assumed to occur through the UV-A bulbs, where neon is introduced 

for germicidal purposes and may leak out over time. 46 Neon has been found to bond to hydrogen 

fluoride over time and is the best estimation for why neon and fluorine were seen for polymers 

during XPS analysis.47 PLA had a low starting carbon content but is consistent with values 

presented within the literature due to the impurities introduced during manufacturing processes.48-

50 The XPS results show significant surface oxidation, much higher than the results presented in 

RAMAN and FT-IR analysis, but the essential factor is the C/O ratio was decreasing for all six 

polymers, signifying that DOM formation was the result of surface oxidation and not just 

impurities degrading from the polymer chain that the EEM results might have suggested. 

3.4 Implications on Water Quality
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The results of this study indicate the link between surface oxidation and DOM leaching 

from microplastics. Microplastic-based DOM release poses possible harm to drinking water 

sources. Many facilities are designed to remove natural organic matter (NOM) from water but are 

not necessarily equipped for handling higher aromatic leachate removal as most NOM is 

comprised of humic and fulvic acids. This difference is demonstrated with EEM comparison of 

PS, Mississippi River NOM, and Suwannee River NOM at 32 mg L-1 (Figure 7). The peak 

locations as well as overall intensities of fluorescence signals are different between NOM and PS 

leachate at the same DOC concentrations.

Figure 7. EEM comparison of PS and DOM from Suwanee and Mississippi Rivers. All samples 

have a DOC concentration of 32 mg L-1. Intensity values are triplicates for each NOM samples 

and PS.

The inherent difference between the DOM makeup combined with the excessively large 

surface area of microplastisphere, is an overwhelming new anthropogenic domain that may change 

the dissolved organic matter concentration in the environment especially in locations where MPs 

prevail. The UV irradiation could accelerate the leachate formation and further threaten the 

ecological health with a potential burden to existing water treatment infrastructure that is dating 

back to the Victorian era. Even with modern water treatment technologies that are using membrane 
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removal methods with polymeric materials such as polyvinylidene fluoride (PVDF) has found MPs 

in their effluents.51 This is also true for other plastic-based water treatment methods including 

nanofiltration and reverse osmosis.52 The removal potential and methodology used for different 

polymer types is still a new domain for water treatment. Each leachate type may require new 

strategies for removal and ways to handle increasing sludge production. PS leached DOM at a 

significantly higher rate than the other polymers and just the shear amount of DOM reaching water 

treatment presents its own challenges. Lastly, the chemical transformation potential, reactivity 

under disinfection conditions and sheer toxicity of MPs leachate deems further research.

Conclusions

This study analyzed six different polymer types of microplastics undergoing 24 h UV 

irradiation. The work attempts to create a compound analysis that MP surface analysis techniques 

of FT-IR and Raman Spectroscopy are coupled with DOM analysis after the 24 h to create a direct 

link between surface oxidation and leachate production. The results suggest that aromatic polymers 

oxidize and release DOM much more rapidly from UV irradiation compared to aliphatic ones. The 

surface and DOM results were consistent for each mode of analysis that PS had the highest DOM 

concentration and surface oxidation. This can most likely be attributed to the phenyl ring 

introducing free radicals at much faster rates than that of a straight chain polymer. The temperature 

comparison of PS provides further evidence of the importance of the initiation step during 

photooxidation where increasing temperatures can help to initiate photooxidation faster seen by 

the increasing kinetic rate and mass of DOM formation of PS with increasing temperatures. The 

temperature analysis also indicated the endothermic nature of DOM release from PS MPs by 

determining the activation energy required to initiate photooxidation. PS degrades at faster rates 
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than aliphatic polymers, but they all provide their own issues to marine organisms and water 

quality. All MP pollution is environmentally detrimental, and these results suggest DOM release 

from polymers may persist within the environment and requires attention by policymakers, 

researchers, and the practitioners.
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