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ABSTRACT 

Synthetic plastic microbeads, often found in personal care products such as toothpaste, 

face scrubbers, hand sanitizers, hand soap, and shower body wash, pose a great threat to aquatic 

life and the environment. Their size and nature prevent wastewater treatment plants from 

removing all microbeads, and some are discharged with effluent into the environment. US 

federal legislation recently banned the use of synthetic and biodegradable plastic microbeads, 

though the fate and transport of biodegradable plastic microbeads is not proven to be the same 

as synthetic microbeads. 

 Microcosm experiments were performed to investigate the degradation of PE and PHB 

microbeads under conditions that mimic municipal biological wastewater treatment processes. 

A known weight of PE or PHB microbeads sieved to a uniform size range of 500-800 microns 

was placed in 80 mL of activated sludge (MLSS), return activated sludge (RAS), aerobic 

digester sludge (AerD), or anaerobic digester sludge (AnD) for incubation periods of 2-23 days. 

Samples pulled from incubation were oxidized using household bleach (6% sodium 

hypochlorite) and sieved through 400-micron nylon mesh in Nalgene reusable filter units. 

Samples were dried, weighed, and characterized into contributing residual sludge and 

microbead weights. Temperature, pH, total solids and total volatile solids were also collected 

and analyzed. A linear regression for weight percent recovery over time for each sludge was 

used to estimate the degradation rate. 

This research showed partial degradation of PHB microbeads in microcosms of MLSS, 

RAS, AerD, and AnD, with weight percent recoveries of 72%, 48%, 27%, and 13%, 

respectively, after 16-day incubation. PE microbeads were confirmed to not degrade under 

biological wastewater treatment conditions in microcosms. The results demonstrate that 

microbeads made from PHB degrade in typical municipal biological wastewater treatment 

microcosms while PE microbeads do not. These results demonstrate that not all plastics should 

be treated equal, and the recent microbead ban prevents the use of a viable alternative to 

nondegradable microbeads. 
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CHAPTER 1 

INTRODUCTION 

This chapter provides a brief introduction to the world of microplastics and microbeads, 

as well as the problems and concerns with wildlife health and the environment that microplastics 

may cause. After the brief introduction, the purpose of this study and research approach are 

described.  

1.1  Introduction to Microplastics and Microbeads 

Plastic litter and its contamination of the environment have been studied since 1970 

(Carpenter et al. 1972). Plastic makes up approximately 60 – 80% of litter in the marine 

environment amounting to 8 million metric tons, most of which is microplastic (Thompson et al. 

2004; Eriksen et al. 2013; Talvitie and Heinonen 2014). In recent years, research on the 

accumulation of and contamination by microplastics has grown. The microplastic group 

incorporates any shape or form of plastic less than 5 mm in size, including fibers, granules, 

sheets, flakes, beads, and fragments (NOAA 2015). The microplastic group is also split into 

primary and secondary microplastic categories, which differ in origin and formation. Primary 

microplastics are small manufactured pieces of plastic, whereas secondary microplastics are 

broken down from macroplastics (Kershaw and Leslie 2012a) via weathering or fragmentation 

(Corcoran et al. 2009; Kershaw & Leslie 2012b; Eriksen et al. 2014). Primary microplastic uses 

include blasting applications to clean or strip surfaces, molding plastic powders, and microbeads 

used in personal care products (Kershaw and Leslie 2012b). Examples of microbead uses are 

facial scrubbers, face cream, hand soap, toothpaste, and plastic blasting grit for sandblasting 

applications. Because of their use and size, microbeads are mostly discharged in household 

sewers and transported to domestic wastewater treatment plants. Various studies have concluded 

that effluent from wastewater treatment plants is a major pathway for microplastic influx to 

surface waterways (Dubaish and Liebezeit 2013, Rochman et al. 2015). An estimated 200 tons of 

microbeads per year are used in the USA in personal care products (Kershaw and Leslie 2012a). 

A single use of a facial scrubber releases approximately 4,600–94,500 microbeads into the sewer 

system (Napper et al. 2015). If microbeads are not removed in wastewater treatment plant 

processes, they are released into the environment via plant effluent and introduced into 

waterways, causing complications to wildlife. If microbeads are removed in wastewater 
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treatment, they are disposed with biosolids in landfills, incinerators, or applied to land. 

Microbeads in land-applied biosolids may also cause contamination to the environment and 

complications for wildlife.  

In response to concerns about microplastic pollution, several states in the US, such as 

California, Colorado, Connecticut, Illinois, Indiana, Maine, Maryland, New Jersey and 

Wisconsin, enacted legislation in 2014 and 2015 banning the sale and manufacture of products 

containing microbeads (Farquhar 2015; Johnson and NJ Advance Media 2014; 119th General 

Assembly 2015; New York State Department of State 2015; O’Brian 2015; Senate Committees 

and House Committees 2015). All state legislative microbead bans allowed the use of 

biodegradable microbeads, except in California and New Jersey (Eustace 2014; Farquhar 2015; 

State of California 2015). The Microbead-free Waters Act of 2015 was introduced in the US 

House of Representatives on December 7th, 2015 to prohibit the sale and distribution of cosmetic 

products containing plastic microbeads. The House of Representatives, Senate, and President 

moved to pass the bill, making the bill a federal law on December 28th, 2015 (House of 

Representatives 2015). The federal law prohibits the manufacture of rinse-off cosmetics 

containing plastic microbeads after July 1st, 2018, and delivery of such cosmetics is prohibited 

after July 1st, 2019 (House of Representatives 2015). The federal law preempts state or local 

legislation. However, the law does not directly distinguish synthetic from biodegradable plastics 

in the ban, though the effects of the two on the environment, as well as their fate through 

wastewater treatment, may be very different.  

1.2 Purpose of Study  

The purpose of this study was to investigate the fate of polyethylene (PE) and 

polyhydroxybutyrate (PHB) microbeads in wastewater treatment to resolve whether the ban on 

microbeads justly includes biodegradable plastic microbeads. The fate of PE and PHB 

microbeads is expected to be the same in preliminary wastewater treatment processes that target 

large (> 1 cm) or dense (specific gravity > 2.5) particles, such as the bar screen and grit removal 

processes. Quantifying the degradation of PHB and PE microbeads in biological treatment 

processes was thus the objective in this study. Degradation experiments included incubation of 

microbeads in activated sludge, return activated sludge, aerobic digester sludge, and anaerobic 

digester sludge.  
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1.3  Scope and Approach 

Research was performed in a laboratory at the Colorado School of Mines campus in 

Golden, Colorado. Because limited research has been performed on microbead degradation and 

recovery in wastewater sludges, a new method was developed in this project for microbead 

measurement in biological sludge and incubation with sludge samples. Method development 

includes: selection of measurement method applicable to microbead quantification in biological 

sludges, oxidation method to remove biological sludge from microbeads, evaluation of method 

reproducibility, and establishing quantification limits. Experiments to study degradation of PHB 

and PE microbeads were then performed in four types of wastewater sludges. Activated sludge, 

return activated sludge, and aerobic digester sludge were gathered from a 3 million gallons per 

day (MGD) domestic wastewater treatment facility in Golden, Colorado. Anaerobic digester 

sludge was collected from a 140 MGD domestic wastewater treatment facility in Colorado.  
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

2.1.   Introduction 

Synthetic plastic microbeads, often found in personal care products such as toothpaste, 

face scrubbers, hand sanitizers, hand soap, and shower body wash, pose a great threat to aquatic 

life and the environment. Their size and nature prevent wastewater treatment plants from 

removing all microbeads, such that some are discharged with effluent into the environment. US 

federal legislation recently banned the use of synthetic and biodegradable plastic microbeads, 

though the fate and transport of biodegradable plastic microbeads has not been verified to be the 

same as synthetic plastic microbeads. This literature review investigates existing information and 

research performed on synthetic and biodegradable plastics, as well as their effects on the 

environments on a micro and macro scale.  

2.2.   Synthetic Microplastics 

Synthetic plastics are ubiquitous in modern life. In 2013, 229 million metric tons (MMT) 

of all plastic were produced, of which 82 MMT were polyethylene (PE) and 57 MMT were 

polypropylene (PP) (Krueger et al. 2015). Approximately 10% of all disposed waste is plastic, 

whether it is disposed of using proper waste management, disposed of improperly or littered on 

the ground (Krueger et al. 2015), and can contribute up to 80% of all marine pollution. Plastic is 

used in copious amounts in many products and there is no indication of society reducing the use 

of plastics. 

Microbeads, a spherical form of microplastics, are used in commercial and industrial 

products and are primarily composed of synthetic, petroleum-based material. Cosmetic products 

containing PE, PP, and polystyrene (PS) microbeads are the primary source of microplastics 

entering the aquatic system through municipal wastewater treatment discharge (Zitko and 

Hanlon 1991; Eerkes-Medrano et al. 2015). A study of accumulation and sources of 

microplastics reported that wastewater treatment plant effluent contained microplastics, 

embodying microfibers, flakes, beads, and all other forms of micro-sized plastics, discharged in 

household sewers (Browne et al. 2011). With the large amount of plastics produced every year, 

and the inevitable introduction of microplastics in the environment, their presence and effects 

need further review and consideration of possible solutions. 
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2.2.1   Synthetic Microplastics in the Environment 

The transport, bioavailability, and toxicity effects of microplastics in the natural 

environment are influenced by the size, shape, density, color, and chemical composition of the 

plastic (Rocha-Santos and Duarte 2014). Ninety percent of plastic produced is comprised of PE, 

PP, polyvinyl chloride (PVC), PS and polyethylene terephthalate (PET) (Andrady 2011). 

Because most synthetic plastics are buoyant in water, especially seawater, the floating plastic 

particles will be transported and may eventually wash ashore. Higher concentrations of 

microplastics have been found near coastal harbors than along unoccupied shorelines (Claessens 

et al. 2011), mainly introduced to aquatic life and the environment via discharge from nearby 

municipal wastewater treatment plants (Dubaish and Liebezeit 2013; Rochman et al. 2015). 

Buoyant microplastics that wash ashore are more accessible for consumption by more numerous 

shoreline avian species (Engler 2012). Those microplastics that are not washed ashore will float 

through the oceans, potentially picked out by animal life since the size and appearance of 

microplastics resembles that of typical food sources. The few plastics that are denser than 

seawater settle near their entry point, though they can be transported elsewhere by currents 

(Engler 2012). 

Synthetic microplastics are also a contaminant in fresh waterways. Man-made reservoirs 

can store water for drinking water treatment and serve as recreational facilities, i.e. for water 

sports and beaches. However, floating microplastics with densities lower than water, such as PE 

and PP, are not able to pass through the outlets located near the base of the reservoir. This results 

in the accumulation of microplastics in the reservoir (Zhang et al. 2015). Avian and fish species 

residing in water reservoirs may mistake the floating microplastics for food. 

Microplastics may transport persistent organic pollutants (POPs), heavy metals, and 

invasive or pathogenic microorganisms in the marine environment (Derraik 2002; Zettler et al. 

2013; McCormick et al. 2014; Talvitie and Heinonen 2014; Krueger et al. 2015). Because 

microplastics have a large surface area to volume ratio, POPs such as polychlorinated biphenyls 

(PCB) or dichlorodiphenyldichloroethylene (DDE) may be found on microplastics at up to six 

orders of magnitude the concentration found in the natural, uncontaminated environment 

(Society for Conservation Biology n.d.; Wright et al. 2013). Mato et al. (2001) found that PCB, 

DDE, and nonylphenols were transported in the marine environment by adsorbing onto PP 

pellets (Gouin et al. 2011). PCB, polycyclic aromatic hydrocarbons (PAH), and 
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dichlorodiphenyltrichloroethane (DDT) contaminants have been associated with colored, 

synthetic microplastics (Frias et al. 2010). Experimental and model studies demonstrate that 

microscopic PE pellets and fragments adsorb more organic contaminants, such as PCB, aromatic 

hydrocarbons, petroleum hydrocarbons, pesticides, diphenylesters, alkyphenols, and bisphenols, 

than other plastics such as PP and PVC (Teuten et al. 2009). A study found PCB concentrations 

ranging from less than 28 to 2300ng/g of plastic resin pellets, suggesting the chemical sorption of 

PCB onto plastic (Endo et al. 2005). Another study of polybrominated diphenyl esters (PBDE) 

showed higher concentrations of the toxic compound in seabirds than historically recovered but 

were not present in natural prey, suggesting the transfer of the chemical from ingested 

microplastics to the animal tissue (Tanaka et al. 2013; Syberg et al. 2015). Biofilm microbial 

communities on microplastics may increase adsorption of POPs, contributing to the increased 

ingestion of POPs by marine life (Zettler et al. 2013).  

In addition, though plastics are hydrophobic molecules, the surface of plastics can be 

oxidized and potentially bind and transport metals, depending on polymer functionalities and 

compatibility of metals (Gregory 1996; Andrady 2011). A study found elevated concentrations 

of iron, aluminum, manganese, lead, copper, zinc, and silver on PE pellets found along the coast 

in the UK (Ashton et al. 2010).  

Microplastics containing elevated concentrations of POPs and heavy metals can be 

ingested by aquatic life. Because of their small size, microplastics may be mistaken by many 

marine organisms as a potential food source (Moore 2008). For example, plastic ingestion has 

been documented in 44% or more of marine bird species, some of which have been found to feed 

plastic granules to their offspring (Andrady 2011). Marine birds, such as the streaked shearwater 

seabird, were observed to feed to chicks microplastics contaminated by significant amounts of 

PCB (Ivar Do Sul and Costa 2014). Other studies have found microplastics in the guts of fish 

(Foekema et al. 2013). Detriments to animals from ingestion of microplastics by predators or 

prey range from injuries, reduction in wellness and fitness, impairment of abilities, loss of 

feeding, disrupted digestive enzymes, hormone imbalance, and reproduction impact (Derraik 

2002). Organisms that ingest microplastics may experience physical harm, such as internal 

blockages, as a result of accumulation (Wright et al. 2013). Because humans consume various 

types of fish and birds, this suggests the potential entrance of microplastics and associated POP 

and heavy metal contaminants into the human food chain (Talvitie and Heinonen 2014). 
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This chain of events reveals that microplastics may contribute significantly to 

environmental contamination and have a substantial effect on organisms within our waterways. 

2.2.2 Synthetic Microbeads in Wastewater 

Various studies have concluded that effluent from wastewater treatment plants is a major 

pathway for microplastic influx to surface waterways (Dubaish and Liebezeit 2013; Rochman et 

al. 2015). An estimated 200 tons of microbeads per year are used in the USA in personal care 

products (Kershaw and Leslie 2012a). A single use of a facial scrubber releases approximately 

4,600–94,500 microbeads into the sewer system (Napper et al. 2015). The increase in use of 

microbeads in cleansing and cosmetic products is assumed to increase microplastics in water 

bodies because wastewater treatment is unlikely to remove or capture small and low-density 

plastics (Eerkes-Medrano et al. 2015; Browne, Galloway, and Thompson 2007). Screens in 

preliminary treatment do not capture them (Fendall and Sewell 2009; Vesilind 2010). One study 

showed an increased presence of microplastics in a waterway downstream of a wastewater 

treatment plant versus upstream of the same plant, demonstrating the discharge of microplastics 

through the plant effluent (Eerkes-Medrano et al. 2015).  

However, a study performed in Sweden that sampled influent, effluent, and sludge found 

that approximately 99% of microplastics were removed in the wastewater treatment plant sludge 

(Magnusson et al. 2014). The study sieved and analyzed samples with FT-IR and categorized the 

microplastics as plastic fiber, plastic fragment, and plastic flakes, with shape dictating the extent 

of removal. The plastic fiber category constituted 70.6% of all microplastics measured, while 

plastic fragments and plastic flakes were 17.6% and 11.8% of total microplastics respectively. 

Microbeads were not specifically examined, though they were presumably included in the plastic 

fragment portion of the analysis. The study found that 99.75% of plastic fragments were 

removed from effluent. The article, however, does not describe the unit processes the particular 

treatment plant used in the study. If the treatment process is advanced (such as tertiary filtration), 

or more effective than other plants, the microplastic removal rate could be artificially elevated as 

compared to other treatment plants. PE and PP, however, will not settle by gravity since their 

specific gravity values are less than that of water. The PE or PP microbeads could, however, 

settle by entrainment in or adsorption to sludge flocs, though this has not yet been verified. 

With the environmental consequences from use of synthetic microbeads and the inability 

to completely remove them from wastewater treatment effluent, the ban against microbeads is 
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justifiably in place. However, biodegradable microbeads, which are also banned, may behave 

differently.  

2.3. Biodegradable Microplastics 

Petroleum-based plastics such as PE, PP, PS, PVC and PET have been confirmed as 

threats to animals and the environment because of sorption capacity for toxic substances and they 

are non-degradable (Tokiwa et al. 2009). To alleviate the contamination of plastic litter, 

biodegradable plastics have been studied for the last 30 years and may take the place of synthetic 

microbeads (Shimao 2001). This section will discuss types of degradable plastics and their 

applications. 

2.3.1 Types of Biodegradable Plastics 

Polyhydroxyalkanoates (PHAs) are highly biodegradable and biocompatible polymers 

that can be produced from renewable resources (Shah et al. 2008). They are biosynthesized by 

bacteria in a carbon-excess environment as carbon and/or energy storage for future cell growth, 

which can contribute up to 90% of the cell’s dry weight (Anderson and Dawes 1990). The 

molecular structure of PHA is similar to polypropylene, providing similar physical properties. 

PHA is already applied in packing, medical products, and disposable hygiene products (Shah et 

al. 2008). Though PHAs are a good competitor to synthetic plastics, the production cost of PHA 

is approximately nine times higher than the production cost of synthetic plastics (Khardenavis et 

al. 2007); substrate cost contributes 40% of total production costs (Albuquerque et al. 2007).  

Various forms of PHAs exist, of which poly-3-hydroxybutyrate (P3HB) in the 

polyhydroxybutyrate (PHB) family is likely the most common. Other copolymers of PHA are 

poly-4-hydroxybutyrate (P4HB), polyhydroxyvalerate (PHV), polyhydroxyhexanoate (PHH), 

and PHO (polyhydroxyoctanoate) (Ansari and Fatma 2014). PHB and other forms of PHA have 

been used in single use food and medical applications (Ansari and Fatma 2014).  

PHB is a highly hydrophobic, bio-based and biodegradable polyester in the PHA polymer 

family. PHB accumulates in stressed bacterial cells as an energy storage reserve under nutrient-

limited conditions (Ansari and Fatma 2014). Because of PHB’s role in microbial energy storage, 

PHB-degrading bacteria are widely found in the natural environment (Shimao 2001, Bucci et al. 

2007). Because of its high crystallinity, the material is stiff and brittle, limiting the range of 

applications. PHB also lacks the mechanical strength of conventional plastics. However, if mixed 
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with other polymers or plasticizers, the range of applications increases (Ansari and Fatma 2014). 

Blends could, however, contribute to slower degradation rates, which would have to be 

characterized. PHB and poly-3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV) have a wide 

range of thermo-mechanical properties. Because of this, combined with their biodegradability 

and biocompatibility, interest in using these polymers in commercial applications has grown 

(Bonartsev et al. 2007). PHB has potential as a replacement for non-degradable plastics and 

microbeads, in particular. 

Though PHB is the leading candidate for microbead use, other types of biodegradable 

plastics are implemented in other industries. Polycaprolactone (PCL) is a biodegradable 

synthetic, fossil-based polyester often used as a resin to improve impact resistance. PCL is 

created by ring-opening polymerization of a monomer ε-caprolactone (Vroman and Tighzert 

2009). PCL degrades by lipase and esterase or glyceride-degrading enzymes, often found in 

proteobacteria (Shimao 2001). PCL is also soluble in a range of solvents and has been researched 

to be used in a possible medical devices (Vroman and Tighzert 2009). Polylactic acid (PLA) is a 

bio-based, biodegradable aliphatic polyester often used in medical implants and packaging. 

Because PLA is biocompatible and can be absorbed by animals, its use in the medical industry is 

extensive. Several enzymes are able to degrade PLA, however, only a few microorganisms have 

been identified in natural environments that degrade the polyester (Shimao 2001). Polyurethane 

(PUR) is characterized by the urethane bond in the polymer, which can be degraded by two 

species of fungus commonly found in landfill applications under aerobic and anaerobic 

conditions (Shah et al. 2008). This plastic is created by reacting a diisocyanate with a polyol in 

diisocyanate polyaddition (Shimao 2001). Polyvinyl alcohol (PVA) is the most produced water-

soluble synthetic polymer today, which can be molded into shapes such as containers and films 

(Chiellini et al. 2003). PVA may be used as a biodegradable carrier in applications such as 

manufacture or delivery systems of chemicals (Shimao 2001) and is also used in textile and 

paper industries (Chiellini et al. 2003). PVA can be degraded by species of fungi possessing 

polymer extracellular dehydratase (Chiellini et al. 2003), however, negligible degradation is 

observed in native domestic biological wastewater treatment microbial communities (Chiellini et 

al. 2003). Polybutylene succinate (PBS) is a white crystalline thermoplastic created by 

condensing glycols. PBS possesses similar mechanical properties as polyethylene and 

polypropylene. However, PBS is less biocompatible with medical applications than other plastics 
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(Vroman and Tighzert 2009). PBS can be degraded by microorganisms containing extracellular 

enzyme depolymerase, which is found in a variety of ecosystems. Thermoplastic starch (TPS) is 

a cost-effective and abundant polymer naturally produced in produce such as corn, rice, potatoes, 

and wheat (Nafchi et al. 2013). However, TPS is sensitive to humidity and moisture. TPS also 

possesses lower mechanical properties than desired in industry, which causes TPS to be used 

less. Since the PHB family is the most commonly used biodegradable polymers, this review will 

concentrate on that family. Should PHB or other biodegradable microbead replace synthetic 

microbeads, their presence in the environment and pathway in wastewater should also be 

understood.  

2.3.2 Biodegradable Microplastics in the Environment 

Knowledge of the effect of biodegradable microbeads on the environment, presence in 

the environment, and repercussions of consumption by animals is limited. Because 

biodegradable plastics are currently used to replace synthetic plastics in single-use food products, 

packaging, and horticulture products, the disposal pathway of biodegradable plastics can be 

assumed to be similar to that of synthetic plastics. Biodegradable plastics show the highest 

degradation rates in “favorable environments” such as soil, landfill, or compost conditions 

(Kershaw and UNEP 2015). Biodegradable plastics in marine and freshwater environments are 

subject to slower degradation rates if buried in the sand on shorelines or under water due to these 

environments having colder temperatures and fewer microorganisms that facilitate degradation 

(Kershaw and UNEP 2015). The potential for biodegradable polymers to transport POPs and 

metals in the environment needs to be investigated, considering synthetic plastics are able to 

transport both. The effect of biodegradable plastic on wildlife has also not been investigated to 

ascertain if the complications are the same as with synthetic plastics.  

2.3.3 Biodegradable Microbeads in Wastewater 

The fate of biodegradable microbeads in wastewater is largely unknown. However, the 

pathway of biodegradable microbeads can be postulated. Synthetic microbeads (section 2.2) have 

been found in wastewater treatment plant effluent and biosolids (Gouin et al. 2011, Magnusson 

et al. 2014). Because PHA, PHB, and PLA generally have specific gravity values greater than 

that of water, microbeads made of these polymers are expected to settle in primary clarifiers or 

secondary clarifiers, and exit the treatment plant with biosolids, as discussed below in section 
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2.4. Biodegradable microbeads may also degrade in biological treatment processes in the 

wastewater facilities, whereas synthetic microbeads have not displayed degradation in 

wastewater biological systems or similar environments. Studies have investigated the 

biodegradation of PHB plastic in forms other than microbeads in different environments, 

including wastewater sludges, as detailed below in section 2.3.4. 

2.3.4 Biodegradation of PHB 

PHB biodegradation kinetics, mechanisms, depolymerase, and decomposition products 

have been studied in many environments such as surface water, oceans, wastewater, and soil 

(Kawaguchi and Doi 1992, Müller et al. 2001, Zhao et al. 2006, Tokiwa et al. 2009). Research 

shows that the most biodegradation of PHB in wastewater occurs when microorganisms with 

depolymerase enzymes are present (Wang et al. 2004). Depolymerase is an enzyme, which may 

be extracellular or intracellular to an organism and found commonly in bacteria in soil, 

wastewater, and aqueous environments, that catalyzes the decomposition of a polymer chain into 

a simpler molecule (Shah et al. 2008). Bacteria with extracellular enzymes can excrete the 

enzymes to solubilize the surface of the PHB; the solubilized PHB is then absorbed through the 

cell membrane and stored in the interior of the cell for future use as a carbon and energy source 

in stressful environments, e.g. with limited carbon (Kawaguchi and Doi 1992; Jendrossek and 

Handrick 2002; Uchino et al. 2007).  

PHB is distinguished from many other degradable polymers because of its extensive 

degradation, creation, storage, and consumption in microorganisms, which presumably have 

identified and degraded PHB in a plethora of environments and ecosystems since before its 

discovery in 1923 (Koller et al. 2011). Microbes possessing extracellular PHB depolymerase are 

ubiquitous in the environment (Holmes 2002). Many other polymers, such as PCL and PLA, are 

also degraded by microorganisms, but the depolymerase used is not as plentiful since fewer 

species of bacteria possess this depolymerase. Many environmental factors affect the rate and 

extent of PHB microbial degradation, such as the extent of colonization, redox conditions 

(aerobic, anoxic or anaerobic), pH, and substrate and nutrient levels. Substrates and nutrients 

such as organic carbon, nitrogen, and phosphorus are essential to microbial growth. The absence 

of these nutrients and other environmental factors may impact the uptake of PHB by cells 

(Holmes 2002).  
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For example, a study of anaerobic sludge from a UASB treating pig manure demonstrated 

that PHB films degraded completely in 7 days in the presence of nitrate and 84% degraded 

without nitrate (Bonartseva et al. 2003). In another study of PHB plastic films (Wang et al. 

2004), 20% of the PHB film was degraded after 18 days in activated sludge. Crystallinity and 

surface morphology were found to play important roles in the degradation of PHB, with surface 

morphology changing the contact between water, enzymes or bacteria, and polymer chains. 

The preferred scenario for plastics released into the environment would be full 

degradation into CO2 or methane, water, and biomass, returning to the carbon cycle without 

exerting additional energy to facilitate full degradation, i.e. incorporating another treatment 

process specifically for the removal of microplastics (Andrady 2011). If biodegradable 

microbeads are not removed or fully decomposed in wastewater treatment, they could linger in 

the environment for months to years. Degradable plastics have significantly lower rates of 

degradation in the marine environment than in wastewater, soil, landfill, and composting 

environments (Kershaw and UNEP 2015). A lab study of degradation rates of PHA Mirel films 

and PLA bag and bottle samples using ASTM D7081-05 and ASTM D6691 testing standards, 

described below, displayed 38-45% decomposition of PHA and less than 5% degradation of PLA 

over a period of 6 months (State of California Department of Resources Recycling and Recovery 

2014). After one year, PHA samples showed 51-81% degradation while PLA bags and bottles 

showed less than 10% degradation. The ASTM standards test degradation at a much higher 

temperature, 30 °C, than the Pacific Ocean, in which temperatures average around 12.8-18.3 °C 

(State of California Department of Resources Recycling and Recovery 2014). In addition to 

composition and temperature, plastic degradation rates are also affected by the size, shape, form, 

surface area, and preparation of the plastic. Degradation rates will be different, for example, for a 

thin film and a bottle wall, even for the same plastic. Minimal degradation of PHA in the form of 

plastic bottle wall has been observed in marine environment simulations (State of California 

Department of Resources Recycling and Recovery 2014). Likewise, biodegradable plastics with 

a smooth surface texture degrade less because bacterial colonies are easily washed off or pulled 

away from smooth surfaces (Holmes 2002). A study of PHB and related polymers showed that 

degradation rates were influenced more by the shape and preparation technique of the plastic 

than the chemical composition of the plastic (Volova et al. 2010).  
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2.4. Potential Microbead Fate in Wastewater Treatment 

The removal of microbeads in different wastewater treatment processes is uncertain due 

to limited information. Microbeads, because of their small size, are expected to pass through 

preliminary removal processes such as grit removal, bar screen, etc. However, they may be 

removed through gravity settling if the microbead is entrained in biosolids or the specific gravity 

is greater than 1, or through biodegradation of the plastic in biological processes. PHB and PE 

microbead fate in wastewater treatment is postulated in this section.  

2.4.1 Gravity Settling of Microbeads 

Microbeads and microplastics can be removed from the liquid stream by gravity settling 

in primary or secondary clarifiers if the specific gravity of the plastic is greater than 1. Based on 

the specific gravity values in Table 2.1, PE, LDPE, HDPE, and PP are expected to float in water. 

If these microbeads are removed in wastewater treatment, the mechanism of removal is other 

than gravity settling. These plastics may be removed by entrainment or adsorption onto flocs, as 

suggested by their observed removal in wastewater field experiments noted in section 2.2.3, 

though this has not been studied. For plastics with a specific gravity greater than 1, predicted 

settling velocities by microbead diameter are shown in Figure 2.1. Table 2.2 shows typical 

microbead diameters in personal care products.  

Figure 2.1 suggests that most microbeads with specific gravities greater than 1.1 would 

be completely removed in primary or secondary clarification. However, the settling velocity of 

microbeads smaller than 0.2 mm diameter is potentially slower than the average overflow rate of 

a clarifier. Figure 2.2 magnifies the y-axis of Figure 2.1 to show settling velocities for small 

diameter, low specific gravity particles. 

Microbeads with a specific gravity of 1.3 or greater and in particle size ranges typically 

used in facial and hand personal care products are expected to settle completely. Smaller, less 

dense particles may not settle significantly in primary or secondary clarifiers. Secondary clarifier 

overflow rates vary by secondary treatment process, as shown in Table 2.3.  
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Table 2.1   Specific Gravity of Plastics 

Type of plastics used in 

microbeads 

Specific 

Gravity Reference 

 
Non-degradable Plastics 

Polyethylene (PE) 0.91-0.94 Kershaw and Leslie 2012 

Low-density polyethylene (LDPE) 0.89-0.93 Morét-Ferguson et al. 2010 

High-density polyethylene (HDPE) 0.94-0.97 Morét-Ferguson et al. 2010 

Polypropylene (PP) 0.90-0.92 Kershaw and Leslie 2012b 

Polystyrene (PS) 1.04-1.09 Kershaw and Leslie 2012b 

Polyvinyl chloride (PVC) 1.16-1.30 Kershaw and Leslie 2012b 

Polyamide (PA) 1.13-1.15 Kershaw and Leslie 2012b 

Polyurethane (PUR) 1.2 Norwegian Environment Agency 2014 

Polyestersulfone (PES) 1.37 Kershaw, and Leslie 2012b 

Polyethylene terephthalate (PET) 1.34-1.39 Norwegian Environment Agency 2014 

 
Degradable Plastics 

Polylactic acid (PLA) 1.21-1.43 Norwegian Environment Agency 2014 

Polyhydroxyalkanoate (PHA) 1.2-1.3 Greene 2014 

Thermoplastic starch (TPS) 1.5 Greene 2014 

Polyhydroxybutyrate (PHB) 1.25 Greene 2014 

Polycaprolactone (PCL) 1.11 Greene 2014 

Polybutylene succinate (PBS) 1.26 Greene 2014 

 

Table 2.2   Microbead Size Ranges and Types in Personal Care Products (Norwegian 
Environment Agency 2014) 

Product Microbead Size (mm) Plastic Type 

Face Cleaning Products 0.1-0.2 PE 

Hand Cleaning Products 0.1-0.2 PE 

Toothpaste 0.014-0.055  Polyestersulfone (PES) 

Face Scrubber 0.4-0.8 PE 
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Figure 2.1   Settling velocity by particle size and specific gravity (SG). For comparison, average 
overflow rate of a primary clarifier is 0.00046 m/s (40 m/d) and of a secondary clarifier is 
0.00028 m/s (24 m/d) (Tchobanoglous and Bruton 2003). 

 

 
Figure 2.2   Settling velocity by particle size and specific gravity (SG) for diameters ≤ 0.4 mm. 
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Table 2.3   Secondary Clarifier Overflow Rates (Tchobanoglous and Bruton 2003) 

Secondary Clarifier Overflow Rates by Secondary Treatment Process 

Secondary Treatment Process 

Clarifier Overflow Rate  Clarifier Overflow Rate 

Minimum 
(m/s) 

Minimum 
(m/d) 

Maximum 
(m/s) 

Maximum 
(m/d) 

Activated Biofilter 0.000500 43.20 0.000833 72.0 

BNR Activated Sludge (AS) Processes 0.000186 16.08 0.000325 28.1 

Extended Aeration AS Process 0.000083 7.20 0.000194 16.8 

Biofilter/AS 0.000556 48.00 0.000972 84.0 

Rotating Biological Contactors 0.000139 12.00 0.000694 60.0 

Roughing Filter/AS Process 0.000556 48.00 0.000972 84.0 

Series Trickling Filter/AS Process 0.000556 48.00 0.000972 84.0 

Trickling Filters 0.000139 12.00 0.000694 60.0 

Trickling Filter/Solids Contact Process 0.000500 43.20 0.000833 72.0 

 

2.4.2 Polymer Degradation  

Polymers degrade through a change in chemistry that reduces the molecular weight of the 

polymer (Andrady 2011). Synthetic polymers, such as PE and PP, with high molecular weights 

are resistant to degradation (Shah et al. 2008). However, when exposed to solar radiation, PE and 

PP undergo photo-oxidative degradation, which weakens the plastic enough to allow subsequent 

thermal or chemical degradation to occur (Shah et al. 2008; Andrady 2011; Ivar Do Sul and 

Costa 2014). Such degradation lessens physical properties in plastics, which allows material to 

become brittle and break into smaller particles down to the size of powder fragments (Andrady 

2011, Ivar Do Sul and Costa 2014). 

The degradation of biodegradable plastic, such as PHB, has been extensively researched. 

General factors that affect degradation of all plastics are listed below. 

• Chemical composition: Plastics comprised of only long carbon chains are not susceptible 

to degradation. Existence of heterogroups, such as oxygen, in polymer chains increases 

thermal and biological degradation rate (Singh and Sharma 2008). A three-dimensional 

structure inhibits availability to microorganisms for degradation (Hadad et al. 2005).  

• Molecular weight: Increase in molecular weight decreases the rate of plastic degradation 

(Shimao 2001).  
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• Hydrophobic character: Highly hydrophobic polymers, such as PE, are less degradable. 

Because PE is highly hydrophobic, formation of microbial biofilm is difficult (Singh and 

Sharma 2008).  

• Size of the monomers: Mechanical, thermal, and biological degradation of polymers 

increases as the monomer molecule size decreases (Nakajima-Kambe et al. 2009). 

• Polymer functionality: Functional groups added to a polymer may increase or decrease 

the extent of degradation of that polymer. For example, carbonyl groups added to 

polyolefins increase photodegradation. Hydrophilic moieties facilitate higher 

biodegradation of polymers because the polymer is more susceptible to bacterial and 

fungal degradation. (Singh and Sharma 2008) 

• Additives: Additives may either increase or decrease degradation of polymers, depending 

on the properties and function of the additive (Gómez and Michel 2013). For example, 

metals may facilitate thermo-oxidative degradation, whereas antioxidants and stabilizers 

will inhibit biodegradation. In the case of PHB, additives generally decrease rate of 

degradation. However, PHB has a high crystallinity index, which limits degradation. 

Additives used to decrease the crystallinity index may increase the degradation of PHB 

(Tokiwa et al. 2009). 

• Chemical bonding: Degradation usually occurs at the weakest point in the chemical 

chain. For PHB, cleaving is expected to occur at the ester bond. Head-to-head and tail-to-

tail links of monomer units will break more readily than head-to-tail links. Branching in 

polymer chains increases thermal degradation (Lucas et al. 2008, Singh and Sharma 

2008). 

• Environmental Conditions: Environmental conditions that contribute to biodegradation of 

polymers include moisture content, temperature, pH, oxygen content, nutrient content, 

and microbial communities present (Singh and Sharma 2008). Conditions should be 

tailored to promote optimal microbial growth, depending on whether the system is 

aerobic, anaerobic, in soil, in wastewater, etc. Soils with moisture content of 65% show 

higher rates of plastic degradation than soils with 16% moisture content (Singh and 

Sharma 2008, Gómez and Michel 2013). Higher temperatures of soils, typically 35 – 60 

°C instead of 5 °C (Jendrossek and Handrick 2002), are more favorable for the desired 

microbial communities that express extracellular depolymerase, which yields higher rates 
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of PHB degradation. Lower temperatures may also slow the degradation kinetics of 

extracellular PHA depolymerase (Majid et al. 2002). In anaerobic digestion, mesophilic 

and thermophilic temperatures showed degradation of PHB, though degradation rates 

were higher in mesophilic (20 °C – 45 °C) than thermophilic (41 °C – 122 °C) conditions 

(Gómez and Michel 2013).  

• Microbial Interaction: PHB biodegradation kinetics, mechanisms, depolymerase, and 

decomposition products have been studied in many environments such as surface water, 

oceans, wastewater, and soil (Zhao et al. 2006). PHB is distinguished from many other 

degradable polymers because of its unique relationship with microorganisms, described 

in section 2.3.4. Because bacterial cells form PHB internally as an energy source, 

degradation of the biopolymer is feasible. 

2.4.3 Hypothesized Microbead Fate in Wastewater Treatment Processes 

As discussed in section 2.4.1, the pathway of biodegradable microbeads is expected to be 

the same as biosolids due to gravity settling. The degradation rate of biodegradable microbeads 

will vary depending on which treatment processes are implemented at the wastewater treatment 

plant and the hydraulic retention time (HRT) or solids retention time (SRT) of each process. 

Typical processes used in wastewater treatment are briefly described below, as well as the 

expected corresponding impact on PE microbeads, representing the non-degradable plastic 

microbead, and PHB microbeads, representing the biodegradable microbead.  

 

Lagoons: 

Wastewater treatment lagoon systems typically treat biodegradable organic material 

using aerated ponds, which operate without a recycle component, followed by a settling 

tank/pond or a facultative stabilization pond (Tchobanoglous and Bruton 2003). Because of the 

forceful mixing in the aeration ponds, microbeads are expected to stay in suspension. While in 

the aerated lagoon basins, PHB microbeads are expected to degrade partially because 

biodegradation has been observed in aerobic activated sludge (Holmes 2002). In the pond 

without mixing, microbeads with a specific gravity greater than 1 are expected to settle in the 

pond and biodegradable microbeads may undergo anaerobic decomposition in the sediments. 

Given that PHB films were completely degraded after 7 days at 11 °C and 20 °C in anaerobic 
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sludge from a UASB (Bonartseva et al. 2003), similar degradation rates may potentially occur in 

the settling/facultative pond. However, the PHB films did not degrade at 5 °C (Bonartseva et al. 

2003), so cold temperature may inhibit the degradation process. PE microbeads are not expected 

to settle or degrade and would instead pass through with the lagoon effluent. Settling/facultative 

ponds are typically taken offline every few years to remove the solids from the lagoon 

(Tchobanoglous and Bruton 2003).  When solids are removed, settled PE or PHB microbeads 

would be removed as well. 

 

Primary Clarifiers: 

As discussed in section 2.4.1, primary clarifiers are expected to completely remove 

microbeads with a specific gravity greater than 1.1 and diameter larger than 0.1 mm because the 

settling velocity is greater than the typical overflow rate. Thus, any wastewater treatment plant 

with a primary clarifier is expected to remove PHB microbeads from effluent, though PE 

microbeads are expected to float, continuing on to secondary treatment. The microbeads in the 

primary clarifier solids stream would then move to an aerobic or anaerobic digestion process. 

 

Activated Sludge Processes - Oxidation Ditches, Conventional Plug flow, Extended Aeration: 

Oxidation ditches are extended aeration activated sludge systems that have a relatively 

high hydraulic velocity (0.8 – 1.0 ft/s) to keep solids in suspension (Tchobanoglous and Bruton 

2003). Unlike conventional extended aeration systems, oxidation ditch kinetics are similar to a 

complete-mix reactor instead of a plug flow reactor (Tchobanoglous and Bruton 2003). Extended 

aeration activated sludge treatment systems typically do not have primary clarifiers; after 

preliminary screening and grit removal, wastewater is subjected to longer mixing time than 

traditional activated sludge systems. In secondary clarification, microbeads denser than water 

will settle and move to an aerobic or anaerobic digestion process. Because PHB microbeads are 

expected to settle in secondary clarifiers, the residence time of PHB microbeads is expected to be 

comparable to the solids retention time since activated sludge processes often recycle return 

activated sludge (RAS) from the bottom of the secondary clarifier to the beginning of the 

activated sludge process. The typical solids retention time (SRT) for a conventional plug flow 

aeration basin ranges from 3 to 15 days (Tchobanoglous and Bruton 2003). For extended 

aeration activated sludge plants, the typical SRT ranges from 20 to 40 days, and SRT for an 
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oxidation ditch ranges from 15-30 days (Tchobanoglous and Bruton 2003). While in the 

oxidation ditch, conventional plug flow or extended aeration basins, PHB microbeads are 

expected to degrade partially since biodegradation has been observed in aerobic activated sludge 

(Holmes 2002); a study of PHB degradation in a batch microcosm with activated sludge showed 

20% degradation after 18 days (Wang et al. 2004). PE microbeads are not expected to degrade in 

the oxidation ditch, conventional plug flow or extended aeration basins. Because aeration is 

vigorous in all activated sludge processes, microbeads are expected to stay in suspension in the 

aeration basins and thus pass into secondary clarification.  

 

Secondary Clarification: 

Because the density of PHB is greater than that of water, PHB microbeads are expected 

to settle with biomass in secondary clarification, while PE microbeads are less dense than water 

and thus are expected to float unless they are entrapped or attached to flocs settling in the basin. 

Because PE microbeads float, some would continue with clarifier effluent into disinfection and 

be released into receiving bodies of water with treated effluent, while the other portion would 

settle with biomass and continue with solids to aerobic or anaerobic digestion.  

 

Disinfection: 

Effluent from a wastewater treatment plant undergoes disinfection before being 

discharged into a receiving body of water. Most PHB microbeads are not expected to discharge 

with secondary clarifier effluent since the specific gravity is greater than 1, though small PHB 

microbeads with diameters <0.06 mm (the size of toothpaste abrasives) may pass through 

primary and secondary treatment to the disinfection phase. PE microbeads are expected to pass 

through primary and secondary treatment to disinfection phase because the density of PE is less 

than that of water. Typical disinfection methods are chlorination, ultraviolet (UV) light, and 

ozone.  

Chlorination can be achieved by injection into effluent in the form of gaseous chlorine, 

liquid sodium hypochlorite, calcium hypochlorite, or bromine chloride (Tchobanoglous and 

Bruton 2003). For free chlorine, dosage can range 10 – 30 mg-min/L to achieve required 

disinfection (Tchobanoglous and Bruton 2003). Though high concentrations of hypochlorite, in 

the thousands of milligrams per liter, may degrade PE and PHB microbeads because polymers 
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are sensitive to oxidation (pH lower than 5) (Shin et al. 1997), the hydraulic retention times in 

chlorine contact basins in wastewater treatment plants range from 30 – 120 minutes, during 

which time plastic degradation would be minimal. The chlorination process may affect the 

mechanical properties of PE microbeads but physical degradation or deterioration of the beads 

have not been shown (Chung et al. 2007). Information about the effect of chlorine exposure on 

mechanical properties was not found. 

UV radiation disinfection systems are categorized in 3 subgroups: low-pressure and low-

intensity, low-pressure and high-intensity, and medium-pressure high-intensity systems 

(Tchobanoglous and Bruton 2003). Low-pressure systems use wavelengths of 254nm, which is 

effective in inactivation of most microbes. Medium-pressure systems can utilize a wavelength 

range of 185 – 1480 nm, but most often use a wavelength of 316 nm (Schalk et al. 2005). PE 

exposed to UV radiation is physically and visually altered, such as decreases in molecular weight 

and discoloring of the surface of the plastic (Singh and Sharma 2008). The integrity and strength 

of the plastic also decreases (Singh and Sharma 2008). PE is most damaged at 300 nm 

wavelength, where carbon-carbon bonds are most easily cleaved (Singh and Sharma 2008). 

However, UV disinfection has a significantly lower contact time than other types of disinfectants 

with an average of 20 – 30 seconds (US EPA 1999). A study showed that PE displayed 

mechanical deterioration after 1500 hours of UV exposure at 340 nm intensity (Gijsman et al. 

1996). Thus, exposure time for UV disinfection of wastewater is insufficiently long to have a 

substantial effect on PE microbeads. PHB also experiences the same effect from UV radiation. 

PHB is not expected to appear in secondary clarifier effluent, but the exposure time to UV 

radiation in UV disinfection is not enough to show significant changes to PHB microbeads 

(Gijsman et al. 1996). 

Ozone is a strong oxidant. As a disinfectant, recommended ozone ranges from 10 mg/L to 

40 mg/L to reach 2.2 coliform count/100mL effluent quality, depending on the water quality 

from secondary treatment (Tchobanoglous and Bruton 2003). A study found that low density 

polyethylene and nylon plastics experienced approximately a 33% deterioration of mechanical 

properties after 13 hours at an ozone concentration of 3.2 mg/L (Ozen et al. 2002). Molecular 

weight losses were observed without physical degradation of material. Because typical dosage 

and contact times range from 10-40 mg/L and 2-15 minutes respectively, ozone disinfection may 
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effect some mechanical property changes to PE and PHB microbeads at high doses, though 

further studies should be performed. 

 

Aerobic Digestion: 

Degradation of PHB plastic in aerobic activated sludge conditions has been reported 

(Holmes 2002, Bonartseva et al. 2003, Hemjinda et al. 2007), but a specific study of PHB 

degradation in aerobic digester sludge was not found. Solids retention time of an aerobic digester 

ranges from 10 – 40 days (Tchobanoglous and Bruton 2003). PHB microbeads are expected to 

partially degrade because aerobic digestion is similar to the activated sludge process 

(Tchobanoglous and Bruton 2003). Because the form of plastic and existing microbial 

community directly affect rate of degradation, more research should be conducted to verify rate 

of degradation. PHB microbeads remaining in digested sludge would then continue on to the 

sludge dewatering process. PE microbeads are expected to pass unaltered through aerobic 

digestion and sludge dewatering. 

 

Anaerobic Digestion:  

Similar to aerobic digestion, PE microbeads are expected to continue unaltered through 

anaerobic digestion and sludge dewatering. However, PHB microbeads are expected to show the 

highest rate of degradation in anaerobic digestion of all the processes in wastewater treatment, 

though the extent and rate of degradation will vary by form of plastic (Holmes 2002). Solids 

retention times in anaerobic digesters range from 10 – 28 days (Tchobanoglous and Bruton 

2003). A study of PHB films in anaerobic digester sludge showed almost complete degradation 

after 20 days (Shin et al. 1997). PHB microbeads are expected to partially to fully degrade in 

anaerobic digestion, depending on the form (granular vs. crystalized), solids retention time, and 

microbial community in the sludge. Partially degraded PHB microbeads would then flow to the 

sludge dewatering process. Specific experiments focused on the degradation of PHB microbeads 

should be conducted to characterize the rate and extent of degradation. 

 

Solids handling: 

After digestion, sludge is dewatered into biosolids, typically consisting of 20% solid 

material (mix of organic and inorganic solids) and 80% water. Before biosolids are taken offsite 
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for disposal, they are collected in holding cells at the wastewater treatment plant. PE microbeads 

are not expected to change while in solids holding cells, while PHB microbeads may continue to 

degrade. Biosolids are usually held at the wastewater treatment plant for time periods ranging 

from one day to two weeks (Tchobanoglous and Bruton 2003). If stored for longer than 3 days, 

biosolids may become septic. The extent of expected PHB degradation depends on time in the 

holding cell. The top layers of the holding cells usually are aerobic while the bottom layers are 

anaerobic. Degradation of PHB microbeads is expected to continue in the holding cells, though 

the degradation may be distributed unevenly. If the cells are storing aerobically digested sludge, 

the aerobic-enriched microbial community at the top layers will stay active. If the cells are 

storing anaerobically digested sludge, the microbial community favors anaerobic conditions 

where the microbes at the bottom layers will stay active. PHB microbeads in the active microbial 

community layer are expected to continue to degrade. After the holding cells, microbeads that 

are not fully degraded will continue on to disposal of biosolids.  

 

Disposal of Biosolids: 

Nationally, 60% of biosolids are land applied, 20% are incinerated, 17% goes to landfill, 

and 3% goes to landfill cover or mine reclamation cover (US EPA and Solids Waste and 

Emergency Response 1999). Considering land application, PHB films with a starting molecular 

weight of 1490 kDa were found to degrade under aerobic conditions in soil to 780 kDa after 60 

days (Bonartseva et al. 2003). Degradation under anaerobic soil conditions was minimal 

(Bonartseva et al. 2003, Bonartsev et al. 2007).  

Microbeads that are incinerated will completely decompose due to the high temperature 

of incineration (760 °C). The melting point of PHB has been reported to be 172 °C (Pachekoski 

et al. 2009) with thermal degradation reached at 200 °C (Pachekoski et al. 2009). PE polymer has 

a thermal decomposition temperature range of 490 °C – 591 °C (Kumar and Singh 2013). Thus, 

PE microbeads should also fully decompose in incineration. 

In the US, landfills have a life expectancy exceeding 20 years, and can have anaerobic 

conditions with temperatures up to 60 °C (Hanson and Kendall 1993). Since municipal landfills 

consist of clay layers and HDPE liners, PHB and PE microbeads are expected to remain in the 

landfill. In studies using simulated landfill conditions, PHB films degraded 78% in 6 months 

(Shin et al. 1997). Hence, PHB microbeads are predicted to decompose slowly in this process. 
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PE microbeads are expected to behave similarly to macroplastics composed of PE that are 

contained in the landfill but not degraded. 

Because most wastewater biosolids are land-applied, and microbeads in biosolids have 

the potential to re-enter waterways via runoff from land applications, this disposal method is 

explored here in more depth. Wastewater treatment biosolids applied to land are split into Class 

A and Class B categories. Class A biosolids have reduced pathogens, including enteric viruses, 

pathogenic bacteria, and viable helminth ova, to below current detectable levels (Lu et al. 2012). 

To achieve the Class A category, the wastewater treatment plant must have at least one process 

where biosolids fall under the section PFRP – Processes to Further Reduce Pathogens (Table 

2.4). Class B biosolids have reduced pathogens to levels that are unlikely to pose a threat to 

public health and the environment under specific use conditions. To achieve Class B category, 

the wastewater treatment plant must have at least one process where biosolids fall under the 

section PSRP – Processes to Significantly Reduce Pathogens (Table 2.4). Table 2.4 includes 

expected degradation of PHB and PE microbeads in each process. 

 
Table 2.4  Processes in PFRP and PSRP categories for Class A and Class B biosolids 
(Tchobanoglous and Bruton 2003). Expected microbead degradation indicator of + and – means 
substantial and minimal degradation, respectively. 

Processes to Further Reduce Pathogens (PFRP) 

Process Definition 

Expected 
Microbead 
Degradation 

PHB PE 

Composting Using either within-vessel or static aerated pile 
composting, the temperature of the biosolids is 55 °C 
or higher for 3 days. Using windrow composting, the 
temperature of wastewater sludge is 55 °C or higher 
for 15 days or more. During this period, at least 5 
windrow turnings are required. 

+ - 

Heat Drying Dewatered biosolids are dried by direct or indirect 
contact with hot gases to reduce the moisture content 
to 10% or lower.  In dryers, the temperature of solid 
particles exceeds 80 °C or wet-bulb temperature of the 
gas stream in contact with the biosolids exceeds 80 
°C. 

- - 

Heat Treatment Liquid biosolids are heated to a temperature of 180 °C 
or higher for 30 minutes 

- - 
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Table 2.4  Continued 
 

Thermophilic 
Aerobic Digestion 

Liquid biosolids are agitated with air or oxygen to 
maintain aerobic conditions and MCRT is 10 days at 
55 °C – 60 °C 

+ - 

Beta-ray Irradiation Biosolids are irradiated with beta rays from an 
accelerator at dosages of 1.0 megarads or higher at 
room temperature (20 °C) 

- - 

Pasteurization The temperature of the biosolids is maintained at 70 
°C or higher for at least 30 minutes 

- - 

    

Processes to Significantly Reduce Pathogens (PSRP) 

Process  Definition 

Expected 
Microbead 
Degradation 

PHB PE 

Aerobic Digestion Biosolids are agitated with air or oxygen to maintain 
aerobic conditions for an SRT and temperature 
between 40 days at 20 °C and 60 days at 15 °C 

+ - 

Anaerobic 
Digestion 

Biosolids are treated in the absence of air between an 
SRT of 15 days and 35 – 50 °C and an SRT of 60 days 
at 20 °C. Times and temperatures between these 
endpoints may be calculated by linear interpolation.  

+ - 

Composting Using either within-vessel, static aerated pile, or 
windrow composting, the temperature of the biosolids 
is raised to 40 °C or higher for 5 days. For 4 hours 
during the 5 days, the temperature in the compost pile 
exceeds 55 °C. 

+ - 

Lime Stabilization Sufficient lime is added to raise the pH of the 
biosolids to pH 12 and maintained for 2 hours of 
contact 

+ + 

Air Drying Biosolids are dried on sand beds or paved or unpaved 
basins for a minimum of 3 months. During 2 of the 3 
months, the ambient average daily temperature 
exceeds 0 °C 

+ - 

 
 

Approximately 60% of biosolids are land applied as fertilizer, used on less than 1% of US 

agriculture land (US EPA 2015). Class A biosolids may be land applied with no restrictions to 

farms, vegetable gardens, home gardens, and lawns. Class B biosolids cannot be sold or given 

away in bags or other containers or applied to lawns or home gardens (Lu et al. 2012), and have 

a variety of restrictions on their land application (Walker et al. 1994) related to harvesting crops 

and turf, grazing animals, and public exposure.  
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Methods for applying biosolids to land include direct injection of liquid solids, furrow 

irrigation, sprinkler irrigation, conventional manure spreaders, graders, and side-sliding vehicles 

(Tchobanoglous and Bruton 2003). Microbeads in land-applied biosolids may be released to 

aqueous environments through runoff during application or in storm events. A separate 

investigation should be performed to verify the fate and/or transport of microbeads in land-

applied biosolids.  

2.5   Conclusion 

Research performed by multiple non-profit and governmental institutions demonstrates 

that microbeads are introduced into sewer streams in large quantities every day. The rate of 

degradation of synthetic microbeads is far lower than the rate of use and disposal, resulting in the 

accumulation of microplastic litter in the environment. Synthetic, petroleum-based microbeads 

have been extensively studied, demonstrating the harm inflicted on animal life. Because of this, 

many legislative moves have been made to ban microbeads, both synthetic and biodegradable. 

However, the negative consequences associated with synthetic microbeads have not been shown 

with use of biodegradable microbeads.  

The fate and degradation of biodegradable microbeads in wastewater treatment are still 

uncertain and ambiguous. Because biodegradable plastics typically have a specific gravity 

greater than 1, PHB microbeads are expected to settle during wastewater treatment and be 

removed from wastewater effluent. Of the biodegradable plastics, PHB and its related polymers 

are expected to have the highest rates of degradation (Gómez and Michel 2013). Studies of PHB 

plastics demonstrate high degradation rates in soil, landfill, and compost applications. Research 

suggests that partial degradation of biodegradable plastics may occur in activated sludge, aerobic 

digestion, anaerobic digestion, and temporary holding of dewatered sludge (Shin et al. 1997, 

Holmes 2002, Bonartseva et al. 2003, Wang et al. 2004). With the combination of a few of these 

processes, PHB microbeads may fully degrade before disposal. Any remaining PHB microbeads 

may be sent with biosolids from wastewater treatment plants to sanitary landfills, incinerated, or 

applied to land as a nutrient. In landfills, PHB microbeads are expected to degrade over time. 

PHB microbeads are expected to thermally decompose in incinerators. In land applications, PHB 

microbeads are expected to decompose under aerobic, moist soil conditions (Hanson and Kendall 

1993, Shin et al. 1997, Bonartseva et al. 2003). However, to verify the extent and degradation 
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rate of PHB microbeads in different wastewater treatment and biosolids processes, additional 

targeted experiments should be performed.  
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CHAPTER 3 

METHODS, MATERIALS, AND EXPERIMENTAL DESIGN 

 
This chapter describes the experimental design for measuring degradation of PE and PHB 

microbeads. The materials used in the experiments, the source and descriptions of microbeads, 

sources of wastewater, selection of method for determining degradation, and method 

development are also presented. 

3.1   Materials Description 

Materials used in this study are PHB and PE microbeads, municipal wastewater activated 

sludge, return activated sludge, aerobic digester sludge, and anaerobic digester sludge. Each is 

described in the following sections.  

3.1.1 PHB and PE Microbead Characteristics 

PE Microscrub 20 PC powder and PHB Bioscrub 20 PC powder products were purchased 

from Micro Powders, Inc. (Tarrytown, NY) for this study. Both the PE and PHB products 

contain a wide range of particle sizes from 20-micron to 840-micron nominal diameter. The 

“microbeads” themselves are not perfectly spherical and most particles have irregular surfaces 

(Figure 3.1). The PE Microscrub 20 PC product has a melting point of 125 – 135 °C, a specific 

gravity range of 0.92 – 0.94, is white in color and is odorless. PE microbeads passing through an 

800-micron sieve and retained on a 500-micron sieve (ASTM 12” diameter stainless steel 

stackable sieves) were used for degradation experiments.  

The PHB Bioscrub 20 PC product has a melting point of 170 – 180 °C, a specific gravity 

of 1.25, is light tan in color and is odorless. PHB microbeads passing through an 800-micron 

sieve and retained on a 500-micron sieve were used for degradation experiments (Figure 3.2).  

PE and PHB microbeads in Figures 3.1 and 3.2 with the same particle size range appear similar. 

The microbeads are jagged and possess many cracks and caverns.  
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Figure 3.1  Scanning Electron Microscope (SEM) micrograph of PE microbeads, 500-800 
micron particle size range. The microbeads are irregular and jagged in shape with micro-caverns. 

 

Figure 3.2   SEM micrograph of PHB microbead particles, size range of 500-800 microns. The 
microbeads are irregular and jagged in shape with micro-caverns. 
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3.1.2 Wastewater treatment plant sludge  

Aerobic sludges were collected at a 3 MGD domestic wastewater treatment facility in 

Colorado. Activated sludge (MLSS) for the experiments was collected from the second of six 

aeration basins in series. The activated sludge is clarified and thickened in a secondary clarifier 

where the concentrated activated sludge solids in the clarifier underflow are split between the 

waste activated sludge (WAS) line and the return activated sludge (RAS) channel. WAS is 

transferred to the aerobic digester while RAS is transported back to the head of the aeration 

basins. RAS for the experiments was collected in the RAS channel prior to entering the aeration 

basins. Aerobic digester sludge (AerD) for the experiments was taken from the second of six 

basins in series from the same treatment facility.  

Anaerobic digester sludge (AnD) was collected at a 220 MGD domestic wastewater 

treatment facility in Colorado. The facility uses a two-stage anaerobic digester scheme, a single 

acidogenic digester followed by parallel methanogenic digesters. The AnD was collected from 

the methanogenic digester effluent line prior to anaerobic sludge dewatering. 

3.1.3 Chemical Reagents 

Household “Kroger brand” bleach was used for oxidation of the wastewater biomass 

when recovering microbeads post-incubation. The bleach contained approximately 6% sodium 

hypochlorite and was purchased new monthly. Bleach was not retained for longer than one 

month to limit the potential error associated with the natural decay of hypochlorite with time.  

Sodium hydroxide (NaOH, 98% tablets; Macron Chemicals, Center Valley, PA) was 

tested for degradation and dispersion of biomass while retaining microbeads in post-incubation 

collection. NaOH tablets were added to 80 mL of sludge in increasing increments from 0.1 

grams up to 2.0 grams. However, NaOH was ultimately not used in the degradation experiments 

due to ineffective biomass dispersion.  

3.2   Microbead Measurement Method Development  

Previous studies have measured PHB degradation by pre/post- weight difference, gas 

production, changes in physical appearance, and acetate production (Bonartseva et al. 2003, 

Mohan 2011). Because gas and acetate production can vary in wastewater for several reasons, 

and experiment set up for measurement of biogas production while providing continuous air flow 
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for aerobic treatment processes is complicated, the selected method for measuring PE and PHB 

degradation was by pre/post- weight difference. 

To measure degradation based on weight, a narrow size distribution of 500-800 microns 

was selected to represent the majority of microbeads found in personal care products, and 

ultimately in wastewater treatment systems (Norwegian Environment Agency 2014). The PE and 

PHB microbeads were sieved to this size range using ASTM 12” diameter stainless steel 

stackable sieves. The smaller and larger particles were discarded while the microbeads within the 

selected range were collected and stored for experiments.  

 

 

Figure 3.3   PE microbeads in a 500-micron sieve and bottom plate.  Plastic was put around the 
bottom plate to keep the microbeads from sticking by static to the sieve sidewalls. 

 
After sieving all microbeads to a 500-800 micron size range, PE and PHB microbeads 

were placed in DI water, tap water, water with salt, and water with household bleach to observe 

their behavior. These observations and photographs are provided in Appendix A.  

In order to measure microbead weight after wastewater degradation experiments, samples 

must be dry. Thus, the separation of solids from liquids is important for this method. Mesh with a 

400-micron nominal opening was selected to capture the irregularly shaped microbeads with 
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particles sizes ≥ 400 micron and separate particles degraded to < 400 microns in size. A 12-inch 

400-micron mesh ASTM stainless steel sieve was used to separate the liquid from the microbead 

sludge mixture. However, when microbeads were added to sludge and passed through a 400-

micron sieve, a large amount of sludge flocs were retained on the sieve along with the 

microbeads (shown in Figure 3.4). Because the dry weight of the sludge was higher and more 

variable than the weight of the microbeads, recovery weights were inconsistent and unreliable. 

Several efforts to promote sludge dispersal were investigated but the experiments, performed 

separately, were ineffective: the sieve surface was rinsed with water; the microbead sludge 

mixture was diluted to half the original concentration and agitated by hand; and the sludge 

mixture was placed in a Cole-Parmer series 8890 ultrasonic bath for 1-5 minutes.  

 

 

Figure 3.4   PHB microbeads with anaerobic digested sludge in a 500-micron mesh stainless steel 
screen. Sieving to separate microbeads from wastewater solids was not effective.   

 
Chemical additions to degrade the wastewater sludge while retaining the integrity of the 

microbeads were investigated. Chemical reagents considered included: hydrochloric acid (HCl), 
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sodium hydroxide (NaOH), polymerase K and household bleach, of which only NaOH and 

household bleach were experimentally examined. Strong acids and bases were decided to be too 

destructive to PHB microbeads since this material has poor resistance to acids and bases. 

Polymerase K was deemed too costly for the number of experiments required for this study. 

Household bleach containing 6% sodium hypochlorite was selected as the reagent of choice for 

sludge degradation/dispersion based on oxidation effectiveness, safety, cost, no damage to 

plastics, and accessibility. The bleach oxidized the wastewater sludge into smaller particles that 

could be rinsed through the 400-micron sieve while microbeads were retained in 400-micron 

mesh, shown in Figure 3.5.   

 

 

Figure 3.5   400-micron stainless steel mesh with PHB microbeads and residual anaerobic 
digester sludge. Bleach proved effective in the degradation of flocs, however, organic and 
inorganic biosolids particles larger than 400 microns still remain. 
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Figure 3.5 displays PHB microbeads and organic and inorganic wastewater particles 

remaining on the 400-micron sieve. Retained large wastewater particles affect the experiment 

weight results. To account for the weight of the residual wastewater, a “control” bottle 

containing only sludge was bleached and sieved at the same time as the experiment bottle 

containing sludge and microbeads.  

 Because the large stainless steel sieves were too large to fit into the weighing scale and 

are not suitable for the 550 °C muffle furnace, a different filtering apparatus was used. Figure 3.6 

displays the Nalgene reuseable polysulfone filter unit used to hold the mesh for retaining 

particles larger than 400 microns.  

 

 

Figure 3.6   Nalgene disposable filter unit. 

 
The advantage to using a Nalgene reusable filter unit is that the mesh used to separate 

liquids from solids can be weighed before the experiment and subtracted from the solids dry 

weight. A 400-micron nylon woven mesh by Industrial Netting (Minneapolis, MN) was cut to fit 

between the top vessel and bottom vessel on the filter support. The slotted center piece of the 

support plate was removed since the size of the slots tapered to less than 400 microns.  
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Figure 3.7   Oxidation of wastewater with household bleach in the experiment bottle (left) and 
the wastewater control bottle (right). 

 
After placing a known quantity of PHB or PE microbeads in 80 mL of wastewater sludge, 

the samples were transferred to a 500-mL glass bottle, and 80 mL of bleach was added to oxidize 

the samples. The larger containers were used to contain expected foaming from bleach oxidation 

of sludge; an experiment bottle containing wastewater and microbeads (left) and a control bottle 

containing wastewater only (right) are shown in Figure 3.7. Once foam from the wastewater 

oxidation decreased (usually after 5 minutes), the solution was poured into the Nalgene filter 

holders with the 400-micron nylon mesh.  

The bottles and larger containers were rinsed and poured into the filters to capture all 

remaining microbeads or biosolids. After separating solids from the solution and smaller 

particulates with the filter, the nylon mesh and solids were put into an aluminum weighing tin 

and dried at 105 °C before weighing. The tins, nylon mesh, and microbeads were each weighed 

before and after bleach oxidation and drying in the 105 °C oven to measure any inadvertent 

weight loss. Figure 3.8 shows weighing tins with PHB microbeads, residual sludge, and the 
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nylon mesh. The solids and nylon mesh were put into the muffle furnace at 550 °C to check the 

residual inorganic weight of each. The microbeads and nylon mesh left no detectable inorganic 

weight. The aluminum weighing tins were weighed before and after the muffle furnace to verify 

that no weight change was observed. Weights were then recorded and tabulated in a spreadsheet. 

Results are reported as percent recovery of weight over time.  

 

 
Figure 3.8   Aluminum tins with nylon woven mesh, PHB microbeads, and AerD sludge 
biosolids larger than 400 microns. 

 

3.3   Experimental Design 

Triplicate sample bottles were taken at every incubation time point to capture 

experimental variability and outliers. For every time point, 14 bottles were analyzed: 3 bottles 

contained PHB microbeads, 3 bottles contained PE microbeads, 6 bottles contained wastewater 

only as controls, and 2 bottles contained wastewater only to assess wastewater properties of pH, 

TS and VS. Shown in Figure 3.9 is one experiment with bottles for three time points and the 

controls, 42 bottles total. 
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Figure 3.9   Activated sludge experiment with 3 PHB and sludge bottles, 3 PE and sludge bottles, 
6 sludge control bottles, and 2 sludge properties bottles for each of 3 time steps. Activated sludge 
was incubated at 22±1 °C (room temperature) on a table shaker to promote mixing and aeration. 

 
At each time point, the set of 14 bottles was removed from the shaker table and processed 

through the microbead measurement method described in section 3.2. Foam stoppers were used 

in all aerobic sludge experiments (e.g. Fig. 3.9) to allow air flow. For anaerobic experiments, 

hard rubber stoppers were used. All experiments were placed on shaker tables to promote 

mixing.   

 Incubation of activated sludge and return activated sludge was performed at room 

temperature (21-23 °C) while aerobic digested sludge and anaerobic digested sludge were 

incubated at 27.7 °C and 37.7 °C respectively. These temperatures were selected from the 

average temperature from operating ranges provided by the wastewater treatment facilities.  

Reviewed literature demonstrated that PHB degradation is observed anywhere from 2 days to 3 

months in previous experiments (Gilmore et al. 1993, Shin et al. 1997, Bonartseva et al. 2003, 

Wang et al. 2004). Incubation periods used in this study ranged from 2 days to 19 days. 

 Wastewater properties and characteristics were also monitored at the beginning and at 

each time point in the experiment. Total suspended solids (TSS) and volatile suspended solids 

(VSS) measurements were attempted, however digester sludges and RAS would not pass through 

the small pore filter. Thus, total solids (TS) and volatile solids (VS) measurements were taken as 

a surrogate for TSS and VSS measurements. TS, VS, and pH were performed using procedures 

from Standard Methods for the Examination of Water and Wastewater (AWWA, APHA, WEF 
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2012). TS and VS measurements were taken from two sacrificial bottles containing only sludge 

for each experimental incubation time point. The values were averaged and are presented in 

Chapter 4 and Appendix C. pH was measured from two control bottles containing only sludge, 

which were also used to measure TS and VS. The values from the two bottles were averaged and 

are presented in Chapter 4 and Appendix C.  

3.4   Filtrate Characterization 

The filtrate from one experiment was examined to ascertain if smaller microbeads pass 

through the 400-micron sieve after incubation. Filtrate was poured into 50 mL centrifuge Falcon 

tubes and spun at 400 rpm in an Eppendorf Centrifuge Model 5810 for 10 minutes. Figure 3.10 

displays filtrate from a PE in AerD experiment after centrifuging. The supernatant was discarded 

and the solids were scraped into an aluminum tin and dried, weighed, and examined under a 

Hitachi TM-1000 SEM. Additional information and images of the methods for filtrate 

characterization are found in Appendix D.   

Filtrates from one AnD experiment covering 5 time points were spun in the centrifuge, 

dried, and weighed. The weights of the filtrate in the time point control bottles containing only 

sludge were subtracted from the weights of the experiment bottles containing sludge and PE or 

PHB microbeads. Any additional weight from the filtrate in the experiment bottles is presumed 

to be weight of microbeads that passed through the 400-micron nylon mesh sieve.  

3.5   Percent Recovery Statistical Analysis 

 Percent recovery of PHB and PE microbeads was plotted over time. A linear regression 

representing recovery rate was determined using all the data from each set of experiments for 

activated sludge, return activated sludge, aerobic digester sludge, and anaerobic digester sludge.  

The upper and lower 95% confidence limits for a regression coefficient was calculated using the 

mean of the sample, the standard deviation, and the sample size. The standard deviation was 

multiplied by the standard normal distribution value, varies by sample size, n,  to find the 

standard error of the sampled mean. The standard error of the regression coefficient was then 

added or subtracted from the regression coefficient to give the upper and lower 95% confidence 

in that regression coefficient, which were then plotted over time to visualize upper and lower 

confidence limits. 
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Figure 3.10  Centrifuged filtrate from a PE microbead experiment in AerD.  
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CHAPTER 4 

RESULTS 

 
Evaluation of the degradation of PE and PHB microbeads in biological wastewater 

treatment processes required methods development to assess degradation. The percent recovery 

by weight of PHB and PE microbeads in activated sludge (MLSS), return activated sludge 

(RAS), aerobic digester sludge (AerD), and anaerobic digester sludge (AnD) wastewater 

processes after incubation periods ranging from 2 – 16 days is presented. Degradation rates of 

PHB microbeads are also discussed. 

4.1 Method Development Results 

As described in Chapter 3, strong acids and bases (i.e. HCl and NaOH) proteinase K, 

household bleach, and an ultrasonic bath were considered for the dispersion or oxidation of 

sludge particles to increase the accuracy of microbead recovery. Of these, only NaOH, household 

bleach, and the ultrasonic bath were experimentally examined. NaOH was added incrementally 

to AnD and the sludge was applied onto a 400-micron sieve. The highest NaOH concentration of 

40 g in 80 mL of AnD did not show significant changes in biosolids retained on the 400-micron 

sieve relative to no NaOH. Sonicated AnD applied onto the 400-micron sieve was retained in 

similar amounts regardless of the sonication level used (10-60 ultrasonics in increments of 10 

ultrasonics). As described in Chapter 3, the use of household bleach with 6% sodium 

hypochlorite was effective and used as the method for oxidizing sludges. SEM micrographs of 

PHB and PE microbeads after 10-minute exposure to household bleach (Figures B.1 and B.2 in 

Appendix B) suggest no change in microbead appearance from the raw microbead SEM 

micrographs (Figures 3.1 and 3.2). 

Measurement of microbead degradation in wastewater sludges was challenging because 

of the low concentration of the microbeads relative to the sludge biomass concentration. The 

separation of microbeads from wastewater sludge at added weights ranging from 0.001 – 0.5 g 

was investigated prior to degradation experiments. More than 0.5 grams proved more difficult to 

sieve because the higher mass of microbeads clogged the openings of the reusable Nalgene sieve. 

Figures 4.1 and 4.2 display the results of the recovery testing. The percent recovery and standard 

deviation at 0.03 g of microbeads and higher were 95±3% and 97±2% for PHB and PE 

microbeads, respectively. A starting weight range of 0.3 – 0.4 g was chosen for the experiments 
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to maximize the weight used while limiting sieve clogging. For degradation experiments, the 

cutoff recovery detection limit will be 0.03g. 

 

Figure 4.1  Methods quantification limit – Percent recovery of PHB microbeads based on weight 
(g) of microbeads added to anaerobic digester sludge (AnD), aerobic digester sludge (AerD), and 
activated sludge (MLSS). 

 

Figure 4.2  Methods quantification limit – Percent recovery of PE microbeads based on weight 
(g) of microbeads added to anaerobic digester sludge (AnD), aerobic digester sludge (AerD), and 
activated sludge (MLSS).  
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Below approximately 0.03 g of microbeads, the percent recovery became unreliable and 

inconsistent, ranging from 60 – 384% recovery in PE and -468 – 208% recovery in PHB 

experiments. Thus, the quantification and detection limit for both PE and PHB microbeads is 

about 0.03 g. After verification of the bleach microbead recovery method, degradation 

experiments were performed.  

4.2 Degradation of PHB and PE Microbeads in Activated Sludge (MLSS) 

The percent recovery versus incubation time for the PHB microbead degradation 

experiments in activated sludge is displayed in Figure 4.3. At the longest incubation time of 19 

days, the recovery of PHB microbeads was 72%, suggesting that up to 28% of PHB microbead 

mass degraded.  

 

 

Figure 4.3   Percent recovery of PHB microbeads in activated sludge incubated for 2 – 19 days. 
The average TS and VS for all activated sludge incubations were 2610±242 mg/L and 1926± 217 
mg/L respectively. 
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For all recovery figures, symbols and error bars represent averages and standard 

deviations of triplicate incubations respectively. The solid black line and equation represent the 

linear regression for average percent recovery. The slope, i.e. the coefficient of x in the equation, 

is the negative degradation rate. The red and blue dashed lines represent the 95% confidence 

interval of the slope of the linear regression equation, using the same intercept of 95.842 in the 

case of Figure 4.3. The 95% confidence interval of the degradation rate of PHB in MLSS ranges 

from 0.91 – 1.8% degraded/day.   

PE percent recovery for all activated sludge MLSS incubation microcosms ranged from 93 

–  98% with an average percent recovery of 95% and a standard deviation of 1.5% (Figure 4.4). 

The percent recovery for incubation periods ranging from 2-19 days was independent of 

incubation time. The 95% confidence interval for PE degradation rate in MLSS ranges from 0.29 

to -0.16% degraded/day, where the 95% confidence interval spans across zero percent 

degradation. The extent of PE microbead recovery was similar for all sludges; percent recovery 

graphs for PE microbeads for the other sludges are provided in Appendix C. 

 

 

Figure 4.4   Percent recovery of PE microbeads in activated sludge incubated for 2 – 19 days. 
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SEM micrographs were taken of PHB and PE microbeads recovered after a 16-day 

incubation period in activated sludge (Figures 4.5 and 4.6). Both types of microbeads did not 

significantly change in appearance from SEM micrographs of raw microbeads (Figures 3.1 and 

3.2). SEM micrographs of PHB and PE microbeads after 16-day incubation in all other sludges 

are shown in Appendix B (Figures B.3 – B.10) because they are similar in appearance. 

 

 

Figure 4.5   SEM micrograph of PHB microbeads after 16-day incubation in activated sludge. 
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Figure 4.6  SEM micrograph of PE microbeads after 16-day incubation in activated sludge. 

 

4.3 Degradation of PHB and PE Microbeads in Return Activated Sludge (RAS) 

Figure 4.7 displays the PHB microbead percent recovery after incubation periods ranging 

from 2 – 16 days. Average percent recovery of PHB microbeads decreased from 90% to 48% 

from 2-day to 16-day incubation periods respectively. The 95% confidence interval of the 

degradation of PHB in RAS ranges from 1.6 – 4.2% degraded/day.   

PE percent recovery for all RAS incubation microcosms ranged from 90 – 97% with an 

average percent recovery of 93% and a standard deviation of 2.7%. The percent recovery for 

incubation periods ranging from 2 – 19 days did not vary with time. The recovery graph for PE 

microbeads in RAS (Figure C.1) is provided in Appendix C. 
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Figure 4.7  Percent recovery of PHB microbeads in return activated sludge incubated for 2 – 16 
days. The average TS and VS for all return activated sludge incubations were 9076±1790 mg/L 
and 7784 ± 1716 mg/L respectively. 
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incubation periods ranging from 2 – 16 days did not vary with time. The graph for recovery of 
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Figure 4.8   Percent recovery of PHB microbeads in aerobic digester sludge incubated for 2 – 16 
days. The average TS and VS for all aerobic digester sludge incubations were 12240 ±1094 
mg/L and 9251± 799 mg/L respectively. 
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Figure 4.9  Percent recovery of PHB microbeads in anaerobic digester sludge incubated for 3 – 
23 days. The average TS and VS for all activated sludge incubations were 21270±943 mg/L and 
15725 ± 776 mg/L respectively. 
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Figure 4.10   Absolute degradation rate of PHB microbeads in all sludges. Error bars represent 
the 95% confidence interval of the degradation rate. 

 

Figure 4.11  Normalized degradation rate of PHB in all sludges.  

 

 
Figure 4.12  Absolute degradation rate of PE microbeads in all sludges. Error bars represent the 
95% confidence interval of the degradation rate. All error bars span zero percent degradation. 
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4.7  Wastewater Experiment Properties 

 For every time point taken in this study, the wastewater characteristics pH, TS, and VS 

were measured in MLSS, RAS, AerD, and AnD sludges. TS and VS decreased up to 710 mg/L 

with time in MLSS experiments with TS values declining from 2,990 mg/L to 2,280 mg/L and 

VS values decreasing from 2,255 mg/L to 1,595 mg/L (Figures 4.13 and 4.14, respectively). TS 

and VS in RAS experiments fluctuated over time, with TS values ranging between 5,425 – 

11,620 mg/L  mg/L and VS values ranging between 5,425 – 10,365 mg/L mg/L (Figures C.10 

and C.11). No significant changes in TS and VS were observed in the AerD and AnD sludges 

over incubation times used (Figures C.7 and C.8). TS in AerD and AnD ranged from 10,645 – 

14,835 mg/L and 22,255 – 20,375 mg/L respectively, where as VS in AerD and AnD ranged 

from 8,040 – 11,700 mg/L and 15,490 – 16,575 mg/L respectively. 

 

Figure 4.13  Total solids concentrations for experiments performed using MLSS. 
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Figure 4.14   Volatile solids concentrations for experiments in MLSS. 

 

 

Figure 4.15   pH readings in AerD and AnD experiments. 
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centrifuging the filtrate, the small particles, which may have been smaller pieces of microbeads 

or particles of sand, were visually unidentifiable in the residual biomass. Nevertheless, filtrate 

was observed under a SEM for characterization. Smaller microbead particles were unidentifiable 

with the large amount of biomass in the sample. SEM micrographs of filtrate solids are provided 

in Appendix D.  

 Filtrate was examined quantitatively in one AnD experiment covering 5 time points 

between 5 and 23 days. The presumed weights of the microbeads are presented in Figure 4.16. 

The weight of PHB microbeads found in filtrate ranged from negligible weight to 0.03 g, and 

from -0.06 g to negligible weight for PE microbeads found in filtrate.  Since weight of 

microbeads cannot be negative, all PE microbead weight is assumed to be negligible in the 

filtrate.  

 

Figure 4.16   Potential weight of PE and PHB microbeads in AnD filtrate.  
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CHAPTER 5 

DISCUSSION 

This chapter examines the results and describes how this study relates to other studies 

performed. The chapter also discusses significant implications relative to the concern of 

microbeads in personal care products, and the fate of PHB and PE microbeads separately.  

5.1   Methods Development 

Existing literature assessing the degradation of PHB examines degradation of plastic 

films in soils, landfills, compost, activated sludge, and anaerobic digester sludge. These studies 

used biogas production, acetate production, visual observation, and weight reduction as methods 

to assess PHB degradation (Bonartseva et al. 2003, Mohan 2011). However, no studies were 

found on degradation of PHB or PE in the form of microbeads. Because of the lack of literature 

on the degradation of PE and PHB microbeads in wastewater treatment processes, a new method 

was developed in this project. Weight recovery with a biosolids dispersion step was validated 

and used for the degradation experiments here because the other measurement methods had 

complications. Anaerobic methods previously used relied on product formation to estimate the 

extent of degradation of plastic films. However, fermentation products like biogas and acetate 

can be produced by organic compounds other than plastics. Thus, attribution of product 

formation to only microbead degradation is not possible when incubating in wastewater sludge. 

Aerobic degradation experiments have relied on carbon dioxide production or visual observation 

of changes in plastic films. Again, gas production is not specific to microbeads and the 

incremental increase due to degradation of small concentrations of microbeads is not resolvable. 

Visual observation before and after incubation has been used for evaluating the degradation of 

plastic films, however it is challenging for small and irregular microbeads as the presence of 

other plastic debris confounds the analysis.  

The weight recovery method developed for sludge degradation experiments showed high 

accuracy, with low margins of error for initial mass additions > 0.03 g in 80 mL of sludge. The 

percent recovery ranged from 93-99% for microbead concentrations greater than 50 mg/L. In 

real-life wastewater treatment systems, the influent concentrations are much lower than 50 mg/L, 

with research suggesting 0-7 microbeads/L (Rochman et al. 2015). However, this method is 
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straightforward and readily available for other laboratories using accessible materials such as 

sieves, mesh, and bleach. No special equipment was necessary for this method. Future studies on 

the degradation of microbeads or other microplastics in wastewater treatment microcosms could 

be performed using this method.  

The method assumes that any microbeads that were not retained on the 400-micron sieve 

were 100% degraded. PHB microbeads, however, could degrade into smaller particle sizes and 

pass through the 400-micron sieve, artificially inflating the reported percent degradation. The 

lowest possible degradation can be calculated by quantifying the mass lost by conservatively 

assuming that all microbeads start at 500 microns and the microbeads that passed through the 

400-micron sieve degrade to only 399 microns. For this lowest degradation calculation, PHB 

microbeads were assumed to have a specific gravity of 1.25 and be completely spherical in 

shape. After a 16-day incubation period of PHB microbeads in MLSS, the percent recovery was 

reported at 73%, assuming 27% degradation of PHB microbeads. In a worst-case degradation 

scenario, if all the microbeads that passed through the sieve degraded to only 399 microns, the 

total percent degraded would actually be 13% instead of 27% mass degraded. The worst-case 

degradation scenario for PHB microbeads in 16-day incubation periods in RAS, AerD, and AnD 

would be 26% instead of the reported 52% degradation in RAS, 36% instead of the reported 73% 

degradation in AerD, and 43% instead of the reported 87% degradation in AnD. Values of 

maximum observed percent degradation, based on assumption that no partially degraded 

microbeads passed through sieve, and hypothesized minimum percent degradation, assuming any 

microbeads not retained were 399 microns in size and passed through the sieve, after 16-day 

incubation in sludges are summarized Table 5.1.These modified degradation scenarios are 

expected to be worst-case because many of the starting microbeads are larger than 500 microns. 

These worst-case degradation scenarios can be compared to the actual filtrate data collected from 

one AnD experiment containing 5 time points, presented in section 5.7.  

 

 

 

 

 



 55

Table 5.1   Maximum and minimum percent degradation of PHB microbeads in 16-day 
incubation of sludges.  

Sludge Maximum degradation (%) Minimum degradation (%) 

MLSS 27 13 

RAS 52 26 

AerD 73 36 

AnD 87 43 

5.2   Degradation of PHB Microbeads in Activated Sludges 

PHB microbead percent recovery in activated sludge over a 16-day period was 

approximately 73%. This suggests that microbial degradation of PHB occurred during the 

experiment. This is consistent with other literature on degradation of PHB plastic films or PHB-

blend polymers in activated sludge that reports 60% mass recovery in PHB-blend films after 30-

day incubation in activated sludge, and 10% mass recovery after 30-day incubation (Gilmore et 

al. 1993) and 60% recovery of pure PHB films in activated sludge after 18-day incubation (Wang 

et al. 2004). Gilmore et al. (1993) suspended a 0.5 mm-thick PHB-blend film in 500 mL of 

activated sludge in a plastic bag at 15-25 °C in 5 separate laboratory experiments and measured 

the mass, molecular weight, and tensile properties at each time point before and after degradation 

experiments. Wang et al. (2004) immersed 0.1mm-thick PHB films in nutrient-depleted activated 

sludge reactors at room temperature, measured the residual weight and molecular weight, and 

captured SEM micrographs of post-experiment films, where molecular weight was analyzed 

using high performance liquid chromatography (HPLC). This study combined with such other 

literature suggests that PHB microbeads in personal care products can degrade partially in 

municipal wastewater activated sludge environments. Typical SRT for a conventional plug flow 

activated sludge system ranges from 3 – 15 days and 20 – 40 days for extended aeration systems 

(Tchobanoglous and Bruton 2003). Based on these SRTs and the results of this study, 

degradation of PHB microbeads may range from 9 – 67% in activated sludge.   

 Similarly, PHB microbead percent recovery in this study was as low as 48% in return 

activated sludge after a 16-day incubation. No existing literature on the degradation of PHB in 

return activated sludge or waste activated sludge was found. However, PHB degradation is not 

surprising given that return activated sludge is essentially concentrated activated sludge. Thus, 

PHB degradation rate in RAS is expected to be higher than the degradation rate of MLSS 
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experiments. However, the contact time in which microbeads would be exposed to RAS in real-

life applications is much smaller shorter the contact time with activated sludge. 

5.3  Degradation of PHB Microbeads in Digester Sludges 

The specific gravity of PHB is approximately 1.25, indicating that these microbeads 

would settle in clarification and transfer to digestion with either primary or waste activated 

sludge. In aerobic digester sludge, the PHB microbead percent recovery was as low as 27% after 

a 16-day incubation period, implying up to 73% degradation of PHB microbeads after 16 days. 

No existing literature on degradation of PHB in aerobic digester sludge was found.   

Anaerobic digester sludge presented the lowest recovery of all sludges tested in this 

research, with a percent recovery of 13% after a 16-day incubation period. Thus, 87% of the 

initial mass of microbeads was not captured on the 400-micron sieve. Existing literature of 

degradation of PHB in anaerobic digester sludge reports 83% degradation of 50 – 75 micron 

thick PHB film in 50 mL of anaerobic sludge after 20 days  at 35 °C (Shin et al. 1997) and 100% 

degradation of 30 – 40 micron thick PHB film after 13-day incubation in 50 mL of anaerobic 

sludge at 20 °C (Bonartseva et al. 2003). The studies by Shin et al. (1997) and Bonartseva et al. 

(2003) suggest complete or near complete degradation of PHB films. However, the thickness of 

the PHB films examined was much smaller than the diameter of microbeads, which ranged from 

500 to 800 microns. Thus, additional data are needed on the extent of PHB microbead 

degradation under anaerobic conditions. 

The results from the aerobic and anaerobic digester experiments suggest that PHB 

microbeads in personal care products should degrade to some extent in wastewater treatment 

plants that have aerobic or anaerobic digestion in the treatment train. Aerobic and anaerobic 

digesters have recommended design solid retention time ranges of 10 – 40 days and 10 – 28 

days, respectively (Tchobanoglous and Bruton 2003). The percent recovery of PHB microbeads 

at 10 days of incubation time was 50% for both aerobic and anaerobic digester sludge 

experiments. The low end of SRT for both aerobic and anaerobic digester sludge is 10 days, 

suggesting that partial degradation of PHB microbeads is likely to occur during digestion and 

complete degradation could potentially occur at long SRTs in wastewater treatment processes. 

Extending the linear regression line from the data in this research, 100% degradation of PHB 

microbeads would occur at 21 and 18 days for aerobic digester sludge and anaerobic digester 

sludge, respectively.  
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Two factors that are expected to influence the degradation of PHB microbeads in aerobic 

and anaerobic digesters are temperature and SRT. Degradation rates of PHB are expected to be 

higher in aerobic and anaerobic digesters operated at higher temperatures because the microbial 

community is expected to be more active. The mass of PHB microbeads decreased with longer 

incubation time for all experiments. These data suggest that operating at longer SRTs will result 

in higher extents of PHB degradation. More data are needed to determine the optimal 

temperature and SRT for digester operations to promote complete degradation of PHB 

microbeads. 

5.4  Degradation Rates of PHB in Wastewater Sludge 

Percent recovery in AnD from 16-day incubation period to 23-day incubation period 

stayed consistent at 16-13% recovery. This indicated that less growth is occurring at later 

incubation times, a constraint that is commonly observed in batch experiments. For this reason, 

16-day incubation periods are compared in all four sludges studied.  

Degradation of PHB microbeads occurred in all sludge types studied. AnD exhibited the 

highest absolute degradation rate at 4.8 percent degraded per day, followed by AerD with 4.9 

percent degraded per day. MLSS and RAS degradation rates were 1.4 and 2.9 percent degraded 

per day respectively. Higher absolute degradation rates in digester sludge were anticipated since 

the amount of biological cells is higher than in activated sludge and return activated sludge. 

When rates were normalized by VS, the activated sludge experiments displayed the highest 

normalized rate, suggesting that the fraction of active PHB-degrading microorganisms was 

highest in the activated sludge VS.  

5.5  Degradability of PHB Microbeads in Biological Wastewater Treatment Processes 

 This research showed partial degradation of PHB microbeads in microcosms of activated 

sludge, return activated sludge, aerobic digestion, and anaerobic digestion, with weight percent 

recoveries of 73%, 48%, 27%, and 13%, respectively, after 16-day incubation. PHB microbeads 

are thus anticipated to degrade in biological wastewater treatment processes. Treatment plants 

using digesters with SRTs longer than 10 days are anticipated to achieve a minimum of 50% 

PHB microbead degradation. With a density greater than water, PHB microbeads would 

naturally settle with biosolids and exit the plant with biosolids, should they not entirely degrade. 

Outside of wastewater treatment plants, PHB microbeads could potentially continue to degrade 
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in biosolids that are land-applied or disposed of in landfills. Further research should be 

conducted to verify PHB microbead degradation in land-applied or landfilled biosolids.  

 

Figure 5.1   SEM micrographs of PHB microbeads (left) before incubation in sludge and SEM 
image of PHB microbeads (right) after 16-day incubation period anaerobic digester sludge.  

 
 In Figure 5.1, SEM micrographs of microbeads before and after incubation are compared. 

Before incubation, the PHB microbeads appear to have rougher surfaces than the PHB 

microbeads after 16-day incubation. Figure 5.2 compares the SEM micrograph for PE 

microbeads before incubation and after 16-day incubation in anaerobic digester sludge. Any 

difference in appearance of the microbeads is not noticeable.   

 

 

Figure 5.2    SEM micrograph of PE microbeads before incubation in sludge (left) and SEM 
micrograph of PE microbeads after 16-day incubation in anaerobic digester sludge (right).  
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5.6  Persistence of PE Microbeads in Wastewater Sludge 

 
PE microbeads exhibited little to no change in percent recovery in activated sludge, 

return activated sludge, aerobic digester sludge, and anaerobic digester sludge. The 95% 

confidence intervals for all sludge rates of change span over zero percent degradation. These 

results are consistent with existing literature that reported pitting and roughing of edges of PE 

plastic in sewage sludge after 2-month incubation period with no degradation, verified by CO2 

production and SEM micrograph (Kale et al. 2015). Only a 0.2% change in weight was observed 

by SEM micrograph and time of flight mass spectrometry after 10-year burial of PE plastic in 

aerobic soils as measured by SEM imagery and Time of Flight Mass Spectrometry (Shah et al. 

2008). PE in most forms is considered not biodegradable, however PE may decompose by photo-

, chemical, or thermal degradation (Shah et al. 2008). Hundreds of trillions of synthetic 

microbeads enter wastewater treatment plants in the US daily. Literature reports approximately 

synthetic 3.25 million plastic particles per hour entering a WWTP in Sweden in the influent, of 

which 70% is plastic fibers, and approximately 2,000 plastic particles exiting in effluent per 

hour, of which 49% are plastic fibers, where approximately 99.9% of plastic particles are 

removed (Magnusson et al. 2014). In the US, 95 – 99.9% of microbeads are removed (Rochman 

et al. 2015). However, because PE has a density lower than that of water, a portion of the 

synthetic microplastics, including microbeads, will exit the treatment plant with plant effluent 

(Browne et al. 2011, Eriksen et al. 2013, Magnusson et al. 2014, Rocha-Santos and Duarte 

2014). Research suggests that 0.1-7 microbeads are in one liter of wastewater effluent in the US, 

discharging trillions of synthetic microbeads in aquatic environments every day (Rochman et al. 

2015).  Particles that are removed from the effluent stream are expected to exit the WWTP with 

the solids stream in biosolids. If 99% of microbeads are removed in wastewater treatment, 800 

trillion microbeads would be contained in biosolids daily (Rochman et al. 2015). Runoff into 

waterways from land-applied biosolids could contain microplastics, transporting microbeads to 

aquatic environments and continuing to harm wildlife and the environment. Our data and the 

work by others suggest that PE microbeads in personal care products would not degrade in 

municipal wastewater treatment plants, with particles passing through the liquid and solids 

treatment trains and returning to the environment with biosolids or with effluent.   
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5.7  Filtrate Characterization 

 Small particles (passing through the 400-micron screen) in filtrate that were centrifuged 

and dried were unidentifiable visually and in SEM imagery. SEM micrographs are provided in 

Appendix D. The particles evident in the micrographs may be grains of sand or grit or smaller 

pieces of PHB. However, the composition cannot be clarified without further investigation. The 

small particles were observed in both PE and PHB filtrates. The concentration of the small 

particles was similar between the PE and PHB filtrates; particles should be further characterized 

in future experiments.  

 In the filtrate analysis of one AnD experiment covering 5 time points, the potential 

weight of PHB microbeads in the AnD filtrate was variable, ranging from 0.002 to 0.04 g. No 

correlation between the potential weight of PHB microbeads found in filtrate and the incubation 

time was found. The standard deviation for replicate filtrate values varied significantly from 0.01 

– 0.11 g. The highest possible PHB weight is near the method quantitation limit of 0.03 g 

established in the weight recovery method verification experiments (Figures 4.1 & 4.2), causing 

some uncertainty in the true weight, but all weights are certainly relatively low. Regardless, the 

residual weight found in AnD filtrate ranged from  -3% to 16% of starting PHB weight, with an 

average of 6% and a standard deviation of 5%. Assuming an average of 6% of starting weight 

found in AnD filtrate, the actual degradation of PHB microbeads after 16-day incubation would 

be at least 19% instead of the worst-case estimate of 13%. PE microbeads showed no 

degradation and no potential weight in filtrate.  
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

Microbeads can be made from synthetic plastic such as PE or biodegradable plastic such 

as PHB. Synthetic plastic microbeads are widely used in personal care products, such as facial 

scrubbers, face cream, hand soap, toothpaste, and hand sanitizer. Synthetic microbeads are a 

concern for the environment and aquatic life because their size and appearance resemble typical 

food sources in aquatic environments and their ability sorb and transport persistent organic 

pollutants. Ingestion of microbeads by wildlife can cause impairment in abilities and 

reproduction. The Microbead-free Waters Act of 2015, which prohibits the sale, use, and 

distribution of cosmetic products containing plastic microbeads, encompasses both synthetic and 

biodegradable plastic microbeads. However, limited studies, if any, have been performed on the 

fate and degradation of biodegradable microbeads in wastewater treatment and the environment. 

Synthetic microplastics pose a threat to aquatic life and the environment, but the same is not 

known for biodegradable microbeads. To justly categorize biodegradable microbeads with 

regards to the Microbead-free Waters Act, the fate of both synthetic and biodegradable 

microbeads must be understood and compared. This chapter summarizes conclusions from the 

results and discussion chapters and frames the study’s significance for real-world applications. 

This chapter also provides recommendations for future studies. 

6.1  Conclusions 

This study demonstrates the potentially significant difference in the fate PHB and PE 

microbeads in wastewater treatment plants. This study found that PE microbead recoveries did 

not change over a 16-day incubation period, demonstrating that PE microbeads do not degrade in 

the four wastewater sludges studied: activated sludge, return activated sludge, aerobic digester 

sludge, and anaerobic digester sludge. In contrast, PHB microbeads degraded in all four sludges 

over 16 days, with PHB weight percent recoveries ranging from 13 – 73%, varying by sludge 

type. PHB microbeads degraded to the greatest extent in the anaerobic digester sludge, followed 

by aerobic digester sludge.  

This research suggests partial degradation of PHB microbeads will occur in activated 

sludge, aerobic digestion, and anaerobic digestion. The batch incubation times investigated (up 

to 19 days) were less than the maximum recommended values for sludge digestion. The potential 
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exists for complete digestion of PHB microbeads at longer SRTs. With the combination of a few 

of these processes, such as extended aeration activated sludge and anaerobic digestion, PHB 

microbeads have the potential to fully degrade before biosolids disposal. This would eliminate 

the concern for microbead impacts to wildlife and the environment. Nevertheless, any PHB 

microbeads that do not fully degrade in the treatment plant are likely to be disposed of with the 

biosolids from wastewater treatment plants to sanitary landfills or applied to land, where 

continued degradation is expected (Shin et al. 1997, Tansengco and Dogma 1999, Lee et al. 

2005, Pachekoski et al. 2009). Complete degradation of residual PHB microbeads in landfills and 

land-applied biosolids would also eliminate the concern of microbead contamination. 

The significance of this study is that the federal ban on microbeads encompasses all 

microbeads, however, the fate of PHB microbeads is not the same as PE microbeads in 

wastewater treatment facilities. The results from this study suggest that PHB microbeads may be 

incorrectly categorized with PE microbeads as a harmful contaminant. It is recommended that 

further research on the environmental impacts of PHB microbeads be conducted.  

6.2  Recommendations for Future Research 

• This study used 500-800 micron sized microbeads and a 400-micron filter. Future studies 

should use 300 or smaller micron mesh to capture potentially smaller microbeads to 

quantify the extent of PHB microbead degradation. Accuracy should be verified before 

degradation experiments since retained biosolids weight would be higher. The filtrate 

from degradation experiments should also be analyzed.  

• PHB and PE microbead degradation experiments with smaller microbead size distribution 

of 100-200 microns could be researched and compared to the results of this study to 

interpolate the degradation rate of small microbeads in toothpaste. 

• Paint or coating of microbeads could prevent microorganisms from accessing the 

polymer surface for degradation. Coated microbeads are common in personal care 

products, though an exact distribution has not been recorded. A degradation study of PE 

and PHB microbeads with altered surface shape and color used in colored products 

should be conducted in biological wastewater treatment processes.  

• Degradation of PHB and PE microfibers in biological wastewater treatment processes 

could be studied since 70% of microplastics in Magnusson et al. (2014) were microfibers. 
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• PHB microbeads did not completely degrade in simulated biological wastewater 

treatment processes. Future experiments could investigate PHB and PE microbead 

degradation in full-scale biological treatment systems. A new method for quantifying 

PHB and PE microbeads would have to be developed and tested before degradation 

experiments were performed. 

• Future experiments could study the degradation of PHB microbeads in land-applied 

biosolids or in landfills to track degradation in bench-scale and full-scale experiments.  

• Future studies could be conducted to examine the removal of PE and PHB microbeads in 

primary or secondary clarification in municipal wastewater treatment plants in full-scale 

and bench-scale experiments.  

• PHB has the potential to be used in other forms of microplastics, such as microfiber, 

microflakes, and other microgranules. Approximately 70% of microplastics in the 

influent of a wastewater treatment plant were microfibers (Magnusson et al. 2014). The 

environmental impacts of microfibers could be speculated to be similar to that of 

microbeads. Biodegradable plastic could be used for microfibers as well. It is 

recommended that further characterization of microplastic in influent and effluent of 

wastewater treatment facilities as well as the environmental impacts of synthetic 

microfibers be conducted. 
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APPENDIX A 

PE AND PHB OBSERVATIONS 

 

After sieving the PE and PHB microbeads to 800-500 microns, simple observational tests 

were performed to ascertain any differences in behavior between PE and PHB microbeads. The 

beads were first measured and added to tap and distilled (DI) water. In DI water, PE microbeads 

noticeably floated at the top while PHB microbeads sank to the bottom. This is expected since 

the specific gravity of PE and PHB microbeads is approximately 0.93 and 1.4 respectively, 

where the specific gravity of water is 1.0. When PE and PHB microbeads were added to tap 

water, the same result as DI water was observed with the additional observation that PHB 

microbeads were more likely to cluster. This could occur because PHB could have a surface 

affinity for other PHB particles. 

When salt (NaCl) was added to PE microbeads in DI or tap water, the same result was 

observed: PE microbeads continued to float. When 2.55 g of salt was added to PHB microbeads 

in 100 mL of DI water, the microbeads first formed clusters. When more salt was added, up to 

7.684g of NaCl, the PHB microbeads started to float in 100 mL of DI water. In tap water, PHB 

microbeads started in clusters, and as salt was added, PHB microbeads formed larger clusters 

that eventually floated. The PHB floated because the specific gravity of salt water is higher than 

that of pure water because of the high concentration of free ions. In this case, the specific gravity 

of 7.684 g of NaCl added to 100 mL of water was approximately 1.67. 

After adding the microbeads to water and salt water, the PE and PHB microbeads were 

added to Kroger brand household bleach with 5-6% sodium hypochlorite (NaOCl). Because the 

specific gravity of bleach is 1.2, all the PE microbeads floated at the top, the same observation as 

DI and tap water. While most of the PHB microbeads sank to the bottom, some of the smaller 

particles floated at the top. This could be due to air-filled voids in PHB microbeads. Once the 

microbeads were submerged for extended periods of time (30 minutes), the microbeads sank to 

the bottom. 
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Figure A.1   PE microbeads in tap water. 

 

 
Figure A. 2   PHB microbeads in tap water. 
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Figure A.3  PHB microbeads in DI water. 
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Figure A.4   PHB microbeads in DI water with 7.684 g of NaCl added. 

 
  



 76

APPENDIX B 

SEM MICROGRAPHS OF PHB AND PE MICROBEADS 

 

Figure B. 1   SEM micrograph of PHB microbeads after 10-minute exposure to household bleach 
(6% sodium hypochlorite). 
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Figure B.2  SEM micrograph of PE microbeads after 10-minute exposure to household bleach 
(6% sodium hypochlorite). 
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Figure B.3  SEM micrograph of PHB microbeads after 16-day incubation period in activated 
sludge. 
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Figure B.4  SEM micrograph of PHB microbeads after 16-day incubation period in return 
activated sludge. 
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Figure B.5  SEM micrograph of PHB microbeads after 16-day incubation period in aerobic 
digester sludge. 
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Figure B.6  SEM micrograph of PHB microbeads after 16-day incubation period in anaerobic 
digester sludge. 
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Figure B.7   SEM micrograph of PE microbeads after 16-day incubation in activated sludge. 
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Figure B.8   SEM micrograph of PE microbeads after 16-day incubation in return activated 
sludge. 
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Figure B.9   SEM micrograph of PE microbeads after 16-day incubation in aerobic digester 
sludge. 
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Figure B.10  SEM micrograph of PE microbeads after 16-day incubation in anaerobic digester 
sludge. 

 

 

  



 86

APPENDIX C 

SUPPLEMENTAL DEGRADATION EXPERIMENT RESULTS 

 

 
Figure C.1  Percent recovery of PE microbeads in return activated sludge incubated for 2 – 16 
days. 
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Figure C.2  Percent recovery of PE microbeads in aerobic digester sludge incubated for 2 – 16 
days. 

 
Figure C.3   Percent recovery of PE microbeads in anaerobic digester sludge incubated for 2 – 16 
days. 
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Figure C.4  Total solids measurements for all degradation experiments. 

 

 
Figure C.5  Volatile solids measurements for all degradation experiments. 

 

0

5000

10000

15000

20000

25000

0 5 10 15 20 25

T
S

 (
m

g
/

L
)

Time (days)

MLSS

RAS

AerD

AnD

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

0 5 10 15 20 25

V
S

 (
m

g
/

L
)

Time (days)

MLSS

RAS

AerD

AnD



 89

 
Figure C.6   pH measurements for all degradation experiments. 

 

 
Figure C.7   Total solids measurements for aerobic digester sludge and anaerobic digester sludge 
experiments. 
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Figure C.8   Volatile solids measurements for aerobic digester sludge and anaerobic digester 
sludge experiments. 

 

 
Figure C.9  pH measurements for activated sludge experiments. 

6000

8000

10000

12000

14000

16000

18000

0 5 10 15 20 25

V
S

 (
m

g
/

L
)

Time (Days)

AnD Exp 1

AnD Exp 2

AerD Exp 1

AerD Exp 2

AerD Exp 3

AerD Exp 4

5

5.5

6

6.5

7

7.5

8

8.5

9

0 5 10 15 20

p
H

Time (Days)

MLSS Exp 1

MLSS Exp 2

MLSS Exp 3



 91

 
Figure C.10  Total solids measurements for return activated sludge experiments. 

 

 
Figure C.11  Volatile solids measurements for return activated sludge experiments. 
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Figure C.12  pH measurements for return activated sludge experiments. 
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APPENDIX D 

SUPPLEMENTAL FILTRATE CHARACTERIZATION 
 

 
Figure D.1   50-mL Falcon centrifuge tubes after centrifuging at 4000 rpm for 10 minutes.  
Centrate has been removed. 

 

 
Figure D.2   MLSS, RAS, AerD, and AnD centrifuged filtrate samples on SEM stand. 
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Figure D.3   SEM image of centrifuged PHB filtrate solids after 16-day incubation in activated 
sludge 
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Figure D.4   SEM image of centrifuged PHB filtrate solids after 16-day incubation in return 
activated sludge. 
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Figure D.5   SEM image of centrifuged PHB filtrate solids after 16-day incubation in aerobic 
digester sludge. 

 



 97

 
Figure D.6   SEM image of centrifuged PHB filtrate solids after 16-day incubation in anaerobic 
digester sludge. 
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Figure D.7  SEM image of centrifuged PE filtrate solids after 16-day incubation in activated 
sludge. 

 



 99

 
Figure D.8   SEM image of centrifuged PE filtrate solids after 16-day incubation in return 
activated sludge. 



 100

 
Figure D. 9   SEM image of centrifuged PE filtrate solids after 16-day incubation in aerobic 
digester sludge. 
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Figure D.10   SEM image of centrifuged PE filtrate solids after 16-day incubation in anaerobic 
digester sludge. 

 

 


