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Polyhydroxyalkanoates (PHAs) are intracellular microbial polyesters that serve 

as bacterial carbon and energy storage substances. They share similar properties with 

many petroleum-based polymers, thus attracted significant interest due to their 

potential biodegradability and environmental benefits. In order to improve the 

mechanical properties of PHAs, many types of natural plant-based fibers have been 

successfully used as reinforcement agents of PHA-based composites. The overall goal 

of this research is to obtain both the matrix (PHA copolymer) and the reinforcement 

agents (filamentous bacteria) for biorenewable composites from adapted wastewater 

treatment systems, thus, develop biocomposite materials that are derived entirely from 

microorganisms growing naturally in wastewater treatment processes. 

Biocomposite materials with commercially available poly(3-hydroxybutyrate-

co-3-hydroxyvalerate) (PHBV) as matrix and filamentous bacteria as reinforcement 

were fabricated by melt extrusion and 3D printing. Filamentous bacteria were 

cultivated and enriched in a laboratory membrane bioreactor. Low dissolved oxygen, 

and nitrogen and phosphorus limited conditions were provided in the MBR, resulting 

in proliferation of filamentous bacteria with the sludge volume index as high as 703 

mL/g. Sphaerotilus spp. were identified as the dominant filamentous bacteria by 16S 

rRNA gene sequencing. A relative abundance of these filamentous bacteria was 19% 

in the mixed cultures. The morphology of filamentous bacteria was observed using 

optical microscopy and atomic force microscopy (AFM). The aspect ratio (length to 

width ratio) of the filamentous bacteria was 346. 
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The thermal properties of PHBV and filamentous bacteria were evaluated by 

differential scanning calorimetry and thermogravimetric analysis. The results 

suggested that the processing temperature of these composite materials should be 

around 185 °C to minimize thermal degradation of both commercial PHBV and 

filamentous bacteria. Tensile properties (e.g., tensile strength, elongation at break, and 

tensile modulus) and notched impact strength of composites with different fiber 

contents were also evaluated. The results showed that tensile modulus and notched 

impact strength of the composite with 20% fiber content (mass basis) increased 12% 

and 95%, respectively. 

AFM-based nanoindentation method was used to examine the mechanical 

properties of filamentous bacteria. The measured Young’s modulus of Sphaerotilus 

spp. was 91.4% higher than that of non-filamentous bacteria. The Halpin-Tsai and 

Tsai-Pagano equations were used to determine the theoretical Young’s modulus of 

filamentous bacteria-reinforced poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

(PHBV). The predicted values closely matched the experimental values, indicating 

that filamentous bacteria were randomly oriented and uniformly distributed in PHBV. 

A sequencing batch reactor was operated to enrich for PHA-accumulating 

bacteria, and the production of PHBV by the enriched cultures was maximized by a 

fed-batch reactor. The highest PHA content of 59% dry cell weight was obtained with 

68% PHB and 32% PHV. PHBV extracted from the bacterial cells in the fed-batch 

reactor had a purity of 99.3%. A membrane bioreactor was used to cultivate 

filamentous bacteria-dominating cultures (19% relative abundance of Sphaerotilus 

spp.). Differential scanning calorimetry and thermogravimetric analysis of microbial 

PHBV suggested that the melt extrusion and 3D printing temperatures to be 170 °C 
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and 180 °C, respectively, to minimize the thermal degradation of PHBV. Mechanical 

tests showed that the tensile modulus and notched impact strength of microbial PHBV 

improved by 57% and 45%, respectively, following the addition of 20% membrane 

bioreactor sludge.  

The research presented in this dissertation demonstrated that both biopolymer 

matrix and the natural fiber reinforcement for the composite materials can be 

recovered from microorganisms present in wastewater treatment systems. This 

development of biocomposite materials that are derived entirely from microorganisms 

growing naturally in wastewater treatment processes will help reduce the quantity of 

waste sludge from wastewater treatment plants and produce a green alternative to 

petroleum-based composite that are environmentally friendly, biodegradable, and 

sustainable. 
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INTRODUCTION 

Wastewater treatment plants (WWTPs) use a combination of physical, 

chemical, and biological processes to remove suspended and soluble organic 

contaminants in municipal and industrial wastewater (Demirbas et al., 2017; Wei et al., 

2003). Biosolids, also called waste sludge, are semi-solid by-products of wastewater 

treatment process. They are generated because the principle of biological wastewater 

treatment is that bacteria convert contaminants into their own biomass. The United 

States Environmental Protection Agency (USEPA) reported that about 4.75 million 

tons of dry biosolids were generated by large public WWTPs in the U.S. in 2019 

(United States Environmental Protection Agency, 2021). In China and the European 

Union, annual dry biosolids productions were 11.2 million tons and 10 million tons, 

respectively (Yang et al., 2019). The global biosolids generation was predicted to 

increase rapidly due to increases in population, economy scale, urbanization, and 

municipal wastewater treatment system coverage (Bharathiraja et al., 2014; Wang et 

al., 2018). Thus, biosolids generation and management have become one of the most 

serious concerns in the WWTPs industry (Lu et al., 2021; Wang et al., 2021).  

Biosolids need to be properly treated and disposed because of their offensive 

odor and potential negative impacts on the environment and public health (Guo et al., 

2013; Wei et al., 2020; Zheng et al., 2020). Current major biosolids disposal methods 

include landfill, incineration, land application, and anaerobic digestion. 

Chapter 1
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Landfill and incineration are the most common conventional biosolids 

treatments. Landfill is widely used since it is the cheapest way to dispose biosolids, 

however, no energy or materials are recovered in landfill (Campbell, 2000; Yang et al., 

2015). Overall, 38 percent of biosolids were disposed by landfill in the U.S. (Fericelli, 

2011). However, landfill sites are limited due to high land demands from agriculture, 

urbanization, and industrialization (Mulchandani & Westerhoff, 2016). The landfill 

sites used for biosolids disposal exacerbate the scarcity of land resources. Biosolids 

dewatering is usually required to meet regulations of water content limits in some 

countries (Xiao et al., 2020), which will also increase the cost of landfill disposal. 

Another factor that makes landfilling unsustainable is that it may cause secondary 

pollution (Tang et al., 2018; Zhang et al., 2017), such as potential groundwater 

contamination from leachate leakage (Giusti, 2009). Other issues, such as greenhouse 

gas emission, landfill odor, and increasing costs of transporting biosolids from 

WWTPs to landfill sites, make landfill environmentally and economically unfriendly 

(Mulchandani & Westerhoff, 2016).   

Due to multiple issues associated with landfilling, focus has shifted to recover 

energy and reusable materials from biosolids during disposal. Although the heat 

generated during biosolids incineration could be further used for heating and 

electricity generation, operation cost is normally high due to high moisture content in 

biosolids (Fericelli, 2011; Zhong et al., 2020). Incineration could reduce 90 percent of 

biosolids volume, but the ash left after biosolids incineration still needs to be disposed 

by landfill (Raheem et al., 2018; Wu et al., 2016). Moreover, incineration has 

detrimental impacts on the environment and public health by emitting greenhouse 

gases, volatile organic compounds (VOCs), heavy metal dust, and particulate matter 
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(Hong et al., 2009). The cost of air pollution controls may be higher than the value of 

recovered energy from incineration (Fericelli, 2011). Thus, the overall process is not 

economical, ecofriendly, and sustainable.  

For repurposing biosolids, land application was initially considered 

environmentally friendly, because organic matters and nutrients in biosolids can 

support plant growth during this process (Wang et al., 2008). However, newly 

emerging concerns about heavy metal contamination, persistent organic toxins, and 

pathogen-borne diseases highly limit the widespread usage of land application 

(Arthurson, 2008; Chu & He, 2021).  

Anaerobic digestion is a mature technology that treats biosolids while carbon is 

recovered as methane or organic acids (Jain et al., 2015; Wang et al., 2021). However, 

the disadvantages of anaerobic digestion technology include the requirement of large 

reactors due to long sludge residence time (SRT) (Ruffino et al., 2016; Tiehm et al., 

2001), low digestion rate and low methane yield (Zhang et al., 2017; Zhen et al., 2017), 

and high operation costs (Budzianowski, 2016).  

As discussed above, a new method to reduce biosolids volume and recover 

reusable materials at the same time needs to be developed. In the recent decade, the 

concept of converting WWTPs from bioreactors to biorefineries has become popular. 

This requires WWTPs to turn their biosolids into some valuable materials.  

Recovering polyhydroxyalkanoates (PHAs) from microorganisms in biosolids 

may be an attractive way to retrieve valuable materials from WWTPs. PHAs are 

bacteria-produced polyesters that are synthesized from their metabolic transformation 

of various sugars and volatile fatty acids (VFAs) (Albuquerque et al., 2007, 2010, 

2011; Fradinho et al., 2014). Producing PHA discharges less carbon dioxide than 
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producing some other polymers. For example, producing 1 kg of PHAs from bacteria 

using corn starch as feedstock reduced 2.9 kg carbon dioxide discharge than that from 

producing the same amount of high-density polyethylene (Dietrich et al., 2017). This 

makes PHAs more renewable materials compared to the petroleum-based polymers. 

Another advantage of PHAs is that they are easily biodegradable. While petroleum-

based polymers usually need hundreds to thousands of years for complete natural 

degradation, PHAs take much shorter time for this. Woolnough et al. (2013) reported 

that polyhydroxybutyrate (PHB) film can be 60% degraded (weight basis) in soil in 

112 days. 90% degradation of PHB film in marine condition in 100 days was also 

reported by Thellen et al. (2008). Therefore, PHAs can be suitable alternatives to 

many petroleum-based plastics. However, limitations in mechanical properties, such 

as brittleness, restrict wide applications of PHAs in single-use plastic productions, 

medical supplies, and many other industries.  

One approach to deal with this problem is reinforcing PHAs with fibers. 

Synthetic fibers, such as carbon fiber and fiber glass, possess high strength and 

lightweight. However, producing these synthetic fibers contributes to greenhouse gas 

emission, and their disposal is usually not renewable and sustainable. Some natural 

fibers, such as plant-based fibers, are not compatible with PHAs, and required further 

treatments to achieve better interface affinity. Therefore, interest has shifted to a novel 

natural fiber existing in activated sludge, which is filamentous bacteria. Filamentous 

bacteria are microorganisms with large length-to-width ratio. As backbones of 

activated sludge flocs, filamentous bacteria are potential substitutes for synthetic and 

plant-based fibers in reinforcing PHAs.  
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A schematic diagram of fabricating the all-natural biocomposite material from 

a modified wastewater treatment plant is proposed in Figure 1.1. The overall objective 

of this study is to investigate the possibility of fabricating a composite material with 

all the components (PHAs and filamentous bacteria) derived from activated sludge and 

to evaluate the mechanical properties of this composite material. The specific 

objectives are: 

1) to investigate the possibility of filamentous bacteria serving as a 

reinforcement agent of PHAs. The thermal properties of a commercially available 

PHA and filamentous bacteria cultivated from a laboratory membrane bioreactor 

(MBR) will be assessed and will be used to determine the processing conditions of 

fabrication. The tensile and impact properties of composite specimens with different 

fiber ratios will be evaluated to determine the reinforcing effects of filamentous 

bacteria. 

2) to identify the filamentous bacteria cultivated from a laboratory membrane 

bioreactor and assess their properties. Filamentous bacteria cultivated from an MBR 

will be identified by 16s rRNA gene sequencing. The morphology and Young’s 

modulus of filamentous bacteria will be assessed to deepen the understanding of these 

microorganisms. A model will also be applied to predict the reinforcement effects of 

filamentous bacteria on PHAs.  

3) to demonstrate a method of fabricating an all-natural biocomposite material 

from activated sludge with PHAs as the matrix and filamentous bacteria as the 

reinforcement. PHA-accumulating bacteria will be selected from activated sludge in a 

laboratory sequencing batch reactor and subsequently used to produce PHA in a fed-

batch reactor. Thermal properties of this microbial PHA will be evaluated and used to 
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determine the processing conditions of composite fabrication. Mechanical properties 

of these biocomposite materials with different fiber ratios will be assessed. 

The research presented in this dissertation demonstrates production of all-

natural biocomposite materials from activated sludge using PHA as the matrix and 

filamentous bacteria as the reinforcement agent. Chapter 2 presents an overview of the 

background information of PHA, including PHA production, extraction, purification, 

and modification. Chapter 3 describes an approach to fabricate a composite material 

using commercial PHA as the matrix and filamentous bacteria cultivated from a 

membrane bioreactor as the reinforcement agent. Tensile and impact properties are 

determined to evaluate the reinforcing effects of filamentous bacteria. The research 

presented in chapter 4 demonstrates the characteristics of filamentous bacteria 

cultivated from the membrane bioreactor. Filamentous bacteria are identified by 16s 

rRNA gene sequencing. The morphology and Young’s modulus of filamentous 

bacteria are also assessed in this chapter. The research presented in chapter 5 

demonstrates fabrication of biocomposite materials using microbial PHA produced 

from laboratory bioreactors as the matrix and filamentous bacteria cultivated from a 

membrane bioreactor as the reinforcement agent. Tensile and impact properties of this 

composite material are determined and compared with those of composite materials 

fabricated with commercial PHAs. The summary of results of this dissertation is 

presented in chapter 6. Chapter 7 presents a design of fabricating the biocomposite 

material from a modified wastewater treatment plant and the potential applications of 

this biocomposite material. 
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LITERATURE REVIEW 

This chapter provides an overview of the fundamental knowledge of PHAs and 

filamentous bacteria. The classification, biosynthesis, extraction and purification 

methods, mechanical property modifications, and applications of PHAs are 

summarized in this chapter. This chapter also includes the classification and growth 

conditions of filamentous bacteria. This chapter will help better understand the method 

demonstrated in this dissertation. 

2.1 Classification and properties of PHAs 

The general chemical formula of PHAs is shown in Figure 2.1.a (Shah & 

Vasava, 2019). The monomers of PHAs are connected by ester bonds, thus PHAs can 

be divided into three groups based on the carbon chain length of their monomers. 

Monomers with 3-5 carbon atoms are classified as short chain length PHAs (scl-

PHAs), while monomers with 6 to 14 carbons atoms are medium chain length PHAs 

(mcl-PHAs) (Madison & Huisman, 1999). Monomers with more than 14 carbon atoms 

are classified as long chain length PHAs (lcl-PHAs) (Sharma et al., 2021; Zinn et al., 

2001). Poly (3-hydroxybutyrate) or in short P(3HB) and poly(3-hydroxyvalerate) or in 

short P(3HV) are the most common scl-PHAs, while poly(3-hydroxyhexanoate) or in 

short P(3HH) is an example of the mcl-PHAs group (Asrar et al., 2002; Joyyi et al., 

2017). The number 3 in P(3HB) means the hydroxyl of the monomer connects with 

the third carbon atom of the chain. The difference of n value results in different 

Chapter 2
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number in the polymer name. Some common PHAs are summarized in Table 2.1 

(Anjum et al., 2016). 

PHAs exist as homopolymers or copolymers. P(3HB) and P(3HV) are PHA 

homopolymers. PHA copolymers contain two or more kinds of monomers within their 

carbon chains, and are commonly bipolymers and terpolymers (general chemical 

formulas are shown in Figure 2.1.b and 2.1.c, respectively). P(3HB-co-4HB) and 

P(3HB-co-3HV-co-3HH) are common bipolymer and terpolymer of PHAs, 

respectively (Bhubalan et al., 2010; Jung et al., 2019; Mannina et al., 2020). 

Generally, polymers in PHA family are thermoplastic, and they share some 

common properties such as low gas permeability, water insolubility and UV ray 

resistance (Keskin et al., 2017; Laycock et al., 2014; Li et al., 2016; Scarfato et al., 

2015). However, various monomer components result in PHAs with different 

mechanical properties. For example, although P(3HB) and P(4HB) are both PHA 

homopolymers, P(3HB) is brittle and thermally unstable during processing due to its 

high crystallinity, while P(4HB) is strong and elastic (Chodák & Blackburn, 2009; Li 

et al., 2016; Williams et al., 2013). PHA copolymers, such as P(3HB-co-3HV) and 

P(3HB-co-3HV-co-3HH), generally have better elasticity and flexibility than scl-PHA 

homopolymers (Tsuge et al., 2004). This is because the incorporation of different 

monomers decreases the crystallinity of polymers (Du et al., 2001). Also, the longer 

chain length results in higher flexibility of molecular structure, which makes PHAs 

softer and higher in elongation at break(Laycock et al., 2014; Tanadchangsaeng et al., 

2009). 

Some physical and mechanical properties of PHAs are similar to some 

common petroleum-based polymers, such as polypropylene (PP), low-density 
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polyethylene (LDPE), rigid polyvinyl chloride (PVC), and polyethylene terephthalate 

(PET). The comparison of their physical and mechanical properties is summarized in 

Table 2.2. The melting temperature and crystallinity of all polymers in Table 2.2 are 

basically in the same range. The differences in glass transition temperature indicate 

that PHB, PHBV, PP, and LDPE are in the rubbery state, while rigid PVC and PET 

are in the glassy state at room temperature. PHA has good properties in hardness. Its 

Young’s modulus and tensile strength have no clear difference from other polymers in 

the table. The major weakness of PHA is its extensibility. The elongation at break of 

PHA is generally one order of magnitude lower than the other polymers. That means 

neat PHA is unfavorable as a material that needs to bear tension. Improving the 

extensibility of PHA is the key area of modification of PHA. 

2.2 PHA production 

2.2.1 PHA biosynthesis pathways 

PHA plays a vital role in microbial competition and survival in an environment. 

Since nutrients are not always sufficient in the environment, bacteria with PHA-

accumulating abilities can utilize intracellular PHA to obtain energy under famine 

conditions (Figure 2.2). This allows PHA-accumulating bacteria to survive longer than 

bacteria without these abilities (Tan et al., 2014). Besides, research has discovered that 

intracellular PHA protects bacteria from harmful environments, such as ultraviolet 

irradiation, heat, and osmotic shock (Kadouri et al., 2005). Therefore, many bacteria 

have adapted to adverse conditions and developed their enzyme systems to use various 

carbon sources to synthesize PHA. Thus far, eight PHA biosynthesis pathways have 
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been identified (Chen, 2010). The major three pathways are summarized in Figure 2.3, 

and the major enzymes involved are summarized in Table 2.3. 

In pathway I (green arrows), sugars are the carbon sources. Firstly, sugars are 

converted to pyruvate through glycolysis and then converted to acetyl-CoA. Two 

molecules of acetyl-CoA are combined by an enzyme (PhaA) to form one molecule of 

acetoacetyl-CoA. Reductase (PhaB) then converts acetoacetyl-CoA to (R)-3-

Hydroxybutyryl-CoA using NADPH as the proton and electron sources. Finally, (R)-

3-Hydroxybutyryl-CoA is polymerized to generate PHAs (Anjum et al., 2016; Serafim 

et al., 2008; Sudesh et al., 2000; Verlinden et al., 2007; Yogesh et al., 2012). 

When nutrients in the environment are sufficient, high concentration of 

coenzyme A from the tricarboxylic acid (TCA) cycle inhibits PhaA. Under this 

condition, the transformation from acetyl-CoA to acetoacetyl-CoA is inhibited. 

Acetyl-CoA is then channeled to the TCA cycle for energy production and cell growth 

(Ratledge & Kristiansen, 2006). Under nutrient deficient condition, which means 

carbon sources are in excess while nitrogen or phosphorus is insufficient, the 

concentration of coenzyme A is not high enough to inhibit PhaA, thus, PHA 

production will be promoted (Jung & Lee, 2000). This negative feedback process is 

summarized in the dotted box in Figure 2.3. Therefore, nutrient deficiency triggers the 

enzyme systems of PHA production and leads to intracellular PHA accumulation. This 

metabolic mode allows the selection and enrichment of PHA-accumulating bacteria 

under famine condition, which will be discussed in the section 2.2.2. 

In pathway II (red arrows), fatty acids are the carbon sources. In this process, 

the intermediates of fatty acids degradation (ꞵ-oxidation) are used to synthesize PHA. 

Fatty acids need to be converted to fatty acyl-CoA initially for ꞵ-oxidation reaction 
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(Lopaschuk et al., 2010). During ꞵ-oxidation reaction, four key intermediates regulate 

the PHA formation process, in which enoyl-CoA and 3-ketoacyl-CoA can be 

catalyzed to form (R)-3-Hydroxybutyryl-CoA. The last step of pathway II is also 

polymerization of (R)-3-Hydroxybutyryl-CoA into PHAs (Anjum et al., 2016; Schulz, 

2008; Sudesh et al., 2000; Yogesh et al., 2012). In pathway I and II, the structures of 

synthesized PHAs are related to the original carbon sources. For example, n-

alkanoates with even carbon number are required for P(3HB) production, while odd 

carbon number n-alkanoates are required as the starting materials for P(3HB-co-3HV) 

and P(3HB-co-3HV-co-3HH) generation (Akiyama et al., 1992; Anjum et al., 2016; 

Fukui et al., 1997). This is because PHA synthase in pathway I and II can only uptake 

n-alkanoates with certain carbon number (Kumar et al., 2020). 

Pathway III (blue arrows), also called fatty acid biosynthesis, uses sugars as 

carbon sources as well. Acetyl-CoA, as the intermediate of glycolysis, is converted to 

malonyl-CoA by acetyl-CoA carboxylase (ACC). Malonyl-CoA is then transferred to 

its acyl carrier protein (ACP) form as malonyl-ACP by ACP transacylase. After that, 

this intermediate is utilized in fatty acid synthesis. Then, another intermediate, (R)-3-

hydroxyacyl-ACP, is formed and converted to its coenzyme A (CoA) form by CoA 

transacylase (PhaG). Finally, (R)-3-hydroxyacyl-CoA is polymerized to PHAs 

(Castilho et al., 2009; Chen et al., 2015a; Tsuge, 2002; Wang et al., 2009). The major 

difference between this pathway and the previous two is that PHA monomers 

generated from pathway III can have a different structure from their carbon source, not 

dictated by carbon numbers. This is because bacteria can disassemble and reassemble 

carbon sources during fatty acid biosynthesis. This allows the potential utilization of 
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low-cost feedstocks, such as glucose and acetic acid, to generate PHAs containing 

multiple monomers (Kumar et al., 2020; Sharma et al., 2021).  

2.2.2 PHA production via mixed culture biosynthesis 

By making use of the metabolic process of PHA biosynthesis, scientists and 

engineers have successfully achieved high productivity of PHA in pure culture 

fermentation. The most common strains in pure culture fermentation are Bacillus (Pan 

et al., 2016; Rodríguez-Contreras et al., 2016) and C. necator (Ribeiro et al., 2016; 

Schmidt et al., 2016). The maximum PHA accumulation observed in pure culture 

fermentation is 89% (dry cell weight basis) by Bacillus subtilis JCM 1465 (Vijay & 

Tarika, 2019). Genetic engineering has also been applied in pure culture fermentation 

as microorganisms, such as recombinant E. coli, has been successfully used in PHA 

production (Leong et al., 2014; Zhang et al., 2020). However, high operation cost of 

pure culture fermentation limits its widespread commercialization. Thus, interest has 

shifted to utilize mixed culture fermentation for PHA production. 

As discussed above, P(3HB-co-3HV) has better tensile properties, such as 

elongation at break, than pure P(3HB). P(3HB) can be obtained individually in pure 

culture fermentation, but produced naturally combined with P(3HV) in mixed culture 

processes. The mixed culture fermentation also allows the utilization of open 

microbial reactors, which eliminates the need for reactors and substrates sterilization, 

therefore, decreasing the fermentation cost. In addition, mixed cultures are more 

robust than pure cultures, thus are less susceptible to operational and environmental 

fluctuations in large-scale processes. Moreover, mixed culture fermentation can adapt 

to various complex feedstocks from many high-volume industries, such as food waste 

and waste activated sludge (Bengtsson et al., 2008; Lee et al., 2020). This allows 
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significantly decrease the cost of PHA production, because feedstocks account for 45% 

of the total PHA production cost (Lee et al., 2020).  

Mixed culture fermentation includes three stages. The first stage is 

pretreatment of feedstocks, in which various raw organic substrates are converted to 

volatile fatty acids (VFAs) commonly by anaerobic fermentation. VFAs are more 

preferred substrates than sugars or glycerol because bacteria tend to accumulate 

glycogen when sugars or glycerol are used as substrates (Kourmentza et al., 2017). 

Various industrial and agricultural organic wastes can be utilized as fermentation 

feedstocks to lower the cost of PHA production, meanwhile, the release of organic 

pollutants to the environment will be reduced. By using organic wastes from food 

industry, PHA can be produced together with hydrogen gas, which further improved 

the economic efficiency of PHA production (Lee et al., 2020). The second stage is to 

select and enrich mixed cultures in which PHA-accumulating bacteria are dominating. 

One strategy to select PHA-accumulating bacteria dominant cultures is aerobic 

dynamic feeding (ADF), also known as feast-famine cycle (Johnson et al., 2009). The 

simultaneous feeding of sufficient carbon sources and other nutrients in the initial 

feast phase results in short feast phase and followed by a longer famine phase when 

external substrates are exhausted. During the famine phase, bacteria with PHA-

accumulating abilities continue to grow by using their stored PHAs, while bacteria 

without these abilities stop growing and gradually out-competed during the starvation 

phase. Another strategy to select suitable mixed cultures is anaerobic-aerobic cycle. 

This strategy promotes polyphosphate-accumulating bacteria and the glycogen-

accumulating bacteria to accumulate PHAs. However, the PHA storing capacity of 

enriched mixed cultures from anaerobic-aerobic cycle is lower than that from the ADF 
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strategy (Mannina et al., 2020). Following culture selection and enrichment, 

intracellular PHA storage can be maximized by unbalanced growth conditions, such as 

pulsed feeding or fed-batch mode (Mannina et al., 2020). Table 2.4 summarizes the 

PHA production research using mixed culture fermentation. 

Many parameters are involved in the PHA production, and some of them have 

major effects on the overall production performance. The composition of produced 

PHA (such as 3HB to 3HV ratio) is directly controlled by VFA composition of 

feedstocks, which is mainly affected by pH during the anaerobic fermentation process 

of raw feedstocks. Acetic acid and butyric acid are precursors of P3HB, while 

propionic acid and valeric acid are precursors of P3HV (Albuquerque et al., 2007; 

Burniol-Figols et al., 2018; Colombo et al., 2016; Fang et al., 2019; Kourmentza et al., 

2015; Perez-Zabaleta et al., 2020; Tamang et al., 2019; Zhang et al., 2014). Colombo 

et al. (2019) reported that major organic acids in cheese whey fermentation products 

were acetate, butyrate, and lactate, which resulted in neat PHB production. Colombo 

et al. (2019) also revealed that PHA yield were 10-20% higher on organic acids 

consumption than that on total chemical oxygen demand (COD) consumption. This 

result confirmed that organics acids were preferred feedstocks for PHA production. 

Albuquerque et al. (2007) compared VFA composition of anaerobic fermented sugar 

cane molasses under different pH. When pH decreased from 7 to 6, the concentration 

of acetic acid and butyric acid increased 26% and 27%, respectively, while the 

percentage of propionic acid decreased 35%. Colombo et al. (2016) reported a similar 

result during cheese whey anaerobic fermentation. The percentage of butyric acid 

increased from 13% to 26% when pH changed from 6 to 5.2, which decreased the 

3HV content in the final PHA product. pH also has influence on PHA yield and 



 

 16

accumulation. Chen et al. (2015b) studied the PHA production under different pH. 

When pH changed from 5 to 10, the final PHA yield and accumulation decreased 

gradually from 0.8 Cmol PHA/ Cmol Substrate and 70 wt.% to 0.63 Cmol PHA/ Cmol 

Substrate and 65 wt.%, respectively. Similar phenomenon was observed from research 

of Albuquerque et al. (2007). When applying the same feedstocks but increasing pH 

from 5 to 7, PHA yield decreased 26%. These results indicate that acidic condition is 

favorable for 3HB precursor production during feedstocks pretreatment and PHA 

production. The effects of feedstock composition on overall PHA performance are 

also related to some toxic chemicals. Kourmentza et al. (2015) compared PHA yield 

with fermented olive mill wastewater and synthetic feedstock with same composition 

of major VFAs. The PHA yield decreased by 90% with fermented olive mill 

wastewater. This could be attributed to inhibitory effect of toxic chemicals, such as 

polyphenols, on PHA-accumulation bacteria.  

The microbial community after selection correlates with selection strategy, 

organic loading rate (OLR), and feast to famine (F/F) ratio. Multiple studies in Table 

2.4 reported that the dominant PHA-accumulating bacteria in their reactors were 

Proteobacteria, such as Thauera (Burniol-Figols et al., 2018; Fauzi et al., 2019; Perez-

Zabaleta et al., 2020; Wijeyekoon et al., 2018). Morgan-Sagastume (2016) also found 

that the predominance of this bacteria phylum was highly related to ADF selection. 

Different OLR and F/F ratio during selection and PHA production also alter the 

percentage of PHA-accumulating bacteria in the whole microbial community and the 

overall PHA production. High OLR usually leads to large F/F ratio, which means 

famine phase is not long enough. In this case, PHA-accumulating bacteria are unlikely 

to be dominant in the reactor. Ultra-low OLR will provide insufficient nutrients for 
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PHA-accumulating bacteria proliferation, which leads to high nitrifying bacteria 

population and low PHA-accumulating bacteria population in the reactor (Sepehri & 

Sarrafzadeh, 2018). Fauzi et al. (2019) studied the effect of organic loading rate (OLR) 

and feast to famine (F/F) ratio on PHA yield and accumulation. The F/F ratio 

increased from 0.4 to 2.0 when OLR changed from 1000 mgC/(L*d) to 1250 

mgC/(L*d). This high F/F ratio leaded to a failure of ADF strategy, and therefore, 

significantly decreased the PHA yield and accumulation from 0.7 mgC PHA/ mgC 

substrate and 80 wt.% to 0.3 mgC PHA/ mgC and 27 wt.%, respectively. Other 

research also reported that F/F ratio should be kept low, such as below 0.55, to have 

better PHA yield and accumulation capacity (Freches & Lemos, 2017; Wijeyekoon et 

al., 2018).  

During the PHA production stage, pulsed feeding and batch feeding had no 

obvious effects on the final PHA accumulation (Tamang et al., 2019). However, 

continuous feeding resulted in average 10% higher in PHA accumulation and doubled 

PHA yield compared to pulsed feeding (Chen et al., 2015a). The reported OLR during 

PHA production stage in Table 2.4 fell in a range from 1000 to 3600 mgC/(L*d). 

Generally, high carbon to nitrogen ratio (C/N) and low phosphate concentration could 

lead to high PHA yield and accumulation (Wijeyekoon et al., 2018). But ultra-high 

C/N (74.9) was reported to cause bulking and leaded to low PHA accumulation 

(2.59%) (Fang et al., 2019). Wijeyekoon et al. (2018) also discussed the effect of 

dissolved oxygen (DO) on PHA yield and accumulation. Their study revealed that the 

limited DO slowed down PHA accumulation speed, but the overall PHA yield and 

accumulation were not affected. 
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2.2.3 PHA production via chemical synthesis 

PHA can also be synthesized by anionic, coordination, and cationic 

polymerization using proper raw materials, initiators, and conditions (Tian et al., 

2012). Some common raw materials used in PHA chemical synthesis are β-

Butyrolactone for P3HB, γ-Butyrolactone for P4HB, and β-Valerolactone for P3HV 

(Moore et al., 2005; Rieth et al., 2002). Different kinds of polymerization require 

different catalysts for PHA chemical synthesis. Thus far, some alkali metal organics, 

guanidine, phosphazene and amidine have been applied as catalysts in anionic 

polymerization of PHA (Domiński et al., 2019; Jaffredo et al., 2012). Jaffredo et al. 

(2012) demonstrated the feasibility of guanidine, phosphazene, and amidine as 

catalysts in P3HB anionic polymerization under mild conditions. The generated P3HB 

had average molar mass of 21000 with narrow distribution. Domiński et al. (2019) 

compared P3HB polymerized from β-Butyrolactone with multiple sodium phenoxides. 

P3HB with various molar mass was synthesized due to differences in nucleophilicity 

and basicity of different used catalysts. Metal based catalysts with aluminum, tin, 

yttrium, zinc, or lanthanide were usually reported in coordination polymerization of 

PHA production (Domiński et al., 2019). Fang et al. (2013) converted 92% β-

Butyrolactone to P3HB within 2 hours at 20 ℃ by using yttrium based catalyst in 

coordination polymerization. 99% conversion rate from β-Butyrolactone to P3HB 

within 4 hours was reported by Liu et al. (2010). They used zinc based catalyst at 55 ℃ 

in coordination polymerization of P3HB. Trifluoromethanesulfonic acid has also been 

reported as initiators in cationic polymerization of raw materials to PHA. Basko et al. 

(2013) reported a general procedure for cationic polymerization of β-Butyrolactone to 

P3HB. This method used trifluoromethanesulfonic acid as catalyst in presence of 

isopropanol and reached 99% of conversion rate at room temperature. Chemical 
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synthesis was able to generate atactic, syndiotactic and isotactic PHA (Domiński et al., 

2019). However, heavy metal catalysts, toxic organics and strong acids were needed 

during the synthesis, which would cause pollution. PHA obtained from chemical 

polymerization usually has low molecular weight, which is another problem needed to 

be overcome. 

2.3 Extraction of intracellular PHA  

Since microbially produced PHA is stored inside cells, it needs to be extracted 

from biomass and then purified. This step is one of the major obstacles for the broad 

application and commercialization of PHA because extraction and purification require 

solvents and energy input. Using large amount of solvents not only increase the cost of 

recovering PHA from biomass, but also cause PHA degradation during the dissolution 

and precipitation processes. Moreover, the used solvents need to be treated and 

disposed of properly since most of the solvents are toxic and detrimental to the 

environment. The high energy input in this step also increases the cost of producing 

PHA (Rodriguez-Perez et al., 2018). It was reported that more than 50% of PHA 

production cost was attributed to the extraction and purification steps (López-

Abelairas et al., 2015). This section summarizes the most common extraction 

techniques currently applied in PHA recovery. 

Intracellular PHA is extracted from bacteria cells by two different approaches: 

1) solubilizing PHA by selective solvents; 2) solubilizing cellular materials 

surrounding PHA by chemicals. In practical applications, the two approaches are 

usually used together to achieve high recovery rate and high purity of PHA. Approach 

1 is usually carried out by organic solvent extraction. The selected organic solvents 

dissolve PHA, but not the other intracellular materials. Chlorinated solvents, such as 
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chloroform, dichloromethane, trichloroethane and methyl chloride, are excellent 

solvents for PHA dissolution (Mannina et al., 2020). Other organic solvents, such as 

propylene carbonate, acetone, tetrahydrofuran and ethylene carbonate, are also 

frequently used solvents for PHA extraction (Kumar et al., 2020). After PHAs are 

dissolved in solvents, an alcohol (usually chilled methanol or ethanol) is subsequently 

applied to precipitate the dissolved PHAs. This organic solvent extraction method 

usually achieves high PHA recovery rate and high purity. Colombo et al. (2020) 

reported a recovery rate of 63.5% using chloroform as the solvent. Samorì et al. (2015) 

used dimethyl carbonate as solvent and recovered 63% PHA from mixed culture with 

a purity of 98% without pretreatment. However, using organic solvents is harmful to 

the environment and inefficient. The quantity of required solvent is usually over ten 

times higher than that of recovered PHA (Koller et al., 2013).  

Approach 2 involves using chemical or biological methods to digest cellular 

materials without solubilizing PHA. Various chemicals, such as acids, alkalis, 

oxidants, surfactants, and enzymes can degrade cellular materials. All these chemicals 

react with polypeptides or lipids on the cell surface to lyse bacterial cells for PHA 

release. This process solubilizes most of the cellular materials, while PHA remain in 

solid granules. Solid PHA granules can be separated from the liquid phase and 

purified. López-Abelairas et al. (2015) compared three common chemicals: sulfuric 

acid, sodium hydroxide and sodium hypochlorite and found that sulfuric acid yielded 

the highest recovery rate and purity of PHA at 79% and 98%, respectively. Sodium 

hydroxide provided comparable recovery rate but lower purity. Sodium hypochlorite 

digestion recovered 57% of PHA with 98% purity, but this process had the greatest 

negative environment impact in terms of greenhouse gas emission. Among the three 
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digestion chemicals, the least PHA degradation was observed under acidic condition. 

Overall, acid, alkali, and oxidant digestions are considered as green extraction 

methods compared to organic solvent extraction, but operational conditions, such as 

temperature and chemical concentration, need to be strictly controlled for optimum 

performance. 

Enzyme digestion is another option for cell lysis during PHA extraction 

because of its high efficiency. Lakshman and Shamala (2006) used enzymes from 

Microbispora sp. followed by chloroform extraction to recover PHA produced by 

Sinorhizobium meliloti. The maximum recovery rate and purity were 49% and 94%, 

respectively. Similarly, Israni et al. (2018) applied a co-culture of Streptomyces albus 

and Bacillus megaterium to extract PHA. The lytic enzymes produced by 

Streptomyces albus facilitated the efficient recovery of PHA produced by Bacillus 

megaterium. The final yield rate was 0.55g PHA/g dry cell mass. Although enzyme 

digestion is highly efficient, the digestion conditions, such as temperature and pH, 

need to be properly controlled to prevent denaturation of enzymes. In addition, 

enzyme digestion is expensive in large-scaled applications, which limits its 

widespread adoption (Mannina et al., 2020). Surfactants, such as sodium dodecyl 

sulphate (SDS), are frequently used in PHA extraction. Jiang et al. (2015) used SDS 

treatment along with sodium hydroxide digestion and achieved a 91% PHA recovery 

rate and 99.1% purity. A combination of SDS treatment and sodium hypochlorite 

digestion also resulted in 78.7% recovery rate and purity no less than 83.29% 

(Marudkla et al., 2018). However, a large usage of surfactants for the PHA recovery 

process leads to secondary problems due to the difficulties in recovering used 

surfactants (Kunasundari & Sudesh, 2011). A biological method using Tenebrio 
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molitor to digest cellular materials was also reported in the literature (Murugan et al., 

2016; Ong et al., 2018). Tenebrio molitor is a type of insect that can digest biomass 

but not PHA. By feeding PHA-containing biomass to Tenebrio molitor, undigested 

PHA granules can be recovered from the excreta of the insect. Additional purification 

resulted in 100% pure PHA (Murugan et al., 2016). Ong et al. (2018) also reported a 

recovery of PHA with purity greater than 90% using the same insect digestion method. 

2.4 Common filamentous bacteria in activated sludge 

Bulking is a common occurrence and a serious problem in the WWTPs. Once 

bulking happens, gravity separation failure in the secondary clarifier will occur, which 

results in activated sludge directly discharging into the natural water system. It was 

reported that more than 50% of WWTPs around the world had periodic bulking 

(Noutsopoulos et al., 2007). Bulking is caused by a sudden and excessive growth of 

filamentous bacteria. Therefore, this group of microorganisms are usually treated as 

unwelcomed bacteria in the WWTPs. Research in the recent several decades of 

filamentous bacteria mainly focused on their morphology and metabolism for the 

purpose of identification and controlling growth, without realizing the potential good 

mechanical properties of them. 

The formation of large activated sludge flocs required two steps: 1) 

filamentous bacteria interacted with each other and formed backbones of sludge flocs; 

2) other floc-forming bacteria attached on the filamentous backbones by their 

extracellular polymeric substances (EPSs) and grew (Cenens et al., 2000; Sezgin et al., 

1978). Filamentous bacteria are the essential reinforcements of a stable and robust 

large sludge floc, which indicated better mechanical properties than those of floc-

forming bacteria. As many as 30 kinds of filamentous bacteria were reported existing 
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in WWTPs (Nielsen et al., 2009). According to a survey, some common filamentous 

bacteria in the U.S. WWTPs were Sphaerotilus natans (S. natans), type 021N, 

Thiothrix spp., and Beggiatoa spp. (Jenkins et al., 1993). 

S. natans plays an important role in biofilm development (Galván et al., 2002). 

It is a Gram negative bacteria with diameter from 1-2 µm and 100-1000 µm in length 

(Jenkins et al., 2003). Gridneva et al. (2011) reported that the optimal temperature and 

pH for S. natans growth were 25-32℃ and 6.5-7.5, respectively. Multiple studies have 

shown that low dissolved oxygen (DO) is a main inducement of S. natans growth 

(Gaval & Pernelle, 2003; Seder-Colomina et al., 2015). S. natans is a kind of 

heterotrophic bacteria, which uses a great variety of simple organics as its energy 

source (Gridneva et al., 2011; Pellegrin et al., 1999). It was also capable to oxidize 

iron and deposit iron oxides in its sheath, which helped maintain a firm structure of 

filaments and protect itself from predation and UV radiation (Glasauer et al., 2022; 

Seder-Colomina et al., 2014). 

Type 021N, Thiothrix spp. and Beggiatoa spp. are a group of colorless 

sulphur-oxidizing filamentous bacteria (Nielsen et al., 2000). Their Gram and Neisser 

staining results are all negative. Type 021N is the longest bacteria in this group with 

length range from 100-1000 µm, while length of Thiothrix spp. and Beggiatoa spp. fall 

in 50-500 µm range (Jenkins et al., 2003). The diameter of three bacteria are from 0.7-

3 µm (Jenkins et al., 2003).  

There are many specific factors influencing the growth of filamentous bacteria, 

including DO, nutrient concentration, pH, and nature of organic substrates. Based on 

the growth conditions of filamentous bacteria, they were divided into four groups in 

Table 2.5 (Jenkins et al., 2003; Wanner & Grau, 1989).  
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2.5 Modification of PHA 

Properties of a single polymer do not meet all the application requirements. 

Thus, modifying properties of polymers, using physical, chemical, or biological 

methods, are necessary to expand polymer applications. In this section, the methods to 

modify mechanical properties of PHA will be summarized. 

2.5.1 Physical modification of PHA 

Physical modification is the most common method of improving mechanical 

properties of PHA due to its effectivity and low cost (Sharma et al., 2021). In this 

method, selected materials are blended with PHAs to modify their mechanical 

properties. 

2.5.1.1 Blending with other polymers 

Blending PHA with other natural or synthetic polymers is a commonly 

technique to improve mechanical properties of PHA. Although some materials require 

chemical treatment during blending processes, blending is still classified as physical 

modification because the structure of PHA is not modified. The advantage of blending 

is that the added materials, such as polylactic acid, are inexpensive and readily 

available. Moreover, blending does not require aggressive chemicals, and properties of 

final products can be predicted from the parents materials (Raza et al., 2020). Table 

2.6 summarizes the improved properties of different PHA blends. 

In addition, PHA can be blended with many other natural polymers (chitosan, 

chitin, starch, and lignin) and synthetic polymers (polyvinyl acetate, polyvinyl phenol, 

polyethylene oxide, and polypropylene carbonate). Most of these combinations 

reported in the literature focused on the miscibility between two polymers, as well as 

biocompatibility, biodegradability, water and gas permeability, and UV resistivity of 
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the final products. Changes in melting temperature, glass transition temperature, and 

crystallinity are also commonly discussed factors (Sharma et al., 2021). However, 

changes in mechanical properties after blending are not commonly studied. Generally, 

PHA blending got improvements in tensile and impact properties compared to pure 

PHA. Good miscibility between two polymers was concluded as prerequisite of better 

adhesion and better mechanical properties of blending products. However, Ivorra-

Martinez et al. (2020) found that 40 wt.% polycaprolactone addition into 

poly(hydroxybutyrate-co-hydroxyhexanoate) (PHBH) resulted in 200% increase in 

impact resistance and 33 times increase in elongation at break, although 

polycaprolactone and PHBH were immiscible. This indicated that the improvements in 

mechanical properties should be attributed to change in degree of crystallinity during 

blending. Research from Aldam et al. (2020) also supported this conclusion. 

2.5.1.2 Fiber-reinforced composite material 

Mechanical properties of PHA can be enhanced by mixing with fibers to create 

composite materials. A composite material is made from two or more constituents, one 

being the matrix and another being the reinforcement, which together provide 

properties that are superior to either of the individual component material. While PHA 

serves as the matrix, it needs reinforcement to improve its mechanical properties. 

Generally, some mechanical properties of polymer, such as elastic modulus and tensile 

strength, will be improved after fiber reinforcement (Erhard, 2006).  

Fiber-reinforced polymer (FRP) composite materials were initially developed 

as very strong, lightweight materials for the aerospace and defense industries. 

Conventional FRP composite materials mostly use synthetic fibers, such as glass and 

carbon fibers, as reinforcement agents, while the recent trend is moving from synthetic 
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fibers to natural fibers, such as wood and flax fibers. Compared to synthetic fibers, 

natural fibers are environmentally friendly and inexpensive without compromising 

mechanical properties to synthetic fibers (Pickering et al., 2016; Sanjay et al., 2018). 

A drawback of fiber reinforcements is that they usually have low affinity with PHA at 

their interface, resulting in poor mechanical properties of final products. Therefore, 

natural fibers usually need to be treated with coupling agents to achieve better 

adhesion with PHA. Table 2.7 summarizes recent research on composites with PHA as 

the matrix and natural fibers as reinforcements. Currently, animal-based fiber 

reinforcement is not reported in the literature to the best of our knowledge. 

2.5.1.3 PHA blends with nano materials 

Applying PHA with nanoparticle is another method to alter PHA properties. In 

this method, PHA is either blended with nano-sized materials or reinforced with 

nanofibers to get improved properties. 

The most common inorganic nanomaterials in PHA blending are graphene or 

carbon nanotubes and clay or silica nanoparticle. Lemes et al. (2019) reported that 

PHBV/multi-walled carbon nanotube composite fabricated by solvent casting 

increased tensile modulus and tensile strength by 150% with 1.5 wt.% of multi-walled 

carbon nanotube addition. Ajmal et al. (2018) fabricated a nanocomposite combining 

PHBV, polyethylene glycol (PEG) and sepiolite by solvent casting. Tensile strength 

and elastic modulus of this nanocomposite increased approximately 5.6 and 15 times, 

respectively, with 18 wt.% PEG and 3 wt.% sepiolite addition. García-Quiles et al. 

(2019) also studied a PHA/sepiolite nanocomposite manufactured by extrusion 

moulding. Mechanical test results showed much improved mechanical properties with 

this combination. A biodegradable nanocomposite combining PHBV and nano silicon 
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dioxide was fabricated by solvent casting (Ojha & Das, 2020). Compared to the 

original PHBV, the nanocomposite with 1.5 wt.% of nano silicon dioxide had 3.4 

times higher Young’s modulus and 12 times higher tensile strength. Besides, the 

improvement in impact strength of this nanocomposite was also observed. PHA has 

also been blended with organic nanocrystals, such as nanocellulose (Panaitescu et al., 

2018, 2020). Panaitescu et al. (2018) reported 21% higher tensile strength and 19% 

higher storage modulus from PHB/nanocellulose blending. By blending PHBV and 

nanocellulose using melt mixing, Panaitescu et al. (2020) observed a 1.7-3 times 

higher deformation capacity of the final product.  

Nanofibers can also reinforce PHA. Valentini et al. (2019) used 0.5 wt.% of 

fibrillated nanocellulose to reinforce PHBH. The composite fabricated by melt 

extrusion showed an increase in elastic modulus of 1.4 times. Rivera-Briso et al. (2020) 

increased the compression modulus of the PHBV composite by 125% using 1 wt.% of 

nanocarbon fiber as the reinforcing agent. Overall, fiber loading of nanofibers is less 

than that of macro-sized fibers. This is because nanofibers have larger specific surface 

area and better dispersion in the polymer matrix.  

Physical modification of PHA usually requires high temperature processing, 

such as PHA melting during injection moulding and melt mixing. However, random 

chain scission and cis-elimination under high temperature is unavoidable and will 

cause molecular weight loss, which weakens the toughness of PHA (Montano-Herrera 

et al., 2014; Wang et al., 2016). Therefore, temperature during PHA melting should be 

carefully controlled. Xiang et al. (2016) studied the relationship between PHBV 

molecular weight loss and temperature. Their results revealed that the molecular 

weight of neat PHBV decreased 80% when rising temperature from 180 ℃ to 230 ℃. 
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Kaygusuz and Özerinç (2019) also reported an extremely low elongation at break 

when 3D printing temperature over 260 ℃ due to PHA degradation starting from 

240 ℃. This suggested that PHA melting process should be short and temperature 

should be controlled as low as possible. 

2.5.2 Chemical modification of PHA 

The properties of PHA can be modified by changing its molecular structure. 

This is usually achieved by adding functional groups or other polymers onto the PHA 

chain. Carboxyl, hydroxyl, halogen atoms, and epoxy groups are the most common 

functional groups added to modify PHA. Ashby et al. (2000) converted 37% side-

chain olefinic groups on linseed oil based PHA to epoxy groups. This change in 

molecular structure increased tensile strength and Young’s modulus 330% and 3858%, 

respectively. Attaching other polymers, such as ethyl cellulose, onto a PHA chain, 

which is called grafting, can also alter thermal and mechanical properties of the 

original PHA. Iqbal et al. (2014) grafted ethyl cellulose onto PHB by using laccase. 

The tensile strength and elongation at break increased to 68.3MPa and 13.2%, 

respectively, due to hydrogen-bonding between PHB and ethyl cellulose. Most studies 

on chemical modifications focused on change of hydrophilicity, thermal stability, and 

crystallinity of PHAs (Raza et al., 2018). Few of them reported changes in mechanical 

properties. Although PHA chemical modification is widely used to expand 

applications of PHA, a drawback of this method is that it usually requires strict 

reaction conditions such as temperature and concentrated chemicals (Sharma et al., 

2021). 



 

 29

2.5.3 Biological modification of PHA 

Different PHA homopolymers exhibit diverse mechanical properties. The 

elastic modulus of different PHA homopolymers ranges from 2 MPa (mcl-PHA) to 3.5 

GPa (scl-PHA). Elongation at break of PHA homopolymers falls into the range of 0.4% 

(P3HB) to 1000% (P4HB). Similarly, the tensile strength of PHA varies from 0.9 MPa 

to 190 MPa (M. Singh et al., 2015). Therefore, copolymers of PHA with multiple 

monomer contents will have different mechanical properties. Both mixed culture and 

pure culture can spontaneously produce PHA copolymers by using appropriate 

bacteria stains and feedstocks (Ray & Kalia, 2017b). Rebocho et al. (2020) used a co-

culture of Cupriavidus necator DSM 428 and Pseudomonas citronellolis NRRL B-

2504 to produce PHA that consisted of 48 wt.% of PHB and 52 wt.% of mcl-PHAs. 

The mechanical tests showed that this copolymer exhibited greater deformation 

capacity than homopolymers. Munir and Jamil (2018) observed a high production rate 

of PHBV from the co-culture of ST2 (Pseudomonas sp.) and CS8 (Bacillus sp.) that 

were fed with propionic acid and glucose. Similarly, a mixture of acetic acid and 

propionic acid as the feedstock also resulted in high amount of PHBV by using mixed 

culture fermentation (Munir & Jamil, 2020). Their research revealed that the usage of 

propionic acid is directly associated with the production of PHV. Other research which 

studied producing PHA copolymers by different feedstocks in mixed culture 

fermentation were also summarized in Table 2.4. 

Pure culture fermentation can also produce copolymers of PHA by varying 

feeding compositions. Ray and Kalia (2017a) recovered multiple copolymers of PHA, 

such as poly(hydroxyoctanoate-co-dodecanoate) (PHOD) and poly(hydroxyhexanoate-

co-hydroxydodecanoate) (PHHD), from pure culture of Bacillus thuringiensis EGU45 

by feeding different combinations of glycerol, glucose, and propionic acid. Bacillus 
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spp. was able to produce PHBV by uptake glucose and propionic acid (Reddy et al., 

2009; Reddy et al., 2009), glucose and valerate (Tajima et al., 2003), glucose and pea 

shell slurry (Kumar et al., 2014). Xu et al. (2021) reported PHA copolymers 

production from Pseudomonas putida KT2440 by feeding a combination of lignin 

derivatives and glycerol. Cupriavidus necator family was widely reported to produce 

PHBV by feeding fatty acid methyl ester and valeric acid (Bhubalan et al., 2008), 

glycerol, sunflower meal and levulinic acid (Kachrimanidou et al., 2014), crude 

glycerol and rapeseed meal (García et al., 2013). Bhubalan et al. (2008) also reported 

terpolymer poly(hydroxybutyrate-co-hydroxyvalerate-co-hydroxyhexanoate) (PHBVH) 

as fermentation product by Cupriavidus necator H16 using palm kernel oil and valeric 

acid as the feedstock (Bhubalan et al., 2008). The advantage of biological modification 

is that PHA copolymers with better mechanical properties are naturally produced in 

biomass without downstream processing, such as blending. 

2.6 Applications of PHA 

PHA has been found as suitable material for various industrial applications 

because of its biodegradation, biocompatibility, and mechanical properties. It has been 

applied in medicine, agriculture, and packaging industries. 

Because PHA has no cytotoxicity and can be biodegraded, it is a suitable 

material for antimicrobials, drug carriers, tissue engineering, and nontoxic implants. 

The presence of PHB restricting growth of pathogenic bacteria is an attractive 

phenomenon. PHB was reported to inhibit the growth of Vibrio campbellii LMG21363 

(Defoirdt et al., 2007), Escherichia coli and Salmonella spp. (Defoirdt et al., 2009). 

Thus, PHB could be used to lower infection risk. The controlled release of medicine 

against cancer and pathogenic bacteria can be achieved by using PHA as medicine 
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carrier for its slow biodegradation (Kalia et al., 2019). Kehail and Brigham (2018) 

reported that PHBH could decrease the growth rate of Rhodococcus opacus PD630 by 

9% when binding with lysozyme. The biocide treated PHBV nanofibers was used as 

biocontrol agent and proved to be 98.9% effective in inhibiting P. aeruginosa PA01 

growth (Li et al., 2020). It was also reported that PHA based medicine delivery 

carriers were effective in treating multiple diseases including melanoma (Jiang et al., 

2019), colon cancer (Kwon et al., 2014), ovarian cancer (Vilos et al., 2013) and 

diabetes (Chaturvedi et al., 2015). PHA can also regulate cell proliferation, 

differentiation, and apoptosis by interacting with integrins (Wang et al., 2013). 

Therefore, PHA has been widely used in tissue engineering, such as helping 

regenerate intestinal, cardiac, vascular, osseous, and neural tissues (Kalia et al., 2021; 

Ray et al., 2019). Rai (2017) has successfully used PHBV, PHBH and PHBVH to help 

HaCaT human keratinocytes proliferation. The promotion of mesenchymal stem cell 

differentiation by hydroxylated PHBV and PHBH was helpful in osteogenesis and 

memory improvement (Krishnan et al., 2021; Surmenev et al., 2019; Zhang et al., 

2013). PHA-based materials were favorable as human implants, because they could 

reduce inflammatory response by reducing proinflammatory cytokine secretion (Kalia 

et al., 2021). PHA-based scaffolds were reported as excellent human implants in 

accelerating wounds healing while resisting infection (Lim et al., 2017; Mukheem et 

al., 2018; Ray et al., 2019).  

Similarly, PHA is also applied in agriculture as the carrier of agrochemicals. 

Fertilizers or pesticides are bound with PHA to achieve steady and slow release. 

Murugan et al. (2020) observed higher oil palm growth with a PHA controlled-release 

fertilizer than that with an immediate-release fertilizer. This result indicated that PHA 
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controlled-release fertilizer was better for promoting plant growth. Volova et al. (2020) 

examined controlled-release formulations of herbicides and fungicides embedded in 

PHA. Their results showed that binding herbicides and fungicides with PHA 

prolonged herbicidal effects and antifungal activities of the parent compounds. PHA is 

also successfully used for long-term preservation of cells and seeds. González et al. 

(2020) investigated the possibility of preserving Pseudomonas putida KT2440 by 

PHA encapsulation. Bacteria remained viable under various hostile conditions, such as 

alkaline solution and hydrogen peroxide exposure, suggesting that PHA encapsulation 

may provide good protection against harsh conditions. 

Biodegradation of PHA makes them suitable for many single-use products, 

such as packaging film, plant pots, and plastic tableware (Meereboer et al., 2020). 

PHA-coated cellulose nanopaper was reported to have lower oxygen permeability and 

higher hydrophobicity than that of cellulose nanopaper without PHA coating (Urbina 

et al., 2019). Keskin et al. (2017) reported that biodegradable PHA composites 

exhibited sufficient gas barrier properties to be potential substitutes for petroleum-

based polymers, thus making them a promising material in the packaging industry. 

Other than using whole PHA, PHA depolymerization products and their 

derivatives can be valuable materials as well. Producing n-Butanol, which is liquid 

fuel, from P3HB thermolysis products was studied by Schweitzer et al. (2015). Gene 

modified switchgrass containing P3HB was pyrolyzed to get crotonic acid. This acid 

was converted to n-Butanol via esterification and hydrogenation under 400 psi and 

200 ℃ with cupric oxide based catalyst. Similarly, crotonic acid, as the P3HB 

pyrolysis product, can be converted to propylene and maleic anhydride via 

decarboxylation (Peterson & Fischer, 2010) and oxygenation (Somleva et al., 2013), 
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respectively. The variety of PHA monomers and derivatives allows further expansion 

of PHA applications. For example, medium chain length 3HAs were reported to have 

good antibacterial ability against Salmonella typhimurium, Listeria monocytogenes, 

and E. coli O157:H7 (Kalia et al., 2021). 3HB was reported to activate and help 

proliferation L929 murine fibroblasts and HaCaT human keratinocytes (Pramanik et 

al., 2016). One derivative of 3-hydroxybutyrate, which named 3-hydroxybutyrate 

methyl ester, was used as substitution for glucose in treating hypoglycemia (Kalia et 

al., 2021). Both 3-hydroxybutyrate and 3-hydroxybutyrate methyl ester were reported 

to inhibit the development of mice osteoporosis (Cao et al., 2014). This derivative was 

also found to treat Alzheimer’s disease by inhibiting cell apoptosis (Zhang et al., 

2013). 
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Table 2.1. Summarization of common PHAs 

N value R group Name Abbreviation 
1 Methyl Poly(3-hydroxybutyrate) P(3HB) 
 Ethyl Poly(3-hydroxyvalerate) P(3HV) 
 Propyl Poly(3-hydroxyhexanoate) P(3HH) 
 Pentyl Poly(3-hydroxyoctanoate) P(3HO) 
 Nonyl Poly(3-hydroxydodecanoate) P(3HD) 
2 Hydrogen Poly(4-hydroxybutyrate) P(4HB) 
 Methyl Poly(4-hydroxyvalerate) P(4HV) 
3 Hydrogen Poly(5-hydroxyvalerate) P(5HV) 
 Methyl Poly(5-hydroxyhexanoate) P(5HH) 
4 Hexyl Poly(6-hydroxydodecanoate) P(6HD) 
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Table 2.5. Common filamentous bacteria and their features 

 Microorganisms Features 

Group 1 
Low DO aerobic zone 
growers 

Sphaerotilus natans 
Readily metabolizable 
substrates  

type 1701 Low DO 
Haliscomenobacter 
hydrossis 

Wide MCRT range 

   

Group 2 
Mixotrophic aerobic 
zone growers 

type 021N 
Readily metabolizable 
substrates  

Thiothrix spp. Moderate to high MCRT 

 Sulfide oxidizing 
microorganisms 

 Grow under nutrient 
deficiency 

   

Group 3 
Other aerobic zone 
growers 

type 1851 
Readily metabolizable 
substrates  

Nostocoida limicola spp. Moderate to high MCRT 
   

Group 4 
Aerobic, anoxic, 
anaerobic zone 
growers 

type 0041 
Grow in aerobic, anoxic, 
and anaerobic systems 

type 0675 High MCRT 

type 0092 
Possible growth on 
hydrolysis products of 
particulates 

Microthrix parvicella  

MCRT: mean cell residence time 
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Table 2.6. Different PHA blending combinations and their improved properties 

Blended material 
Blending 
techniques 

Improved properties Reference 

PHA/ polylactic 
acid 

3D printing and 
injection 
moulding 

Impact strength and 
notched impact 
strength 

(Ecker et al., 2019) 

PHA/ polylactic 
acid 

Melt-mixing Elongation at break 
(Kaygusuz & 
Özerinç, 2019) 

PHA/ polylactic 
acid 

Injection 
moulding 

Impact strength (Burzic et al., 2019) 

PHA/ cellulose 
acetate 

Solvent casting Tensile strength 
(Aldam et al., 
2020) 

PHA/ 
hydroxypropyl 
distarch 
phosphate 

Solvent casting Tensile strength (Sun et al., 2017) 

PHBV/ natural 
rubber 

Reactive 
extrusion 

Notched impact 
strength and 
elongation at break 

(Zhao et al., 2019b) 

PHBV/ 
polylactic acid 

- Tensile strength (Zhao et al., 2019a) 

PHB/ 
polyethylene 
glycol 

Solvent casting Elongation at break 
(Ansari & Fatma, 
2018) 

PHAs/ 
polybutylene 
succinate/ 
polycaprolactone 

Melt mixing 
Tensile strength and 
elongation at break 

(Nishida et al., 
2019) 

PHBH/ 
polycaprolactone 

Extrusion 
followed by 
injection 
moulding 

Impact strength and 
elongation at break 

(Ivorra-Martinez et 
al., 2020)  
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(a) 

 
(b) 

 
(c) 

Figure 2.1. General PHAs formula, where m is degree of polymerization. (a) General 
chemical formula of PHAs, (b) General chemical formula of PHA 
bipolymers, (c) General chemical formula of PHA terpolymers. 
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Figure 2.2. Accumulation and consumption of intracellular PHA during feast and 
famine conditions.
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FABRICATION OF BIOCOMPOSITE MATERIALS FROM ACTIVATED 
SLUDGE: FILAMENTOUS BACTERIA REINFORCED 

POLYHYDROXYALKANOATES 

Abstract 

Biocomposite materials with a commercial Poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) as matrix and filamentous bacteria as reinforcement were 

fabricated by melt extrusion and 3D printing in this chapter. Filamentous bacteria were 

cultivated and enriched in a laboratory membrane bioreactor. The thermal properties 

of PHBV and filamentous bacteria were evaluated by differential scanning calorimetry 

and thermogravimetric analysis. The results suggested that the processing temperature 

of these composite materials should be around 185 ℃ to minimize thermal 

degradation of both PHBV and filamentous bacteria. Tensile properties (e.g., tensile 

strength, elongation at break, and tensile modulus) and notched impact strength of 

composites with different fiber contents were also evaluated. The results showed that 

tensile modulus and notched impact strength of the composite with 20 wt.% fiber 

content (mass basis) increased 12 % and 95 %, respectively. Tensile strength and 

elongation at break of the same 20 % composite deteriorated less than those of plant-

based fiber reinforced PHBV at similar fiber content. This chapter demonstrated that 

filamentous bacteria growing in wastewater treatment systems may be used as 

reinforcement agents for biocomposite materials. 

Chapter 3
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3.1 Introduction 

Due to increasing interest for sustainable materials based on biorenewable 

resources, polyhydroxyalkanoates (PHAs)-based composite materials have attracted 

significant interest due to their potential biodegradability and environmental benefits. 

PHAs are bio-synthesized polyesters, which share similar properties with many 

petroleum-based plastics such as polyethylene (PE) and polypropylene (PP) (McAdam 

et al., 2020). Properties of PHAs also include nontoxicity, biocompatibility, water 

insolubility, and oxygen impenetrability (Vu et al., 2020). Moreover, PHAs have 

various production sources as more than 300 species of bacteria and several transgenic 

plants have been reported to produce PHAs (Dobrogojski et al., 2018; Kosseva and 

Rusbandi, 2018). PHAs have been widely used in pharmaceutical, agriculture, and 

packaging industries (Anjum et al., 2016) due to their biodegradable properties.  

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a PHA copolymer, 

and is stiff, brittle, and thermally unstable during processing, which limits its 

commercial use (Chen & Wang, 2002; Pilla, 2011). Thus, improving mechanical 

properties of PHBV is required for its application in many high volume industries 

(Sharma et al., 2021). Many studies over the last several decades revealed that the 

addition of fibers could improve the mechanical properties of PHBV (BanLaanen, 

1995; Singh et al., 2008; Srubar et al., 2012; Zhao et al., 2021). Thus far, many types 

of natural plant-based fibers, such as agave fiber (Torres-Tello et al., 2017), flax fiber 

(Barkoula et al., 2010), bamboo fiber (S. Singh et al., 2008), and wood fiber (Singh 

and Mohanty, 2007; Vandi et al., 2019), have been successfully used as reinforcement 

agents of PHBV.  

Torres-Tello et al. (2017) reported that the tensile modulus and impact strength 

of PHBV were increased by 50% and 66%, respectively, with an addition of 30 wt.% 
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agave fiber. Barkoula et al. (2010) observed that both tensile modulus and impact 

strength of flax fiber reinforced biocomposite (40% flax fiber) increased by greater 

than 300% over that of neat PHBV. Vandi et al. (2019) compared the performance of 

wood fiber reinforced PHBV to neat PHBV. The results showed a 57% increase in the 

tensile modulus with the wood fiber reinforcement. Singh et al. (2008) reported on the 

mechanical properties of biocomposites manufactured using PHBV and bamboo fiber. 

The tensile modulus of the PHBV composite increased with bamboo fiber loading. 

Bledzki and Jaskiewicz (2010) compared the performance of PHBV composites 

reinforced with jute and abaca fibers. Their results showed a significant increase in the 

tensile modulus and tensile strength with the addition of the fiber reinforcement. 

Miller et al. (2013) reported on a life-cycle assessment of the production of PHBV and 

natural fiber composites to study the environmental impacts and potential 

improvements to the production process. They concluded that the greatest 

improvements in manufacturing the composites would come from the reduction of 

steam energy use in the polymer production, and the replacement of highly refined 

fiber with a reinforcement that requires less processing. The work reported in this 

chapter addresses both of these issues. 

In activated sludge treatment plants, a sudden and excessive growth of 

filamentous microorganisms is a common occurrence, and this phenomenon is known 

to cause a solids separation problem called “bulking”. It was reported that more than 

50% of wastewater treatment plants around the world experienced periodic bulking 

problems (Noutsopoulos et al., 2007). As many as 30 different filamentous strains 

have been reported from various activated sludge treatment plants (Nielsen et al., 
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2009). Some of common filamentous bacteria in the U.S. include Sphaerotilus natans 

(S. natans), type 021N, Thiothrix spp., and Beggiatoa spp. (Jenkins et al., 2003).  

Diameters of these filamentous bacteria range from 0.5 m to 3 m and some 

of them can grow to a length of 1000 m. These dimensions are comparable to some 

of the nanofibers (Khalil et al., 2012) and wood flours being used as reinforcing agents 

in the fabrication of biocomposites. Facca et al. (2006) pointed out that fiber 

reinforcement with longer length and smaller diameter fibers were predicted to give 

composite materials better elastic and tensile performance. The large length-to-

diameter ratio of filamentous bacteria makes them promising fiber reinforcements and 

will potentially give PHBV more favorable mechanical properties. Thus, the 

filamentous bacteria strains present in the activated sludge may be suitable as a 

reinforcement for the composite material.  

This chapter aims to fabricate all-natural composite material with PHBV as 

matrix and filamentous bacteria as fiber reinforcement. A membrane bioreactor was 

constructed to select and enrich a filamentous bacteria predominant culture. The 

thermal, and mechanical properties of neat PHBV and the biocomposite were 

evaluated in this chapter. 

3.2 Materials and Methods 

3.2.1 Materials 

3.2.1.1 PHBV as matrix 

The PHBV pellets (0.9% polyhydroxyvalerate) were purchased from Tianan 

Biologic Materials (Ningbo, China). The pellets contain 1% boron nitride, 0.5% 

antioxidant 1010 (CAS No.: 6683-19-8), and 0.1% maleic anhydride as additives.  
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3.2.1.2 Microorganisms 

Activated sludge cultures used to enrich filamentous bacteria were established 

in a bench-scale membrane bioreactor (MBR) on a synthetic wastewater. The 3-L 

MBR was constructed with a cylindrical acrylic tube, and initially seeded with the 

recycle sludge from a local municipal wastewater treatment plant. 

An initial total suspended solid (TSS) concentration of 2000 mg/L was used. 

The reactor content was continuously stirred with a paddle mixer at 400 rpm. The 

dissolved oxygen (DO) concentration in the MBR was maintained at 1.5 ± 0.2 mg/L 

with porous stone diffusers connected to an air pump. The pH of the reactor content 

was maintained at 7.0 ± 0.5 using 0.1 M sulfuric acid or 0.1 M sodium hydroxide 

solutions. The synthetic influent wastewater contained of 100 mg/L of glucose, 

30mg/L of glycine, 150 mg/L of sodium acetate trihydrate, 20 mg/L yeast exact, 2 

mg/L of ammonium chloride, 2 mg/L of potassium phosphate monobasic, 40 mg/L of 

sodium thiosulfate, 10 mg/L of sodium sulfhydrate, 50 mg/L of sodium lactate, 10 

mg/L of calcium chloride dihydrate, 0.2 mg/L of ferric chloride hexahydrate, 1 mg/L 

of magnesium sulfate heptahydrate, 0.385 mg/L of manganese chloride and 0.01 mg/L 

of sodium molybdate dihydrate. The hydraulic retention time (HRT) and mean cell 

residence time (MCRT) were maintained at 12 hours and 25 days, respectively. A 

constant MCRT was maintained by daily batch wasting of mixed liquor from the MBR. 

The sludge volume index (SVI) of the mixed liquor was measured weekly to monitor 

the proliferation of filamentous bacteria. Mixed liquor samples from the MBR were 

periodically examined under optical microscope to check for the presence of 

filamentous bacteria growth.  

Operation of the MBR was monitored by measuring soluble chemical oxygen 

demand (COD) values of the influent and effluent, mixed liquor suspended solids 
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(MLSS), mixed liquor volatile suspended solids (MLVSS), pH, and dissolved oxygen 

(DO) in the MBR. Soluble COD were determined using a spectrophotometer (DR 

5000, Hach Company, Loveland, CO. USA) measuring COD of filtrate through a 

glass fiber filter (GF-A Glass Microfiber Filters, Whatman). MLSS and MLVSS were 

determined according to Standard Methods (Vinet & Zhedanov, 2011). Dissolved 

oxygen (DO) concentration was measured using a DO probe and a YSI DO meter 

(Yellow Springs, OH, USA). pH was measured using an electrode and Cole-Palmer 

pH meter (East Bunker Court Vernon Hills, IL, USA) (Maeng & Cha, 2017). 

The MBR was operated for 27 months. The sludge containing filamentous 

bacteria was collected daily from the MBR. The collected sludge was centrifuged, and 

the supernatant was decanted. The sludge pellet was then freeze dried for 72 hours. A 

ball mill (JC-QM-2, Jvchuang Group Co., Ltd) with 3 mm Zirconia balls was used to 

grinded activated sludge into fine power for composite fabrication (Kumar et al., 

2018). The freeze-dried pellet was ground in the ball mill for 10 minutes, and the dry 

sludge power was collected for subsequent thermal assessment and composite 

fabrication. 

3.2.2 Material thermal properties 

3.2.2.1 Differential scanning calorimetry 

The thermal properties of the PHBV samples were examined using a 

differential scanning calorimeter (Q2000, TA Instruments, New Castle, DE, USA) 

under a constant nitrogen flow rate of 50 mL/min. The differential scanning 

calorimetry (DSC) test was conducted by using a heat-cool-heat method. A 10-mg 

polymer sample was first heated from -60 ℃ to 200 ℃ at 10 ℃/min and kept 
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isothermal for 3 minutes. The sample was then cooled back to -60 ℃ and held 

isothermal for 3 minutes before reheating. The crystallization temperature (Tc) and 

entropy of crystallization were determined during the cooling cycle. The sample was 

heated to 200 ℃ again in the reheating cycle to determine the melting temperature (Tm) 

and entropy of melting. 

3.2.2.2 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was performed using a Hitachi STA 7200 

thermogravimetric analyzer (Hitachi High-Tech Science Corp., Tokyo, Japan). The 

TGA tests were conducted with PHBV (10 mg) and a sludge sample containing 

filamentous bacteria (5 mg). Both samples were heated from room temperature to 800 ℃ 

at a heating rate of 10 ℃/min under an argon atmosphere. 

3.2.3 Composite material fabrication 

Specimens of composite materials were fabricated by an extrusion-3D printing 

technique. The PHBV and freeze-dried sludge pellets were dried in an oven at 60 °C 

for 6 hours before processing. The polymer matrix and filament-rich sludge were 

mixed in a bench-top grinder according to the sludge contents listed in Table 3.1. The 

polymer-sludge mixtures were fed into the Wellzoom filament extrusion system 

(Wellzoom 2021 models Desktop Extruder Line II, Shenzhen Mistar Technology Co. 

Ltd., Shenzhen, China). This system consists of a screw extruder equipped with a 

customized nozzle, a water bath, and a tractor (Figure 3.1). The temperatures of the 

two heating chambers were 185 °C and 175 °C, respectively, to melt the matrix and to 

minimize thermal degradation. The extruder screw speed and tractor wheel speed were 

varied to obtain composite filaments with a diameter of 1.75 ± 0.05 mm for 3D printer 
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application. The composite filaments from the extruder were cooled in the water bath. 

The filaments were then collected and dried in an oven at 60 °C for 4 hours before 3D 

printing. The maximum sludge content was 20% because higher sludge content made 

it difficult to maintain the required filament diameter for 3D printing. 

Specimens for mechanical studies were fabricated by a fused deposition 

modeling (FDM) 3D printer (Chiron, Anycubic Technology Co., Shenzhen, China). 

The models of specimens were designed by Ultimaker Cura (V3.2.1) software, and 

then sent to the 3D printer. Filaments from the extruder were placed layer by layer to 

achieve required dimensions for mechanical testing. The height of the first layer was 

set as 0.3 mm. All the following layers were 0.1 mm in height. The temperature of the 

printing nozzle and the bed were set at 200 ℃ and 60 ℃, respectively. The printing 

speed was 100 mm/s.  

3.2.4 Material mechanical properties 

Tensile strength of specimens was determined by a universal material testing 

machine (AG-X plus Series, Shimadzu, Kyoto, Japan). All tensile tests were 

conducted according to ASTM International D638-14 (Type V specimens). The 

specimen thickness was 3 mm and tested at a strain rate of 1 mm/min. A schematic 

diagram and a picture of the tensile testing specimen are shown in Figure 3.2. 

Five specimens were tested for each polymer-sludge composite. The stress-

strain curve of each test was recorded, and the linear portion of the curve was used to 

calculate Young’s modulus (E) of each specimen by Equation 3.1 below: 

 E=
∆σ

∆ε
 (3.1) 
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where ∆𝜎 was the change in tensile strength of the material, and ∆𝜀 was the change in 

strain of the material. 

The notched impact tests were conducted using an impact tester (HIT5.5P, 

Zwick, Ulm, Germany) with a 2.75 J pendulum impactor. The specimen was 3 mm 

thick, while other dimensions were the same as defined by ASTM International D256-

10. Other procedures in impact tests all followed ASTM International D256-10. Five 

replicates were tested for each polymer-sludge composite. 

3.3 Results and Discussion 

3.3.1 Cultivation of filamentous bacteria 

The activated sludge established in MBR settled well  (SVI＜60 mL/g) for the 

first 20 weeks of MBR operation (Figure 3.3). The MBR system was operated with 

conditions that lead to the excessive growth of filamentous bacteria to obtain bulking 

sludge. These include low dissolved oxygen (DO) concentrations, long MCRT, high 

sulfide concentrations, and nutrient deficiencies. Specifically, the DO concentration in 

the MBR system was maintained at less than 1.5 mg/L. The synthetic influent 

contained high organic acid concentrations and low nutrient concentrations to promote 

the growth of filamentous bacteria. 

Mixed liquor volatile suspended solids (MLVSS) values of MBR were 1492 ± 

217 mg/L during the first 52 weeks of the MBR operation. The effluent VSS was 0 

mg/L, indicating good membrane filtration. The average chemical oxygen demand 

(COD) of MBR influent and effluent were 213 ± 17 mg/L and 8 ± 2 mg/L, 

respectively. The average pH and DO were maintained at 6.8 ± 0.3 and 1.3 ± 0.2 mg/L, 

respectively. SVI values of the MBR sludge increased gradually after 20 weeks, and 
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the bulking (SVI > 600 mL/g) persisted throughout the experimental period. 

Microscopic examination of the mixed liquors revealed large amounts of filamentous 

bacteria in the MBR system (Figure 3.4). These filaments were identified as 

Sphaerotilus spp. and Leptothrix spp. by 16S rRNA gene sequencing, which is 

described in chapter 4. 

3.3.2 Thermal Properties of PHBV and bulking sludge 

Figure 3.5 shows the DSC thermogram of the cooling and second heating scans 

of the PHBV sample. The narrow temperature range of melting and crystallization, 

and the single sharp peak in the cooling and heating scans, indicate fast crystallization 

and relatively homogeneous distribution of polymer microstructures. The similarities 

in the melting and crystallization enthalpies also indicate a perfect arrangement of the 

polymer crystal structures. The degree of crystallization (Xc (%)) was calculated using 

Equation 3.2: 

 Xc=
∆Hm

∆Hm
0 ×100% (3.2) 

where ∆Hm is the enthalpy of the second melting, and ∆H0
m is the melting enthalpy of 

100 % crystalline PHB. Given that ∆H0
m = 146 J/g (Debuissy et al., 2017), the degree 

of crystallization was calculated to be 64.9%, which is in agreement with previous 

research (Chan et al., 2019). Glass transition was not observed during the test probably 

due to the following reasons: 1) the glass transition temperature is outside the test 

temperature range; 2) heat flux differences are below the lower detection limit of the 

instrument; and 3) the rapid temperature change rate causes negligible phase transition. 

The TGA thermogram shows the remaining weight percentage with increasing 

temperatures of PHBV and bulking sludge (Figure 3.6). The remaining weight 
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percentage of bulking sludge at 100 °C was approximately 95 % because of water 

evaporation before it reached 100 °C. The onset temperatures of thermal degradation 

(Td) of PHBV and bulking sludge were 276.1 °C and 240.2 °C, respectively. At Td, the 

masses of PHBV and bulking sludge decreased below 95 % of their initial dry weight. 

The thermal degradation of PHBV may be attributed to chain scission and hydrolysis 

at temperatures above 250 °C (S. Singh & Mohanty, 2007; Vahabi et al., 2019). 

Similarly, the loss of sludge mass during the TGA testing may be due to the 

decomposition of cellular components. Weiss et al. (2018) reported the Td values of 

eight standard amino acids, the essential components of cell structures, ranged 

between 225 °C and 250 °C, which was comparable to the Td value of bulking sludge 

(240.2 °C). The DSC and TGA tests provided the processing temperature for the 

designed specimens of PHBV-sludge composite, which was between the melting 

temperature of PHBV (173.1 °C) and decomposition temperatures of bulking sludge 

(240.2 °C). Since glutamine was reported to have the lowest Td (185 °C), the 

processing temperature for bulking sludge was selected to be less than 185 °C.  

Therefore, to achieve complete melting of PHBV and minimize decomposition 

of the matrix and reinforcement, heating zones 1 and 2 of the extruder were set at 185 

and 175 °C, respectively. The temperature of the 3D printer nozzle was set at 200 °C 

due to the fast printing speed (100 mm/s).  

3.3.3 Mechanical properties of composite materials 

The tensile strength and elongation at break of the composite specimens are 

shown in Figure 3.7. The average tensile strength of the neat PHBV specimen was 

27.2 ± 2.3 MPa, which was comparable to the values reported in the literature for 

PHBV copolymers (Chan et al., 2019; Singh et al., 2008; Tomano et al., 2022). The 
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average tensile strength values were slightly lower with filamentous bacterial 

reinforcement, which is consistent with the general observations reported in the 

literature (Seggiani et al., 2017; Vandi et al., 2019; C. S. Wu et al., 2017). However, 

the tensile strength did not decrease further when the bacterial filament content 

increased from 5 to 20% (Figure 3.7). This could be attributed to the composition of 

the bacterial cell wall. The bacterial cell wall mainly consists of peptidoglycan 

(Schaefer et al., 2017). The hydrogen bonding between peptidoglycan and PHBV 

helped improve interfacial adhesion and fiber wetting (Long Jiang et al., 2008; S. 

Singh et al., 2008), which prevented further deterioration of tensile strength. The 

addition of filamentous bacteria decreased the elongation at break when compared to 

that of the neat PHBV specimen (Figure 3.7). The elongation at break value decreased 

from 2.72 ± 0.39 % to 2.23 ± 0.25 % with 20 % filamentous bacteria content. 

The tensile moduli of specimens with different fiber contents are shown in 

Figure 3.8. The use of bacterial filaments in the PHBV composite improved the 

stiffness of the neat PHBV. The tensile modulus of neat PHBV increased from 1.36 ± 

0.14 GPa to 1.52 ± 0.09 GPa when bacterial filaments were used as reinforcing agents 

(Figure 3.8). Generally, the addition of fiber increased the tensile modulus of 

composites (Bhardwaj et al., 2006; S. Singh et al., 2008; S. Singh & Mohanty, 2007; 

Srubar et al., 2012), and our results agreed with the findings of the literature. This was 

due to the added fiber serving as nucleating agents and increasing the Xc of the matrix 

(Wong et al., 2002). The Young’s modulus increased with increasing Xc (Dong et al., 

2020; Nielsen & Stockton, 1963). However, maleic anhydride was added to the PHBV 

as a nucleating agent according to the manufacturer, which limited the nucleating 

effect of bulking sludge. This could explain why an 11.76% increase in Young’s 
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modulus of PHBV was observed after being reinforced by 20% bulking sludge. A 

Student's t-test assuming equal variance was performed to check the statistical 

difference of Young’s modulus between the neat PHBV and PHBV composite with 20% 

bulking sludge. The two-tailed t-test with a degree of freedom of 8 showed a t-value of 

2.32 and a p-value of 0.049, which meant a significant statistical difference in 

Young’s modulus between commercial PHBV without and with 20% bulking sludge 

reinforcement. 

The notched impact strength of composite materials improved with increasing 

fiber ratio (Figure 3.9). The impact strength of neat PHBV was 1.70 ± 0.10 kJ/m2. It 

increased to 3.32 ± 0.11 kJ/m2 when the composite matrix contained 20% fibers. Thus, 

adding fibers significantly increased the energy needed to break the composite, 

suggesting good interfacial adhesion between the PHBV and bulking sludge. The 

notched impact strength of composite materials is also affected by the toughness of the 

matrix and fiber (Kamdem et al., 2004). Introducing bulking sludge increased the 

overall impact strength, indicating that the bulking sludge has a higher toughness than 

the neat PHBV. 
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Table 3.1. Formulations of composite materials with different sludge contents 

Specimen PHBV (%) Bulking sludge (%) 
PHBV0BS  100 0 
PHBV5BS  95 5 
PHBV10BS  90 10 
PHBV15BS  85 15 
PHBV20BS  80 20 
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Figure 3.1. Schematic diagram of the melt extrusion system. 
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(a) 

 
(b) 

Figure 3.2. (a) Schematic diagram of the tensile testing specimen. The unit of the 
specimen dimensions is millimeter. (b) Actual picture of the tensile 
testing specimen from 3D printing. 
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Figure 3.3 SVI of the MBR changed with operation time. 
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Figure 3.4. Filamentous bacteria-dominant sludge under an optical microscope 
(630x). 
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Figure 3.5. DSC thermogram of neat PHBV. 
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Figure 3.6. TGA thermogram of neat PHBV and bulking sludge. 
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Figure 3.7. Tensile strength and elongation at break of composite materials at 
different fiber ratios. 
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Figure 3.8. Tensile moduli of composite materials at different fiber ratios. 
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Figure 3.9. Notched impact strength of composite materials at different fiber ratios. 
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MECHANICAL PROPERTIES OF FILAMENTOUS BACTERIA ENRICHED 
IN A MEMBRANE BIOREACTOR 

Abstract 

Filamentous bacteria can be considered as a kind of natural fiber, but their 

mechanical properties were rarely studied. In this chapter, a membrane bioreactor 

(MBR) with low dissolved oxygen, and nitrogen and phosphorus deficiency conditions 

was used to cultivate and enrich filamentous bacteria. The overgrowth of filamentous 

bacteria was observed with the sludge volume index as high as 703 mL/g. 

Sphaerotilus spp. were identified as the dominant filamentous bacteria by 16S rRNA 

gene sequencing with a relative abundance of 19% in the mixed cultures. The 

morphology of filamentous bacteria was observed using optical microscopy and 

atomic force microscopy (AFM). The aspect ratio (length to width ratio) of the 

filamentous bacteria was 346. AFM-based nanoindentation method was used to 

examine the mechanical properties of filamentous bacteria. The measured Young’s 

modulus of Sphaerotilus spp. was 91.4% higher than that of non-filamentous bacteria. 

The Halpin-Tsai and Tsai-Pagano equations were used to determine the theoretical 

Young’s modulus of filamentous bacteria-reinforced poly (3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV). The predicted values closely matched the experimental 

values, indicating that filamentous bacteria were randomly oriented and uniformly 

distributed in PHBV. This chapter demonstrated that filamentous bacteria enriched in 

a MBR can be used as reinforcement agents for biocomposite materials. 

Chapter 4
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4.1 Introduction 

Many studies over the last several decades reported that the addition of fibers 

could improve the mechanical properties of poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV) copolymer (BanLaanen, 1995; Singh et al., 2008; Srubar et 

al., 2012; Zhao et al., 2021). These fibers are mainly plant based fibers, and usually 

have poor interfacial adhesion with polymer matrix due to their intrinsic chemical 

properties, which results in inferior overall mechanical properties of composite 

materials (Cantero et al., 2003; Zhou et al., 2016). Thus, plant based fibers commonly 

require chemical modifications, such as alkali treatment, to improve their 

compatibility and bonding with polymer matrix (Doan et al., 2012). Chemical 

modification processes are environmentally unfriendly, unsustainable, and costly. 

Therefore, a new fiber reinforcement, which is abundant and naturally compatible with 

polymer matrix, is of great interest to the environment and society.   

Filamentous bacteria are commonly present in activated sludge, and their 

presence is essential for ensuring the integrity of activated sludge flocs by forming a 

rigid backbone (Lou & de los Reyes, 2005). An optimum balance between filamentous 

bacteria and floc-forming bacteria results in strong flocs that settles well in the 

sedimentation basin, which is critical in wastewater treatment operation. However, 

when excessive growth of filamentous bacteria occurs, the balance is disrupted, 

causing a solid separation problem called “bulking” (Noutsopoulos et al., 2007). 

Bulking activated sludge is difficult to separate from treated water by gravity in 

secondary sedimentation tanks, resulting in biomass loss from wastewater treatment 

systems (Xu et al., 2014). Excessive growth of filamentous bacteria also interferes 

with oxygen transfer in aeration basins and decreases wastewater treatment efficiency 

(Wu et al., 2019).  
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Approximately 30 species of filamentous bacteria have been reported from 

various activated sludge plants (Richard, 2003). Proliferation of specific filamentous 

bacteria in mixed cultures has been correlated to various operational and 

environmental parameters (Jenkins et al., 2003). Excessive growth of Sphaerotilus spp. 

is typically associated with low levels of dissolved oxygen in aeration basins (Li et al., 

2021; Seder-Colomina et al., 2015). Microthrix parvicella and type 021N are 

commonly present in plants with low organic loading conditions (Jenkins et al., 2003). 

The overgrowth of Thiothrix spp. and type 021N is commonly associated with 

discharges of wastewater containing elevated concentrations of sulfides (e.g., septic 

conditions) (Martins et al., 2004). Many industrial wastewaters (e.g., pulp and paper, 

fruit and vegetable processing, brewery, petrochemical, etc.) are typically rich in 

carbon, but deficient in nutrients such as nitrogen and phosphorus. Proliferation of 

Thiothrix spp. and type 021N are common under nitrogen deficient growth conditions 

(Richard et al., 1985). Beggiatoa spp. are also typically present in wastewater 

containing high sulfide concentrations (Jo et al., 2022; Wang et al., 2022).  

Atomic force microscopy (AFM)-based nanoindentation offers the unique 

opportunity to probe local mechanical properties due to its capability to measure 

interaction forces as small as pN (Willemsen et al., 2000). It can provide a high-

resolution and sensitive approach to understanding the mechanical properties of small 

biological materials, such as microbial cells (Ding et al., 2017). While AFM-based 

nanoindentation method is frequently used to study the elastic properties of bacterial 

cells, the application of AFM nanoindentation has not yet been demonstrated for the 

mechanical properties of filamentous bacteria to the best of our knowledge. The most 

relevant research to our study was the use of AFM nanoindentation to measure the 
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elastic modulus of the fungal hyphae (Couttenier et al., 2022). They reported the 

Young’s modulus of 6.4 ± 3.4 MPa for Candida albicans SC5314 hyphae using AFM 

nanoindentation method. Haneef et al. (2017) evaluated the effects of different nutrient 

conditions on the Young’s modulus of two fungal hyphae, Ganoderma lucidum and 

Pleurotus ostreatus, using AFM nanoindentation. The Young’s modulus of G. lucidum 

and P. ostreatus grown in pure cellulose broth were 12 and 28 MPa, respectively. The 

Young’s modulus values of G. lucidum and P. ostreatus hyphae decreased to 4 and 17 

MP, respectively, when grown on cellulose-potato dextrose broth.  

Many types of natural plant-based fibers, such as agave fiber (Torres-Tello et 

al., 2017), flax fiber (Barkoula et al., 2010), bamboo fiber (S. Singh et al., 2008), and 

wood fiber (Singh and Mohanty, 2007; Vandi et al., 2019), have been successfully 

used as reinforcement agents of PHBV. Many filamentous bacteria have dimensions 

comparable to those of cellulose nanofibers (Khalil et al., 2012; Sharma et al., 2018). 

Thus, filamentous bacteria with comparable mechanical properties may serve as 

substitute fibers in biocomposite materials. In chapter 3, activated sludge cultures rich 

in filamentous bacteria was used as a reinforcement agent. The results showed that the 

Young’s modulus and the impact strength of PHBV improved with the reinforcement 

by filamentous bacteria-containing mixed cultures. However, the dominant genera of 

filamentous bacteria in the mixed cultures were not identified in chapter 3.  

The overall objective of this chapter is evaluating the Young’s modulus of 

filamentous bacteria enriched in a membrane bioreactor (MBR). Low dissolved 

oxygen, and nitrogen and phosphorus limited conditions were provided in the MBR to 

cultivate and maintain a culture rich in filamentous bacteria. The filamentous bacteria 

were identified by 16S rRNA gene sequencing. The Young’s modulus of filamentous 



 

 77

bacteria was determined using AFM nanoindentation. The theoretical Young’s 

modulus of filamentous bacteria-reinforced PHBV was calculated using the Halpin-

Tsai and Tsai–Pagano equations to evaluate the reinforcement effects of filamentous 

bacteria. 

4.2 Materials and Methods 

4.2.1 Filamentous bacteria cultivation 

To obtain mixed cultures rich in filamentous bacteria, activated sludge cultures 

were established in a bench-top MBR. Since filamentous bacteria are difficult to 

separate by gravity settling, membrane filtration instead of sedimentation is more 

suitable for the cultivation of filamentous bacteria-dominated activated sludge. A 

membrane bioreactor (MBR) system was operated for 29 months to cultivate and 

maintain filament-dominating cultures. The schematic diagram of MBR system is 

shown in Figure 4.1. A 3-L MBR unit was constructed from a transparent acrylic 

polymer. The aeration basin contained a vertically mounted membrane module 

mounted directly above the air diffuser. Membrane-filtered effluent was withdrawn by 

a suction pump at a flow rate of 4.2 mL/min to maintain a hydraulic retention time 

(HRT) of 12 hours. The influent flow rate was also 4.2 mL/min to maintain a constant 

volume of the MBR. The pH of the aeration basins was maintained to desired values 

using a pH recorder/controller and strong acid (H2SO4) or strong base (NaOH) 

addition. A mean cell residence time (MCRT) of 25 days was maintained by daily 

batch wasting of mixed liquor from the MBR. The dissolved oxygen (DO) of the MBR 

was maintained at 1.5 ± 0.2 mg/L with porous stone diffusers connected to an air 

pump.  
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The composition of influent is presented in Table 4.1. The theoretical chemical 

oxygen demand (COD) of the feed solution was about 300 mg/L. Operation of the 

MBR was monitored by measuring soluble chemical oxygen demand (COD) values of 

the influent and effluent, mixed liquor suspended solids (MLSS), mixed liquor volatile 

suspended solids (MLVSS), pH, and dissolved oxygen (DO) in the MBR. Soluble 

COD were determined using a spectrophotometer (DR 5000, Hach Company, 

Loveland, CO. USA) measuring COD of filtrate through a glass fiber filter (GF-A 

Glass Microfiber Filters, Whatman). MLSS and MLVSS were determined according 

to Standard Methods (APHA, 2005). Dissolved oxygen (DO) concentration was 

measured using a DO probe and a YSI DO meter (Yellow Springs, OH, USA). pH was 

measured using an electrode and Cole-Palmer pH meter (East Bunker Court Vernon 

Hills, IL, USA) (Maeng and Cha, 2017). 

4.2.2 Microbial community analysis 

After establishing steady-state filament-dominating cultures in the MBR, 50 

mL mixed liquor sample were withdrawn from the aeration basin for microbiological 

analysis to confirm the presence of filamentous bacteria and the diversity of 

communities. The mixed liquor was first centrifuged at 8000 ×g for 5 minutes and the 

supernatant was decanted. The sludge pellet was collected for DNA extraction.  

Genomic DNA was extracted and purified using E.Z.N.A™ Mag-Bind Soil 

DNA Kit (Omega Bio-Tek, Norcross, GA, USA) following the manufacturer’s 

instructions. The quality of the extracted DNA was determined using 2% agarose gel 

electrophoresis. The Qubit™ dsDNA HS assay kit (Thermo Fisher Scientific, 

Waltham, MA, USA) and Qubit® 4.0 fluorophotometer (Thermo Fisher Scientific, 

Waltham, MA, USA) were used to assess the quantity of extracted DNA. The 
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extracted DNA was amplified using a two-step polymerase chain reaction (PCR) 

method with a thermocycler (ETC 811, Dongsheng, Beijing, China). The first round of 

PCR was performed using 341F primer (5ʹ-CCTACGGGNGGCWGCAG-3ʹ) and 

805R primer (5ʹ-GACTACHVGGGTATCTAATCC-3ʹ), targeting the V3 and V4 

hypervariable regions. The thermal cycling protocol includes initial denaturation at 

94 °C for 3 mins, followed by 5 cycles of denaturation at 94 °C for 30 s, annealing at 

45 °C for 20 s, and elongation at 65 °C for 30 s. After completion of the initial 

protocol, additional 20 cycles of denaturation at 94 °C for 20 s and annealing at 55 °C 

for 20 s were implemented, and this was followed by a final elongation step consisting 

of 72 °C for 30 s and 72 °C for 5 min. The subsequent round of PCR was performed 

using Illumina Bridge PCR-compatible primers with the same thermocycler. The PCR 

conditions consisted of initial denaturation at 94 °C for 3 min, followed by 5 cycles of 

denaturation at 94 °C for 20 s, annealing at 55 °C for 20 s, and elongation at 72 °C for 

30 s. The final extension was also at 72 °C for 5 min.  

Hieff NGS™ DNA Selection Beads (Yeasen Biotechnology Co. Ltd., 

Shanghai, China) were used to purify the amplicons. The quality and quantity of 

amplicons were determined using the method described above.  

Amplicons were sequenced by Illumina MiSeq PE300 platform (San Diego, 

CA, USA) with 2 × 300 bp paired-end reads. Raw data were denoised and filtered 

using QIIME 2 (V2018.6) (Bolyen et al., 2019). Operational taxonomic units (OTUs) 

were assigned based on 97% sequence similarity. The Ribosomal Database Project 

(RDP) classifier (V2.12) was used to identify and classify different OTUs based on the 

RDP database (Wang et al., 2007). 
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4.2.3 Morphology of filamentous bacteria 

4.2.3.1 Length of filamentous bacteria 

The length distribution of filamentous bacteria was measured to determine the 

average length of filamentous bacteria in the MBR. One milliliter of the mixed liquor 

from the MBR was diluted to 15 mL using deionized water. Then 1 mL of diluted 

mixed liquor was spread on an object slide and subsequently observed by an optical 

microscope (CX43, Olympus, Tokyo, Japan) equipped with a DP 28 camera (Olympus, 

Tokyo, Japan) and an image analysis software (Olympus Stream, V2.4.4) under 100x 

magnification. Filamentous bacteria count was conducted manually in five randomly 

selected scopes of mixed liquor. A total number of 103 filamentous bacteria were 

counted, and the length of each filamentous bacterium was measured using the image 

analysis software.  

4.2.3.2 Atomic force microscope 

An atomic force microscope (AFM) was used to examine the surface 

morphology and Young’s modulus of the filamentous bacteria. The surface 

morphology of the filamentous bacteria was examined using AFM tapping mode. One 

milliliter of mixed liquor sample from the MBR was smeared on a microscopic slide 

and air-dried. The Dimension Icon AFM (Bruker, Billerica, MA, USA) with a 

RTESPA-300 probe (Bruker, Billerica, MA, USA) was first operated in tapping mode 

to perform large-area scans (20 × 20 μm) to locate filamentous bacteria. In total ten 

scans of different randomly selected area were performed during the tapping mode. 

The images recorded from tapping mode scanning were used for bacteria width 

measurements using an image analysis software (NanoScope Analysis, version 1.7). 

The average Young’s modulus of the filamentous bacteria was determined by AFM 
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nanoindentation performed on 10 randomly selected filamentous bacteria. After 

filamentous bacteria were located in the tapping mode, the probe was repositioned 

over the target bacterium, and the AFM was then switched to contact mode. AFM 

nanoindentation was performed on five randomly selected points on each filamentous 

bacterium. The force and displacement of the probe was recorded for Young’s 

modulus calculation. The average Young’s modulus of the filamentous bacteria was 

compared to that of ten randomly selected non-filamentous bacteria. Five different 

points on each non-filamentous bacterium were selected to perform AFM 

nanoindentation as described above.  

4.3 Results and Discussion 

Mixed liquor VSS values of MBR were 1320 ± 70 mg/L during the steady-

state operation. The effluent VSS was 0 mg/L, indicating good membrane filtration. 

The average chemical oxygen demand (COD) of MBR influent and effluent were 213 

± 17 mg/L and 8 ± 2 mg/L, respectively.  The average pH and DO were maintained at 

6.8 ± 0.3 and 1.3 ± 0.2 mg/L, respectively. 

A membrane bioreactor (MBR) system was operated at steady-state (± 10% of 

MLVSS values ) for 29 months to cultivate and maintain filament-dominating cultures. 

Sludge volume index (SVI) measurements of activated sludge were used to monitor 

settling characteristics of mixed liquors in the MBR. The MBR system began to bulk 

(SVI > 150 mL/g) in 24 weeks and the bulking persisted (SVI as high as 703 mL/g) 

throughout the experimental period. Microscopic examination of the mixed liquors 

revealed large amounts of filamentous bacteria in the CSTR system (Figure 4.2). 
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4.3.1 Microbial community structure 

A mixed liquor sample from the MBR was withdrawn from the aeration basin 

for microbial genomic analysis. Genomic DNA samples of mixed liquor were 

extracted and purified using E.Z.N.A™ Mag-Bind Soil DNA Kit (Omega Bio-Tek, 

Norcross, GA, USA) following the manufacturer’s protocol. Once the purified DNA 

samples met the required concentration and quality ratio, the samples were sequenced 

for the bacterial and taxonomic identification. A Krona chart using the sequencing 

results was constructed to illustrate the microbial distribution pattern in the MBR 

(Figure 4.3) (Kim, 2018). 

The most abundant bacterial populations were Betaproteobacteria (54.7% of 

bacteria) at the class level. This class has been often reported to be dominant in 

activated sludge communities (Song et al., 2019; Ye & Zhang, 2013). Sphaerotilus spp. 

was revealed as the most abundant genus (19%) of betaproteobacteria. Ferreira et al. 

(2021) reported that Sphaerotilus spp. was commonly detected filamentous bacteria in 

activated sludge. 

Several studies have reported that the excessive growth of Sphaerotilus spp. is 

associated with low dissolved oxygen concentrations, high carbon-to-nitrogen ratio, 

and phosphorus limitation (Pellegrin et al., 1999). These conditions were provided in 

our MBR to create a favorable environment for Sphaerotilus spp. growth. Leptothrix 

spp., which were also present in the MBR (4% of bacteria), have been reported to be 

closely related to Sphaerotilus spp. (Kämpfer, 1998). It should be noted that the 

growth of sulfur-oxidizing filamentous bacteria, Thiothrix spp. and type 021N was not 

observed in the MBR cultures even though sodium acetate, sodium thiosulfate, and 

sodium sulfhydrate were added to the MBR medium to simulate favorable growth 

conditions (e.g., septic conditions) for their growth (Graaff et al., 2020; Martins et al., 
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2004). This result suggests that low Thiothrix spp. amounts were in the seed sludge, 

and the environment provided in the MBR was more favorable for Sphaerotilus spp.  

4.3.2 Characterization of filamentous bacteria 

4.3.2.1 Length of filamentous bacteria 

The lengths of 103 counted filamentous bacteria were measured to calculate 

the average length of Sphaerotilus spp. Their length distribution is shown in Figure 4.4. 

The minimum and maximum lengths of measured filamentous bacteria were 124 and 

1261 μm, respectively. The average length of the filaments was 520 ± 226 μm. The 

typical length of Sphaerotilus spp. are reported to be from 100 to 1000 μm (Jenkins et 

al., 2003). Smoothly curved filaments and round-ended cells (Figure 4.2) matched the 

typical appearance of Sphaerotilus spp. in activated sludge. Currently, there has been 

no consistent conclusions regarding the length of Leptothrix spp. Zhou and Li (2020) 

stated that the length of Leptothrix spp. ranged between 5 and 20 μm, whereas 

Ventolini et al. (2014) reported that Leptothrix spp. ranged between 40 and 75 μm in 

length. However, Leptothrix spp. in both ranges were not observed during length 

measurements, although the sequencing results demonstrated their existence. It is 

possible that some Leptothrix spp. were missed during the bacteria length 

measurements because they could be as short as 5 μm, thus being confused with other 

non-filamentous bacteria. Kunoh et al. (2021) revealed that calcium and magnesium, 

both of which were provided in the MBR medium, could help Leptothrix spp. to 

elongate. Thus, some portions of Leptothrix spp. could elongate to more than 100 μm 

in length, as shown in Figure 4.4.  
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4.3.2.2 Width and Young’s modulus of filamentous bacteria 

An atomic force microscope (AFM) was used to examine the surface 

morphology and the Young’s modulus of Sphaerotilus spp. A 20 × 20 μm AFM scan 

of typical Sphaerotilus spp. in a mixed liquor sample from the MBR is shown in 

Figure 4.5. Ten Sphaerotilus spp. were randomly selected, and five cross sections of 

each bacterium were measured to determine the average width of the Sphaerotilus spp. 

The average width of Sphaerotilus spp. was 3.01  0.07 μm. The width of 

Sphaerotilus spp. was reported to be 1–3 μm (Jenkins et al., 2003; Pellegrin et al., 

1999; STOKES, 1954; Tjaden & Goss, 1969), which was similar to the measurements 

in this study. 

The Young’s modulus of the bacteria was determined from the linear portion 

of the force-displacement unloading curves by fitting the Derjaguin–Muller–Toropov 

(DMT) model (Derjaguin et al., 1975). The DMT model was used instead of the 

traditional Hertz, Sneddon, and Johnson–Kendall–Roberts models because bacterial 

deformation is smaller than the probe radius (Bonilla et al., 2015; Morales-Rivas et al., 

2015; Qu & Meredith, 2018; Smolyakov et al., 2016). Typical force-displacement 

curves of a Sphaerotilus spp. and non-filamentous bacterium are compared in Figure 

4.6. Due to elastic deformation occurred on both bacteria and the probe, the reduced 

Young’s modulus (Er) instead of the true Young’s modulus (E) of bacteria was 

determined using Equation 4.1: 

 Er=
3(Ftip-Fadh)

4ටR(∆d)3
 (4.1) 

where Ftip is the force applied on the bacterial surface, Fadh is the adhesive force when 

the tip separates from the bacterial surface, R is the radius of the AFM probe, and Δd 

is the deformation of the bacteria. The radius of the AFM probe used in this study was 
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8 nm according to the manufacturer's manual. The true Young’s modulus, E, of 

bacteria was calculated using Equation 4.2: 

 Er=[
1-vb

2

E
+

1-vp
2

Ep
]-1 (4.2) 

where Ep is the Young’s modulus of the AFM probe, and νb and νp are the Poisson’s 

ratios of bacteria and the probe, respectively. Poisson’s ratios of biological samples 

are normally reported to be between 0.4 and 0.5 (typically close to 0.5) (Elbourne et 

al., 2019; Kandemir et al., 2018; Limbert et al., 2013; Xia et al., 2018). Therefore, in 

this study, νb of bacteria was assumed to be 0.5. The Young’s modulus and Poisson’s 

ratio of probe material (silicon) were reported to be 130.2–187.5 GPa and 0.064–0.361, 

respectively (Wortman & Evans, 1965), which made the probe part of Equation 4.2 

negligible. Thus, the above equation can be simplified as Equation 4.3: 

 E=Er൫1-vb
2൯ (4.3) 

The calculated Young’s modulus of filamentous bacteria and non-filamentous bacteria 

were 5.34 ± 0.68 GPa and 2.79 ± 0.27 GPa, respectively. 

This result indicates that Sphaerotilus spp. in the MBR cultures are more stiff 

than non-filamentous bacteria. Similar result was also observed by Cornelissen et al. 

(2018). Several studies have found that microorganisms with a higher aspect ratio 

(length to width ratio) tend to have a higher Young’s modulus. Elbourne et al. (2019) 

reported that rod bacteria have a higher Young’s modulus than cocci bacteria. Zhao et 

al. (2005) also found that the Young’s modulus of Aspergillus nidulans hyphae is 

much higher than that of yeast. Filamentous microorganisms are more susceptible to 

external forces because they have greater surface area to volume ratio. Therefore, rigid 

structures are required to maintain cell integrity.  
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The sheath of Sphaerotilus spp. consists of protein-polysaccharide-lipid 

complexes rich in ferric hydroxide, manganese dioxide, and disulfide bonds, which 

play an important role in maintaining a stable structure (Emerson & Ghiorse, 1993b, 

1993a; Mulder & Deinema, 1981; ROMANO & PELOQUIN, 1963; Takeda et al., 

1998). Table 4.2 compares the Young’s moduli of Sphaerotilus spp. and several 

natural fibers. The Young’s modulus of Sphaerotilus spp. was comparable to that of 

coconut fiber, palm fiber, and wool. These results suggest that filamentous bacteria 

commonly found in activated sludge may be a promising substitute for natural fibers 

as reinforcing agents in composite materials. 

4.3.3 Evaluation of reinforcement effects of filamentous bacteria 

The theoretical Young’s modulus of filamentous bacteria-reinforced PHBV 

was calculated to evaluate reinforcement effects of filamentous bacteria. The 

theoretical Young’s moduli of PHBV with 5%, 10%, 15%, and 20% sludge ratios 

were calculated using the Halpin-Tsai and Tsai-Pagano equations (Affdl & Kardos, 

1976; Espinach et al., 2014). The PHBV used in this assessment is a commercial 

PHBV pellets (0.9% polyhydroxyvalerate) from Tianan Biologic Materials (Ningbo, 

China). 

The Tsai-Pagano equation was used to predict the Young’s moduli of fiber 

reinforced composite materials (S. Singh & Mohanty, 2007; Tsai & Pagano, 1968). 

This equation assumed that fibers in the composite material were randomly oriented 

and uniformly distributed, which was the nature of extrusion and 3D printing 

techniques used in composite fabrication in chapter 3. The Young’s moduli of 

composite materials were calculated using Equation 4.4 by assuming 3/8 and 5/8 
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fibers in the matrix were in the longitudinal and transverse directions, respectively 

(López et al., 2012; Tsai & Pagano, 1968):  

 Ec=
3

8
El+

5

8
Et (4.4) 

where the longitudinal modulus (El) and transverse modulus (Et) were determined 

from Halpin-Tsai equations (Equation 4.5 and 4.6). Halpin-Tsai equations were used 

to predict longitudinal and transverse moduli of composite materials reinforced by 

aligned short fibers (Affdl & Kardos, 1976)  as follows: 

 El=Em ൬
1+ξηlVf

1-ηlVf
൰ (4.5) 

 Et=Em ൬
1+2ηtVf

1-ηtVf
൰ (4.6) 

where Em is the Young’s modulus of the matrix, and Vf is the volume fractions of 

filamentous bacteria. The Em of the commercial PHBV is 1.36 GPa, which was 

determined by 5 replicates tensile tests according to ASTM International D638-14 

(Type V specimens, 3 mm thickness, 1 mm/min testing speed). The volume fraction of 

filamentous bacteria was calculated from the Equation 4.7 as follows: 

 Vf=

ms*ωf
ρb

ms
ρb

+
mm
ρm

 (4.7) 

where ms and mm are mass ratios of the sludge and the matrix, respectively. The 

density of the PHBV (ρm) is 1.25 g/cm3 according to the manufacturer’s information. 

The ρb represents the average density of bacteria, and determined as 1.09 g/cm3 

according to Bakken & Olsen (1983). The ωf is the abundances of filamentous bacteria 

(19%) as determined by the microbial community analysis in section 4.3.1. ξf in 

Equation 4.5 is the measure of geometry of the filamentous bacteria, which is 

calculated by Equation 4.8: 
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 ξ=2
Length of bacteria

width of bacteria
 (4.8) 

The ξf is 346 as calculated from the average length (520 μm) and width (3 μm) of 

filamentous bacteria from section 4.3.2. Parameters ηl and ηt are given by the 

following expressions: 

 ηl=
Ef-Em

Ef+ξEm
 (4.9) 

 ηt=
Ef-Em

Ef+2Em
 (4.10) 

where Ef is the Young’s modulus of filamentous bacteria (5.34 GPa determined by 

AFM nanoindentation).  

The theorical Young’s moduli of filamentous bacteria-reinforced PHBV were 

verified by being compared with experimental values. Specimens of pure matrix and 

composite materials were fabricated by extrusion and 3D printing according to ASTM 

International D638-14 (Type V specimens, 3 mm thickness). Five replicates were 

tested for pure matrix and each composite material with different fiber ratios. The 

Young’s moduli of specimens were determined by tensile tests using a universal 

material testing machine (AG-X plus Series, Shimadzu, Kyoto, Japan) with 1 mm/min 

testing speed. The experimental Young’s moduli of filamentous bacteria-reinforced 

PHBV and theoretical values are compared in Figure 4.7. Tensile moduli were 

predicted to increase as fiber ratios increased. The calculated tensile modulus of neat 

PHBV increased from 1.36 GPa to 1.48 GPa when 20% MBR sludge were used as 

reinforcing agents. The experimental value of 20% MBR sludge reinforced PHBV was 

1.52 GPa as determined previously (presented in chapter 3). The theoretical values 

were close to the experimental values, which indicated that the dimension 

measurements of filamentous bacteria were accurate. Results also suggested that it 
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was appropriate to assume filamentous bacteria randomly oriented and uniformly 

distributed in the composite materials. 
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Table 4.1. The synthetic wastewater composition of the MBR 

Chemical Concentration (mg/L) 
Glucose 100 
Glycine 30 
Sodium acetate 150 
Yeast extract 20 
Ammonium chloride 2 
Potassium phosphate 2 
Sodium thiosulfate 40 
Sodium sulfhydrate 10 
Sodium lactate 50 
Calcium chloride 10 
Ferric chloride 0.2 
Magnesium sulfate 1 
Manganese chloride 0.385 
Sodium molybdate 0.01 
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Table 4.2. Young’s modulus of Sphaerotilus spp. and some natural fibers 

Fibers 
Young's modulus 
(GPa)  

Reference 

Bacteria Sphaerotilus spp. 5.34 ± 0.67  This study 
Plant fibers Coconut fiber  2.50             (Rao & Rao, 2007)  
 Cotton fiber 12               (Wambua et al., 2003)  
 Flax fiber 60-80   (Wambua et al., 2003)  
 Hemp fiber 70  (Wambua et al., 2003)  
 Kenaf fiber 53  (Omrani et al., 2016)  
 Palm fiber 2.75  (Goulart et al., 2011)  
Animal fiber Wool 2.3-3.4 (Cheung et al., 2009)  
 Spider silk 11-13 (Cheung et al., 2009)  
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Figure 4.1. Schematic diagram of membrane bioreactor. 
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Figure 4.2. Undiluted mixed liquor from the MBR observed by an optical 
microscope (100×). 
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Figure 4.3. Relative abundance at genus level of MBR sludge. 
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Figure 4.4. Length distribution of filamentous bacteria in the MBR. 
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Figure 4.5. Morphology of a typical filamentous bacterium in the MBR via AFM 
scanning. 
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(a) 

 

 
(b) 

Figure 4.6. A typical AFM nanoindentation force-displacement curve of: (a) a 
filamentous bacterium; (b) a non-filamentous bacterium. 



 

 98

0 5 10 15 20
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7

Y
ou

ng
's

 m
od

ul
us

 (
G

Pa
)

Fiber Ratio (%)

 Experimental Young's Modulus
 Theoretical Young's modulus

 

Figure 4.7. Comparison of experimental and theoretical Young’s modulus of 
filamentous bacteria reinforced PHBV. 
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BIOCOMPOSITE MATERIALS FROM ACTIVATED SLUDGE: 
FILAMENTOUS BACTERIA REINFORCED POLY(HYDROXYBUTYRATE-

CO-HYDROXYVALERATE) 

Abstract 

This chapter evaluates the mechanical properties of an all-natural biocomposite 

material fabricated from activated sludge. A sequencing batch reactor was operated to 

enrich for polyhydroxyalkanoates (PHA)-accumulating bacteria, and the production of 

PHBV by the enriched cultures was maximized by a fed-batch reactor. The highest 

PHA content of 59% dry cell weight was obtained with 68% PHB and 32% PHV. 

PHBV extracted from the bacterial cells in the fed-batch reactor had a purity of 99.3%. 

This PHBV was used as the matrix of the composite material. A membrane bioreactor 

was used to cultivate filamentous bacteria-dominating cultures (19% relative 

abundance of Sphaerotilus spp.). The sludge of the steady-state MBR was freeze-dried 

and used as the reinforcement agent of the composite material. Differential scanning 

calorimetry and thermogravimetric analysis of microbial PHBV suggested that the 

melt extrusion and 3D printing temperatures to be 170 °C and 180 °C, respectively, to 

minimize the thermal degradation of PHBV. Mechanical tests showed that the tensile 

modulus and notched impact strength of microbial PHBV improved by 57% and 45%, 

respectively, following the addition of 20% membrane bioreactor sludge. This chapter 

demonstrated that filamentous bacteria-dominating mixed culture may be used as 

reinforcement agents for biocomposite materials. 

Chapter 5
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5.1 Introduction 

Most plastics are used in single-use products, which caused several 

environmental and human health issues (Wang & Li, 2021). Thus, there is an urgent 

need today for a green alternative to petroleum-based plastics that are environmentally 

friendly, biodegradable, and economical. At the same time, it is important that we 

reduce our generation of organic waste, which continue to stress our already limited 

disposal options and are often disposed of in a manner that produces greenhouse gases. 

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) co-polymer has 

received considerable attention in recent years due to its biodegradability and 

properties similar to those of many petroleum-based plastics (McAdam et al., 2020). 

PHBV can be produced by many bacteria in activated sludge under aerobic dynamic 

feeding conditions and high-strength organic feeding (Johnson et al., 2009). It has 

been extensively reported that high PHA content and various hydroxybutyrate-to-

hydroxyvalerate (HB-to-HV) ratios can be achieved in activated sludge via the above-

mentioned growth strategies (Albuquerque et al., 2007; Fauzi et al., 2019; Tamang et 

al., 2019; Wijeyekoon et al., 2018; Zhang et al., 2014). 

Although considerable research has been conducted on the mechanical 

properties of commercially available PHBV (usually with a low hydroxyvalerate 

content), few studies investigated the mechanical properties of microbial PHBV with a 

high hydroxyvalerate (HV) content. PHBV with a low HV content is stiff and brittle, 

whereas it becomes softer and more flexible with increasing HV content (Pilla, 2011; 

Walton, 1991). Therefore, microbial PHBV with a high HV content may be a more 

promising biopolymer to replace petroleum-based plastics for a wide range of 

commercial applications.  
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The PHBV co-polymer typically requires fiber reinforcement to improve its 

mechanical properties before it can be widely used in high-volume industries 

(Kinyanjui Muiruri et al., 2023). To date, most research into fiber-reinforced PHA 

composites have been based on commercially available polyhydroxybutyrate (PHB) or 

PHBV with low HV contents (Hosokawa et al., 2017; Smith et al., 2020; Torres-Giner 

et al., 2018; Torres-Tello et al., 2017). The mechanical properties of fiber-reinforced 

microbial PHBV, particularly of elevated HV contents have not been investigated 

extensively. Chan et al. (2019) compared the mechanical properties of wood flour-

reinforced PHBV composites with 1% HV and 24% HV contents. The PHBV 

composite with 1% HV exhibited 100% increase in tensile modulus and 19.7% 

decrease in tensile strength with the addition of 50 wt.% wood flour, whereas the 

composite with 24% HV exhibited 251% increase in tensile modulus and 11.4% 

decrease in tensile strength with the same 50% wood flour addition. They concluded 

that that the use of the softer PHBV matrix (i.e., higher HV contents) resulted in 

improved tensile properties of wood-flour reinforced composites.  

The overall goal of this research is to convert waste sludge into an all-natural 

composite material that could be a substitute for plastic based composite materials and 

reduce the amount of waste sludge disposed from WWTPs. Our previous study 

successfully used filamentous bacteria cultivated from WWTP sludge to reinforce 

commercial PHBV with 1% HV content. The tensile modulus and impact strength of 

PHBV with 20% of filamentous-bacteria-dominant sludge improved by 11.99% and 

95.29%, respectively. However, filamentous bacteria reinforced PHBV with higher 

HV content were not assessed.  
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Microbial PHBV with a high HV content was produced from activated sludge 

cultures treating synthetic wastewater using a sequencing batch reactor (SBR) and a 

fed-batch reactor (FBR). Filamentous bacteria were cultivated and enriched in a 

membrane bioreactor (MBR). The two components were extruded, and 3D printed to 

fabricate the required specimens for mechanical tests. The thermal and mechanical 

properties of neat microbial PHBV and its biocomposites were evaluated in this study. 

5.2 Materials and Methods 

5.2.1 Composite material components preparation 

5.2.1.1 Matrix production 

5.2.1.1.1 Enrichment of PHA-accumulating bacteria 

A sequencing batch reactor (SBR) was used to select and enrich for PHA-

accumulating bacteria. A 9-L SBR was constructed using a cylindrical acrylic tube. It 

was seeded with activated sludge cultures obtained from a local municipal wastewater 

treatment plant. The reactor content was continuously stirred using a paddle mixer at 

150 rpm. The SBR was operated in a 12-h cycle. Each operation cycle consisted of fill 

(10 min), react (10 h 20 min), settle (1 h 15 min), and decant (15 min) phases. At each 

fill phase, 7.5 L of feed solution was pumped into the reactor. The detailed 

composition of the SBR feed solution is listed in Table 5.1. A desired mean cell 

residence time (MCRT) of 5 days was maintained by wasting 1,560 mL of mixed 

liquor from the SBR daily. Hydraulic retention time (HRT) of the SBR system was 

maintained at 0.6 days by decanting 6,720 mL of supernatant after each settle phase 

and wasting 780 mL of reactor content at the end of each react phase daily. Dissolved 
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oxygen (DO) concentration in the SBR was maintained above 2.0 mg/L using porous 

stone diffusers connected to an air pump. The pH of the culture was uncontrolled; 

however, the pH levels were monitored throughout the cultivation using an electrode 

and Cole-Palmer pH meter (East Bunker Court Vernon Hills, IL, USA). Operation of 

the SBR was monitored by measuring soluble chemical oxygen demand (COD) values 

of the influent and effluent, mixed liquor suspended solids (MLSS), mixed liquor 

volatile suspended solids (MLVSS), pH, and dissolved oxygen (DO) in the SBR. 

Soluble COD were determined using a spectrophotometer (DR 5000, Hach Company, 

Loveland, CO. USA) measuring COD of filtrate through a glass fiber filter (GF-A 

Glass Microfiber Filters, Whatman). MLSS and MLVSS were determined according 

to Standard Methods (APHA, 2005). Dissolved oxygen (DO) concentration was 

measured using a DO probe and a YSI DO meter (Yellow Springs, OH, USA). pH was 

measured using an electrode and Cole-Palmer pH meter (East Bunker Court Vernon 

Hills, IL, USA) (Maeng and Cha, 2017).   

Acetate and propionate removal rate were monitored as indicators of enriching 

of PHA-accumulating bacteria in the SBR system. Five mL sample from the SBR was 

collected on day 0 and day 12 every hour during the react phase, and samples were 

filtered. Two mL of filtrate was injected into a 7890B gas chromatograph equipped 

with a flame ionization detector (GC-FID) (Agilent Technologies, Santa Clara, CA, 

USA) for acetate and propionate analysis. The specification of capillary column was 

30 m x 0.32 mm ID x 0.25 µm film thickness (DB-FATWAX UI, Agilent 

Technologies, Santa Clara, CA, USA), and nitrogen was used as the carrier gas at a 

constant flow rate of 40 mL/min. Inlet and detector temperatures were 220 °C and 

250 °C, respectively. The injected sample volume was 0.1 µL with 1:10 split ratio. 
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The initial oven temperature was kept at 80 °C for 1 min, and then increased to 180 °C 

at 10 °C/min for 10 mins. The oven temperature was then increased to 240 °C at 

60 °C/min and held for 2 mins.  

PHA content in SBR cells were measured 2 months after the SBR operation 

according to the PHA analysis method reported by Braunegg et al. (1978). Ten mL of 

the SBR mixed liquor was collected every 30 min during the react phase from 0 h to 

3h. The collected mixed liquor was centrifuged at 8000 × g for 5 min, and the 

supernatant was decanted. The sludge pellets were freeze-dried for 72 h. The pellet 

was weighed and mixed with 2 mL of chloroform and 2 mL of acidified methanol (3% 

sulfuric acid) with 40 mg/L benzoic acid as an internal standard in a screw-capped 

glass vial. Vials were heated at 100 °C for 3.5 h in a water bath, and then cooled down 

to room temperature. One mL of deionized (DI) water was added to each vial and 

shaken vigorously for 10 min. The organic phase (lower layer) was syringe-filtered 

and subsequently used for the GC-FID analysis. The initial oven temperature was 

90 °C and kept for 1 min. Subsequently, the oven temperature increased to 150 °C at 

8 °C /min and held for 5 min. The injected sample volume was 0.1 µL with 1:20 split 

ratio. The other conditions were the same as those used for the acetate and propionate 

analyses described above. Pure PHBV (Sigma-Aldrich, St. Louis, MO, USA) 

containing 12% of PHV was used as standard. 

5.2.1.1.2 PHA production 

Fed-batch cultivation strategy was used to maximize PHA production, and the 

PHA production was conducted on a daily basis. A 4.5-L fed-batch reactor (FBR) was 

constructed using a cylindrical acrylic tube. The 1560 mL daily wasted sludge from 

the SBR was centrifuged, and the sludge pellet was resuspended in 2000 mL of FBR 
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feed solution. This mixed liquor was then transferred into the FBR as the seed sludge 

for each batch of PHA production. After PHA production completed, all the FBR 

content was decanted and collected for PHA extraction. The reactor was rinsed with 

DI water and subsequently used for the next batch of PHA production. The reactor 

content was continuously stirred with a paddle mixer at 300 rpm during the PHA 

production. Dissolved oxygen (DO) concentration in the FBR was maintained using 

porous stone diffusers connected to an air pump. Dissolved oxygen (DO) 

concentration and pH in the FBR were measured every 10 min throughout the FBR 

operation using a DO meter (YSI Inc., Yellow Springs, OH, USA) and a pH meter 

(Cole-Parmer, Vernon Hills, IL, USA), respectively. The feed solution addition was 

regulated by the DO concentration. After a sudden DO concentration increase was 

observed, the feed solution was pumped into the reactor. The feed solution addition 

was paused after DO concentration dropping below 2.0 mg/L. PHA production ended 

when feed solution addition did not lead to a decrease in DO concentration. The 

detailed composition of the FBR feed solution is listed in Table 5.2. 

The acids concentration and PHA contents were examined to evaluate the PHA 

production process. Ten mL of the FBR mixed liquor was collected every 30 min 

throughout the FBR operation. The collected mixed liquor was centrifuged at 8000 × g 

for 5 min, and the supernatant was collected and filtered. Two mL of the filtrate was 

collected for acids concentration measurements. The sludge pellets after centrifuged 

was freeze-dried and subsequently used for PHA content measurements. The acids 

concentration and PHA contents were determined by GC-FID as described in section 

5.2.1.1.1. 
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5.2.1.1.3 PHA extraction and purification 

Intracellular PHA contained in FBR cells were extracted and purified 

according to the method reported by Burns et al. (2009). The sludge collected from the 

FBR was centrifuged at 8000 × g for 5 min, and the supernatant was decanted. The 

cells were lysed by a surfactant treatment to release intracellular PHA content. Sludge 

pellets collected from the centrifuge were resuspending in a 100 mL solution 

containing 8 g/L sodium dodecyl sulfate (SDS) and 7.2 g/L EDTA. The mixture was 

then autoclaved at 121 °C for 30 min. After autoclaving, the mixture was centrifuged, 

washed with 50 mL DI water, and washed thrice with 20 mL acetone. The washed 

pellet was then dried in an oven at 60 °C for 8 h.  

The crude PHA was extracted from the lysed cellular substances using 

chloroform extraction. The dried pellet was mixed with 40 mL chloroform in a screw-

capped glass vial. The vial was heated at 70 °C for 2 h in a water-bath, and then 

cooled down to room temperature. The heated mixture was then filtered, and the 

filtrate was collected in a 100 mL beaker. This beaker was heated at 60 °C in a water-

bath until the chloroform completely evaporated. The solid left in the beaker after 

filtrate evaporation was the crude PHA. Crude PHA was purified using the anti-

solvent precipitation method. The crude PHA was mixed with 30 mL chloroform in a 

100 mL beaker. After the crude PHA was completely dissolved, 30 mL of cold 

methanol (4 °C) was added into the beaker to precipitate PHA. The mixture was then 

filtered again, and the filtered residues were collected as the purified PHA. The purity 

of the purified PHA was determined using GC-FID as described above. 
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5.2.1.2 Reinforcement production 

Activated sludge cultures used to enrich filamentous bacteria were established 

in a bench-scale membrane bioreactor (MBR) on a synthetic wastewater. The 3-L 

MBR was constructed with a cylindrical acrylic tube, and initially seeded with the 

recycle sludge from a local municipal wastewater treatment plant. 

An initial total suspended solid (TSS) concentration of 2000 mg/L was used. 

The reactor content was continuously stirred with a paddle mixer at 400 rpm. The 

dissolved oxygen (DO) concentration in the MBR was maintained at 1.5 ± 0.2 mg/L 

with porous stone diffusers connected to an air pump. The pH of the reactor content 

was maintained at 7.0 ± 0.5 using 0.1 M sulfuric acid or 0.1 M sodium hydroxide 

solutions. The synthetic influent wastewater contained of 100 mg/L of glucose, 

30mg/L of glycine, 150 mg/L of sodium acetate trihydrate, 20 mg/L yeast exact, 2 

mg/L of ammonium chloride, 2 mg/L of potassium phosphate monobasic, 40 mg/L of 

sodium thiosulfate, 10 mg/L of sodium sulfhydrate, 50 mg/L of sodium lactate, 10 

mg/L of calcium chloride dihydrate, 0.2 mg/L of ferric chloride hexahydrate, 1 mg/L 

of magnesium sulfate heptahydrate, 0.385 mg/L of manganese chloride and 0.01 mg/L 

of sodium molybdate dihydrate. The hydraulic retention time (HRT) and mean cell 

residence time (MCRT) were maintained at 12 hours and 25 days, respectively. A 

constant MCRT was maintained by daily batch wasting of mixed liquor from the MBR.  

Operation of the MBR was monitored by measuring soluble chemical oxygen 

demand (COD) values of the influent and effluent, mixed liquor suspended solids 

(MLSS), mixed liquor volatile suspended solids (MLVSS), pH, and dissolved oxygen 

(DO) in the MBR. Soluble COD were determined using a spectrophotometer (DR 

5000, Hach Company, Loveland, CO. USA) measuring COD of filtrate through a 

glass fiber filter (GF-A Glass Microfiber Filters, Whatman). MLSS and MLVSS were 
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determined according to Standard Methods (APHA, 2005). Dissolved oxygen (DO) 

concentration was measured using a DO probe and a YSI DO meter (Yellow Springs, 

OH, USA). pH was measured using an electrode and Cole-Palmer pH meter (East 

Bunker Court Vernon Hills, IL, USA) (Maeng and Cha, 2017). 

The MBR was operated for 29 months at steady state (± 10% of target MLVSS 

values). The sludge containing Sphaerotilus spp. was collected daily from the MBR. 

The collected sludge was centrifuged, and the supernatant was decanted. The sludge 

pellet was then freeze dried for 72 hours. A ball mill (JC-QM-2, Jvchuang Group Co., 

Ltd) with 3 mm Zirconia balls was used to grinded activated sludge into fine power for 

composite fabrication (Kumar et al., 2018). The freeze-dried pellet was ground in the 

ball mill for 10 minutes, and the dry sludge power was collected for subsequent 

composite fabrication. 

Sludge containing Sphaerotilus spp. was observed using a scanning electron 

microscope (SEM) (Auriga 60 CrossBeam, Carl Zeiss Inc., Dublin, CA, USA). A 

vacuum filtration system was used to filter 20 mL of mixed liquor from the MBR with 

a 0.22 μm filter membrane. The sludge pellet on the filter membrane was lyophilized 

for 72 h. The dried sludge was fixed on a metal stub, sputter-coated with gold in a 

vacuum evaporator, and subsequently observed using the SEM. 

5.2.2 PHA thermal assessments 

5.2.2.1 Differential scanning calorimetry 

The thermal properties of the PHBV samples were examined using a 

differential scanning calorimeter (Q2000, TA Instruments, New Castle, DE, USA) 

under a constant nitrogen flow rate of 50 mL/min. The differential scanning 
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calorimetry (DSC) test was conducted by using a heat-cool-heat method. A 10-mg 

polymer sample was first heated from -60 °C to 200 °C at 10 °C/min and kept 

isothermal for 3 minutes. The sample was then cooled back to -60 °C and held 

isothermal for 3 minutes before reheating. The crystallization temperature (Tc) and 

entropy of crystallization were determined during the cooling cycle. The sample was 

heated to 200 °C again in the reheating cycle to determine the melting temperature (Tm) 

and entropy of melting. The degree of crystallization (Xc (%)) was calculated as 

Equation 5.1: 

 Xc= 
∆Hm

∆Hm
0  × 100% (5.1) 

where ∆Hm is the total enthalpy of melting, and ∆Hm
0  is the melting enthalpy of 100 % 

crystalline PHBV (146 J/g) (Berthet et al., 2015). 

5.2.2.2 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was performed using a Hitachi STA 7200 

thermogravimetric analyzer (Hitachi High-Tech Science Corp., Tokyo, Japan). TGA 

tests were conducted with purified microbial PHBV (10 mg). The sample was heated 

from room temperature to 800 °C at a heating rate of 10 °C /min under an argon 

atmosphere. 

5.2.3 Composite material fabrication 

Specimens of composite materials were fabricated by an extrusion-3D printing 

technique. Purified microbially PHA and milled MBR sludge were dried in an oven at 

60 °C for 6 hours before processing. Four different polymer-sludge mixtures were 

prepared for extrusion by mixing different amounts of purified PHBV and MBR 

sludge in a bench-top grinder. The MBR sludge contents in mixtures were 5%, 10%, 
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15%, and 20% by weight. The polymer-sludge mixtures were fed into the Wellzoom 

filament extrusion system (Wellzoom 2021 models Desktop Extruder Line II, 

Shenzhen Mistar Technology Co. Ltd., Shenzhen, China) to obtain composite 

filaments with a diameter of 1.75 ± 0.05 mm for the 3D printer. The temperatures of 

the two heating chambers of the extruder were 170 °C and 160 °C, respectively, to 

melt the matrix and to minimize thermal degradation. The maximum sludge content 

was 20% because higher sludge content made it difficult to maintain the required 

filament diameter for 3D printing. The extruded filaments were cooled down in the 

water bath, then collected, and subsequently dried in an oven at 60 °C for 4 h before 

3D printing.  

Specimens for mechanical studies were fabricated by a fused deposition 

modeling (FDM) 3D printer (Chiron, Anycubic Technology Co., Shenzhen, China). 

The models of specimens were designed by Ultimaker Cura (V3.2.1) software, and 

then sent to the 3D printer. Filaments from the extruder were placed layer by layer to 

achieve required dimensions for mechanical testing. The height of the first layer was 

set as 0.3 mm. All the following layers were 0.1 mm in height. The temperature of the 

printing nozzle and the bed were set at 180 °C and 60 °C, respectively. The printing 

speed was 100 mm/s. 

5.2.4 Materials mechanical properties 

Tensile strength of specimens was determined by a universal material testing 

machine (AG-X plus Series, Shimadzu, Kyoto, Japan). All tensile tests were 

conducted according to ASTM International D638-14 (Type V specimens). The 

specimen thickness was 3 mm and tested at a strain rate of 1 mm/min. Five specimens 

were tested for each polymer-sludge composite. The stress-strain curve of each test 
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was recorded, and the linear portion of the curve was used to calculate Young’s 

modulus of each specimen by Equation 5.2: 

 E=
∆σ

∆ε
 (5.2) 

where ∆𝜎 was the change in tensile strength of the material, and ∆𝜀 was the change in 

strain of the material. 

The notched impact tests were conducted using an impact tester (HIT5.5P, 

Zwick, Ulm, Germany) with a 2.75 J pendulum impactor. The specimen was 3 mm 

thick, while other dimensions were the same as defined by ASTM International D256-

10. Other procedures in impact tests all followed ASTM International D256-10. Five 

replicates were tested for each polymer-sludge composite. 

5.3 Results and Discussion 

5.3.1 Enrichment of PHA-accumulating bacteria and PHA production 

After seeding the SBR units, acetate removal percentage during the react phase 

were compared at day 0 and day 12 to assess the activity of PHA-accumulating 

cultures in the SBR units (Figure 5.1). The intermittently fed SBR sludge exhibited 

much higher acetate uptake rate than activated sludge from a continually fed systems 

(seed cultures) when exposed to excess substrate. At 12 days of operation, acetate in 

feed solution decreased rapidly, resulting in more than 80% of feed acetate removal in 

1 h. On the other hand, the seed cultures obtained from a completely mixed activated 

sludge treatment system (day 0 sludge) took 5 h to consume 90% of feed acetate.  

Acetate removal by the SBR sludge was characterized by a rapid initial removal 

followed by a subsequent slower removal rate. After 2 h, the acetate was depleted and 

the famine conditions in the SBR lasted for the remaining 10 h until the next react 
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phase. Niekerk et al. (1987), experimenting with an intermittently fed system, reported 

that most of the substrate removed during the short “feast” phase were stored as PHA 

polymer since only a small fraction of the removed substrate was actually metabolized 

during this phase. The stored PHA was then metabolized during the subsequent 

endogenous phase restoring the substrate storage capacity before the next feeding 

cycle. Thus, bacteria with PHA-storing abilities have a competitive advantage over 

bacteria that do not have PHA-storing abilities (Sehgal & Gupta, 2020).   

Substrate utilization rates and PHA accumulation of the SBR cultures were 

assessed after 2 months of SBR operation (Figure 5.2). Both PHB and PHV were 

detected in the SBR sludge, and their amounts were expressed as percent dry cell 

weight (DCW). Low amounts of PHB (1.5%) and PHV (1.4%) were detected at the 

beginning of feed phase, indicating that intracellular PHA was not completely 

depleted during the famine stage. During react phase, both acetate and propionate 

were depleted after 1.5 h, while intracellular PHB and PHV increased to 7.9% and 

6.1%, respectively. This rapid consumption of fatty acids and simultaneous synthesis 

of PHA suggests acetate and propionate as the precursors of PHB and PHV. This 

result is consistent with those reported in literature (Christensen et al., 2021; Ma et al., 

2018; Narancic et al., 2016; Shozui et al., 2010; Sullivan et al., 2022). Anjum et al. 

(2016) reported that bacteria converted a portion of carbon sources to PHB and PHV 

via ꞵ-oxidation, and catabolized PHB as well as PHV for energy production after 

exogenous carbon sources were exhausted.  

The SBR system was operated at steady-state (± 10% of the target MCRT) for 

29 months to select PHA-accumulating-bacteria-dominant cultures. The MLVSS 

values of SBR mixed liquor were 1540 ± 40 mg/L during the steady-state operation. 
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The effluent VSS was 30 ± 5 mg/L, indicating good settleability of the SBR sludge. 

The actual MCRT of the SBR was calculated as 4.9 days. The average chemical 

oxygen demand (COD) of SBR influent and effluent were 1425 ± 51 mg/L and 18 ± 3 

mg/L, respectively. The COD removal rate of the SBR was 99%, indicating good 

wastewater treatment efficiency of the SBR. pH and DO were monitored during the 

SBR operation. The average pH and DO in the reactor were maintained at 7.6 ± 0.2 

and 2.1 ± 0.4 mg/L, respectively. 

Fed-batch reactor (FBR) operation and performance parameters during mixed 

culture fermentation of PHA are shown in Figure 5.3. The addition of FBR medium 

was dissolved oxygen (DO) regulated. An increase in DO concentrations during 

fermentation normally indicates decrease in oxygen demand of heterotrophic 

microorganisms because of substrate exhaustion (Wang et al., 2019). The fatty acid 

concentration profile confirmed that the substrate addition was well-timed. The 

intracellular PHA content reached 59% DCW at 7 h of FBR operation. The PHB and 

PHV fractions were 68% and 32%, respectively. The PHA content and composition 

reached steady state levels after 6 h. Therefore, subsequent FBR fermentation runs for 

the PHA production were carried out for 6 h. The overall intracellular PHA extraction 

efficiency was 40%, with a purity of 99.3%, which is similar to the values obtained by 

Pagliano et al. (2021). 

5.3.2 Enrichment of filamentous bacteria 

The membrane bioreactor (MBR) system was operated at steady-state (± 10% 

variation in MLVSS values of MBR mixed liquor) for 29 months to cultivate and 

maintain filament-dominating cultures. The MLVSS values of MBR mixed liquor 

were 1320 ± 70 mg/L during the steady-state operation. The effluent VSS was 0 mg/L, 
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indicating good membrane filtration. The average chemical oxygen demand (COD) of 

MBR influent and effluent were 213 ± 17 mg/L and 8 ± 2 mg/L, respectively. The 

average pH and DO were maintained at 6.8 ± 0.3 and 1.3 ± 0.2 mg/L, respectively. 

A membrane bioreactor (MBR) was used to cultivate and enrich filamentous 

bacteria. Low dissolved oxygen, and nitrogen and phosphorus limited conditions were 

provided in the MBR, resulting in proliferation of filamentous bacteria. An SEM 

image of the lyophilized mixed cultures harvested from SBR is shown in Figure 5.4. 

Our previous study identified Sphaerotilus spp. as the dominant filamentous bacteria 

in the MBR cultures using 16S rRNA gene sequencing. A relative abundance of these 

filamentous bacteria was 19% in the mixed culture. 

5.3.3 Thermal property characterizations 

Differential scanning calorimetry (DSC) thermogram of the purified microbial 

PHBV (MPHBV) is shown in Figure 5.5. A sub-ambient Tg (-8.4 °C) and a cold 

crystallization peak (Tc at 66.4 °C) were observed in the second heating scan, 

indicating that MPHBV crystallized incompletely during the cooling scan and shifted 

into the crystal structure during the second heating scan (Lorenzo et al., 2012). There 

were two melting temperatures (127.4 °C and 155.9 °C) detected in the second heating 

scan, while only one melting peak was observed during the first heating scan with a 

melting temperature of 166.9 °C (figure not shown). This phenomenon is similar to 

PHBV with HV content range from 15% to 24% reported by Guho et al. (2020). The 

differences in the MPHBV melting behavior between the first and second heating 

scans were another evidence that the crystal structure of the co-polymer is changing 

during the DSC test. Figures 5.6 and 5.7 compare the thermogravimetric analysis 

(TGA) and derivative thermogravimetry (DTG) thermograms of MPHBV with those 
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of commercial PHBV (CPHBV) purchased from Tianan Biologic Materials (Ningbo, 

China), respectively. The onset temperatures of thermal degradation (Td) of MPHBV 

and CPHBV, at which weight loss of the sample was 5%, were 240.8 ℃ and 276.1 ℃, 

respectively (Figure 5.6). The rate of weight loss reached its maximum at the peak 

decomposition temperature (Tp) of 270.2 ℃ and 294.0 ℃ for MPHBV and CPHBV, 

respectively (Figure 5.7). 

The thermal properties of the MPHBV and CPHBV are summarized in Table 

5.3. MPHBV containing 31.7% HV had a lower melting temperature than CPHBV, 

which contained 1% HV. Similarly, Chan et al. (2004) reported that a lower melting 

temperature of PHB copolymer with increasing content of hydroxyvalerate (HV). The 

degree of crystallization (Xc) of MPHBV was determined as 23.4% based on the DSC 

assessment. This value was lower than that of CPHBV (64.9%) due to high HV 

content of MPHBV. The higher HV content limited the PHB-lattice formation owing 

to hydrogen bonding between HV and hydroxybutyrate (HB) (Guho et al., 2020). The 

Td and Tp values of MPHBV were lower than those of CPHBV as summarized in 

Table 5.3. The thermal decomposition temperature of PHBV had no clear correlation 

with the HV content (Wang et al., 2013); however, it increases with increasing 

molecular weight (Carrasco et al., 2006). The lower Td and Tp values of the MPHBV 

indicated that it had a smaller molecular weight than that of CPHBV. Therefore, 

heating zones of the extruder were set at 170 °C and 160 °C, respectively, based on the 

thermal properties of MPHBV. The temperature of the 3D printer nozzle was also set 

to 180 °C accordingly. 
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5.3.4 Mechanical property characterizations 

The mechanical properties of the MPHBV reinforced with 0, 5, 10, 15, and 20% 

of filament-dominating MBR sludge are shown in Figures 5.8 to 5.10. Tensile strength 

of the MPHBV decreased as the amount of MBR sludge increased (Figure 5.8). The 

average tensile strength of the neat MPHBV was 17.7 ± 0.4 MPa, which was 

comparable to the values reported in the literature for PHBV copolymers with elevated 

HV contents (Chan et al., 2019). The average tensile strength values of PHBV 

composites gradually decreased with higher amounts of filamentous sludge addition, 

which is consistent with the general observations reported with fiber-reinforced 

composites (Seggiani et al., 2017; Vandi et al., 2019; C. S. Wu et al., 2017). The 

average tensile strength decreased to 15.7 ± 0.3 MPa with 20% MBR sludge addition. 

The addition of filamentous sludge decreased the elongation at break when compared 

to that of the neat PHBV specimen (Figure 5.9). The elongation at break value 

decreased from 14.1 ± 0.7 % to 3.4 ± 0.3 % with 20 % filamentous bacteria content. 

On the other hand, blending with the filament-dominating MBR sludge 

improved the tensile modulus of MPHBV (Figure 5.10). The tensile modulus of the 

neat MPHBV increased by 57% with the addition of 20% MBR sludge (from 811 ± 24 

MPa to 1271 ± 39 MPa). This increase in tensile modulus of the filament-reinforced 

MPHBV composites may be attributed to the nucleating effect of filaments in the 

MBR sludge. The addition of fibers increases the number of polymer nucleation sites, 

thereby increasing the degree of polymer crystallization. A higher degree of 

crystallization generally leads to a higher tensile modulus (Batista et al., 2016; Dong et 

al., 2020). However, introducing filament-dominating MBR sludge into the PHBV 

may have increased the heterogeneity of the polymer microstructure. This would 

weaken the stress transfer within the composite material and result in a decrease in 
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tensile strength and elongation at break (S. Singh & Mohanty, 2007). A Student's t-test 

assuming equal variance was performed to check the statistical difference of Young’s 

modulus between the neat microbial PHBV and microbial PHBV composite 

specimens with 20% bulking sludge. The two-tailed t-test with a degree of freedom of 

8 showed a t-value of 22.3 and a p-value of 1.810-8, which indicated a significant 

statistical difference in Young’s modulus between microbial PHBV without and with 

20% bulking sludge reinforcement. 

In comparison to the neat commercial PHBV (CPHBV), the neat MPHBV with 

32% HV content exhibited substantially lower tensile strength and tensile modulus 

(Figures 5.11 and 5.12). On the other hand, significantly higher elongation at break 

was observed with the neat MPHBV than that of the neat CPHBV (Figure 5.13). 

These differences in mechanical properties of the two copolymers may be attributed to 

the HV contents. Similar results were reported in previous literature (Abbasi et al., 

2022; Barkoula et al., 2010; Chan et al., 2019; Zhuikov et al., 2020). Lv et al. (2016) 

reported that high HV percentage in the MPHBV hindered the formation of HB crystal 

lattices, thus, decreasing the degree of crystallization. They postulated that this 

decreased crystallization allowed the polymer chain to move and be more flexible, 

resulting in a higher elongation at break as well as lower stiffness. The two melting 

peaks in the DSC thermogram (Figure 5.5) also reflected the different crystal 

structures of MPHBV and CPHBV. 

The notched impact strength of composite materials improved with increasing 

filamentous MBR sludge (Figure 5.14). The impact strength of neat MPHBV, which 

was 3.61 ± 0.15 kJ/m2, increased to 5.22 ± 0.14 kJ/m2 with the addition of 20% MBR 

sludge. Thus, adding filamentous bacteria significantly increased the energy needed to 
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break the composite, suggesting good interfacial adhesion between the PHBV and 

microbial filaments. Barkoula et al. (2010) reported that as the fiber ratio increased, 

more fibers are expected to act as bridges to prolong the fracture process of 

composites due to fiber debonding and pull-out, which increased the impact strength 

of the composites. Also, weaker stress transfer due to elevated fiber ratio can cause 

multiple microcracks within the composites during impacts, which can dissipate 

energy and increase the impact resistance of the composites (Russo et al., 2013; 

Torres-Tello et al., 2017). 

The notched impact strength of neat MPHBV was significantly higher than that 

of neat CPHBV (1.7 ± 0.1 kJ/m2) as shown in Figure 5.15. This observation is 

consistent with the findings of Chan et al. (2019). The extra energy required to 

completely break neat MPHBV was due to the more flexible polymer chains of 

MPHBV with a higher HV percentage. 

Table 5.4 summarizes the effect of various fiber reinforcements on mechanical 

properties of PHA-based composites. Microbial PHBV reinforced with 20% MBR 

sludge has higher improvement in tensile modulus and lower reduction in tensile 

strength when compared with PHA reinforced with 20% raw palm fiber (C. S. Wu et 

al., 2017). The tensile modulus improvement of the microbial PHBV reinforced with 

20% MBR sludge was similar to that of 30% bamboo fibers reinforced PHBV (S. 

Singh et al., 2008) and 30% maple wood fiber reinforced PHBV (S. Singh & Mohanty, 

2007). Table 5.4 indicates that the reinforcement effects of filamentous bacteria 

growing in activated sludge were comparable to those of plant fibers as reinforcing 

agents for PHBV composites. 
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Table 5.1. Medium compositions of the SBR 

Chemical Concentration (mg/L) 
Sodium acetate trihydrate 2754 
Sodium propionate 648 
Ammonium chloride 321 
Magnesium sulfate heptahydrate 123 
Ethylene diamine tetraacetic acid 100 
Potassium phosphate monobasic 68 
Potassium chloride 53.64 
Zinc sulfate heptahydrate 44 
Yeast extract 40 
Allylthiourea 40 
Calcium chloride dihydrate 14.7 
Ferrous sulfate heptahydrate 10 
Manganese chloride tetrahydrate 9.9 
Cobalt chloride hexahydrate 3.22 
Copper sulfate pentahydrate 3.14 
Ammonium molybdate 
tetrahydrate 2.2 
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Table 5.2. Medium compositions of the FBR 

Chemical Concentration (mg/L) 
Acetate acid 7875 
Propionate acid 2475 
Magnesium sulfate heptahydrate 123 
Ethylene diamine tetraacetic acid 100 
Potassium phosphate monobasic 68 
Potassium chloride 53.64 
Zinc sulfate heptahydrate 44 
Yeast extract 40 
Allylthiourea 40 
Calcium chloride dihydrate 14.7 
Ferrous sulfate heptahydrate 10 
Manganese chloride tetrahydrate 9.9 
Cobalt chloride hexahydrate 3.22 
Copper sulfate pentahydrate 3.14 
Ammonium molybdate 
tetrahydrate 2.2 
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Table 5.3. Comparison of thermal properties between microbial PHBV and 
commercial PHBV 

 Tg (℃) Tc (℃) 
Tm1 
(℃) 

Tm2 
(℃) 

Χc (%) Td (℃) Tp (℃) 

Commercial 
PHBV (1% 
HV)* 

NA 123 173.1 NA 64.9 276.1 294 

Microbial 
PHBV (31.7% 
HV) 

-8.4 66.4 127.4 155.9 23.4 240.8 270.2 

*Data from chapter 3. 
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Figure 5.1. Acetate removal percentage changed with time at day 0 and day 12 after 
SBR operation. 
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Figure 5.2. Fatty acids consumption and PHA accumulation in the SBR after two 
months of operation. 
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Figure 5.3. PHA production and operation parameters of fermentation in the FBR. 
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Figure 5.4. SEM image of lyophilized MBR cultures. 
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Figure 5.5. DSC thermogram of microbial PHBV. 
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Figure 5.6. TGA thermograms of microbial and commercial PHBV. 
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Figure 5.7. DTG thermograms of microbial and commercial PHBV. 

  



 

 130

0 5 10 15 20
0

5

10

15

20

T
en

si
le

 s
tr

en
gt

h 
(M

Pa
)

Fiber Ratio (%)

 

Figure 5.8. Tensile strength of microbial PHBV with different filament-dominating 
MBR sludge contents. 
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Figure 5.9. Elongation at break of microbial PHBV with different filament-
dominating MBR sludge contents. 
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Figure 5.10. Tensile modulus of microbial PHBV with different filament-dominating 
MBR sludge contents. 
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Figure 5.11. Comparison of tensile strength between microbial PHBV and commercial 
PHBV with different fiber ratio. 

  



 

 134

0 5 10 15 20
0

200

400

600

800

1000

1200

1400

1600

1800

T
en

si
le

 M
od

ul
us

 (
M

Pa
)

Fiber Ratio (%)

 Microbial PHBV
 Commerical PHBV

 

Figure 5.12. Comparison of tensile modulus between microbial PHBV and 
commercial PHBV with different fiber ratio. 
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Figure 5.13. Comparison of elongation at break between microbial PHBV and 
commercial PHBV with different fiber ratio. 
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Figure 5.14. Impact strength of microbial PHBV with different filament-dominating 
MBR sludge contents. 
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Figure 5.15. Comparison of impact strength between microbial PHBV and 
commercial PHBV with different fiber ratio. 
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SUMMARY OF RESULTS 

6.1 Filamentous Bacteria Reinforced Commercial PHBV 

The reinforcing effects of filamentous bacteria on mechanical properties of 

commercial PHBV composites were evaluated. The composite specimens were 

fabricated using 3D printing after melt extrusion. The results of DSC and TGA of 

PHBV and filamentous bacteria suggested the processing temperature of these 

composite materials to be around 185 °C to minimize thermal degradation. We 

evaluated the tensile properties and notched impact strength of PHBV composites 

containing different amounts of filamentous bacteria. The tensile modulus and notched 

impact strength of the composites increased with higher fiber content. In contrast, the 

tensile strength and elongation at break of the composite decreased with increasing 

filamentous bacteria content. These results demonstrated that filamentous bacteria 

growing in wastewater treatment systems may be used as reinforcement agents for 

PHBV biocomposite materials.  

6.2 Filamentous Bacteria Cultivation and Characterization 

A membrane bioreactor was used to cultivate and enrich filamentous bacteria. 

Low dissolved oxygen, and nitrogen and phosphorus limited conditions in the MBR 

resulting in excessive proliferation of Sphaerotilus spp. with the sludge volume index 

as high as 703 mL/g. 16S rRNA gene sequencing identified that Sphaerotilus spp. 

were the dominant filamentous bacteria with a relative abundance 19% in the mixed 
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cultures. Optical microscopy and atomic force microscopy were used to study the 

morphology of filamentous bacteria. The aspect ratio (length to width ratio) of the 

filamentous bacteria was 346. The Young’s modulus of Sphaerotilus spp. was 

determined using AFM-based nanoindentation. The measured Young’s modulus of 

Sphaerotilus spp. was 91.4% higher than that of non-filamentous bacteria. The 

theoretical Young’s moduli of filamentous bacteria-reinforced poly (3-

hydroxybutyrate-co-3-hydroxyvalerate) were predicted using Halpin-Tsai and Tsai-

Pagano equations. The predicted values closely matched the experimental values. This 

indicated that filamentous bacteria were randomly oriented and uniformly distributed 

in the matrix.  

6.3 Filamentous Bacteria Reinforced Microbial PHBV 

An all-natural composite material was fabricated using microbial PHBV as the 

matrix and filamentous bacteria as the reinforcement material. A sequencing batch 

reactor was operated to enrich for polyhydroxyalkanoates (PHA)-accumulating 

bacteria, and the production of PHBV by the enriched cultures was maximized by a 

fed-batch reactor. The highest PHA content of 59% dry cell weight was obtained with 

68 % PHB and 32% PHV. PHBV extracted from the bacterial cells in the fed-batch 

reactor had a purity of 99.3%. A membrane bioreactor was used to cultivate 

filamentous bacteria-dominating cultures (19% relative abundance of Sphaerotilus 

spp.). Differential scanning calorimetry and thermogravimetric analysis of microbial 

PHBV suggested that the melt extrusion and 3D printing temperatures to be 170 °C 

and 180 °C, respectively, to minimize the thermal degradation of PHBV. Mechanical 

tests showed that the tensile modulus and notched impact strength of microbial PHBV 

improved by 57% and 45%, respectively, following the addition of 20% membrane 
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bioreactor sludge. These results demonstrated that an all-natural composite material 

may be fabricated from activated sludge using microbial PHBV as the matrix and 

filamentous bacteria as the reinforcement material. 
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APPLICATION AND FUTURE WORK 

7.1 Projected Production of Biocomposite Material  

Biocomposite materials examined in this dissertation may be directly produced 

in wastewater treatment plants with appropriate design. The daily production of the 

composite materials can be projected based on results from this study. The following 

section describes the projected production of biocomposite materials from a model 

wastewater treatment plant. A SBR is designed to select and enrich PHA-

accumulating bacteria. Its volume (V) is determined by the Equation 7.1: 

 V = HRT  Q (7.1) 

where the influent flow rate (Q) is assumed to be 250,000 m3/d, and HRT is 0.6 days. 

The SBR volume is calculated to be 150,000 m3. The substrate consumption rate (U) 

in the SBR is calculated by the Equation 7.2: 

 
1

MCRT
 = UY - kd (7.2) 

where MCRT is 5 days, yield coefficie (Y) is 0.5 g biomass/g BOD (Metcalf & Eddy, 

2013), and decay constant (kd) is 0.02 d-1 (Friedrich & Takács, 2013). U is calculated 

as 0.44 d-1. The mixed liquor suspended solids (MLSS) concentration of the SBR is 

calculated using the Equation 7.3: 

 U = 
Q (S0-Se)

V (MLSS)
 (7.3) 

where biochemical oxygen demand (BOD) of the influent wastewater (So) is 200 mg/L 

based on the average value reported by New Castle County, Delaware (Delaware 
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Department of Natural Resources and Environmental Control, 2020), biochemical 

oxygen demand of the effluent wastewater (Se) is 2 mg/L based on 99% BOD removal 

efficiency found in this study. The MLSS in the SBR was determined to be 750 mg/L 

using the Equation 7.3. The daily waste sludge production is determined by Equations 

7.4 and 7.5: 

 MCRT=
V  MLSS

൫Q-Qw൯ Xe+Qw Xw
 (7.4) 

 Sludge Production=Qw Xr (7.5) 

where Qw is the sludge wasting rate, Xe is the biomass concentration in effluent (using 

30 mg/L from chapter 5), and Xw is the biomass concentration of the waste sludge. 

The Xw is identical to the MLSS in the SBR in this study, due to sludge directly 

wasted from the reactor. The sludge production from the SBR is determined to be 

15,625 kg/d, and all the sludge is used in PHA production in an FBR. The PHA 

production for the FBR will be 3,688 kg/d, applying 59% PHA content in bacterial 

cells and 40% overall extraction efficiency based on results of this study. 

A MBR is designed to cultivate and enrich filamentous bacteria-dominant 

sludge. The calculation of the sludge production of the MBR follows the same process 

as that of the SBR. The volume of the MBR is determined to be 7,500 m3 by assuming 

Q to be 15,000 m3/d and HRT to be 0.5 days. The U value of the MBR is calculated to 

be 0.12 d-1, using the same Y and kd as the SBR, but a MCRT of 25 days. The MLSS 

of the MBR is determined to be 3,200 mg/L, using the same So as the SBR and 96% 

BOD removal rate. The daily waste sludge production is determined to be 960 kg/d, 

using 0 mg/L as Xe of the MBR. The Xw is identical to the MLSS in the MBR due to 

sludge directly wasted from the reactor. 
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The projected daily composite material production is 4,610 kg/d combining 

daily PHA and MBR sludge production. The total wastewater flow rate of this 

designed wastewater treatment plant is 265,000 m3/d, which is 67% of the designed 

influent wastewater flow rate (397,468 m3/d), and close to the average influent 

wastewater flow rate (260,058 m3/d) of Wilmington wastewater treatment plant, 

Delaware (Delaware Department of Natural Resources and Environmental Control, 

2020).  

There are some major issues that need to be addressed before the proposed 

model wastewater treatment plant can achieve the overall goal of this research. First, 

the average BOD concentration of domestic wastewater is not high enough for 

intracellular PHA content reaching 59% as observed in this study. Second, producing 

microbial PHA requires no ammonium in FBR feedstocks, which is not possible in 

real wastewater. The above two issues could be solved by using external carbon 

sources with high concentration of fatty acids and low concentration of nitrogen, such 

as acidogenic digestate from food waste or waste activated sludge digestion. 

Additionally, PHA needs to be extracted before composite fabrication. This process 

requires large usage of organic solvents, which raises questions about the 

sustainability of the process. This issue may be addressed by developing a new 

method to directly use intracellular PHA without extraction. 

7.2 Potential Application of Biocomposite Materials 

The potential application of the biocomposite material fabricated in this study 

are proposed by comparing its mechanical properties with other petroleum-based 

plastic materials. The tensile strength and tensile modulus of 20% filamentous bacteria 

reinforced microbial PHBV is 15.7 MPa and 1.3 GPa, respectively. Current, 
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polypropylene (PP) and rigid polyvinyl chloride (PVC) were widely used in producing 

motor vehicle interior trim (Shinde and Patel, 2020). The tensile modulus and tensile 

strength of PP are 1.5 GPa and 38 MPa, respectively (Chodák & Blackburn, 2009; 

Keskin et al., 2017). The tensile modulus and tensile strength of rigid PVC are 3.4 

GPa and 16.5 MPa, respectively (Wilkes et al., 2005; Zampino et al., 2021). The 

mechanical properties of the biocomposite material fabricated in this study are 

comparable to those of PP and rigid PVC. Therefore, the 20% filamentous bacteria 

reinforced microbial PHBV may be used as a substitute for PP and rigid PVC in 

fabricating interior trim of motor vehicles. Low-density polyethylene (LDPE) is a 

widely used packaging material (Dietrich et al., 2018; Selke & Hernandez, 2001). Its 

tensile modulus and tensile strength are 0.2 GPa and 10 MPa, respectively (Chodák & 

Blackburn, 2009). The 20% filamentous bacteria reinforced microbial PHBV has 

higher tensile modulus and tensile strength than those of LDPE, which suggests that 

this biocomposite material may be used as a substitute for LDPE in packaging 

materials.  

7.3 Recommendations for Future Study 

In this dissertation, filamentous bacteria were used as a reinforcement agent of 

PHAs to fabricate a novel biocomposite material. Although this composite material 

gets improved in tensile modulus and impact strength compared to neat PHAs, more 

studies are needed to help facilitate the application of this composite material. The 

maximum fiber content of the composite material in this study is 20% for both 

commercial and microbial PHAs due to higher fiber contents resulting in a failure in 

extrusion process. Other fabrication methods, such as injection molding and 

compression molding, can be investigated to achieve a higher fiber content and may 
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result in better overall mechanical properties. The Sphaerotilus spp. is enriched in the 

MBR and used as reinforcement agent in this study. Study in the future could cultivate 

and enrich other filamentous bacteria, such as type 021N, Thiothrix spp., Beggiatoa 

spp. and Microthrix parvicella, as reinforcement agent of PHAs. Different 

combinations of PHAs and filamentous bacteria may generate new filamentous 

bacteria reinforced PHAs with superior mechanical properties. The microbial PHBV 

was produced using pure chemical-based feed solution in this study, which leads to a 

high cost of PHA production. The next step may be using waste by-product as feed 

solution, such as acidogenic digestate from food waste or activated sludge, to further 

decrease the production cost of PHA. This will also make the PHAs production more 

environmentally friendly and sustainable. Directly using intracellular PHA without 

extraction is another study that may be investigated in the future. Previous study has 

reported that Sphaerotilus natans, type 021N, Beggiatoa spp. and Microthrix 

parvicella are able to accumulate PHA within their cells (Jenkins et al., 2003). 

Therefore, fabricating biocomposite materials using filamentous bacteria and their 

intracellular PHA may avoid the PHA extraction, thus eliminating the organic solvents 

usage. 
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