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Abstract 

Since their conception, plastics have been a dominant product due to the versatility 

of use, and readily available raw materials. However, the production and 

consumption of synthetic plastics have continued to increase over the years, 

leading to a significant rise in plastic waste and its associated environmental 

impacts, such as the detrimental effects plastic waste has on ecosystems, including 

the presence of toxic microplastics and risks to marine life, are becoming the focus 

of criticism. Moreover, the contribution of plastic production to global warming 

through the usage of petroleum as a raw material cannot be understated. Solutions 

are being sought after to reduce the impact of this plastic waste, with one such 

solution being the replacement of the raw materials involved in plastic production. 

If a biologically degradable plastic product can be produced, then even if the 

dangers associated with plastic waste cannot be removed, they can be reduced. One 

method is the production of plastics using polyhydroxyalkanoates (PHA) as a 

replacement as these are shown to have similar properties as synthetic plastics 

while being 100% degradable. PHA production has existed since the 1960’s, but 

the process has always been too expensive to be a viable alternative to the cheaper 

petroleum-based products. A reduction of the production costs is needed for PHA 

to be an economically viable alternative, and there are two areas that contain the 

highest costs; The usage of expensive monocultural bacteria, and specially crafted 

carbon sources used to feed these bacteria to stimulate PHA accumulation. By 

switching to a multi-cultural bacterium and using readily available organic carbon 

sources can the costs of production be brought down, allowing the prospective 

biological plastics a chance to compete in the plastic market.  

This thesis focuses on the usage of a multi-cultural bacterium collected from the 

water purification plant of a papermill, and the filtrate from the hydrothermal 

carbonisation (HTC) of sludge as the organic carbon source as materials in the 

production of PHA. The aim of the thesis is to investigate how successful PHA 

accumulation can occur using these two readily available waste products, and if 

successful to analyse the characteristics of any biological plastic that could be 

produced. The trials were performed in a cylindrical tank; one benchmark trial 

using acetic acid as the carbon source to be used as a reference for successful PHA 

accumulation, and five trials investigating the PHA accumulation that occurred 

using the HTC filtrate as the carbon source. The trials were analysed by extraction, 

TGA, FT-IR, TOC, and SS. During the trials pH, temperature and concentration of 

diffused oxygen was monitored. 

The trials indicated that the accumulation of PHA was possible, with various 

results. The most successful accumulation was observed in trial I-1, where PHA 

reached 12.45%, only slightly lower than the benchmark trials accumulation of 

13.6%. Trials I-2 and I-3 also showed potential for high PHA content according to 

FTIR analysis. However, trials F-1 and F-2 failed to accumulate any PHA, and the 
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inhibiting factors behind this were not fully understood. Possible reasons included 

high ammonia levels, incompatible bacteria, or imbalanced nutrient ratios. Various 

extraction methods were attempted to isolate the polymers found within the 

biomass for use in plastic production. While one extraction method was successful 

and used to analyse the PHA content found in the biomass, the amount of polymer 

that was extracted via this method was too small for use in plastic production, and 

as such the characteristic investigation of the plastic was unable to be completed. 

Overall, the study identified successful PHA accumulation in some trials but faced 

challenges and uncertainties regarding inhibiting factors and extraction methods. 

Future improvements should focus on standardizing experimental conditions and 

optimizing extraction techniques for better results. 
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Sammanfattning 

Plast som ett material har länge dominerat marknaden på grund av dess 

mångsidighet och lättillgänglighet som råmaterial. Produktionen och konsumtionen 

av syntetisk plast har fortsatt ökat genom åren, vilket har resulterat i en betydande 

ökning av plastavfall och dess miljöpåverkan. Kritik har riktats mot de skadliga 

effekterna av plastavfall på ekosystemet, inklusive mikroplaster som medför risk 

för de arter som lever i havet. Produktion av plast bidrar till global uppvärmning 

genom användningen av petroleum som råmaterial och är en faktor som inte får 

undervärderas. Lösningar söks för att minska plastavfallets påverkan, en sådan 

lösning är att ersätta de fossil-baserade råmaterial som används i plastproduktionen 

med förnybart material. Om en biologiskt nedbrytbar plastprodukt kan framställas 

kan riskerna med plastavfall minska, även om de inte kan elimineras helt. En metod 

som har undersökts är produktion av plast från polyhydroxyalkanoater (PHA), 

eftersom dessa har liknande egenskaper som syntetisk plast samtidigt som de är 

100% nedbrytbara. PHA-produktion har funnits sedan 1960-talet, men processen 

har alltid varit för dyr jämtemot de ekonomiskt billigare petroleumbaserade 

produkterna. En minskning av produktionskostnaderna är nödvändiga för att PHA 

ska kunna vara ett ekonomiskt genomförbart alternativ. Det finns två områden som 

står för de högsta kostnaderna: användningen av dyra monokulturbakterier och 

speciellt utformade kolkällor som används som föda till dessa bakterier samt 

stimulera PHA-ackumulering. Genom att byta till en blandad bakteriekultur och 

använda lättillgängliga organiska kolkällor kan produktionskostnaderna sänkas, 

vilket ger de potentiella biologiska plasterna en chans att konkurrera på 

plastmarknaden. 

Denna studie fokuserar på användningen av en blandad bakteriekultur som samlats 

in från ett vattenreningsverk vid ett pappersbruk, samt substrat från hydrotermisk 

karbonisering (HTC) av slam som är den organiska kolkällan för produktion av 

PHA. Syftet med studien är att undersöka hur effektivt PHA-ackumulering kan 

utföras med hjälp av dessa två lättillgängliga restprodukter och om det fungerar, 

även analysera egenskaperna hos eventuell biologisk plast som har producerats. 

Försöken utfördes i en cylindrisk tank med ett referensförsök som använde 

ättiksyra som kolkälla för att fungera som en referens för lyckad PHA-

ackumulering, samt fem försök som undersökte PHA-ackumulering som uppstod 

med hjälp av HTC-substrat som kolkälla. Försöken analyserades genom extraktion, 

TGA, FT-IR, TOC och SÄ. Under försöken övervakades pH, temperatur och 

syrehalt i vattnet. 

Försöken visade att PHA-ackumulering var möjlig, med varierande resultat. Den 

mest framgångsrika ackumuleringen fanns i försök I-1, där PHA halten nådde 

12,45%, jämfört med PHA halten av referensförsöket som var 13,6%. Försök I-2 

och I-3 visade potential för en liknande PHA-halt som I-1 enligt en FT-IR-analys. 
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Dock misslyckades försök F-1 och F-2 med att ackumulera någon PHA, och 

faktorerna bakom detta var inte fullständigt förstådda. Potentiella anledningar kan 

vara höga ammoniakhalter, oförenliga bakterier eller obalanserade 

näringsämnesförhållanden. Varierande extraktionsmetoder försökte användas för 

att isolera polymererna som fanns i biomassan för att användas i plastproduktion. 

En extraktionsmetod var framgångsrik och användes för att analysera PHA-halten 

som fanns i biomassan, mängden av polymer som extraherades med denna metod 

var för liten för att kunna användas i plastproduktionen. Därför kunde 

undersökningen av plastens egenskaper inte slutföras. 

Sammanfattningsvis visade studien på bra PHA-ackumulering i vissa försök, men 

det fanns utmaningar och osäkerheter kring några faktorer som begränsade PHA-

ackumulering och extraktionsmetoder. Framtida forskning bör fokusera på att 

standardisera experimentella förhållanden och optimera extraktionstekniker för 

bättre resultat.



vi 
 

Foreword 

 

This bachelor thesis has been presented to a panel of peers. The thesis was then 

discussed and reviewed during a thesis defence seminar. The author of this work 

actively partook in the seminar by acting as an opponent for another student’s 

bachelor thesis.    

I would like to thank Carl Bondesson for his advice and guidance on the correct 

usage of the plastic press. Also, to thank him for the time we spent working on the 

benchmark reactor together, before our thesis went in different directions. I would 

like to also give a huge thanks to my mentor and supervisor Maria Sandberg, who’s 

words of wisdom, experience and knowledge were invaluable for the execution of 

the lab work required for this Thesis. Her guidance on the usage of not only the 

reactor and the accompanying measuring equipment in the lab, but for the 

analytical process such as FTIR, were essential to the success of this study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

Table of Contents 

1. Introduction ...................................................................................................................... 1 

1.1 Purpose ............................................................................................................... 4 

1.2 Objectives ............................................................................................................ 4 

1.3 Limitations and boundaries ................................................................................. 5 

2. Method .............................................................................................................................. 5 

2.1 Reactor’s design .................................................................................................. 6 

2.2 VFA dose .............................................................................................................. 7 

2.3 Sample taking and analysis. ................................................................................ 9 

2.4 Filtration and Extraction methods .................................................................... 12 

2.5 Plastic pressing .................................................................................................. 14 

2.6 Exchange rate of VFA to PHA ............................................................................ 14 

2.7 System analysis of theoretical production capabilities of HTCS based PHA ..... 14 

3. Result and discussion ...................................................................................................... 15 

3.1 Compiled summary of results ........................................................................... 15 

3.2 Benchmark trial. ................................................................................................ 16 

3.3 Trial I-1. ............................................................................................................. 18 

3.4 Trial I-2. ............................................................................................................. 19 

3.5 Trial I-3. ............................................................................................................. 21 

3.6 Trial F-1 .............................................................................................................. 22 

3.7 Trial F-2 .............................................................................................................. 24 

3.9 How successful was the PHA accumulation. ..................................................... 25 

3.10 Method and future improvements ................................................................. 26 

3.11 Extraction and plastic pressing ........................................................................ 26 

3.12 TGA .................................................................................................................. 27 

4. Summary ......................................................................................................................... 27 

5. Further Study................................................................................................................... 27 

Bibliography ........................................................................................................................ 28 

 

 



1 
 

1. Introduction  
Entirely synthetic plastic began back in 1907, with the invention and manufacture 

of Bakelite by the Belgian chemist Leo Baekeland (Chalmin 2019). During the 

1900’s, aided by further technological advances and discoveries, the plastic 

industry became a dominant economic force, boasting an average 8.5% annual 

growth between 1950 to 2017. By 2020 plastic use throughout the world had 

reached 460Mt per year, double that of the year 2000 (OECD 2022a). With this 

drastic increase in plastic usage, plastic waste has increased in tandem. According 

to the (OECD 2022b), plastic waste is either landfilled (46%), incinerated (17%) or 

collected to be recycled (15%), leaving the remaining plastic to be classified as 

mismanaged and littered (22%). From the copious amounts of mismanaged and 

littered plastic, it is reported that 22Mt of plastic has leaked into nature during 

2019, with predictions of this type of plastic leakage increasing up to 44Mt by 2060 

(OECD 2022a). This plastic waste affects not only local environments but is shown 

to have global ramifications, with reports of microplastics even being found in the 

arctic sea (Obbard m.fl. 2014).  

These microplastics, plastics smaller than 5mm, have been shown to be toxic and 

carcinogenic, as well as causing lesions inside the airways and lungs of humans 

that breathe in these airborne fibres found in either plastic production or from 

plastic waste debris (Prata 2018). Macroplastics, plastics larger than 5mm,  also 

present clear risks to marine mammals, birds and reptiles (Faure m.fl. 2012). This 

is due to them mistakenly eating the plastic in their search for prey, causing 

suffocation or debilitating the animal enough that it is no longer feasible for the 

animal to feed itself, causing starvation and death.  

The majority of plastic production not only has these environmental impacts in 

regards to their waste management, the production of these synthetic plastics are 

also a large contributor to global warming via the usage of fossil fuels as raw 

material (OECD 2022a). It is estimated that to produce 1kg of PET bottles it 

requires 750g of petroleum oil and 670g of gas. With the global push for a more 

sustainable future by the UN and a reduction in environmental impact needed to 

reach the goals of the Paris agreement, the level of plastic production that is 

predicted is unsustainable with current production methods (UNFCCC 2023).  

However, there are alternative methods for plastic production available. Despite 

making up only 1% of the total polymer production in 2020, the bio-polymer 

industry is growing at a rate of 8% compared to fossil-based polymers industry 

which is predicted a growth rate of only 3-4%, indicating there is a growing desire 

for these biologically created plastics (Prime 2021). Of these biologically created 

polymers, one that is gaining traction is the usage of polyhydroxalkanoates (PHA) 

polyesters to create biological and biodegradable plastic (Serafim Luisa S. m.fl. 

2008).  PHA polymers that are produced by bacteria fall under three categories; 
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short chain length (SCL), medium chain length (MCL) and copolymers of SCL-

MCL PHAs (Narayanan m.fl. 2014). SCL consists of 3-5 carbon atoms, MCL is 

made up of 6-14 carbon atoms and SCL-MCL PHAs are a combination of the 

latter. Of these, the most common PHA that are produced are polyhydroxybutyrate 

(PHB), a SCL, which is produced via the addition of acetate to a sequence batch 

reactor (SBR) that contains the PHA producing bacteria. The current primary 

method of PHA production relies on monocultured bacteria that have been 

cultivated to increase their efficiency, allowing them to store up to 90% of their cell 

weight as PHA (Serafim Luisa S. m.fl. 2008). This process occurs when there is an 

overabundance of an easily digestible carbon source while a different growth-

limiting condition occurs, for example a lack of phosphorus, oxygen or nitrogen 

(Braunegg m.fl. 1998). Despite the production, use and degradation of PHA 

lacking a negative ecological impact, the market demand for PHA based plastic is 

relatively small. This is due to the large costs of production it entails, with the price 

ranging from four to nine times higher than normal, petroleum based synthetic 

plastics. Of these costs, up to 40% can be attributed to the substrate (Albuquerque 

m.fl. 2007), whereas the remaining 60% is attributed to running costs of production 

plus the costs of producing and maintaining the cultivated, pure bacteria culture. To 

increase the cost competitiveness of PHA based plastics in comparison to related 

products, a cheaper method of production needs to be found.  

Instead of undergoing the cost-intensive process of cultivating specialised bacteria 

for PHA production, there has been a rising interest in using the waste streams of 

various industries as the basis for the bacteria, where these PHA producing 

organisms can be found. These microbial mixed cultures (MMC) are one way to 

reduce the investment and running costs associated with PHA production (Serafim 

Luisa S. m.fl. 2008). This utilises a method known as aerobic dynamic feeding 

(ADF) which creates a feast period, followed by a famine period to stimulate the 

bacteria to stockpile PHA. With the optimisation of these MMC based reactors, the 

bacteria can reach up to 65% of their dry weight as containing PHA (Serafim Luísa 

S. m.fl. 2004). Different MMC bacteria sources have been investigated, but one 

that has proven to be effective is wastewater from papermills (Bengtsson m.fl. 

2008). This study highlighted the viability of papermill water was a cheaper 

alternative for PHA production, while still maintaining a respectable production of 

PHA of 48% of the dry cell weight. There is also the added benefit of providing a 

method for managing the excess sludge that is produced daily, alleviating the costs 

and resource otherwise dedicated to processing this waste. While switching from a 

pure cultivated bacteria to a MMC can reduce some of the costs involved, there is 

still the price of creating the carbon substrate used in PHA production. 

By switching out the carbon source from these costly manufactured substrates to 

waste organic material instead, the cost of PHA can be reduced further. There is an 

abundance of different organic waste materials available that have already been 
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studied, for example sugar cane molasses (Albuquerque m.fl. 2007), rice husks 

(Narayanan m.fl. 2014) and agricultural feedstock (Solaiman m.fl. 2006), that 

could be used as an alternative carbon source instead of manufacturing one 

synthetically. These materials have the bonus of reusing waste that would 

otherwise be incinerated or simply used as food for livestock. Another alternative 

carbon source comes from the hydrothermal carbonisation (HTC) of sewage sludge 

or biomatter that is too wet to be burned. As sewage sludge management comprises 

of 50-60% of a water treatment plant running costs, alternative methods to dispose 

or manage this sludge are sought after (Wang m.fl. 2019). HTC is one such 

solution, replacing the costly drying processes needed to dewater the sludge with a 

more energy efficient method. HTC occurs between 180-250°C during a time 

period ranging from minutes to hours under constant, autogenerated pressure. This 

creates hydrochar products that can be used as a burnable fuel source, as well as 

producing other by-products with various uses. One of these by products, the 

wastewater filtrate that is produced from the pressing of hydrochar products to 60% 

dry substance, is a possible organic carbon source for ADF. This filtrate consists of 

up to 20% of the chemical oxygen demand (COD) content from the sludge (Samorì 

m.fl. 2019). This filtrate can then undergo acidogenic fermentation, the first stage 

of anaerobic digestion, which converts the COD into acids, for example acetic, 

propionic, and butyric acid. By using low temperature, low pH or other inhibiting 

techniques during this fermentation, the production of biogas can be hindered, 

resulting in a VFA (volatile fatty acids) rich substrate being produced. This VFA 

rich substance, HTC substrate, is a potentially viable alternative organic source for 

ADF.  While some studies, such as (Samorì m.fl. 2019) and (Augustsson & 

Högfeldt 2020), have started to investigate various HTC based products with 

various levels of success, more study is required to fully understand the viability of 

this particular HTC substrate as a carbon source.   

The PHA that is produced from using these mixed VFA sources as opposed to 

acetate is different, a PHB/PHV Copolymer instead of the PHB produced from 

acetate as the carbon source. The differing polymers provide different 

characteristics to the bioplastics they produce; PHB produces a hard yet brittle 

biologically degradable plastic, whilst PHB/PHV copolymers are softer but more 

malleable. These characteristics allow the polymers to be utilised for different 

purposes, with PHB/PHV copolymers creating interest in the biomedical industry 

for use in the production of sutures (Volova m.fl. 2003). The vaporising point of 

the plastics is also different, with PHB having a vaporising point of between 270-

280 °C compared to the vaporising point of PHB/PHV copolymers lying between 

250-260 °C.             

By combining a MMC bacteria with a different waste organic carbon source, the 

viability of creating a biologically degradable but also affordable plastic increases. 

Therefore, it would be interesting to investigate how successfully PHA can be 
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produced using papermill wastewater and sludge in combination with HTC 

substrate. The choice of using papermill wastewater and sludge was taken due to 

the nutrients, or rather lack of specific nutrients, found within (Slade m.fl. 2004). 

By having a shortage of phosphorous and nitrogen in the MMC, the growth 

inhibiting conditions required for optimal PHA production are achieved allowing 

the PHA producing bacteria present to thrive. There is also the bonus of the desire 

for wastewater treatment plants to find an economic outlet for their sludge disposal 

because the treatment of their wastewater today is considered a necessary but 

costly process (Stoica m.fl. 2009). As such, if an alternative disposal method can be 

found that not only reduces running costs, but opens the possibility of a new 

income stream, then the foresting industry will readily embrace it. The sludge used 

was taken from the activated sludge settler in Skoghalls pulp and paper mill 

wastewater treatment plant in värmland, Sweden, whilst the HTC substrate was 

acquired from C-greens hydrothermal carbonisation plants, based in Stora Enso 

Mill in Heinola Finland.  

Whilst the production of PHA lies at the forefront of this thesis, extraction of any 

produced PHA is a secondary goal. While studies focus on the effectiveness of 

PHA accumulation, the extraction and processing of the plastic is still a key factor 

that must be considered before industrial scaling can be approached. Analysing the 

properties of any plastics that can be produced from this extracted PHA can give 

insight into the properties of the polymers themselves. As plastic is produced by 

pure PHB are known to be hard but brittle, while plastics produced with mixed 

monomers, such as a mix of PHB-PHV copolymers, are more malleable and elastic 

(Bengtsson m.fl. 2008). If plastic can be produced from this HTC filtrate, then 

investigation of the plastic for unknown properties is of interest to manufacturers.    

1.1 Purpose 

The aim and purpose of this thesis is to investigate the possibility of using HTC 

substrate as a source of VFA for PHA production in combination with the sludge 

from Stora Enso’s papermill water treatment plant. If PHA production is shown to 

be viable, how much of this PHA can be extracted and what characteristics any 

plastic produced will exhibit.  

1.2 Objectives 

The objective of this thesis is to determine if PHA production using HTC substrate 

as an organic carbon source is possible.  

The following questions are raised during this thesis: 

• Is it possible for papermill wastewater sludge to accumulate PHA using 

HTC substrate as a VFA source? 

• If PHA production is possible, can the method of production be optimized 

to increase the amount of polymer stored in the bacteria?  
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• How much of the stored polymer can be extracted from the biomass left 

behind after accumulation? 

 

 

1.3 Limitations and boundaries 

This thesis focuses on the accumulation of PHA in laboratory conditions, and as 

such the effects of the fermenting process or how the water purification facilities 

could be affected by these theoretical changes are not included.  

 

2. Method 
To investigate the capacity of PHA accumulation, six different trials were 

attempted. The various trials and their starting conditions are shown in table 1. 

Trial one was a benchmark reactor done using acetic acid, to be used as a reference 

in comparison with the following trials. Trials I-1, I-2 and I-3 were investigative 

trials to find the optimal strategy for a successful PHA accumulation using 

hydrothermal carbonization substrate (HTCS) because there is a lack of data 

available to base a method around. These trials started out using the same 

methodology as the benchmark trial with minor adjustments made after each trial 

in attempts to better the methodology. The primary changes made for each trial 

were the dosage for the HTCS and how often the dosage should occur, particularly 

overnight when there was a lack of monitoring available if conditions began to 

worsen in the reactor. Trials F-1 and F-2 utilized this finalized strategy.  

Table 1: The differing trials and the starting conditions for the trials and the VFA sources used. Trials I-1, I-2 
and I-3 used the same VFA source. 0w, 2w and 5w represent the number of weeks the HTCS container was 
open at room temperature. The sludge batch represents the separate times sludge was collected from 
Skoghalls water treatment plant.  

Trial Benchmark I-1 I-2 I-3 F-1 F-2 

VFA source Acetic Acid HTC  1 HTC  2, 0w HTC 2, 2w HTC 2, 5w HTC 3 

Volume sludge (L) 45.41 40.43 23.95 23.95 32.66 15.12 

Sludge batch  1 2 3 3 4 4 

VFA conc. (G/L) 120 10.74 12.38 12.725 13.119 11 

Airflow (L/min) 7 7 7 7 7 7 

Duration (h) 25 23 190 24 51 43 

Temperature °C 33 33 33 33 33 33 

pH of VFA 5.5 7.5 7.4 7.9 8.4 7.6 

Suspended 
material (g/l) 

9.5 4.84 10.1 4.33 7.41 7.39 
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2.1 Reactor’s design 

The sludge containing the bacteria filled the reactor that was to be used for this 

study, located in the laboratories of Karlstad University where the study was 

performed. The reactor that was used for these trials consisted of a large, 

cylindrical plastic tube, an oxygen and pressure regulator and a valve-controlled 

pipe at the bottom (Figure 1). The dimensions of the cylindrical tube were 2.5m tall 

with a diameter of 0.19m.  The oxygen regulator is connected to an oxygen diffuser 

to provide ample oxygen for the bacteria whilst they consume the VFA, which are 

added to the reactor via a pump and nozzle. The pipe at the bottom was used to 

extract samples during the trials in a controlled manner. The Reactor was placed 

under a ventilation unit due to the sludge that was used coming from a wastewater 

processing plant and as such has the possibility of containing legionella bacteria 

(Caicedo m.fl. 2019). Due to the diffusion of air through the sludge, there is a 

chance that the bacteria could become airborne via water droplets and breathed in. 

The temperature of the reactor was maintained via an immersion heater that was 

placed inside the sludge. During the trials, the concentration of diffused oxygen 

was measured every 30 seconds and recorded digitally via the Claros/Hach system. 

PH was measured regularly to avoid it rising too high or falling too low and 

becoming deadly to the bacteria.  

  Figure 1. Systematic drawing of the reactor. The reactor was placed underneath an extraction unit 
because of the risk of legionella bacteria that could be found in water droplets in the air. The reactor 
was filled with bioslam taken from the activated sludge settler located in Skoghalls pulp and paper mills 
wastewater treatment plant.   
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2.1.1 Temperature 

According to Wänglövs report (Wänglöv 2020), the temperature of the reactor 

affects the ability of the bacteria to be able to accumulate PHA and that 35⁰C is the 

optimal temperature. While Wänglövs report pertains acetic acid as a VFA source, 

it is assumed that the optimal temperature should be similar for this study, despite 

the differing VFA sources. As such, the reactor was heated via an Eheim 

immersion heater, set to 35⁰C. This resulted in a reactor temperature of 33⁰C. 

2.2 VFA dose 

When a single and simple VFA source is added to the reactor, for example acetic 

acid, the concentration of diffused oxygen in the reactor is reduced as the oxygen is 

consumed during the polymer accumulation process. Once the VFA has been 

digested, the concentration of diffused oxygen levels will return to their normal 

levels. When a mixed VFA source is added to the reactor, the oxygen diffusivity 

changes depending on how easily the VFA source breaks down. While the smaller 

and easier to process VFA’s are consumed the oxygen levels are lowered, but the 

time it takes for the diffused oxygen levels to return to their start levels is much 

longer. This is due to the harder to break down molecules requiring more time to 

process but less oxygen as less bacteria can process these larger molecule chains.  

The optimal method for polymer accumulation is to have a constant “feast” 

accumulation, which is to have an overabundance of material for them to consume. 

This means that as soon as the VFA has been used up, a new dose should be added 

to continue the polymer production and accumulation. If the bacteria are left 

without a VFA source for too long, they can enter a “starve” period, and as such 

begin to break down the polymer that they have built instead of accumulating 

more.  

2.2.1 VFA sources 

The VFA used for benchmark reactor was acetic acid, an easy to break down VFA 

source for the bacteria to process and build PHA with. The VFA used for the 

remaining five trials of this study was the process water from the hydro thermic 

carbonization (HTC) process for biological coal production. This process water, 

which will be referred to as HTCS henceforth, then undergoes acidogenic 

fermentation over a couple of weeks to increase the concentration of VFA. After 

the fermentation process, the HTCS is ready to be used as a VFA source. 

Compared to acetic acid, which consists of simple and short carbon chains, HTCS 

is made up of a combination of VFA’s, including acetic acid but also butanoic acid 

and butyric acid. Butanoic and butyric acid consist of longer and more complex 

carbon chains, which make them less ideal as a source of usable VFA for the 

bacteria to break down. Samples of the various HTCSs were analysed by Eurofins 

with the Journal of Chrom. A 963 a)* (2002) method, with the results compiled 
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into table 2. Ammonium levels were measured for HTCS 2 and 3 due to problems 

that manifested during the trials, and as such are missing for HTCS 1.  

Table 1: Analysis of the HTCS used as a VFA source. Ammonium levels were not measured for HTCS 1, and as 
such are not recorded. Analysis was performed by an external lab, Eurofins water testing Sweden. 5w refers to 
how many weeks after opening the container the VFA was analysed.  

Substrate HTCS 1 HTCS 2, 5w HTCS 3 

Acetic acid (mg/l) 4100 4400 5600 

Propionic acid (mg/l) 1500 1300 1900 

Butyric Acid (mg/l) 1800 2300 1400 

Iso-butyric acid (mg/l) 570 590 870 

Valerian acid (mg/l) 800 660 890 

Iso-valerian Acid (mg/l) 890 1400 1400 

Caproic acid (mg/l) 59 130 150 

Iso-caproic acid (mg/l) 73 170 150 

Heptanoic acid (mg/l) <10 16 28 

Ammonium nitrogen 
(mg/l) 

N/A 2200 2700 

% Acetic acid of total mass 41.87 40.12 45.21 

 

Due to the lack of data available for using HTCS as a VFA source, the initial 

dosage for the investigative trials is based upon the benchmark trial attempt using 

acetic acid. The acetic acid used had a concentration of 120g/l whereas the first 

batch of HTCS had a concentration of 10.74 g/l, a significantly smaller 

concentration. To compensate for this, the dosage would start using the benchmark 

trials parameters, but would increase during the first trial until the optimal dosage 

is found. 

2.2.2 PH control 

For the benchmark trial, the pH of the reactor needed to remain >5.8 due to the 

bacteria being unable to survive in an acidic environment (Augustsson & Högfeldt 

2020). During trials I-1, I-2, I-3, F-1, and F-2, adding the VFA source to the reactor 

caused the pH inside the reactor to rise slightly after every dose. This could cause 

the reactor pH to rise above the pH of the HTCS itself. During trials I-3, F-1 and F-

2, the pH was adjusted to maintain remain < 8.3. To reduce the pH of the reactor, 

tiny amounts of 1.5M sulfuric acid diluted with water were added to the reactor 

over a 5-minute period until the pH was brought back down to levels in the range 

of 7.5-8. This was done in the morning after overnight pumping and in the evening 

before leaving the lab, as well as when needed during trial runtime. This was done 

to avoid the build-up of the toxic gas ammonia (NH3) that derives from ammonium 

ions (NH4
+). As shown in figure 2, as the pH of the reactor rises, the ratio of NH4

+ 

to NH3 would reverse, resulting in a deadly environment for biological organisms 

to survive in.  
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2.3 Sample taking and analysis.  

During the trials, samples of the reactor were taken in two or three-hour intervals 

under daytime periods where it was monitored; no samples were taken during the 

overnight hours. The first samples for each trial were taken before the addition of 

any substrate; both the reactor and the HTCS were sampled with the reactor 

biomatter being subject to an FTIR analysis, TGA and suspended material tests 

whilst the HTCS was analysed for VFA. The samples from the reactor were taken 

via the valve and pipe attached to the bottom of the reactor. A ≈ 150ml sample was 

taken, and the pH was adjusted to <2 with 1.5 M sulphuric acid. The sample was 

then centrifugated to separate the solid and liquid phases. The liquid that is left 

behind after centrifugation can be used for the suspended material and VFA tests 

that were mentioned above, while the solid remains can be used for FTIR and TGA 

analysis. The sample is poured into a plastic tube, which is then placed into the 

centrifugation machine. A counterweight tube that weighs the same as the sample 

but is filled with only water is needed for the machine to work. Once inside, the 

machine spins at 40000rpm for 4 minutes. The machine that was used was a 

Rotofix 32A model by Hettich Zentrifugen. 

2.3.1 Suspended material  

The amount of suspended material that exists in the reactor was analysed to 

monitor the concentration of bacteria found within. To measure the suspended 

material in the reactor, a sample was taken from the reactor and then 40m of the 

sample was separated out. A filter paper placed on an aluminium disc is then 

weighed. This filter paper is used to filter out the 40ml sample via a vacuum 

assisted filter system, as shown in Fig (x). The filter paper is then placed back into 

Figure 2: The ratio between NH3 and NH4
+ depending on pH of the liquid. A pH of ≥ 9.25 causes the ratio to 

skew in favour of the toxic gas ammonia (NH3), resulting in a toxic environment for bacteria, fish, and other 
biological life. The black lines represent the break point at a pH of 9.25 where there is more ammonia gas 
than ammonium salt. The green line represents the boundary pH of 8.3 set to avoid reaching the break point. 
This diagram is Inspired by figure 5 from (source). 
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the aluminium disc, and left to dry overnight in an oven set to 103⁰C. Once the 

sample has dried, it can then be reweighed and the difference between the start 

mass and the end mass can be used in (1) to calculate the suspended material per L. 

This can be used to calculate the total amount of suspended material in the reactor 

via (2). 

𝑆𝑚 =
𝐷𝑚

40
        (1) 

𝑀𝑡𝑜𝑡 = 𝑆𝑚 ∗ 𝑉𝑅    (2) 

Where 𝑆𝑚 is the amount of suspended material in g/l, 𝐷𝑚 is the amount of dry 

material left after drying out the sample in g, 𝑉𝑅 is the volume for the reactor that is 

being calculated in L and 𝑀𝑡𝑜𝑡 is the total mass of the bacteria found in the reactor 

in g.  

2.3.2 VFA in HTCS 

The amount of VFA present in the HTCS was evaluated prior to every new trial 

and was analysed using a Hach LCK 365 test in the range of 50-2500 mg/L. The 

samples were diluted to a ratio of ten parts water to one-part HTCS, so that the 

result would fall within the boundaries of the test. The samples were analysed 

photometrically via a Hach Lange DR2800.  

2.3.3 FTIR analysis  

Fourier transform infrared spectroscopy (FTIR) is an analysis method that is used 

to differentiate between the different cell components of a given substance. The 

fine grounded sample was radiated with infrared light. When the sample is radiated 

part of the energy absorbs into the sample. Infrared light absorbs into different 

chemical bonds within the sample molecules. PHA is a polyester, and the existence 

of ester bonds of carbon and oxygen are absorbing this infrared light. The 

absorbance level is measured as a percentage of the infrared light, giving a result 

that that has no unit of measurement and lies between 0-1, which represents 0-

100% absorption. FTIR analysis is to be used to detect these bonds, as these are 

reported to have a large correlation with the presence of polyester PHA in a 

substance (Shamala m.fl. 2009). Conversely, if there are very few ester bonds 

detected, then it can be interpreted that there is no polymer in the substance 

evaluated. According to (Shamala m.fl. 2009), the wavelengths that have the 

strongest association with the prevalence of PHA lie between 1724-1744cm-1. The 

exact location for the high point of PHA is unknown, especially for PHA produced 

by multicultural bacteria, as the chemical bonds will have varying chain lengths 

and as such will have slightly varying results from the FTIR analysis. 

FTIR is an effective measurement tool because it requires a small sample size of 

only ≈ 0.01g of dry biomass which does not need to be mixed or dissolved in any 

medium, while the test itself is quick and efficient. The biological matter needs to 
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be ground into a fine powder, with grain size of ≤ 0,09mm. Data for the absorption 

of Infrared wavelengths between 1300- 1900cm-1 was collected, with the average 

of 30 measurements taken for each wavelength. 

2.3.4 Normalization of FTIR results for comparison.  

Due to the nature of FTIR analysis, it can be difficult to compare the results of two 

different samples on a graph without normalizing the results to have one 

wavelength provide the same absorbance level (Arcos-Hernandez m.fl. 2010). One 

wavelength that can be normalized to an absorbance level 0.1 across all samples is 

1573cm-1. This wavelength was chosen due to it being known that PHA has no 

absorbance at this wavelength. The factor needed to adjust the rest of the results 

according to this normalization is calculated via (3). 

𝐹𝑎𝑐𝑡𝑜𝑟 =
0.1

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 1573𝑐𝑚−1   (3) 

The remaining results are then adjusted by this factor through multiplication to give 

the new, normalized results. 

2.3.5 TGA analysis 

A thermogravimetric analysis (TGA) is a quantifiable method for measuring the 

exact contents of a material based upon their vaporising temperature. A small 

sample of biomass is slowly heated up inside an oven where the mass of the sample 

is constantly monitored; as the temperature rises, more of the biomass evaporates 

away. Using the changes in mass of the sample in conjunction with the temperature 

at which it evaporated, the precise amount of a given material is calculated by the 

TGA machine. The machine used for this analysis was Thermal Analysis System 

TGA 2, produced by Mettler Toledo. Thermogravimetric analysis was used to 

determine the decomposition temperature (Td) of PHA. 3-5 mg of grinded biomass 

< 0.09 mm was added into an aluminium oxide pan and subjected to a heating rate 

of 10 °C/min from 50 °C to 550 °C. 

The results are compiled into a computer, to be evaluated once all the samples have 

been assessed.  

2.3.6 Evaluating TGA results. 

The TGA analysis produces a curve for each sample, showing the reduction in 

mass against the duration of the test. Taking the first derivative of this curve 

produces a curve that shows the peaks of biomass reduction during the analysis. 

Using the software provided by the TGA machine, the reduction in biomass across 

this peak can be calculated across the temperature of the oven at the time. In this 

study, TGA is used to calculate the percentage of biomass that contains PHA in the 

form of either Polyhydroxybutyrates (PHB) or polyhydroxy valerate (PHV). 

According to (Narayanan m.fl. 2014) PHB and PHVs degradation temperature are 

different, with a mix of PHB and PHV (PHVB) evaporating from 240-250 °C, 

whilst PHB evaporates from 260-300 °C. As such, not only can the percentage of 
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polymer be calculated, but depending on the temperature at which the reduction 

occurs can the type of polymer present be analysed, which can be used to evaluate 

the differences between the benchmark reactor that uses only acetic acid as a VFA 

source and the other five trials using HTCS as the VFA source.  

2.4 Filtration and Extraction methods 

Once each attempt has finished, the biological matter needs to be removed from the 

reactor and processed to allow PHA extraction to occur. This is done via filtration 

of the sludge inside the reactor through a (filter bag name here). This is to separate 

the desired solid sludge from the liquid inside the reactor. Once the bulk of the 

liquid has been separated, the remaining wet sludge can either be dried in an oven 

overnight, to be ground down into a fine powder for acetone heating or bleached 

before extraction via a soxhlet extraction setup. Due to the desire to extract enough 

PHA that plastic discs can be pressed, both extraction methods were used to 

attempt to increase the available mass of PHA for plastic pressing.  

2.4.1 Acetone extraction  

One method to extract the PHA from the biological matter utilizes an extraction 

method that was outlined in Chan m.fl. (Chan m.fl. 2017). This was slightly 

modified to increase the possible amount of PHA that could be extracted by 

increasing the mass of biological matter involved. This method involves taking 

0.5g of biological matter, with a grain size of <0.5mm, which is then placed in two 

test tubes. These will then have 10ml of acetone added to each tube and sealed with 

a Teflon lid. These tubes are then cooked in a Hach Lange LT200 at 125⁰C for two 

hours. During the first fifteen minutes of this heating the tubes need to be shaken 

every 5 minutes. For the remaining 105 minutes, the tubes need to be shaken every 

15 minutes. Once the cooking has been completed the test tubes are left to chill for 

4 minutes, followed by centrifugation(3500xgm) for one minute. After this the 

liquid is decanted into a pre-weighed beaker, which is then left to dry overnight in 

an oven set to 56⁰C. The dried samples are weighed again and the difference in 

weight is the amount of PHA that has been extracted. From this an estimate of the 

amount of PHA that has been accumulated can be calculated using (4). 

𝑃𝐻𝐴% =
𝑃𝐻𝐴𝑚

0.5𝑔
∗ 100    (4)   

Where 𝑃𝐻𝐴𝑚 is the mass of PHA that was extracted in g, 0.5g is the mass of dry 

granules that the PHA was extracted from and 𝑃𝐻𝐴% represents the percentage of 

PHA is found within the biological matter remaining.  

2.4.2 Bleaching 

Extracting the PHA that has been accumulated in the filtered bio matter can be 

made easier by bleaching the material. According to (Sandberg 2021), by bleaching 

the material that is left, a large chunk of the unwanted biological matter is melted 

away and as such the percent of PHA of the remaining biological matter that 
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remains increases. This means that the extraction process becomes easier, as a 

larger quantity of material left contains the sought after PHA. The bleaching 

process uses a small, diluted dose of sodium hypochlorite heated to around 55C⁰. 

The Material is placed inside a glass beaker, and the chlorite is mixed in. The 

material is stirred, and then the beaker is then placed in the warm water bath to sit 

for 1 hour. During this time, the mixture should be stirred gently every 5-10 mins 

to make sure that the chlorite is bleaching all the biological matter. The sample is 

then centrifugated, cleaned with deionized water and then centrifugated once again. 

This sample can have the water decanted, leaving a white granulated powder 

containing a higher percentage of PHA.  

2.4.3 Soxhlet extraction 

Soxhlet extraction is an extraction method that utilizes boiled and then chilled 

acetone. The extraction arrangement is shown in figure 3. The bulbous beaker is 

weighed, and then 100ml of acetone is poured inside while 8g of bleached 

biological matter fills the extraction thimble. The Acetone is boiled until it 

becomes a vapor, which fills up the tubes until it reaches the cooling section. Cold 

water continuously runs to chill and condenses the acetone vapours. Condensed 

acetone droplets then drip down into the filter paper filled with the granulated 

biomatter, which starts to extract the PHA. As the process continues, the acetone 

takes the PHA back down to the bulbous beaker, where the acetone reaches boiling 

point again causing the acetone to start another loop of the system, the PHA that 

was extracted is deposited in the bulbous beaker. This process was left to run for 10 

hours. After this is complete and the acetone has been cooked away, the bulbous 

beaker is weighed again. The difference between the start weight and the end 

weight is the amount of PHA that has been extracted.  

Figure 3: Soxhlet extraction setup. 8g of biomass was 
placed inside the extraction thimble. Heater warmed the 
water tank to acetones boiling point; 60 C. 
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2.5 Plastic pressing 

The PHA that has been extracted from the biological is to be melted and pressed 

into a plastic disc for the cork lid. This involves heating the metal mould (see fig x) 

to 145C in an oven. Two circular discs of baking paper are used as a top and a 

bottom to the plastic disc inside the mould to prevent the PHA from melting and 

sticking to the metal mould and to maintain the desired form. Once the mould has 

reached the desired temperature, place one baking paper circle into the mould, pour 

out ≈1.5g of granulated PHA onto the mould, and then place the second piece of 

baking paper gently on top of the now melting PHA. Once the PHA is sandwiched 

between the two baking paper circles, the cylindrical metal form will be placed on 

top of the sandwiched PHA. The mould is then positioned under the pneumatic 

press. The press will exert 15000N upon the metal cylinder and be held there for 3 

minutes. The press is then released, the mould taken out and opened to remove the 

plastic disc from within.  

2.6 Exchange rate of VFA to PHA 

To calculate just how effective the accumulation was, an exchange rate detailing 

how many grams PHA are produced per gram VFA added to the reactor. This was 

calculated by dividing the mass of PHA that was able to be produced under the 

trial’s runtime by the mass of the VFA added to the reactor under the same 

runtime. The mass of PHA was calculated via (5), whereas the mass of VFA was 

calculated according to (6).  

𝑀𝑃𝐻𝐴,𝑔 = 𝑆𝑀𝑔/𝑙 ∗ 𝑉𝑠𝑙,𝑙 ∗ 𝑃𝐻𝐴%   (5)  

𝑀𝑉𝐹𝐴,𝑔 = 𝐶𝑉𝐹𝐴,𝑔/𝑙 ∗ 𝑉𝑉𝐹𝐴,𝑙     (6) 

Where 𝑀𝑃𝐻𝐴,𝑔 is the mass of PHA produced in g, 𝑆𝑀𝑔/𝑙is the concentration of 

suspended material in the sludge in g/l, 𝑉𝑠𝑙,𝑙 is the volume of sludge in the reactor in 

litres, 𝑀𝑉𝐹𝐴,𝑔is the mass of VFA added to the reactor in g, 𝐶𝑉𝐹𝐴,𝑔/𝑙 is the 

concentration of VFA in the substrate measured in g/l and 𝑉𝐻𝑇𝐶,𝑙 is the volume of 

substrate added to the reactor in litres.   

 

2.7 System analysis of theoretical production capabilities of HTCS 

based PHA 

If the accumulation of PHA is successful, then a brief overview of the potential 

largescale production can be used to gauge the viability of producing biologically 

degradable plastic in the methods outlined in this study. An exchange rate of PHA 

to sludge can be calculated by dividing the amount of PHA produced in a trial by 

the mass of the sludge in the reactor, using a density of 1.0g/m3 for activated sludge 

(Lemmons 2023). Using this exchange rate and multiplying it by the amount of 

sludge produced will give a rough estimate the production capabilities of 
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Skoghalls/Värmland. This can be refined by combining this estimate with a 

calculation of how much HTC filtrate can be produced if the sludge produced was 

also processed via HTC.  

3. Result and discussion 

3.1 Compiled summary of results 

Table 3 contains a summary of how all the trials fared during the trials. Trials I-1, 

I-2 and I-3 were the investigative trials, while F-1 and F-2 were the trials using the 

finalised methods. It contains the amount of VFA that was added to each reactor, 

how much PHA was able to be extracted as a percent and how much PHA was 

found within the biomass v. The concentration of suspended material from before 

and after in each reactor is also shown. The dosage for each reactor was adjusted 

before and during each trial in accordance to how the trials reacted to the new VFA 

source.  

The extracted PHA % was calculated from the amount of PHA that was able to be 

collected after acetone heating was used on a fine granulated powder from each 

trial. The average of the two PHA percentages were taken to give an average PHA 

%. Soxhlet extraction was attempted for trials F-1 and F-2, and as such the biomass 

was not dried, but left as a wet material to be bleached. While the bleaching was 

done successfully, the Soxhlet extraction was not successful, and no worthwhile 

results were obtained. As such, no extracted PHA results are available for F-1 and 

F-2, which leads to TGA being the primary measurement of PHA accumulation.  

The speed at which the VFA was added was varied for each trial, which is why 

there is no direct correlation between duration of the trial and the volume of VFA 

added. Extracted PHA % was calculated from the acetone heating method of 

extraction. Polymer present is assumed via the boiling point revealed during TGA. 

Exchange rate only calculated for the most effective accumulation and the 

benchmark trial for comparative purposes. Max production is a theoretical 

calculation of the maximal production of PHA if it utilized 100% of the sludge 

produced from Skoghalls, utilizing the exchange rates calculated. N/A (not 

applicable) is used to denote where no results were recorded. 
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3.2 Benchmark trial. 

3.2.1 Concentration of diffused oxygen  

Figure 4 shows the concentration of diffused oxygen for the benchmark reactor, 

where the acetic acid was added in regular hourly intervals as a volume of 56ml in 

the beginning. As the time taken to process this dosage became longer, it was 

reduced to 28ml per hour to compensate. There was limited access to a pH meter, 

and as such pH was taken regularly to ensure it never sank below the 5.8 threshold. 

As the bacteria accumulated PHA, the time to consume the substrate became 

longer, indicating the bacteria reaching the threshold of storage. While there were 

still bacteria accumulating PHA, most of them had fulfilled their capacity, and as 

such the trial was concluded at 1500 minutes. 

 

 

 

 

Reactor Benchmark I-1 I-2 I-3 F-1 F-2 

Duration (h) 25 23 190 24 51 43 

Volume sludge (l) 45.41 40.43 23.95 23.95 32.66 15.12 

VFA added(ml) 760 2900 2100 560 2240 774 

Extracted PHA (%) 14.5 12.7 6.3 6.5 N/A N/A 

PHA from TGA (%) 12.6 12.2 6.5 5.9 5,0 5,3 

Average PHA % 13.55 12.45 6.5 6.2 N/A N/A 

Type of polymer 
present; TGA 

PHB PHB PHB + 
PHV 

PHB + 
PHV 

PHB PHB+PHV 

Suspended 
material; start (g/l) 

8.03 4.84 10.1 4.33 7.41 7.39 

Suspended 
material; end (g/l) 

9.5 3.98 9.2 3.32 6 7.01 

Exchange rate PHA 
per VFA (g/g) 

0.54 0.64 N/A N/A N/A N/A 

Exchange rate PHA 
per Sludge (g/g) 0.0005 0.0011 

N/A N/A N/A N/A 

Max production 
(ton/year PHA) 2.061 4.507 

N/A N/A N/A N/A 

Table 3: A collection of results for the various trials. The benchmark attempt used acetic acid as the VFA 
source, trials I-1 to I-3 and F-1 to F-2 used HTCS as the VFA source.   
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Figure 4: Concentration of diffused oxygen for the benchmark trial. 56ml of VFA was added for the 0-800 
minutes period, and then reduced to 28ml for the period of 800-1500 minutes due to the consumption time of 
the VFA beginning to increase.  

Figure 5: FTIR analysis for the benchmark trial. PHA is visible between 1724-1744cm-1. The coloured lines 
represent how long into the trial the samples were taken. 

3.2.2 FTIR 

Figure 5 shows the analysis of the samples taken during the benchmark trial. The 

Curves have all been normalized at the wavelength 1574cm-1 to adjust for the 

variations that can occur within an FTIR analysis. The wavelengths between 1724-

1744 show the prevalence of PHA in the material, with the highest recorded 

absorbance in this range being 0.126 at the wavelength 1736cm-1. The level of 

absorbance is used to give an estimate of the percentage PHA accumulated, 

roughly equivalent to the absorbance recorded; in this case, 12.5%.     
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Figure 6: Concentration of diffused oxygen in trial I-1. The dosage of VFA changed for every pumping during 
the period of 0-300 minutes until the optimal dose was found. For the period 301-1400 minutes the dosage 
was reduced to 70ml per hour. At 1000 minutes there was an unknown problem with the trial, causing the 
bacteria to die via an unknown means. 

3.3 Trial I-1. 

3.3.1 Dosage 

The initial dosage for the first HTCS trial was 56ml, and as shown in figure (x), the 

VFA that was added to the reactor was consumed too quickly for the desired hourly 

doses. The dosage was increased after every pumping until 280ml was found to be 

optimal for 1-hour doses in this trial. The optimal dosage depends on the 

concentration of suspended material and the concentration VFA found within the 

HTCS. For the pumping of VFA during the night, the dosage was reduced to 140ml 

to pre-emptively manage the reduction in VFA consumption that would occur as 

the bacteria theoretically became full of polymer.  

3.3.2 Concentration of diffused oxygen 

As shown in figure 6, the concentration of diffused oxygen showed a consistent, 

albeit small, curve that represents hourly dosing that was desired. At 900 minutes 

the amount of HTCS added to the reactor hits a critical mass and causes most of the 

bacteria to die, as evidenced by the amount of diffused oxygen steadily rising, 

despite the continued pumping of VFA into the reactor overnight. The incident 

occurred during the night, and as such no pH measurements were able to be taken 

at the time it occurred. However, the following morning a pH reading was taken, 

with the reactor having a pH of 8.01, which is inside of the acceptable range.  

3.3.3 FTIR analysis 

Figure 7 shows the FTIR analysis of the samples taken during the HTCS 1 trial. 

The Curves have all been normalized at the wavelength 1574cm-1 to adjust for the 

variations that can occur within an FTIR analysis. The wavelengths between 1724-

1744 show the prevalence of PHA in the material, with the highest recorded 

absorbance in this range being 0.125 at the wavelength 1729cm-1. This level of 

absorbance gives an estimated PHA content of 12.5%. 
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Figure 7: FTIR analysis for the trial I-1. PHA is visible between 1724-1744cm-1. The coloured lines represent the time the samples were 
taken. 

 

3.4 Trial I-2. 

3.4.1 Dosage 

For reactor I-2 the dosage was changed to accommodate a lower volume of sludge 

inside the reactor, as well as to account for the death of reactor I-1 due to an 

overabundance of VFA. Lowering of the volume of sludge was done in response to 

the death of reactor I-1; as the bacteria died another reaction occurred, causing the 

sludge to bubble up over the top of the reactor. As such, a lower dosage of 70ml 

per hour was used. On the second day of adding VFA to the reactor, the amount of 

VFA that was consumed had reduced significantly enough that the dosage was 

reduced to 35ml for the second day and night. The dosing was stopped on the third 

day due to reactor death. Attempts were made to revive the reactor with small 

doses (20ml) of VFA over the next few days but were unsuccessful.  

3.4.2 Concentration of diffused oxygen  

Figure 8 shows the concentration of diffused oxygen during the runtime for the 

reactor I-2. At around 1400 minutes there is a clear indicator of when the reactors 

bacteria died. While the concentration of diffused oxygen began to homogenise 

around 100 minutes, it is not until 1400 that the curve loses its peaks. This indicates 

that most of the bacteria are no longer able to use the oxygen present in the reactor 

which is a sign that the environment is no longer habitable for the. The following 

morning a pH test was taken due to the laboratory being filled with the smell of 

ammonium, giving a pH of 9.05. The Claros monitoring software went offline 

during the third day of the trial, which is why figure (x) only contains data up to 

2900 minutes instead of the full trial’s runtime.  
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Figure 9: FTIR analysis for trial I-2. PHA is visible between 1724-1744cm-1. The coloured lines represent the time the 
samples were taken. The reduced absorbance for 94h and 190h show the surviving bacteria using the stockpiled PHA 
as a food source in the absence of VFA.  
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Figure 8: Concentration of diffused oxygen in trial I-2. An hourly dosage of 70ml VFA was utilized for the period 
of 0-1200 minutes. The period of 1201-2200 had an hourly dosage of 35ml VFA. At around 1400 minutes there 
was a build-up of ammonium that led to the death of the PHA producing bacteria 

3.4.3 FTIR analysis 
Figure 9 shows the FTIR analysis of the samples taken during the HTCS 1 trial. The Curves 

have all been normalized at the wavelength 1574cm-1 to adjust for the variations that can 

occur within an FTIR analysis. The wavelengths between 1724-1744 show the prevalence 

of PHA in the material, with the highest recorded absorbance in this range being 0.126 at 

the wavelength 1725cm-1 after 22 hours. After 1400 minutes the PHA producing bacteria 

succumbed to ammonium poisoning, which stopped further PHA production. However, 

not all bacteria in the reactor died, and those that remained consumed the PHA rich cells 

left behind. This leads to a reduced absorbance, as shown at 94 and 190 hours. The peak 

estimate of the PHA content would have been 12.6% according to the levels of 

absorbance shown at 22h, with the biomass at the end of the trial estimated to contain 

only 9.5% PHA.   
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Figure 10: The concentration of diffused oxygen for trial I-3. A bi-hourly dosage of 140ml was programmed for 
the period between 10-310 minutes. PH was monitored during the trial; once the pH rose to be > 8.3, diluted 
1,5M sulfuric acid was slowly added to the reactor to sing the pH below 8.0. 
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3.5 Trial I-3. 

3.5.1 Dosage 

For trial I-3, the dosage was increased to 140ml every two hours for the first six 

hours, and then reduced to 70ml every 12 hours. This was done to investigate the 

effectiveness of having a higher start dose but a longer consumption time in 

comparison to trial I-2 for the first day. This would lead to the bacteria starving, 

allowing only the bacteria most effective at consuming VFA and stockpiling PHA 

to survive. Due to trial I-2’s death, pH was monitored in shorter intervals. Once the 

pH rose to be >8.3, it was reduced to avoid the ammonium build up that occurred 

in trial I-2. Prior to overnight pumping, trial I-3s pH was reduced to 7.01. The feast 

or famine stage was set to last eight days. However, due to technical problems that 

arose with the pumping systems, trial I-3 received no VFA during this nine-day 

period, leading to bacteria death. Attempts were made to revive the bacteria on day 

nine to no avail.  

3.5.2 Diffused oxygen and pH 

Figure 10 shows the concentration of diffused oxygen for trial I-3 during the trial. 

The data for trial I-3 during the first day was recorded using a different DO probe, 

which recorded every 2 minutes instead of every 30 seconds. Due to system 

failures, the DO was only recorded for the first day. Figure 10 shows a healthy 

peak of oxygen consumption that coincides with the dosing of VFA, which 

indicates the bacteria are active. The pH levels were slowly rising during this trial, 

and as such pH control became an important aspect to manage. Controlling the pH 

and adding more acidic materials into the reactor may have had undesired side 

effects on the usage of the oxygen, as after the first reduction in pH the bacteria 

took almost twice as long to return to pre VFA dosage oxygen levels. 



22 
 

Figure 11: FTIR analysis for the trial I-3. PHA is visible between 1724-1744cm-1. The coloured lines represent the 
time the samples were taken. The reduced absorbance for 210h shows the decomposition and consumption of 
stockpiled PHA as a food source in the absence of VFA. 
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3.5.3 FTIR analysis 

Figure 11 shows the FTIR analysis of the samples taken during the trial I-3 trial. 

The Curves have all been normalized at the wavelength 1574cm-1 to adjust for the 

variations that can occur within an FTIR analysis. The wavelengths between 1724-

1744 show the prevalence of PHA in the material, with the highest recorded 

absorbance in this range being 0.107 at the wavelength 1724cm-1 recorded after 

24h. As trial I-3 had a shortage of VFA being added to the reactor, the bacteria 

were forced to consume the PHA stockpiled from the trials first day as their carbon 

source, leading to the reduction in absorbance shown. This results in the highest 

estimated PHA content to be 10.7%, but at the end of the trial, the biomass is 

estimated to contain only 3.5% PHA.   

3.6 Trial F-1 

3.6.1 Dosage 

The dosage for trial F-1 was 140ml per hour, based upon the I-1/2/3 trials. PH was 

monitored during the trial; once the pH rose to be > 8.3, diluted 1,5M sulfuric acid 

was slowly added to the trial to sink the pH below 8.0. In leu of this, the trial was 

not supplied with VFA during night hours where there was a lack of direct 

monitoring available.  

3.6.2 Concentration of diffused oxygen 

Figure 12 shows the concentration of diffused oxygen during the F-1 trial. Between 

the periods of 320-1420 and 1720-2820 the pump was shut off. The peaks show a 

high level of activity for a period, before the VFA has been consumed and the 

oxygen levels return to pre activity levels. Figure (X) encapsulates the desired 

environment, with an abundance of carbon for the bacteria to store and not given 

time to rest except during the night. 
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Figure 128: The concentration of diffused oxygen for trial F-1. An hourly dosage of 140ml was programmed for 
the period between 0-320, 1420-1720 and 2750-3100 minutes.  
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Figure 93: FTIR analysis for the trial F-1. PHA is visible between 1724-1744cm-1. The coloured lines represent the time the samples 
were taken. 

3.6.3 FTIR analysis 

Figure 13 shows the FTIR analysis of the samples taken during the F-1 trial. The 

Curves have all been normalized at the wavelength 1574cm-1 to adjust for the 

variations that can occur within an FTIR analysis. The wavelengths between 1724-

1744 show the prevalence of PHA in the material, with the highest recorded 

absorbance in this range being 0.12 at the wavelength 1724cm-1. However, this was 

from the reactor before any VFA was added, and for every dose of VFA 

afterwards, the absorbance sank. This indicates that the bacteria are unable to 

produce PHA from the VFA that is being added and as such why the levels of 

absorbance shown are sinking during the trials runtime  This implies there is an 

unknown limiting factor causing the lack of PHA accumulation; as the absorbance 

levels of this bacteria were so high from the start, the sludge that was collected may 

be responsible for the lack of accumulation or that this particular mix of VFA 

found within the HTCS are not readily digestible enough for the bacteria present.   
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Figure 1410: The concentration of diffused oxygen for trial F-2. The dosage was 35ml, programmed for three-hour intervals 
during the period of 20-1020 minutes, manually dosed between 1020 and 1280 minutes and then programmed for two-hourly 
intervals during the period of 1280-2580 minutes.    

 

3.7 Trial F-2 

3.7.1 Dosage 

The dosage for trial F-2 was 35ml per dose, with a varying frequency of how often 

the dose was pumped into the trial. The dose was made smaller to accommodate for 

the smaller volume of sludge in the reactor and to reduce the risk of the pH rising 

too high. It was programmed for every 3 hours during the period 0-1020 minutes; 

A technical issue at 360 minutes caused the pump to not activate. For the period of 

1020-1280 the dose was controlled manually; a two-hour dosage followed by three 

one-hour dosages before a 4 hour pause. A dose was programmed for every two 

hours for the period of 1500-2580 minutes. After each dose, pH was monitored; 

once the pH rose to be > 8.3, diluted 1,5M sulfuric acid was slowly added to the 

reactor until the pH was reduced to < 8.0. 

3.7.2 Concentration of diffused oxygen 

Figure 14 shows the concentration of diffused oxygen during trial F-2. The 

concentration of oxygen dropped to 3 mg/l and rapidly climbed back to 7mg/l, 

indicating the amount of readily digestible material was not sufficient to create the 

overabundance of carbon needed for PHA accumulation.  

3.7.3 FTIR analysis  

Figure 15 shows the FTIR analysis of the samples taken during the F-2 trial. The 

Curves have all been normalized at the wavelength 1574cm-1 to adjust for the 

variations that can occur within an FTIR analysis. The wavelengths between 1724-

1744 show the prevalence of PHA in the material, with the highest recorded 

absorbance in this range being at the wavelength 1724cm-1. According to this peak, 

the highest estimate PHA content was 8%, and it occurred before the addition of 

any VFA. This indicates that during this trial, the bacteria were unable to 

accumulate PHA for an unknown reason. Despite this HTCS containing a larger 

concentration of acetic acid than the other two courses, the bacteria showed that 

they were unable to process this carbon source and accumulate PHA. This meant 

that there is an unknown factor inhibiting the accumulation process from occurring. 

This unknown factor could be due to the nutrient balance within the sludge, as 



25 
 

Figure 1511: FTIR analysis for the trial F-2. PHA is visible between 1724-1744cm-1. The coloured lines represent the 
time the samples were taken. 
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trials F-1 and F-2 used sludge collected from the same day and have both exhibited 

the same problem; an unknown inhibiting factor causing PHA to not be 

accumulated. 

3.8 Plastic Pressing 

Due to the failure of the soxhlet extraction method, the amount of PHA extracted 

was insufficient for the plastic pressing tests to be used. As such, no plastic 

pressing was able to be tested, which leads to no plastic characteristics analysis 

being completed either.    

3.9 How successful was the PHA accumulation. 

The most successful accumulation occurred in trial I-1, the first attempt that used 

HTCS as the VFA source. While there was an unexplained death of the bacteria 

during the night, the accumulation of PHA was shown to be successful, achieving a 

PHA of 12.45%, only 1.1% less than the benchmark trial result of 13.55%. It is 

worth noting that trials I-2 and I-3 had the potential to have produced a PHA 

content of 12.6% according to their FTIR analysis, despite the problems that arose 

after this level of accumulation was theoretically achieved. This is contrasted with 

the trials F-1 and F-2 that showcased an inability to accumulate any PHA at all. 

This brings up the unknown inhibiting factor that caused the lack of accumulation 

in the later trials. This can be because of the levels of ammonia present in the 

HTCS having risen to an inhospitable level, the bacteria collected for the trials 

being incompatible for PHA accumulation. The reasoning for the inability of trials 

F-1 and F-2 to produce PHA is still unknown, with possible reasons ranging from 

the nutrient balance found within the sludge that was collected, the ratio of VFA 

found within the HTCS causing the bacteria an inability to digest the carbon or 

other unknown reason.   

Interesting to note is that the exchange rate for the HTCS as a VFA source was 

higher than pure acetic acid, resulting in an exchange rate that was 0.1g PHA/g 
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VFA better than the benchmark trial. It is also worth noting that for every trial 

using HTSC, the amount of suspended material decreased during the trial runtime, 

whilst during the benchmark trial suspended material increased instead. When there 

is a shortage of nutrients in the trial then PHA accumulation is accelerated in lieu 

of cell growth (Braunegg m.fl. 1998), which can point to a difference in the 

nutrients available in the sludge samples that were used in the various trials. As 

sludge samples were collected at separate times, there can be different shortages or 

abundances of the nutrients involved which may have created more optimal or 

suboptimal accumulating conditions.  

A point of interest in regards to the unknown inhibiting factor is that the pH of the 

reactors in this study rose with the addition of HTCS whereas it was reported that 

the HTC based VFA source used in Augustsson and Högfeldt’s experiments caused 

the pH to sink instead (Augustsson & Högfeldt 2020). In this study, by sinking the 

pH of the reactor via the addition of diluted sulfuric acid, there may have been a 

secondary effect of destroying the bacteria’s ability to accumulate PHA. This is 

assumed since in the first reactor of Augustsson’s study, the bacteria became 

inactive due to the pH sinking below 5.8, ergo the reactor became too acidic, and 

the bacteria could not function. However, they could be rejuvenated by raising the 

pH with NaOH, allowing the bacteria to continue accumulating. By attempting to 

reduce the pH of the reactor to avoid the ammonia death, this study may have 

created a different problem instead.  

3.10 Method and future improvements 

As highlighted already, the trials saw adjustments made to try and improve the 

effectivity of the reactors and increase the PHA accumulation that occurred. Due to 

the differences in sludge used in the reactor, as well the as differing concentrations 

of VFA in the substrates used, an optimal pumping rate had to be found for each 

individual trial, meaning a perfected catch all method was impossible to actualise. 

In hindsight, it would have improved the reliability of the results if the same sludge 

and substrate were able to be used for each trial, with the trials running in tandem 

with each other. Due to limitations in not only storage, but the number of reactors 

available, this was not possible. 

3.11 Extraction and plastic pressing 

Soxhlet extraction was attempted for F-1 and F-2, which proved to be unsuccessful. 

In hindsight, the reasons for the unsuccessful extraction could be the percentage of 

PHA available to extract was too small for such a method, leading to failure. 

Soxhlet extraction was desired due to the ability to extract larger amounts of PHA 

at one time; acetone heating extracted from 0.5g of biomass, resulting in 1-10mg of 

polymer per extraction whereas soxhlet was extracting from 8g of bleached 

biomass, which theoretically should have led to 3-4g of PHA. When each plastic 

pressing attempt requires 1-1.5g polymer, the need for larger extraction methods 

become evident.  
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With the inability to extract substantial amounts of PHA at a time, there was 

insufficient amounts of PHA polymer for plastic pressing to be attempted, and as 

such the desired plastic characteristics analysis was unable to be performed. 

3.12 TGA  

TGA was performed on the biomass of all six trials, with the highest PHA 

percentage found within trial I-1. However, when the results were compared 

between the benchmark trial and the HTCS trials, unexpected differences were 

revealed. Whilst all the curves shared the same peak, between 260-300°C where 

the PHB is burnt away, the HTCS trials exhibited a longer dip, filled with small 

plateaus, before and after the peak. These plateaus before the peak appear to 

contain small amounts of PHV, as the boiling point for PVH lies between 240-260 

(Narayanan m.fl. 2014). However, the plateaus after the peak contain unknown 

biomatter. As this material was more prominent in the analysis of trials I-3, F-1, 

and F-2, this may be an answer to the question of what the reactor was producing 

during the bacterial activity exhibited during the trials instead of accumulating 

PHA as expected.   

4. Conclusions  
In conclusion, this study found that it is possible to produce PHA using HTCS as 

an organic carbon source. Despite all attempts to improve upon the methodology 

during the study, the most successful trial was I-1, able to accumulate 12.5% PHA, 

which was only 1% less PHA than the benchmark trial with acetic acid, proving the 

viability of HTCS as an alternative carbon source. The HTCS contains enough 

ammonia, which causes the system to be more sensitive and delicate, requiring 

extra care to avoid unwanted problems. 

 

5. Further Study 
Studying ways to improve the HTCS as an organic carbon source by filtering out 

the longer chained VFA and increasing the concentration of short chained VFA 

could be an interesting line of questioning. Studies into the effects of ammonium 

on the production of PHA, and how to counteract them would also be of interest. 

Furthermore, studying the incorporation of the HTC, PHA accumulation and 

extraction processes onto an existing papermill and the economic viability would 

also be an interesting avenue to research. Investigations into the unknown 

inhibiting factor that occurred in trails F-1 and F-2 would also be worth exploring, 

to discover what inhibiting factors are hindering the accumulation of PHA. It 

would also be of interest for a system analysis of PHA and HTSC production from 

an industrial perspective, including any environmental consequences that could 

occur or how the energy usage for the associated papermill.  
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