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Abstract 

Polypropylene (PP) and polyethylene (PE) are commonly used polyolefins in a 

variety of applications, which have resulted in their accumulation in the environment. 

Once in the environment, these polymers undergo various chemical and physical 

transformations as the result of environmental stressors such as sunlight. During 

photodegradation, PP and PE undergo reactions categorized as oxidation, crosslinking, 

and chain scission that are induced from UV light; yet, there are key gaps in knowledge 

on the phototransformations that occur under aqueous conditions. Therefore, it is the goal 

of this project to characterize the phototransformations of PP and PE in simulated natural 

water conditions. This thesis focuses on 0.03 mm and 0.025 mm thick PE and PP thin 

films respectively. The polymer films were irradiated with 254 nm and 350 nm UV light 

in air, ultra-pure water, and solutions of dissolved organic matter (DOM) (10 mgC/L 

Suwanee River natural organic matter) to simulate natural systems. For comparison, the 

films were subjected to natural weathering over the course of Summer 2019 in Duluth, 

Minnesota. Irradiated plastics were then evaluated for a variety of chemical 

transformations. It was observed using Fourier Transform Infrared Spectroscopy (FTIR) 

that oxidation occurred both in air and aqueous environments, with oxidation in aqueous 

environments happening at a slower rate. However, in the presence of DOM, indirect 

photochemistry accelerated oxidation compared to ultrapure water, providing the first 

evidence of indirect photo-transformations of plastics. Polymer crystallinity, measured 

with FTIR, was also monitored as an evaluation of polymer scission. An increase in 

crystallinity was observed for all samples indicating that the polymer matrix was 

rearranged during photodegradation, with samples in water showing a sharper increase in 



 

 

iii 

crystallinity initially. Compared to naturally weathered sample, lab observed 

transformations were in line with natural sampling supporting the importance of the lab-

based measurements. Through this work, we have gained a clearer perspective on the 

chemical weathering of materials found in aquatic plastic debris, which will allow us to 

predict the behavior of these materials, including the breakdown into microplastics.  
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Chapter 1: Introduction 
1.1 Presence of Plastics 

Plastics are useful in a wide variety of applications due to their resistance to 

degradation by heat, radiation, chemicals, and micro-organisms.1 Plastics are present in 

every aspect of our lives even though their large-scale production only began in the 

1950’s. Their incorporation and use have grown exponentially and are found throughout 

daily life including products related to food production, medicine, and infrastructure. As 

of 2017 it is estimated that 8.3 billion metric tons of plastics have been produced in total.2 

The two most commonly produced synthetic polymers, polyethylene (PE) and 

polypropylene (PP), are synthesized from the petroleum-derived monomers ethylene and 

propylene.2 Polymers are synthesized by simple cost efficient polymerization, and are 

manufactured in a number of processes that includes the addition of chemical additives.3 

Currently approximately 8% of worldwide oil and gas production is used as feedstock to 

provide energy in the fabrication of plastic products.4  

While the chemical and physical properties of plastics are important for their 

engineered applications, the growing plastic waste problem is concerning, largely 

because many of plastic products are designed to be single use. Used plastic can be 

recycled, thermally destroyed, or discarded into a managed system.2 An environmental 

crisis has arisen because plastics are disposed of improperly and are accumulating in the 

environment. Plastic waste has been identified in a range of environmental 

compartments, including terrestrial and freshwater systems,5,6,7 and marine habitats 

ecosystems,8,9,10,11 and they have been found in highly populated and remote locations.12 

Plastics may be directly put into aquatic environments through actions such as 

commercial fishing or carried into water systems through rain and flood occurrences.13,14  
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As of 2020, Lindeque et al., estimated that the concentration of microplastics, small 

plastic particles that are <5 mm, within marine environments could surpass 3,700 

microplastics per m3 indicating a significant concentration of plastics present.15  

1.2 Implications for Plastic in the Environment 

A major concern of plastics within the environment is their ability to have 

negative effects on ecosystems. More than 260 species such as fish, seabirds, turtles, and 

marine mammals have been shown to either become entangled or ingest plastic waste.16 

While many studies focus on the effects of  macro debris >20 mm, there is also concern 

with microplastics (MPs) and how they may impact lower tropic levels.17 MPs are plastic 

fragments classified into two separate categories, primary (i.e., purposely manufactured) 

and secondary that occur due to environmental degradation of materials.18 In 2014 it was 

estimated that 35,500 metric tons of MPs were floating in the oceans, raising a concern 

about how they may impact the quality of life in these environments.19An issues arises 

when animals of lower tropic levels ingest these microplastics. Browne et al. performed a 

study on Mytilus edulis ingesting microplastics showing that plastic particles had the 

ability to accumulate in the gut and eventually move to the circulatory system.20 Once 

these plastics are present within a species they have the ability to cause problems such as, 

false satiation, distorted gene expression, reduced population growth, endocrine 

disruption, and hepatic stress.21,22,23,24  

While ingestion of macro and micro sized plastics is an important consideration 

for evaluating plastics impacts to ecosystems, they also have the ability sorb other 

chemicals resulting in plastics acting as transport mechanism for contaminants within the 

environment. Studies have shown that plastics have the ability to sorb organic 
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compounds such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls 

(PCBs), and various other hydrophobic organic chemicals.25,26 Additionally, plastics have 

been shown to have the ability to leech known toxic additives into the environment such 

as bisphenol A (BPA).27 While additives have been shown to leech out of the plastics, a 

study by Tanaka et al. showed that polybrominated diphenyl ethers (PBDEs) also have 

the ability to be leeched from plastics into the tissue of seabirds.28 The leeching of 

additives is exacerbated by the physical and chemical changes to the plastic debris by 

various environmental driving forces.29,30,31 

1.3 Environmental Weathering 

When plastics enter the environment, they are subjected to biotic and abiotic natural 

stressors such as UV light, oxidants, and physical abrasions. Engineering applications of 

polymers consider these degradation driving forces in the design of polymer products.32 

Yet, there is much unexplored in terms of how plastics chemically degrade, particularly 

under aquatic conditions. In one example of characterizing weathering of polymers, it has 

been shown that MPs present in the environment are more oxidized, have a higher 

crystalline structure, and a decreased molar mass, indicating degradation of the polymer 

chains.33,34 Ultimately, the environmental weathering can change the behavior of the 

plastic, such as the density changes causing the material to move to a different portion of 

the water column. Characterizing the chemical transformations in natural systems is 

critical for assessing the fate and ultimate burden of plastic waste in the environment. 

 1.4 Photodegradation of Polymers 

Degradation from sunlight is the primary abiotic degradation pathway and the 

focus of the thesis work herein. While polymer photodegradation in vacuum and air has 
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been studied,35,36 there remains a gap in knowledge to how polymers photodegrade in 

aqueous environments. Characterizing the chemical transformations in natural systems is 

critical for assessing the fate and ultimate burden of plastic waste in the environment. 

Although polymers may have varying structures it is believed that the majority of 

polymers photo-transformations occur via analogous pathways.37 The three degradation 

pathways that are commonly reported within the literature are oxidation, chain scission, 

and crosslinking.38,39 These pathways will be considered focusing on the vinyl polymers 

PP and PE. 

1.4.1 Oxidation 

In the presence of oxygen and ultraviolet light, polymers can undergo photo-

oxidation (Figure 1.1).40,41 For the case of PP and PE, initiation of these reactions is 

proposed through the presence of impurities imbedded during the manufacturing 

process42 because they do not contain chromophoric functional groups that are able to 

absorb UV light. Oxidation, a diffusion controlled process, begins at the surface of the 

polymer when impurities imbedded within the polymer backbone absorb light.43 

Photoproducts such as hydroperoxides are formed when the polymer interacts with 

oxygen found in the air. These short lived hydroperoxide groups decompose through the 

breaking of the O-O bond giving alkoxy and hydroxyl radicals that will eventually form 

ketones.44 
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Figure 1.1: Example polymer oxidation pathway in polyethylene. 

 
Carbonyl groups are a dominant chromophore in organic photochemistry due to their 

n,p* orbitals which are readily accessible to photon absorption that can lead to either an 

excited single or triplet state, which can then assist in further reactions within the 

polymer matrix.37 

 A common method to follow polyolefin oxidation uses attenuated total 

reflectance infrared spectroscopy (ATR-FTIR). With ATR-FTIR the increase in the 

carbonyl band at 1720 cm-1 can be followed and quantified by normalizing the area of the 

carbonyl band to various other bands within the spectra that remain unchanged during 

degradation.45,46 Other methods such as oxidative induction time are used to follow 

polymer oxidation as it relates to polymer product performace.47 However, ATR-FTIR is 

a direct chemical measurement and is widely used because of its simple sample 

preparation and conservation of the sample. 

1.4.2 Scission 

Chain scission is known as the process of backbone cleavage within polymers, 

and is reported to occur within PP and PE.48 The predominant scission reactions are 

considered to be the Norrish mechanisms. Once oxidation occurs the carbonyl groups 

formed may undergo Norrish type I and type II reactions (Figure 1.2). In Norrish type I 
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reactions, alpha-cleavage around the carbonyl occurs, whereas in a Norrish type II 

reaction, hydrogen abstraction occurs inducing a photo-reduction.49 

 
Figure 1.2: Schema for Norris type I and II reactions. 

 
Scission causes changes in the molecular weights of the polymer chains and as such, 

cause modifications in mechanical properties of polymers.50 One consequence of lower 

molecular weight is increases to polymer crystallinity. This is due to chain scission 

reactions releasing polymer fragments in the amorphous region that were unable to 

crystalize during the original manufacturing, where upon smaller molecular weight 

fragments are able to rearrange into the crystalline phase. This process is known as 

chemi-crystallization.51 Chain scission of polymers leads to surface cracks that in turn 

reduce the desired mechanical properties.52  

Various techniques to follow change in polymer crystallinity, and indirectly chain 

scission reactions, are ATR-FTIR, differential scanning calorimetry (DSC), and x-ray 

diffraction (XRD).53,54 ATR-FTIR can measure the crystalline phase peak that is 

normalized to a peak independent of crystallinity,53 DSC measures the heat associated 

with fusion and normalizes that to the 100% crystalline sample,55 and XRD compares the 

amorphous and crystalline phases of the polymers to determine degree of crystallinity.56 

While these three methods measure chain scission reactions indirectly, a direct method to 

measure scission is gel permeation chromatography (GPC), which measures molecular 
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weight distributions. GPC has previously been used to determine the quantum yields of 

scission reactions.57 Unfortunately, GPC requires the polymers to be soluble in organic 

solvents and it therefore is not always the most accessible technique.  

1.4.3 Crosslinking 

Crosslinking of polymers occurs by radical recombination of adjacent polymer 

radicals (Figure 1.3). 

 
Figure 1.3: Radical recombination of polymer chains. 

 
 Crosslinked polymers are widely studied from a materials standpoint because branching 

can change mechanical properties, such a melt strength and brittleness.58  Under vacuum 

crosslinking becomes a dominant degradation process because the radicals have a longer 

lifetime due to the lack of reactive O2.59 From an environmental standpoint, polymer 

crosslinking is of importance to study because after photo-oxidation, chain crosslinking 

and scission follow in turn affecting the chemical and physical nature of the polymer.  

To quantitively follow polymer crosslinking, degree of swelling and gel fraction 

analysis are commonly used.60,61 These methods are an indirect measure of crosslinking 

by evaluating how the polymer interacts with a specific solvent. Specifically, for gel 

fraction analysis, the level of crosslinking within the polymer causes the polymer to 

become insoluble, which can be evaluated gravimetrically. Another method used to 

measure polymer crosslinking is dynamic mechanical analysis (DMA),62 which measures 

the mechanical modulus that can be related back to crosslinking. While this is an 

2
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effective method, it is challenging to measure on certain polymer morphologies such as 

thin films. 

1.5 Environmental Photo Chemistry – Direct vs. Indirect Photochemistry 

 In natural aquatic systems, organic compounds may undergo chemical changes 

through both direct absorption of UV light and/or indirect photolysis with a 

photosensitizer. The most abundant natural photosensitizer is dissolved organic matter 

(DOM) that undergoes light-induced processes that can aid in the transformation of 

organic pollutants. DOM induces indirect chemical changes through the absorption of 

sunlight and generation of photo-produced reactive intermediates (PPRIs) such as 

hydroxyl radical, super oxide, singlet oxygen, and triplet DOM. Owing to their reduction 

potentials, these reactive species act as possible oxidants for organic pollutants such as 

polymers.63 Previous studies have shown that DOM solutions have the ability to aid in 

the photodegradation of organic compounds such as bisphenol A (BPA), and amoxicillin 

through reactive species produced by DOM absorbing light.64,65 We hypothesize DOM 

induced photolysis will be relevant for the photodegradation of polymers. 

1.6 Thesis Goals 

With a large increase of worldwide plastic pollution, the need for a better 

understanding of polymer transformation and fate follows. This thesis work addresses the 

unexplored area of photochemical reactions in polyolefins in natural water systems, 

which is important because these common polymers are found within all waterways. The 

goals of this thesis is to determine the photochemical reactions and kinetics of PP and PE 

within air, aqueous, and DOM solutions under accelerated aging conditions and compare 

these results to natural weathering.  
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1.7 Hypotheses  

1. Photochemical oxidation in aqueous environments will be slower compared to air  

due to the lower concentration of dissolved oxygen; yet, DOM will aid in the 

surface oxidation of polymer films through indirect photolysis due to the 

formation of reactive intermediates. 

2. Scission reactions in aqueous environments will occur at a slower rate due to the 

lower concentration of oxygen present that initiates polymer photo-scission 

pathways yielding a lower surface crystallinity. 

3. Crosslinking, which will increase with irradiation time, will be greater in aqueous 

conditions due to the lower occurrence of oxidation and will be shown as 

measured by a larger gel fraction. 

4. The photochemical reactions of PP and PE under natural weathering will be the 

same as accelerated aging conditions, but kinetics will vary due to varying 

environmental conditions. 
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Chapter 2 

Chapter 2.1: Materials and Methods 

2.1.1 Polymer Irradiation 

Low density polyethylene (LDPE) and polypropylene (PP) films were purchased 

from Goodfellow Cambridge Limited (Huntingdon, England) (see Table 2.1 for 

summarized polymer properties). 

 
Table 2.1. Polymer Film Properties1 

 PE PP 

Density (g/cm3) 0.92 0.9 

Refractive Index 1.51 1.49 

Specific Heat (J/K kg) 1900-20300 1700-1900 

Thickness (mm) 0.03 0.025 

 The polymer films were exposed to UV light in air and aqueous environments. 

For irradiation in air, the films were mounted on cardstock and irradiated in a Rayonet 

merry-go-round photoreactor (Southern New England Ultraviolet Corp, Bamford, CT). 

The reactor was outfitted with 16 Hg vapor lamps containing various coatings to control 

the wavelengths of exposure. Primarily, lamps centered on 254 nm light were chosen 

because they cause phototransformations of the polymers in an efficient amount of time. 

Alternatively, lamps centered on 350 nm light were also used to match irradiations in 

DOM solutions where 350 nm UV light was chosen to minimize photobleaching of the 

DOM. Polymer films were irradiated in a range of 0 to 840 h and samples were taken 
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periodically, depending on the changes in their physical and chemical properties such as 

brittleness, color change, and carbonyl index. 

Ultrapure water was taken from a Millipore Milli-Q Reference water purification 

system with an 18MΩ (Darmstadt, Germany). Solutions of dissolved organic matter 

(DOM) were created using ultrapure water at a concentration of 10 mgC/L Suwannee 

River Natural Organic Matter (SRNOM; International Humic Substance Society, St. 

Paul, MN). For irradiation in MQ or SRNOM solutions, the polymer films were 

submerged in solution in a quartz beaker. To ensure that the films remained suspended in 

solution, as opposed to floating, the plastics were anchored down with quartz cuvettes. 

The films were irradiated in a range of 0 to 1060 hours and samples were taken 

periodically. Time points were determined based on the changes in their physical and 

chemical properties such as brittleness, color change, and carbonyl index, similar to those 

described in the air irradiations.  

A dark DOM control was performed by soaking polymer samples in a 10 mgC/L 

SRNOM solution for 3 months to evaluate the contribution of DOM adsorption to 

characterization of polymer photodegradation. Photobleaching of DOM solution was 

evaluated by irradiating 10 mgC/L SRNOM in a quartz beaker with 16 lamps of 350 nm 

UV light and taking an aliquot after 23 h. Solutions were evaluated with UV-visible 

spectroscopy (Cary 5000 UV-visible spectrometer).  

For natural weathering, PP and PE polymer films were mounted on a board 

without being in contact with the wood (as shown in Figure (2.1)). Sample board was 

placed on the roof of the University of Minnesota, Duluth (UMD) from June 6th through 
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September 19th 2019, at a 25° angle facing SSW with no obstruction that could cause 

shadowing. Samples were taken weekly. 

 

 

Figure 2.1: Natural Weathering Experimental Setup 

2.1.2 Actinometer Studies  

To determine the intensity of irradiation within the photoreactor, a solid-state 

actinometer was used as described by Rowland et. al.2 Thin films of 

polymethylmethacrylate (PMMA) doped with  2-nitrobenzaldehyde (2NB) (Fisher 

Scientific) were prepared under low light conditions to reduce unintentional 2NB 

photolysis. To prepare films, 0.1 g of 2NB was dissolved in 50 mL of dichloromethane 

and stirred for 3 h in a beaker covered with aluminum foil. Then, 1 g of PMMA (Sigma-

Aldrich) was added to the solution and stirred for an additional 2 h. The solution was 

poured into a Petri dish and solvent was evaporated over 24 h with aluminum foil loosely 

covering the dish. The film was released from the Petri dish by dipping the glass dish in 
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liquid N2. The films were cut into smaller pieces and irradiated in the photoreactor under 

the same conditions as the polymer thin films samples.  

The films were evaluated with ATR-FTIR to follow the photochemically induced 

disappearance of the 2NB band at approximately 1531 cm-1 that is present due to the 

asymmetric stretching of the NO2 functional group. The absorbance NO2 band was 

normalized to the absorbance of the PMMA band at 1431 cm-1. The 2NB to PMMA band 

ratio is shown in equation (1) 

ln $𝐴𝑏𝑠()*(+,-( 𝐴𝑏𝑠(.*.+,-(/ 0 = −𝑘 ∙ 𝑡……………………………………………….(1) 

where the decay constant (k) is determined by a least-squares linear regression of 

ln $𝐴𝑏𝑠()*(+,-( 𝐴𝑏𝑠(.*.+,-(/ 0 versus time. Irradiance was calculated as described by 

Rowland et al.,2 where the action spectrum can be calculated from the actinic flux, 

quantum yield, and molar absorptivities. The decay constant can then be related to 

irradiance (I) using equation (2) 

𝑘 = 2.303 × (10* +,
=

>
× (	,@A

BC
) × (𝐼 × ∆𝜆 × 𝜀IBJ × ΦIBJ)……………………………(2) 

 

where Δ𝝀 is related to the wavelengths of overlap between the 2NB absorbance and the 

spectra of the lamps (140 nm), ε and 𝝫 are the base-10 molar absorptivity (M-1 cm-1) and 

quantum yield (molecule photon-1) respectively. While ε and 𝝫 are wavelength 

dependent, it is suggested to use values 0.41 and 976 M-1 cm-1 in the wavelength range of 

these experiments.  
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2.1.3 Polymer Photodegradation Characterization  

2.1.3.1 Oxidation 

 Polymer film oxidation was characterized by attenuated total reflectance-Fourier 

transform infrared (ATR-FTIR) spectroscopy to calculate the carbonyl index (CI). 

Infrared spectra were obtained using a Nicolet iS10 or Nicolet iS50 FTIR spectrometer 

(Thermo Scientific, Waltham, Massachusetts). OMNIC software was used to collect 

spectra with settings: resolution 4 cm-1, 64 scans per spectra, and scanning range 600-

4000 cm-1. Background scans were taken before every sample spectra collection, and 

triplicate spectra were obtained on the side of the polymer exposed to UV light at 

different spots. 

 The CI of PE and PP was calculated by measuring the area of the carbonyl band 

(approximately 1720 cm-1), and dividing by the area of the normalization band that 

accounts for the amount of polymer on the ATR diamond crystal. This band is the CH3 

rocking band (974 cm-1) for PP, and the CH2 wagging and CH3 bending band (1370 cm-1) 

for PE. PP and PE CI equations can be seen in equations (3) and (4), respectively. 

𝑃𝑃	𝐶𝐼 = 𝐴𝑟𝑒𝑎	𝑎𝑡	1720	𝑐𝑚-(

𝐴𝑟𝑒𝑎	𝑎𝑡	974	𝑐𝑚-(/ ……………………………………..(3) 

𝑃𝐸	𝐶𝐼 = 𝐴𝑟𝑒𝑎	𝑎𝑡	1720	𝑐𝑚-(

𝐴𝑟𝑒𝑎	𝑎𝑡	1370	𝑐𝑚-(/ …………………………………...(4) 

2.1.3.2 Scission 

 Surface crystallinity measurements as measured with ATR-FTIR spectroscopy 

were used to follow chain scission reactions within the polymer films. As with the 

oxidation measurement, the same ATR-FTIR methods and settings were used. For PP the 

height of the peak for the crystalline phase (998 cm-1) was normalized to a peak that is 

independent of the degree of crystallinity (974 cm-1). The faction was converted to a 
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percent crystallinity by multiplying this ratio by a factor of 61.4, which was previously 

determined in literature through calibration methods.3 Equation (5) represents PP percent 

crystallinity. 

𝑃𝑃	%	𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 = (	𝐻𝑒𝑖𝑔ℎ𝑡	998	𝑐𝑚
-(

𝐻𝑒𝑖𝑔ℎ𝑡	974	𝑐𝑚-() × 61.4c ……………..(5) 

For PE, the area of the crystalline band (approximately 1472 cm-1) was compared to the 

sum of the amorphous bands (approximately 1456-1466 cm-1).4 PE percent crystallinity 

was then found following equation (6): 

𝑃𝐸	%	𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 = 1 −
de fgh

fij
d.k==

(l fgh
fij

× 100………………………………………………(6) 

where Icr is the area of the crystalline region, Iam is the area of the amorphous region and 

1.233 is the calculated intensity ratio of Icr/Iam.5 

2.1.3.3 Crosslinking  

To follow polymer crosslinking gel fraction analysis was used following ASTM 

D2765-16. Polymer samples were cut into approximately 1x4 cm strips and masses were 

taken. They were then placed in mesh 200 (gap size 74 μm) packets and the masses were 

again measured. The packets were placed in xylenes solution within an oil bath at 110 ℃ 

for 5 hours. The packets were removed, rinsed with fresh xylenes, and the residual 

xylenes was allowed to evaporate, after which masses were measured. The insoluble gel 

fraction was deemed the crosslinked fraction of the polymer following equation (7): 

%	𝐺𝑒𝑙 = o
(𝑃𝑜𝑙𝑦𝑚𝑒𝑟q + 𝑀𝑒𝑠ℎ) − t𝑃𝑜𝑙𝑦𝑚𝑒𝑟u + 𝑀𝑒𝑠ℎv

𝑃𝑜𝑙𝑦𝑚𝑒𝑟q
c w × 100…………(7) 

where Polymeri is the initial polymer mass and Polymerf is the final polymer mass. 
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2.1.4 Determination of Rate Constants 

 To quantitively compare the oxidation of the samples under different conditions, 

the CI measurements were fit to determine rate constants. First order and second order 

reactions shown in equations (8 and 9) respectively were fit for k using least-squares 

linear regression. The integrated 1st and 2nd order rate law follows equations (8 and 9), 

where A is the reactants, A0 is the initial reactant concentration, k is the rate constant, and 

t is time. 

1xy𝑂𝑟𝑑𝑒𝑟 = ln[𝐴] = 𝑘𝑡 + 𝑙𝑛[𝐴]~………………………………………………………(8) 

2��𝑂𝑟𝑑𝑒𝑟 = 1
[𝐴]~/ = 𝑘𝑡 + 1 [𝐴]~/ …………………………………………………….(9) 

Rate constants for consecutive 1st order reactions were also determined using Equation 

(10) and Igor64, where A0 is the initial reactant concentration, k1 and k2 are the rate 

constants, and t is time. 

Consecutive	1��Order = f(t) = A~(1 − �$1 kI − k(/ 0� (kIe(-�d�) − kIe(-�k�))…(10) 

Following the determination of rate constants, sum of the square of the residuals and 

visual fits were compared to determine which most appropriately fits the data set. It must 

be noted that kinetic fits of natural samples considered 8 h of sunlight per day. 

Chapter 2.2: Results and Discussion 

2.2.1 Oxidation 

2.2.1.1 Carbonyl Index (CI) in PP  

To follow polymer oxidation and in turn degradation of the polymer, CI was 

monitored using ATR-FTIR. The carbonyl band at approximately 1720 cm-1 represents 

functional groups such as aldehydes, ketones, and carboxylic acids, which are formed on 
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the polymer backbone following exposure to UV light and in the presence of O2. The full 

FTIR spectrum for PP irradiated with 254 nm UV light in air for increasing amounts of 

time can be seen in Figure (2.2) with an insert showing the carbonyl stretching region 

between 1660 cm-1 and 1800 cm-1. As time of UV irradiation increases, the absorbance of 

the carbonyl band increases indicating an increase of carbonyl moieties within the 

polymer matrix.  

 
Figure 2.2: FTIR spectra of PP irradiated in 254 nm UV light for 0, 25, 50, 75, and 100 h. 
Insert shows of the carbonyl stretching region (1660-1800 cm-1), which increases as an 
indicator of oxidation.  
 
Figure (2.3) shows the calculated CI, which was determined by normalizing the area of 

the carbonyl stretch to the area of CH3 bend for PP irradiated at 254 nm in air and MQ 

solution. To correct for disparities in the photon flux through air vs water, the x-axis was 

converted to photon flux that was determined through actinometer studies. (See Appendix 

Topic 1) 
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Figure 2.3: CI of PP thin films irradiated with 254 nm UV light in air (black circles) or 
MQ water (green triangles) as a function of irradiance, which was determined using 
chemical actinometry. Markers represent analytical replicate averages of three CI values 
on various locations of the films. Error bars represent the standard deviation of the CI 
values. 
 

 First, these results support  previous studies both in air6,7 and aqueous conditions8  

that revealed increasing CI with longer irradiations or photon flux. Additionally, these 

results reveal a small, but observable delay in the increase of CI for PP irradiated in MQ 

solutions as compared to air. The initiation step of the photodegradation of PP depends 

on O2, and polymer concentrations.9 Hamasaki et al. found that air saturated MQ at 1 atm 

and 27 ℃ has a dissolved oxygen (DO) concentration of 7.87 ppm10 while the estimated 

concentration of oxygen within the atmosphere is approximately 2.09x105 ppm. We 

hypothesize the delay in the increase in CI can then be attributed to the lower 

accessibility of oxygen to react with the polymer radical formed through absorption of 

photons.  

The last observation of the data in Figure (2.3) is that samples irradiated in MQ 

had higher CI. Air irradiated samples became extremely brittle, which limited our 
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analysis at later time points. Previous studies on the irradiation of PP in air have shown 

that as irradiation time and subsequent oxidation increases, the mechanical strength of the 

polymer films decrease. This is demonstrated through the decrease of elongation at break 

and tensile strength tests resulting in compromised mechanical properties.11,12 These 

physical changes in the polymer are generally attributed to chain scission reactions that 

follow oxidation. That is, PP films irradiated in air react rapidly with O2 present at the 

surface of the polymer films followed directly by chain scission via Norrish type I and II 

reactions, making the films extremely brittle in a short period of time. In a oxidation 

study on PP, Kiryushkin et al., found that the surface of polymer films (thickness 0.035, 

0.06, and 0.37 mm) became saturated with oxidation products in initial stages of 

oxidation. Oxygen then began to diffuse through the polymer matrix allowing for 

subsequent reactions to occur.13 It is believed that the lower concentration of dissolved O2 

in MQ samples yields a slower buildup of oxidation products on the surface. Conversely, 

for PP samples irradiated in air, oxygen is diffusing through the polymer matrix at a 

faster rate than in MQ samples, promoting chain scission reactions that in turn make the 

PP films impossible to handle due to brittleness. Due to the lower oxygen concentration 

in aqueous samples, diffusion of oxygen through the polymer may be delayed allowing 

for a buildup of carbonyls at the surface of the polymer, and in turn higher obtainable CI 

values, due to chain scission reactions not occurring within the polymer matrix. We 

suspect that similar CI values would be obtained for PP irradiated in air if samples could 

be recovered for longer irradiations. An alternative explanation is that perhaps the 

oxidation in water samples makes them more hydrophilic and therefore more compatible 
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with water that causes it to swell, thus making the polymer film more fluid or less brittle 

allowing for oxidation to build to higher values.14 

UVC light (i.e., 254 nm light) was chosen to accelerate aging, but does not 

significantly contribute to the UV photons hitting the surface of the earth due to their 

absorbance by atmospheric oxygen and ozone.15 To get more comparable results to PP 

films exposed to natural degradation, samples were irradiated with 350 nm UV light and 

analyzed for oxidation with FTIR. Irradiations were also performed in a DOM solution 

(10 mgC/L SRNOM) to simulate a natural aquatic environment. The calculated CI values 

for these samples can be seen in Figure (2.4).  

 
Figure 2.4: CI of PP thin films irradiated with 350 nm UV light in air (black circles). MQ 
water (green triangles), and a 10 mgC/L SRNOM solution (orange squares). Markers 
represent analytical replicate averages of three CI values on various locations of the 
films. Error bars represent the standard deviation of the CI values. 
 

As observed with 254 nm irradiations, 350 nm UV light irradiation causes an 

increase in in CI values corresponding to an increase in time of exposure to 350 nm UV 
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irradiation for air, MQ, and DOM samples, and again, the CI in PP air increases at a 

faster rate compared to PP in aqueous conditions. Although, compared to the UVC  

irradiation studies in air, 350 nm irradiations did not induce as much brittleness and 

samples were irradiated up to 840 h with higher CI values attained. From these results, 

we observe a delay in the increase of CI for PP irradiated in MQ solutions as compared to 

air, consistent with the 254 nm CI results. However, SRNOM has a quicker appearance 

of oxidation as compared to MQ solutions. We hypothesize the faster rate of oxidation 

within the DOM solution is attributed to reactive species produced through absorption of 

UV light such as hydroxyl radical, super oxide, singlet oxygen, and triplet DOM. 

SRNOM tends to be largely terrestrially derived organic matter and is composed largely 

of phenolic compounds followed by polyphenols and polycyclic aromatics.16 Previous 

photodegradation studies have shown that indirect photolysis is a possible mechanism for 

organic molecule photodegradation,17,18 though this is the first evidence to date of 

polymers undergoing indirect photochemistry by organic matter. 

The photon flux used for the CI of the DOM solution was obtained using a MQ 

solution. To determine if the DOM solution was absorbing photons and account for its 

contribution to the photon flux hitting the polymer sample, a DOM solution was exposed 

to 350 nm UV light for 23 h. Figure (2.5) shows the UV-Vis spectra of the irradiated 

(orange) and non-irradiated (blue) SRNOM solutions. There is absorption of light at 350 

nm, indicating the DOM is screening photons, with some photobleaching of the DOM 

observed after 23 h irradiation, which has been reported to be due the formation of 

reactive intermediates such as hydroxyl radicals, singlet oxygen, and triplet DOM 

specifically for SRNOM.19 While the irradiance for the DOM CI values were not 
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corrected for this light screening, this shows that the entire photon flux is not hitting the 

polymer surface itself, so to achieve the observed higher CI value, DOM is aiding in 

surface oxidation. 

 
Figure 2.5: UV-Vis spectra of DOM solution (10mgC/L SRNOM) irradiated in 350 nm 
UV light for 0 (blue) and 23 h (orange). 
 

Due to polymers having the ability to sorb molecules to their surfaces20,21 a dark 

control study had to be conducted where pristine PP was soaked in a 10 mgC/L SRNOM 

solution for approximately 3 months to determine if DOM from solution was affecting CI 

values. Figure (2.6) confirms that the CI measured of PP irradiated within a DOM 

solution is truly from carbonyl formation in the polymer backbone, and not from 

adsorbed organic compounds. That is, there is not a band where carbonyl appears in 

irradiated plastics (~1720 cm-1) and the small band blue-shifted (~1660 cm-1) could not 

be integrated above the baseline. Therefore, we concluded no significant CI could be 

measured for the dark control polymer. To further ensure that the CI calculated from 

FTIR of the films was from photo-induced carbonyls, each film was washed before 
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spectra were collected to remove any residual particles that may have remained on the 

polymer surface Further work will evaluate adsorption of photo-decay products from 

DOM photolysis to confirm the observed carbonyl band is truly from photolysis of the 

polymer. 

 
Figure 2.6: FTIR spectra carbonyl stretching region (1650 to 1800 cm-1) of PP soaked in 
a 10 mgC/L SRNOM solution for 3 months and PP irradiated in 350 nm UV light in a 10 
mgC/L SRNOM solution for 893 hours and rinsed prior to FTIR analysis. 
 

To determine if laboratory results were relevant to natural weathering, PE and PP 

were placed outside for 3 months over summer. Figure (2.7) shows the CI of PP exposed 

to the environment. From Figure (2.7) it can be seen that there is an increase in CI for 

naturally exposed PP samples with comparable CI values to that of laboratory results 

indicating that the previous data obtained is relevant to naturally degraded polymers. 
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Figure 2.7: CI of PP thin films naturally weathered. Markers represent analytical replicate 
averages of three CI values on various locations of the films. Error bars represent the 
standard deviation of the CI values. 
 
2.2.1.2 Carbonyl Index (CI) in PE 
 

To follow PE oxidation, the carbonyl band (1720 cm-1) was monitored and 

normalized to the CH2 wagging and CH3 bending band (1370-1380 cm-1). The full FTIR 

spectrum of PE irradiated with 254 nm UV light in air for increasing amounts of time can 

be seen in Figure (2.8) with an inset showing the carbonyl region between (1660 cm-1-

1800 cm-1). As time of UV irradiation increases, the absorbance of the carbonyl band 

increases, indicating an increase in oxidation of the polymer. 
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Figure 2.8: FTIR spectra of PE irradiated in 254 nm UV light for 24, 100, 122.5, and 
145.5 h. Inset shows the carbonyl stretching region (1650-1800 cm-1), which increases as 
an indicator of oxidation. 
 

Figure (2.9) shows the calculated CI values of PP irradiated at 254 nm in air and 

MQ solution. We observed a delay in the increase of CI for PE irradiated in MQ solutions 

as compared to air following the same trend previously discussed in PP, though MQ 

irradiations appear to be plateaued in their CI values and within error of each other. 

Irradiation with 350 nm light in air Figure (2.10) also causes PE to have increased CI 

values, though the CI values are lower than those observed with 254 nm UV light for 

similar irradiance values. Future work will explore longer irradiations of 350 nm UV 

light in air and aqueous solutions 
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Figure 2.9: CI of PE thin films irradiated with 254 nm UV light in air (black circles) or 
MQ water (green triangles). Markers represent analytical replicate averages of three CI 
values on various locations of the films. Error bars represent the standard deviation of the 
CI values. 
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Figure 2.10: CI of PE thin films irradiated with 350 nm UV light in air (black circles). 
Markers represent analytical replicate averages of three CI values on various locations of 
the films. Error bars represent the standard deviation of the CI values. 
 
  To confirm that the CI values measured were due to photo-induced changes and 

not thermal degradation, PE was exposed to the temperature of the Rayonet (34 ℃) for 

varying amounts of time, which was the measured temperature in the photoreactor with 

16 254 nm lamps. It should be noted only the PE samples experienced the slightly 

elevated temperatures because of the use on an older Rayonet with a poorer fan function. 

Figure (2.11) shows the carbonyl stretching region of PE under thermal degradation 

conditions. While we observed a small carbonyl band formed as the result of thermal 

degradation, the bands do not show increased values with increased times and they were 

unable to be integrated due to their relatively low values as compared to the baseline. 

This result indicates that while there may be some minor contribution of thermal 

degradation to oxidation, the CI monitored throughout irradiations was primarily due to 

photo-products. 
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Figure 2.11: FTIR spectra carbonyl stretching region (1700 to 1760 cm-1) of PE pristine, 
exposed to 34 ℃ for  72, and 254 nm UV light for 100 hr. 
  

Figure (2.12) shows the CI of PE exposed to the sunlight over summer 2019. 

From Figure (2.12) it can be seen that there is an increase in CI for naturally exposed PE 

samples with comparable CI values to that of laboratory results. 

 
Figure 2.12: CI of PE thin films naturally weathered. Markers represent analytical 
replicate averages of three CI values on various locations of the films. Error bars 
represent the standard deviation of the CI values. 
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2.2.2 Reaction Rates 

To quantitively compare oxidation reaction rates between polymers subjected to 

different environments, kinetic reaction fits were used. The rate equations investigated 

were 1st order, 2nd order, and pseudo consecutive 1st order reactions. A 1st order reaction 

is a reaction that progresses at a rate which is linearly dependent on a single reactant 

concentration. Following equation (11): 

𝐴 + 𝐵 → 𝑃 ……………………………………………………………………………..(11) 

where A and B are reactants and P is the products. This is a plausible mechanism for the 

photooxidation of PP because typically the reaction is thought to involve only polymer, 

which is in excess, and O2 molecules. A similar approach was taken by Horikoshi et al., 

where photocatalyzed degradation of polymers were modeled as a 1st order growth in 

TiO2 blended poly vinyl chloride (PVC).22  

A 2nd order reaction can be dependent on a single second order reactant or two 

first order reactants following again equation (11). For the case of polymer oxidation, 

chemically it would be dependent on O2 as a second order reactant. This is a plausible 

model because the rate of reaction could be proportional to the concentration of two 

reacting molecules. In the case of polymer oxidation, the polymer and O2.  

Another mechanism under consideration was a consecutive pseudo 1st order 

reaction following equation (12): 

𝐴 → 𝐼 → 𝑃……………………………………………………………………………...(12) 

This reaction initially depends on the reactants (A) which go to form an intermediate (I) 

with a rate constant of k1. After the intermediate (I) is formed it then moves on to form 

the products (P) with a second-rate constant, k2. The rate equation for a pseudo 
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consecutive 1st order reaction is shown in equation (10). The mechanism for carbonyl 

formation within polymers is believed to proceed through a peroxy-radical 

intermediate;23 thus, a consecutive first order reaction makes sense chemically to model 

the oxidation of PP.  

The first step in determining which rate equation would be best suited for the 

carbonyl index data sets was to visually compare theoretical fits to experimental data. 

Figure (2.13) shows the CI of PP irradiated at 254 nm in air with consecutive 1st (a) 

shown with a baseline correction that was necessary to correct for the fitting, 2nd (b), and 

1st (c) order theoretical fits. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13: CI of PP thin films irradiated with 254 nm UV light in air (black 
circles). Markers represent analytical replicate averages of three CI values on 
various locations of the films. Error bars represent the standard deviation of the CI 
values. (a) Pseudo consecutive 1st order reaction fit, (b) 2nd order reaction fit, and 
(c) 1st order reaction fit.  
 

(b) (a) 
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Visually it can be seen that 1st, 2nd, and pseudo consecutive 1st order reaction fits appear 

to follow the general trend of increase in CI corresponding to an increase in irradiance. 

For a more quantitative analysis to determine reaction fit, the sum of the squares of the 

residuals (SSR) for each condition and fits were compared. The average SSR values at 

the bottom of Table (2.2) represent the average of all SSR values for a specific kinetic fit 

under all PP CI conditions. 

Table 2.2. Sum of the Squares of Residuals for PP CI Fits 
Irradiation 
Conditions 

1st Order  2nd Order  Consecutive 1st 
Order  

PP 254 nm Air 7.48E-03 3.35E-03 1.74E-03 
PP 254 nm MQ 1.88 5.26E+01 1.25 
PP 350 nm Air 2.56 1.58E+03 2.14 
PP 350 nm DOM 5.83E-02 8.29E-03 3.93E-02 
PP 350 nm MQ 1.84E-03 1.77E-04 1.07E-03 
Average SSR 9.03E-01 3.27E+02 6.85E-01 

It can be seen from Table (2.2) that the SSR of the pseudo consecutive 1st order fit is the 

lowest under all conditions for PP CI. The SSR was used because it measures the 

discrepancy between the model fit and the experimental data. While the photooxidation 

of PP is a complex reaction with many variables, a simplified pseudo consecutive 1st 

order reaction fit is a chemically sensible fit to the CI data. For a carbonyl to be present, 

the polymer must first absorb light resulting in the formation of an alky radical. Once an 

alky radical is formed O2 can react with the alkyl radical to form peroxy-radial 

intermediate24 as seen in chapter 1 Figure (1.1), or the intermediate in the pseudo 

consecutive 1st order reaction. After peroxy-radial formation the polymer undergoes 

further degradation forming products containing a carbonyl moiety.9 Using this 

information and the reaction fit data obtained for PP CI, a pseudo consecutive 1st order 

reaction will be used moving forward to compare PP and PE irradiation conditions. It 
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should be noted that the kinetic fits used are a simplification of the complex reactions 

under investigation. 

The reaction rate constants for a pseudo consecutive 1st order reaction for 

oxidation of PP and PE are shown in Table (2.3) for all different irradiation conditions. 

Errors on the rate constant fits can be seen in the appendix Table (A.1) . It must be noted 

that large errors were produced for some of the rate constants due to the limited amount 

of data points for some fits (e.g., PE 350 nm Air). 

Table 2.3.Pseudo-Consecutive 1st Order Rate 
Constants  for Oxidation Quantification  

Irradiation 
Conditions 

k1(nm cm2 
photons-1) 

k2 (nm cm2 
photons-1)  

PP 254 nm Air 2.47E-23 2.30E-23 
PP 254 nm MQ 3.05E-24 5.54E-24 
PP 350 nm Air 9.35E-24 1.06E-23 
PP 350 nm DOM 1.68E-24 2.75E-24 
PP 350 nm MQ 2.60E-24 2.41E-24 
PE 254 nm Air 9.10E-24 2.51E-24 
PE 254 nm MQ 1.56E-25 7.25E-23 
PE 350 nm Air 5.52E-25 2.63E-22 

Comparing PP air conditions and solution conditions (MQ and DOM) at both 254 

and 350 nm irradiations, it can be seen that both rate constants, k1 and k2, for air are 

larger, which was previously discussed to be the results of the concentration of oxygen 

present. The rate constants for PP 254 nm air samples were larger than that of the PP 350 

nm air samples. This can be explained by the 254 nm UV light being a higher energy 

source compared to that of 350 nm UV light while keeping all other environmental 

variables constant. 

The comparison of polymers in aqueous solutions irradiated with 350 nm UV 

becomes more complicated to interpret, in part because of the error associated with the 
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fits. Looking at the k1 rate constant values it can be seen that the DOM k1 value is smaller 

than that of the MQ value. Chemically, this suggests that the formation of the peroxy-

radial intermediate with UV light and O2 appears to happen at a slower rate within DOM 

solution compared to that of MQ, which may be the result of the attenuation of UV light 

by DOM that has been shown previously.25,26 If DOM is present within the solution it will 

have the ability to attenuate the penetrating UV light thus decreasing the first rate 

constant within the pseudo consecutive 1st order reaction compared to that of the MQ 

solution. Looking at k2, the rate constant is larger for DOM irradiations as compared to 

MQ. In the pseudo consecutive 1st order kinetic model, the k2 rate constant is representing 

the formation of carbonyl products from a peroxy-radial intermediate. An argument can 

be made that indirect photolysis facilitated by the presence of DOM, which has been 

documented previously to play a role in the photodegradation mechanism,27,28 is 

supporting the larger rate constant compared to that of the MQ solution.  

The PE rate constants are also difficult to interpret due to the high error associated 

with the few data points. While k1 is larger by an order of magnitude compared to MQ for 

254 nm UV light irradiations and k1 for 350 nm irradiations are also lower, k2 values do 

not follow this trend and make it difficult to interpret these results chemically. 

For comparison of laboratory results to naturally exposed samples, the rate 

constants for naturally degraded and 350 nm UV irradiations are shown in Table (2.4). 
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Table 2.4.  CI Pseudo Consecutive 1st Order Rate 
Constants 

Irradiation 
Conditions 

k1 (h-1) k2 (h-1) 

PP Natural 1.08E-04 1.25E-04 
PP 350 nm Air 5.58E-05 6.36E-05 
PP 254 nm Air 1.81E-03 1.68E-03 
PE Natural 1.49E-04 1.06E-02 
PE 350 nm Air 3.30E-06 1.57E-03 
PE 254 nm Air 6.66E-04 1.84E-04 

It can be seen in Table (2.4) for PP samples that 254 nm air irradiations have the 

largest rate constants. This can be attributed to the high energy photons as previously 

discussed. Comparing PP natural samples to that of 350 nm it can be seen that they are 

within an order of magnitude of each other. This discrepancy may be attributed to 

varying conditions experienced by the natural samples such as moisture and heat while 

assuming 8 h of sunlight per day. Alternatively, UVB light, which hits the surface of the 

earth, may provide significantly higher energy to make a more efficient transformations 

observed in the rate constants of the natural samples. The PE rate constants presented in 

Table (2.4) are difficult to interpret due to the high error associated with the few data 

points. While k1 for 254 air irradiations is the largest following the expected trend, k2 is 

the smallest making it difficult to interpret these results chemically. Overall, these results 

show that in-lab irradiations can represent the degradation observed in natural conditions, 

particularly using multiple wavelengths. 

2.2.3 Scission 

2.2.3.1 Crystallinity in PP 

To follow PP chain scission reactions and in turn mechanical degradation, the 

polymer crystallinity was monitored using ATR-FTIR. The peak found at 998 cm-1 

corresponds to the total crystalline phase within PP.3 Figure (2.14) shows the FTIR 



 

35 

spectrum of PP irradiated with 254 nm UV light in air for increasing amounts of time 

between 960 cm-1 and  985 cm-1. As time of UV irradiation increases, the peak height of 

the crystalline band increases relative to a band that is independent of the degree of 

crystallinity indicating an increase in chain scission reactions occurring within the 

polymer matrix. 

 
Figure 2.14: FTIR spectra of PP irradiated in 254 nm UV light for 0, 25, 50, and 100 h 
between 960 cm-1 and  985 cm-1. The peak at 974 cm-1 corresponds to the total crystalline 
phase within PP. 
 
Crystallinity was calculated by normalizing the peak height of the crystalline phase to the 

height of the CH3 bending peak found at 974 cm-1 and multiplying by a factor of 61.4% 

found through previously published methods.3 Figure (2.15) shows the calculated percent 

crystallinity values of PP irradiated at 254 nm in air and MQ solution versus photon flux 

that was determined through chemical actinometry. PP crystallinity increases with 

exposure time, as supported by previous studies which have shown approximately a 6% 

increase.11,29 Comparing % crystallinity values it can be seen that there is a small, but 
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noticeable, sharper increase in % crystallinity in samples irradiated in MQ compared to 

that of air. This is an unexpected result, because chain scission is thought to primarily 

occur through Norrish type I and II reactions, which occur following the decomposition 

of alkoxy radicals formed through oxidation.30 Because oxidation occurs at a faster rate in 

air compared to solution, we expected crystallinity, or scission, increases to mirror those 

changes observed with carbonyl index. However, previous vacuum studies have shown 

chain scission reactions occur in the absence of oxidation, indicating that scission could 

occur through other pathways besides Norrish such as the reactions between ketones and 

free radicals formed through the photo-decomposition of hydroperoxide groups.31,32,33 

After the initial increase in % crystallinity for solution studies, the % crystallinities for air 

and MQ come within error. It is hypothesized that the initial increase in solution studies 

may be due to the polymer swelling from the aqueous environment, which could allow 

smaller polymer fragments to move more freely allowing them to pack into the 

crystalline phase at a faster rate. 
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Figure 2.15: % Crystallinity of PP thin films irradiated with 254 nm UV light in air 
(black circles) or MQ water (green triangles). Markers represent analytical replicate 
averages of three % crystallinity values on various locations of the films. Error bars 
represent the standard deviation of the % crystallinity values. 
 
 Figure (2.16) shows the calculated percent crystallinity values of PP irradiated at 

350 nm in air, DOM (10 mgC/L SRNOM), and MQ solution. As observed with 254 nm 

irradiations, 350 nm UV irradiation causes an increase in % crystallinity values 

corresponding to an increase in time of exposure to 350 nm UV irradiation for air, MQ, 

and DOM samples. Final crystallinity values obtained for air, DOM, and MQ studies fall 

within error of each other indicating that similar levels of chain scission and 

macromolecular rearrangement are obtainable. 
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Figure 2.16: % Crystallinity of PP thin films irradiated with 350 nm UV light in air 
(black circles). MQ water (green triangles), and a 10mgC/L DOM solution (orange 
squares). Markers represent analytical replicate averages of three crystallinity values on 
various locations of the films. Error bars represent the standard deviation of the 
crystallinity values. 
 

Figure (2.17) shows the % crystallinity for PP exposed to natural weathering. 

What can be seen from Figure (2.17) is that crystallinity increases as time of exposure 

increases. The values obtained for PP have comparable values to that of laboratory 

experiments in air, indicating that the measure of crystallinity and in turn chain scission 

reactions within the laboratory are relevant to that of naturally degraded samples. 
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Figure 2.17: % Crystallinity of PP thin films naturally weathered. Markers represent 
analytical replicate averages of three % crystallinity values on various locations of the 
films. Error bars represent the standard deviation of the % crystallinity values. 
 
2.2.3.2 Crystallinity in PE 

PE crystallinity changes, as a measure of chain scission reactions, was calculated 

using the doublet band in the region between 1456 – 1472 cm-1 that is due to the terminal 

carbon deformation.34,4 The crystalline band found between 1472 -1457 cm-1 can be 

compared to the amorphous band between 1456 – 1466 cm-1 following equation (6). 

Figure (2.18) shows the calculated percent crystallinity values of PE irradiated at 254 nm 

in air and MQ. As exposure to UV light increases, PE crystallinity increases, which is 

likely due to chain scission reactions occurring leading to chemi-crystallization.29,35 It 

must be noted that the 86% crystallinity found for the MQ solution is abnormally high 

compared to previously reported PE crystallinities.36,37 This high of a value is unexpected 

because this high of a crystallinity typically yield samples with poor mechanical 

properties38 and would not remain intact for FTIR measurements. Therefore, these results 
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suggest that there are limitations in the FTIR method used, where surface crystallinity of 

a higher value may be measured but does not represent the bulk or other areas within the 

film. 

 
Figure 2.18: % Crystallinity of PE thin films irradiated with 254 nm UV light in air 
(black circles) Markers represent analytical replicate averages of three % crystallinity 
values on various locations of the films. Error bars represent the standard deviation of the 
% crystallinity values. 
 

As observed with 254 nm irradiations, 350 nm UV irradiation causes an increase 

in percent crystallinity values corresponding to an increase in time of exposure Figure 

(2.19). Final crystallinity values obtained fall within error compared to 254 nm UV 

irradiations indicating an equivalent level of surface scission reactions.  
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Figure 2.19: % Crystallinity of PE thin films irradiated with 350 nm UV light in air 
(black circles) Markers represent analytical replicate averages of three % crystallinity 
values on various locations of the films. Error bars represent the standard deviation of the 
% crystallinity values. 
 

Under natural conditions, PE crystallinity increases as exposure to sunlight 

increases (Figure (2.20)). Following 7 weeks of natural exposure PE crystallinity values 

were within error of final laboratory samples. While final crystallinity values were higher 

for naturally exposed samples, it is believed that if longer irradiations were conducted in 

the laboratory similar levels would be obtained. Comparing all crystallinity 

measurements made for PP and PE, it is shown that as time of exposure increases so does 

crystallinity. This shows that for both polymers and varying conditions chain scission 

reactions occur. 
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Figure 2.20: % Crystallinity  of PE thin films naturally weathered. Markers represent 
analytical replicate averages of three % crystallinity values on various locations of the 
films. Error bars represent the standard deviation of the % crystallinity values. 
 

2.2.4 Crosslinking 

2.2.4.1 Gel Fraction in PP 

Gel fraction is a commonly used method to determine the amount of crosslinked polymer 

present compared to the pristine sample due to the crosslinked fraction being insoluble 

within specific solvents.39,40 Figure (2.21) shows the gel fraction of PP irradiated at 254 

nm in air and MQ solution. 
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Figure 2.21: Gel fraction of PP thin films irradiated with 254 nm UV light in air (black 
circles) or MQ water (green triangles). Markers represent analytical replicate averages of 
three CI values on various locations of the films. Error bars represent the standard 
deviation of the CI values. 
 

The gel fraction results for PP irradiated at 254 nm in various conditions follow 

an opposite trend compared to what has been previously reported where irradiation 

increases crosslinking.41,39 While gel fraction is commonly used to measure the degree of 

crosslinking within the polymer, it is believed that this data is actually representing chain 

scission reactions, and compares to the crystallinity trends observed in Figure (2.15). A 

lower gel fraction is achieved for PP in solution conditions compared to air. We suspect 

that instead of crosslinking causing polymer insolubility, chain scission reactions 

decrease chain length and therefore increase solubility of the polymer. While crosslinking 

reactions may be occurring, the gel fraction method is insensitive to observing those 

changes.  
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Similarly, naturally degraded samples, had high initial gel fractions (92% for 

pristine) with a small but insignificant decrease in gel fraction with longer irradiations 

that may be the result of scission Figure (2.22). 

 
Figure 2.22: Gel fraction of PP thin films naturally weathered. Markers represent 
analytical replicate averages of three CI values on various locations of the films. Error 
bars represent the standard deviation of the CI values. 
 

2.2.4.2 Gel Fraction in PE 

For PE, a 0% gel content was found for all PE samples tested. This could mean 

that no crosslinking is occurring under the irradiation conditions. Alternatively, it may 

indicate that crosslinking, which decreases polymer solubility, is at equilibrium with 

scission reactions, which increase polymer solubility, resulting in no observed change in 

gel fraction over time. A different method should be pursued to test crosslinked density 

such as dynamic mechanical analysis. This method could allow for measurement of 

crosslink density within the entire polymer film and would give insight into how different 

variables affect polymer crosslinking. 
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2.3: CONCLUSION AND FUTURE DIRECTIONS 

 The worked presented offers a new insight into the aquatic photochemistry of 

common plastics and considered how the effects of various aqueous environments (MQ 

and DOM) could impact chemical changes within PP and PE. A novel approach was 

taken to determine the reaction fits of oxidation, with pseudo consecutive 1st order being 

deemed the most appropriate fit. It was found that MQ solutions delay the oxidation of 

polymer films. This result is likely due to the lower oxygen concentration present. 

Additionally, DOM solutions increased the oxidation compared to MQ solutions through 

indirect photolysis, which has not been previously reported for polymer waste.  

Crystallinity, a marker for scission reactions, appeared to plateau at a similar 

value for all conditions, but increase at a faster initial rate for MQ solutions compared to 

air. This was an unexpected result but is believed to be the result of other degradation 

pathways besides Norrish being supported in the aqueous conditions. We were unable to 

observe changes in crosslinking, and our measurements were inconclusive to ruling out 

whether these reactions are occurring. 

To determine if laboratory results were relevant to the environment, naturally 

degraded samples were compared. It was found that all naturally degraded samples 

experienced a comparable increase in CI values, reaction rate constants, and crystallinity 

percentages, validating that simulated laboratory degradation represents natural 

weathering processes. 

Taken together, this work can be used to help determine the fate of these common 

polymers within the environment. By having a better understanding of the chemical 

changes that they are undergoing in aqueous environments, we can better predict what 



 

46 

will happen to them once they have entered an aquatic environment. By understanding 

what physical and chemical products may be present in these environments we can 

understand how they may have a negative impact on these ecosystems and determine a 

way to negate these effects.  

 In future work, it is important for CI kinetic fits to have a large set of data points. 

This would lower the error within these values and allow for a clearer assessment of the 

kinetic trends. While FTIR crystallinity measurements work well for surface analysis, a 

bulk crystallinity method such as DSC should be employed to obtain more results, and 

polymer crosslinking should be monitored with a method such as DMA to get a better 

understanding of crosslink density within the polymer.  

This work should also be expanded to other commonly used polymers such as 

PET. While PP and PE are two of the most commonly found polymers within the 

environment, there are an abundance of polymers with various additives in them that may 

interact differently upon exposure to UV light. Overall, the data presented reveals that 

different environmental conditions will change the extent and rate at which these 

polymers chemically change. This work shows the importance of understanding chemical 

changes so that we may better gain insight into the fate of plastic waste in our 

environment. 
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Appendix 

Topic 1: Chemical Actinometry  

To determine the intensity of irradiation within the photoreactor, a solid-state 

actinometer was used as described by Rowland et. al. Figure (A1) shows the FTIR 

spectra of a pristine film between 1400 – 1800 cm-1. The asymmetric stretching band of 

the NO2 functional group is found at 1531 cm-1 and is normalized to the PMMA band at 

1431 cm-1. Figure (A2) shows the actinometer results used for films exposed to 254 nm 

UV light in air. Linear regression was used to obtain the rate constant k following 

equation (1). Using this k, irradiance was calculated following equation (2). 

 

Figure A1: FTIR spectra of pristine actinometer film between 1400-1550 cm-1. 2NB band 
found at 1531 cm-1 and PMMA band found at 1431 cm-1. 
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Figure A2: Absorbance ratio of actinometer film irradiated with 254 nm UV light in air. 
Markers represent analytical replicate averages of three ratio values on various locations 
of the films. Error bars represent the standard deviation of the ratios. Linear regression 
shown in blue. 

Topic 2: Pseudo Consecutive 1st Order Kinetic Fit Errors 

Table A.1.Pseudo Consecutive 1st Order Rate Constant 
Standard Errors for Oxidation Quantification  

Irradiation 
Conditions 

SE1(nm cm2 
photons-1) 

SE2 (nm cm2 
photons-1)  

PP 254 nm Air 1.22E-21 1.26E-21 
PP 254 nm MQ 1.50E-22 7.97E-23 
PP 350 nm Air 2.49E-20 3.07E-20 
PP 350 nm DOM x x 
PP 350 nm MQ x x 
PE 254 nm Air 2.91E-22 4.06E-23 
PE 254 nm MQ 4.48E-23 6.01E-22 
PE 350 nm Air x x 
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